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ABSTRACT In this paper a broadband graded index all-dielectric (GID) lens that enables field decorrelation and 

decoupling of closely spaced wideband multiple-input-multiple-output (MIMO) antenna elements, is presented. 

Reduction in correlation coefficient ρ for field decorrelation and port decoupling is realized by tilting the 

individual antenna element radiation patterns away from each other and by suppressing the surface wave 

propagation inside the antenna substrate through judicious control of the permittivity profile of the GID lens 

using the concept of transformation electromagnetics (TE). The permittivity profile of the GID lens is designed 

using air-hole technology and is fabricated by additive manufacturing. To validate the proposed concept, six 

different examples of lens loaded wideband patch-based MIMO antenna elements arranged in two different 

orientations are investigated. Simulated and measured results verify the effectiveness of the proposed 

technique, which constitutes the reduction in ρ for both isotropic and non-isotropic propagation environments 

along with port-isolation enhancement without reducing the fractional bandwidth (FBW) in all of the six tested 

cases. Further results indicate a wide FBW having a minimum of 8.5% and a maximum of 33%, while 

radiation patterns with no extra backward radiation are obtained. 

INDEX TERMS Additive Manufacturing, Correlation Coefficient, Decoupling, MIMO Patch Antenna 

 

I. INTRODUCTION 

The evolution in wireless communication demands increased 

spectrum allocation. Most of the current and upcoming 

multiple-input-multiple-output (MIMO) based wireless 

standards are wideband, i.e. LTE (2.2-3.8 GHz), IEEE 

802.11a WLAN (5.1-5.8 GHz) and 5G sub-6 GHz mid band 

(3.7-3.98 GHz). MIMO is one such technology which uses 

multiple yet independent data streams between antenna 

elements at both transmitting and receiving ends, not only to 

enhance the spectral efficiency but also to improve the link 

reliabilities without increasing the bandwidth or power [1]. 

The major factor that limits the achievable benefits of MIMO 

systems, especially for closely arranged antenna elements, is 

the high channel spatial correlation and the low antenna port-

isolation. 

The isolation level among wireless communication 

channels formed in a MIMO system is quantified by the 

correlation coefficient ρ. It is a function of the complex 3D 

radiation patterns of the antenna elements as well as the 

propagation environment. Generally, an isotropic 

propagation environment of balanced polarizations is 

considered, thereby making ρ a function of only the complex 

radiation patterns of the antenna elements [2]. It is a 

reasonable assumption for denser urban cellular networks. 

However, for a base station (BS) or access point the angular 

spread of the waves is usually limited (i.e. BS consists of 

many non-directional antenna elements), which represents a 

non-isotropic scattering environment. Since hundreds of 

antenna elements are equipped compactly at the BS side in a 
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limited physical space, ρ and mutual coupling of the ports (i.e. 

Sxy) becomes high as the spacing between antenna elements 

decreases. Moreover, in a non-isotropic environment, ρ 

further increases as the angular spread of the wireless channel 

decreases [3]. Thus, to ensure overall good performance of 

the MIMO system, the antenna design should induce low 

antenna port coupling and correlation among communication 

channels in both isotropic and non-isotropic multipath 

environments [4]. 

Due to computational complexities, a much simpler 

expression was developed in [5], which uses S-parameters 

based expression to evaluate ρ for lossless MIMO antennas. 

However, it has been shown in [6-7] that this expression leads 

to inaccurate results in most of the cases because not only all 

practical printed antennas are lossy but also this expression 

does not consider the orientation of the far-field pattern of 

antenna elements which actually connects the antenna spatial 

behavior to that of the wireless channels. It is also evident 

from the original formulation of ρ in [2] that the main factor 

for ρ evaluation is each antenna element’s radiation pattern 

(and the actual propagation environment). 

The value of ρ can be reduced by decorrelating either the 

magnitude, phase or polarization of the electric fields of the 

two or more radiating elements. In recent years, several works 

have been proposed on field decorrelation concept [3-4], [8-

10]. The phase correcting elements (PCE) in [3] can 

effectively reduce the value of ρ by adjusting the near-field 

phase distributions of the MIMO antenna elements but the 

total efficiency remains low due to the high mutual coupling 

with and without the PCE. To mitigate this issue a planar 

metamaterial structure (PMS) and an array-antenna 

decoupling surface (ADS) are used to simultaneously achieve 

the decorrelation and decoupling of the MIMO antenna 

elements [4]. A phase-gradient partially reflective surface 

(PRS) is used above MIMO antennas in a Fabry-Perot cavity 

configuration to achieve field decorrelation by tilting the 

beams in opposite directions. However, the increase in mutual 

coupling between the patch-based MIMO antenna elements 

[8] due to the presence of the reflecting surface above them 

and the surface wave coupling, is a major drawback associated 

with this technique. In [9], a combination of three different 

narrow band PRS is used as superstrate for multiband 

performance enhancement of a MIMO antenna. Moreover, the 

narrow band feature of the PCE, PMS/ADS and PRS makes 

these types of methods less appealing for wideband 

applications. 

Closely spaced antenna elements suffer from high mutual 

coupling values that cannot only reduce the radiation 

efficiency and signal-to-interference-noise ratio (SINR) of a 

propagation channel, but also results in spectral regrowth in 

some applications [11]. Subsequently, a variety of decoupling 

techniques has been reported in literature for coupled patch-

based MIMO antenna elements, including defected ground 

structures (DGS) [12-14], meta-atoms structures [15-17] and 

parasitic based decoupling elements [18-21]. Each technique 

has its own drawback. For example, the use of the DGS in 

patch-based antenna arrays affects the radiation features of the 

radiating elements, i.e., not only the gain but also the front-to-

back (FBR) is reduced [12-14]. The subwavelength structures 

of meta-atoms, including EBG / modified-SRR structures [15-

16] and capacitively loaded loop meta-atoms superstrate [17] 

increase the geometrical complexities and limit their 

utilization for closely arranged MIMO patch array since such 

structures require large implementation space in-between the 

antenna elements. The use of parasitic elements above or in-

between the patch radiating elements degrade the polarization 

purity [19] and considerably reduce the fractional bandwidth 

(FBW) of the decoupled patch antenna elements [20-21]. 

Moreover, most of the above decoupling techniques suffer 

from narrow impedance bandwidth response and are effective 

for only the fundamental resonant mode of the antenna (i.e. 

TM01 for a patch), which can limit their utilization for 

wideband applications [12-21]. 

To the best of the authors knowledge, not much attention 

has been given to achieve simultaneous field decorrelation and 

decoupling for wideband MIMO antenna elements because 

there has been a misconception that increasing the port-

isolation guarantees ρ reduction. It has been shown that 

MIMO antenna ports decoupling alone does not always 

guarantee ρ reduction, especially in a realistic multipath 

environment [3]. Therefore, such decoupling solutions 

becomes unreliable in order to achieve enhanced MIMO 

performance especially in a realistic scenario. 

In view of the above considerations, a wideband field 

decorrelation technique for coupled wideband MIMO 

antennas is still lacking, which can not only guarantee 

reduction in the values of ρ across the whole band for both 

isotropic and non-isotropic multipath environments but can 

also reduce mutual coupling without decreasing the FBW of 

each antenna element. This work presents a new technique for 

simultaneous reduction of the value of ρ and mutual coupling 

of wideband MIMO antenna elements by using a broadband 

graded index all-dielectric (GID) lens designed using 

transformation electromagnetics (TE). We introduced the 

concept of field decorrelation of a 2-element narrowband 

patches only in [22], wherein the mutual coupling reduction 

was insignificant. In this work, a broadband GID lens is 

designed to control the propagation direction of the 

electromagnetic (EM) wave and is fabricated using 3D 

printing. The lens reduces the radiation pattern spatial overlap 

when placed above wideband, multiband and ultra-wideband 

MIMO antenna elements, by tilting the beams in opposite 

directions. Besides, the port-isolation is also significantly 

improved by controlling the free space propagation constant 

by means of the latter GID lens, which in turn allows to 

suppress the surface wave propagation for antenna port 

decoupling. The attractive features of the proposed technique 

are summarized as: 

1. Effective for patch-based MIMO antenna elements 

arranged in different positions or orientations. 

2. Wideband performance enhancement is achieved when 

applied to a wideband patch-based MIMO antenna 
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operating in two different modes as opposed to [3-4], 

[8]. 

3. Preservation of the radiation features and fractional 

bandwidth of the original MIMO antenna elements. 

4. Wider usability and intrinsic wideband phase matching 

at the interfaces for different antenna types working at 

different frequency bands. This feature is not being 

achieved by any previously reported work on field 

decorrelation and decoupling. 

5. Improvement of the isolation between adjacent 

elements. 

The rest of the paper is organized as follows. Section II 

describes the GID lens design methodology. Section III 

presents the PLA-based GID lens, designed by using the 

guidelines detailed in Section II. Section IV presents the 

simulated and measured results of the considered examples, 

and Section V concludes the paper with a summary of the 

presented study. 

II. DESIGN METHODOLOGY 

In a patch-based MIMO antenna, high spatial correlation 

caused by radiation pattern overlap, and high mutual coupling 

occurs due to existence of surface waves in the substrate [23]. 

The high spatial correlation can be reduced by tilting the 

individual antenna element beams in opposite directions. A 

graded index all-dielectric (GID) lens with a varying 

permittivity profile can be employed to achieve such a beam 

tilt for each antenna element. A systematic approach of TE is 

used here to evaluate the relation between the required beam 

tilt angle and the permittivity profile of the GID lens. 

TE is a spatial transformation scheme which involves 

replacing the original space with a transformed space to 

control the wave-material interaction in a desired manner by 

defining the coordinate transformation based analytical 

mapping functions [24]. This technique is based on the form-

invariance of Maxwell’s equations under coordinate 

transformation. The material properties obtained by using this 

underlying principle, will mimic the distorted deformed space 

in the same manner as defined by spatial coordinate 

transformation functions and can perfectly recreate the same 

functionality of wave propagation as described in the original 

space by adjusting the variables of Maxwell’s equations [25]. 

In the transformed space, the variation in all the tensor 

components of material parameters is quite complicated and 

generally requires anisotropic and dispersive materials for 

their realization. Meta-atoms are usually used to synthesize 

such material parameter distribution, but they suffer from 

narrow band frequency operation due to their resonant nature, 

and their magnetic response is accompanied by large 

absorption. An optimized design can be obtained by using 

quasi-conformal transformation electromagnetics (QCTE) 

mapping for which the requisite requirement of anisotropy 

along with magnetic response can be minimized. This design 

strategy allows the practical realization of TE devices from 

purely graded index all-dielectric (GID) materials that are non-

resonant as well as quasi-isotropic [26-27]. Such material 

properties imply broad operational bandwidth characteristics. 

Here, we utilize QCTE mapping for the design of a 

broadband all-dielectric based beam steering symmetric lens 

which transforms the angle between an axis and wave vector. 

First, the desired pattern is defined by means of EM wave 

propagation in an air-filled virtual space. This pattern is then 

transformed to the physical space, which represents the 

transformed medium [28]. This medium achieves the similar 

function of EM wave propagation as defined in the virtual 

space, which will be demonstrated later. The calculated 

material properties of the transformed medium have a quasi-

isotropic GID profile, with a slight in-plane anisotropy that can 

be ignored [29], in which only one component tensor of 

permittivity has spatial inhomogeneity. According to Fermat’s 

principle of geometry of light, an inhomogeneous refractive 

index profile of the transformed medium allows to modify the 

trajectory of wave propagation to a desired direction. Thus, by 

associating the varying refractive index to transformed 

coordinate, the direction of wave trajectory can be controlled 

in the transformed medium. Hence, placing a symmetric GID 

lens above the MIMO patch elements will help reducing the 

radiation pattern spatial overlap by steering the beams in 

opposite directions. 

However, as reported in previous works [22, 30], the draw-

back of TE based concept for field decorrelation is that the 

reduction in mutual coupling is insignificant in MIMO 

antennas, as the material parameters are not able to suppress 

the surface waves propagation in the antenna’s substrate. With 

some minor adjustment in the inhomogeneous TE permittivity 

profile, the free space propagation constant can be further 

modified with the aim to completely suppress the surface 

waves propagation in the antenna substrate which results in 

significant port-isolation enhancement particularly in patch 

like MIMO antennas. This minor adjustment in the TE 

permittivity profile is based on the cut-off frequency 

formulations of transverse magnetic and transverse electric 

surface wave modes propagation inside a grounded dielectric 

slab waveguide, illustrated in Fig. 1, which has been well 

studied in [31]. Using this model, the cut-off frequency of 

different surface wave modes in the antenna substrate is given 

as [31]: 

                         𝑓CM =
𝑚𝑐

2ℎ√ 1− 2𝜇2
  ,  m = 0,1,2,3,…    (1)                     

For the transverse magnetic mode, and as: 
 

                        𝑓CE =
(2𝑛−1)𝑐

4ℎ√ 1− 2𝜇2
  ,   n = 1,2,3,4,…     (2) 

for the transverse electric mode. 휀1 (𝜇1) is the permittivity 

(permeability) of the substrate with thickness h, 휀2 (𝜇2) is the 

permittivity (permeability) of free space. 

According to above equations, the cut-off frequency for 

each surface wave mode can be made infinite with 휀1 = 휀2𝜇2, 
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which renders complete suppression of surface waves modes 

propagation in the antenna substrate. This specifies that by 

loading the patch MIMO antenna with a material whose 

effective 휀2 × 𝜇2 product equals 휀1 yields surface wave 

suppression. The required product value in our case will be 

achieved by loading the antenna elements either with a 

standard GID lens or a modified GID lens which also contains 

a homogenous dielectric slab having effective permittivity 

휀2=휀1 and permeability 𝜇2=1. Thus, the proposed objective of 

field decorrelation and antenna port decoupling can be 

simultaneously achieved for such MIMO antennas by using a 

modified TE permittivity profile based symmetric GID beam 

steering lens. 

 

 

 

Fig. 1. Model of the grounded dielectric slab waveguide. 

 

III. STUDY OF FIELD DECORRELATED MIMO 
ANTENNAS 

In this work, the far-field radiation patterns are obtained by 

exciting one element and terminating the other with 50 Ω 

matched load. The correctness of few MIMO antenna design 

examples is verified from the measured radiation patterns 

which are well consistent with the simulations. Also, due to 

the measurement conditions constraints, the value of ρ in all 

the examples considered in this work is evaluated using the 

simulated radiation patterns. The value of ρ of the MIMO 

antenna in an isotropic and non-isotropic propagation 

environment are evaluated in a post processing step using CST 

MWS simulation software. 

Fig. 2. Gaussian distribution model of incoming radio waves 

in a multipath propagation environment. 

 

A. CORRELATION COEFFICIENT OF MIMO ANTENNAS 

The correlation coefficient (ρ) evaluation is a crucial step to 

determine how much diversity (and capacity) a MIMO 

antenna design can provide in any propagation environment. 

It describes the statistical similarity between the radiation 

patterns of two arbitrary MIMO antenna elements. For an 

isotropic environment, ρ is evaluated using Equation (3), 

which considers the antenna far-field radiation patterns along 

with their polarizations and relative phase between the fields 

[3]: 

          𝜌 =
|∬ [ �⃗�1(𝜃, 𝜙)  ∗  �⃗�2(𝜃, 𝜙)]𝑑𝛺

4𝜋
|

√∬ | �⃗�1(𝜃, 𝜙) |
2

𝑑𝛺
4𝜋

 ∬ | �⃗�2(𝜃, 𝜙) |²𝑑𝛺
4𝜋

      (3) 

where 𝛺 is the solid angle, �⃗�𝑖(𝜃, 𝜙) (i = 1,2) is the complex 

3D far-field radiation field of the i-th antenna, when only the 

i-th element is excited, and “*” is the Hermitian product. 

 

An isotropic scattering environment has a uniform incident 

wave distribution (i.e. waves arrive equally from all 

directions) and a cross-polarization ratio XPR = 1. However, 

a realistic multipath propagation environment is not isotropic, 

and the incident waves in such an environment have limited 

angular spread. Also, MIMO antenna correlation 

performance in a realistic environment is drastically different. 

The value of ρ is affected by both the antenna design and the 

propagation environment. Specifically, the spatial correlation 

at the MIMO antenna increases due to non-uniform angular 

power spectrum (APS) distribution or limited angular spread 

of the incident waves [32]. Therefore, a more general 

expression for ρ evaluation that considers the actual 

environment effect can be expressed as [3]:  

                           𝜌 =
|∫ 𝐵𝑖𝑗(𝛺)𝑑𝛺

𝛺
|

√∫ 𝐵𝑖𝑖(𝛺)𝑑𝛺 ∙ ∫ 𝐵𝑗𝑗(𝛺)𝑑𝛺
𝛺𝛺

              (4) 

 
with, 
 
𝐵𝑖𝑗(𝛺) = 𝑋𝑃𝑅 ∙ 𝐹𝜃𝑖(𝛺)𝐹𝜃𝑗

∗ (𝛺)𝑃𝜃(𝛺) +
                                                             𝐹𝜙𝑖(𝛺)𝐹𝜙𝑗

∗ (𝛺)𝑃𝜙(𝛺)     (5) 

where XPR is the cross-polarization ratio between the vertical 

polarized (VP) and horizontal polarized (HP) incident power 

densities, 𝐹𝜙𝑖 and 𝐹𝜃𝑖 represent the 𝜙 (azimuth) and 𝜃 

(elevation)  components of  �⃗�𝑖; 𝑃𝜙(𝛺) and 𝑃𝜃(𝛺) are the APS 

distributions of the 𝜙  and 𝜃 components of incident waves in 

the propagation environment, respectively. The multipath 

propagation environment characteristics are defined by the 

APS distribution of the incident waves at the MIMO antenna 

system. A few models of the APS distribution like Gaussian, 

Laplacian and Elliptical, along with their typical parameter 

values for different propagation environment scenarios have 

been reported in [33]. The direction and the angular spread of 

the incident wave can be controlled using these models. In 

this work, the Gaussian APS distribution model in both 
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elevation and azimuth planes is considered for both VP and 

HP waves [34], as shown in Fig. 2. The expressions for the 

Gaussian APS distribution are given as [34]: 

𝑃𝜃(𝜃, 𝜙)  =  𝐴𝜃 ∙ exp [−
{𝜃 − [(

𝜋

2
) − 𝑚𝑣]}

2

2𝜎𝑣
2 ] ∙

                          exp [−
(𝜙 − 𝐴𝑣)2

2𝛿𝑣
2 ] , (0 ≤ 𝜃 ≥ 𝜋 , 0 ≤ 𝜙 ≥ 𝜋)      (6) 

𝑃𝜙(𝜃, 𝜙)  =  𝐴𝜃 ∙ exp [−
{𝜃 − [(

𝜋

2
) − 𝑚𝐻]

2
}

2𝜎𝐻
2 ] ∙

                          exp [−
(𝜙 − 𝐴𝐻)2

2𝛿𝐻
2 ] , (0 ≤ 𝜃 ≥ 𝜋 , 0 ≤ 𝜙 ≥ 𝜋)      (7) 

 

Fig. 3. H-plane coupled 2-element E-patch MIMO antenna. 

where 𝑚𝑣 and 𝑚𝐻 are the mean elevation angles of the VP 

and HP wave distributions observed from the horizontal 

direction respectively; 𝜎𝑣 and 𝜎𝐻 are the standard deviations 

of the VP and HP wave distributions respectively; 𝐴𝑣 and 𝐴𝐻 

are the mean azimuth angles of the VP and HP wave 

distributions respectively; and 𝛿𝑣 and 𝛿𝐻 are the standard 

deviations of the VP and HP wave distributions respectively. 

In Equations (6) and (7) the standard deviation value defines 

the angular spread of the incident wave. Here, ρ of the 

proposed MIMO antenna is evaluated by setting XPR = 5 dB, 

𝑚𝑣 = 𝑚𝐻 = 𝐴𝑣 = 𝐴𝐻 = 0° and 𝜎𝑣 = 𝜎𝐻 = 𝛿𝑣 = 𝛿𝐻 = 30°. These 

values are reasonable assumptions for an access point 

application, where all the users mean angle remain close to 

the broadside direction of the MIMO antenna array. 

B. H-PLANE COUPLED 2-ELEMENTS WIDEBAND MIMO 
ANTENNA 

To investigate the wideband field decorrelation and port 

decoupling concept using the proposed GID lens, H-plane 

coupled antenna elements are considered. They consist of a 2-

element E-shaped patches with edge separation of 10 mm 

(0.1λ), as shown in Fig. 3, operating around 3 GHz and 

designed on a 3.2 mm thick FR4 substrate (휀𝑟1 = 4.4) with 

lateral dimensions 133 × 90 mm2. The dimensions (L / W) of 

each patch are 21.7 mm / 37.5 mm and are excited using 

coaxial offset feeds. 

The simulated scattering parameters of this antenna 

configuration are shown in Fig. 4(a). It can be seen that a wide 

-10 dB fractional bandwidth (FBW) from 2.903 to 3.216 GHz 

(10.2%) is obtained due to two resonant frequencies at 3 GHz 

(TM01) and 3.1 GHz (TM02), respectively. The lowest isolation 

level between the two antenna ports in the -10 dB FBW is 14 

dB. The simulated 2D far-field normalized radiation patterns 

of this configuration in the xoy-plane are shown in Fig. 4(b). It 

can be seen that each antenna element has a typical radiation 

pattern of a patch antenna, which is slightly tilted due to 

existence of surface waves and adjacent metallic element in 

close proximity. At 3 GHz, the boresight direction of beam 

maxima of the antenna elements E1 and E2 without the lens 

are at 20° and -20° respectively, (i.e. both the beams have 

opposite crossing directions). As shown in Fig. 4(c), this cross 

tilting of beam maxima’s results in high ρ for both isotropic 

and non-isotropic propagation environments, due to high 

radiation pattern spatial overlap. The low antenna port-

isolation and high ρ will degrade the achievable channel 

capacity of the MIMO system [3]. 

C. GRADED INDEX ALL-DIELECTRIC (GID) LENS 

Field decorrelation can be achieved by designing the antenna 

elements in such a way that their 3D radiation patterns are as 

orthogonal to each other as possible, i.e. their beams are tilted 

in opposite directions resulting in a minimum radiation 

patterns spatial overlap. A steering angle greater than ∓15° for 

each beam from broadside, is considered sufficient for 

decorrelating the fields [35]. Thus, we want to steer the 

antenna element beams by greater than ∓15° from the 

proposed GID lens. 

The symmetric GID lens design for 2-element beam tilting 

is based on the methodology discussed in Section II and the 

theoretical model detailed in [28]. To steer the antenna 

element beams by greater than ∓15° from a TE based quasi-

isotropic all-dielectric lens, a steering angle of ∓45° need to be 

imposed because the ideal calculated TE based lens will 

indeed present such ∓45° steering performance, but with 

anisotropic material parameters tensor. To fulfill the all-

dielectric requirements, the anisotropy in the material 

parameters tensor is ignored, which results in a drop of the 

steering angle to about ∓28°, as will be shown later. Therefore, 

the EM wave propagation is first described in an air-filled 

virtual space to provide a beam tilt of ∓45° as shown in Fig. 

5(a). The angle between the y-axis and wave vector is set to 

∓45°. QCTE mapping is then applied to find a transformed 

medium with a varying permittivity in the physical space, 

which creates the same degree of beam tilt as described in the 

virtual space. The Laplace’s equation is used to determine the 

transformation matrix by solving it using the COMSOL 

Multiphysics partial differential equation (PDE) solver subject 

to predetermined Dirichlet and Neumann sliding boundary 

conditions. The obtained field profile due to the transformed 

medium is shown in Fig. 5(b), which indicates same beam tilt 

angle of ∓45° is attained as defined in virtual space. The 

QCTE mapping between the virtual and physical space is 

illustrated in Fig. 5(c). Moreover, the size of the transformed 

medium must be big enough to cover both antennas otherwise 

smaller beam deflection will be obtained. Thus, each 

transformed medium area is assumed to be 59.5 × 35 mm2. 
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(a) 

(b) 

(c) 

Fig. 4. Simulated results of 2-elements MIMO antenna with 

and without lens. (a) S-parameters. (b) Normalized radiation 

pattern E1 and E2 in the xoy-plane at 3 GHz. (c) Correlation 

coefficient.  

The transformed medium profile obtained for the beam 

tilting presents anisotropic material parameters which are 

difficult to physically realize. The deformation in the physical 

space due to space transformation is shown in Fig. 5(c). The 

physical space conformal module, a geometric quantity 

determined by the structure of the space and containing the 

complete invariants of the structure, is greater than 1, as 

compared to the virtual space which is 1, resulting in 

anisotropy in the transformed medium. However, we propose 

to ignore the anisotropy in the material parameter tensor for a 

possible experimental demonstration of the symmetric GID 

lens beam steering functionality using an isotropic graded 

index all-dielectric material. Since the conformal module is 

larger than 1, such parametric reduction in tensor components 

weakens the beam steering functionality, which is reduced to 

28° as shown in Fig. 5(d), which is sufficient for our beam 

tilting. As the transformed medium permittivity profile has a 

continuous variation, a discretization procedure is then applied 

according to which the inhomogeneous permittivity profile of 

the proposed lens is varied in discrete steps between 1 and 2.8, 

as shown in Fig. 5(e), which then represents the transformed 

medium. The host dielectric polylactic acid (PLA) material 

available in our 3D printing facility has a relative permittivity 

of 2.65, the permittivity values in the discrete profile higher 

than 2.65 are supposed to be equal to the relative permittivity 

of the PLA. The obtained structure of the lens consists of 340 

(34 × 10) unit cells with an elementary cell dimension of 3.5 

× 3.5 × 40 mm3 each. 

(a) 

(b) 

(c) 

(d) 

(e) 

Fig. 5. Space mapping illustration. (a) Air-filled initial 

virtual space. (b) Calculated transformed ideal anisotropic 

lens. (c) QCTE mapping from virtual space to physical 

space. (d) Calculated simplified quasi-isotropic lens. (e) 

Permittivity (zz) profile of simplified quasi-isotropic lens. 
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The discrete symmetric GID lens is placed symmetrically 

above the 2-element E-shaped patch MIMO antenna, as shown 

in the inset of Fig. 4(a), such that at the centre the relative 

permittivity is 1 and its value increases in steps as we move on 

either side of the x-axis with highest value of 2.65 at the edges. 

To keep the branch power ratio close to 1, the lens is placed 

symmetrically above the antenna, an attribute which is 

recommended for MIMO antennas [36]. The discrete 

symmetric GID lens can decorrelate the fields as the radiation 

patterns of antenna element E1 / E2 are tilted in opposite 

directions (i.e. no cross tilting of the beams) with beam 

maximas are tilted by around -25° / 25° as shown in Fig. 4(b). 

Besides, it can be seen in Fig. 4(a) that the lens loaded antenna 

elements demonstrate almost the same wide simulated FBW 

of 11.2% (2.826-3.162 GHz) with reduced ρ value for both 

propagation environments while the port-isolation 

enhancement is only 6.7 dB, which is considered insignificant 

in many applications. For example, in communication system 

several power amplifiers nonlinearity together with strong port 

coupling causes spectral regrowth, resulting in adjacent 

channel interference or crosstalk [11]. The spectral regrowth 

can be reduced by improving the port-isolation S21 level even 

below -28 dB or more [37]. The port-isolation enhancement 

with the GID lens is primarily caused by tilting of the beams 

without creating a cavity, as there are insignificant reflections 

from the lens as compared to PRS-based Fabry-Perot cavity 

beam tilting method described in [8], and minimal suppression 

of the surface waves propagation in the antenna substrate. 

To further improve the port-isolation by means of surface 

waves propagation suppression, a slight adjustment in the TE 

permittivity profile of the lens can be made either by adding 

a homogenous dielectric slab in the center of that discrete 

profile at a certain offset distance m from the substrate, as 

shown in Fig. 6, or by bringing the higher values of the TE 

permittivity profile distribution above the patch element 

using the reduced unit cell dimensions. 

 
Fig. 6. Schematic of the modified GID lens loaded E-patch 

MIMO antenna elements. 

In the first case, the offset distance m is determined based 

on the surface waves propagation inside the dielectric 

substrate. According to [31], surface waves are categorized by 

a field that decays exponentially away from an interface 

between two different media, with most of the fields restricted 

inside or near the dielectric interface. Since strong electric 

(fringing near) field distribution is present above the patch 

antenna which decreases away from the patch, the major 

contributing factor for high port-isolation is the surface waves 

which are present around the dielectric interface. In order to 

effectively control and suppress the surface waves propagation 

for port-isolation enhancement, without affecting the steering 

performance of the GID lens, the initial offset distance m of 

the dielectric slab from the substrate assumed to be less than 

0.35λ. As detailed in Section II, the added dielectric slab 

should have effective permittivity 휀2 = 휀1= 휀𝑟1 = 4.4 and 

permeability 𝜇2=1 in order to achieve the required product 

휀2 × 𝜇2 = 4.4 = 휀1  value for complete suppression of 

surface wave propagation inside the antenna substrate which 

results in more than 23 dB port-isolation enhancement at 3 

GHz, as shown in Fig. 4(a), with almost same wide FBW of 

10% (2.835-3.129 GHz). The slight shift in resonant 

frequency, when antenna elements are loaded with a lens, is 

primarily due to the change in the effective permittivity of the 

patch antenna.  

Fig. 4(b) shows that the beam tilt angle for each element is 

reduced to ∓18° in the modified case which is still greater than 

the ∓15° optimal beam tilt angle requirement set for field 

decorrelation. Please note that this is the proper non-crossing 

tilt. The decrease in the beam tilt angle is due to the placement 

of the dielectric slab in the TE permittivity profile of the lens 

which has slightly modified the refractive index profile of the 

GID lens. Although ρ is reduced with the modified GID lens 

also, its value is almost the same as compared to the standard 

GID lens, as shown in Fig. 4(c). This shows that further 

increase in port-isolation cannot guarantee more ρ reduction 

for both isotropic and non-isotropic propagation 

environments. However, with the standard GID lens, the 

reduction in S21 value is insufficient and, further reduction 

with the modified GID lens is still necessary to obtain good 

radiation efficiency. It also improves the SINR of a 

propagation channel and in certain applications reduces the 

spectral regrowth. The initial dimensions and the offset 

distance m of the dielectric slab in the modified lens profile are 

optimized (Wd = 56 mm, Hd = 10.5 mm, m = 10.5 mm) to get 

the maximum port-isolation enhancement within the FBW of 

each antenna element. 

It is important to note that the maximum value in the overall 

permittivity profile of the modified GID lens is 4.4, when 

antenna elements are designed on FR4 substrate (휀𝑟 = 4.4), 

which cannot be accessed from a PLA filament with a 

dielectric constant of 2.65, but the gradient lower than 2.65 can 

still be realized from the same filament. Hence, in this work 

the inhomogeneous discrete permittivity profile of the 

modified symmetric GID lens is designed from single PLA 

filament available in our printing facility, whereas the required 

permittivity of the homogeneous dielectric slab can be realized 

either from a single slab of required thickness or by multi 

layers stacking of the substrate without copper cladding. The 

number of layers required will be based on the thickness of the 

dielectric slab. Since the required permittivity of the dielectric 

slab is 4.4 therefore a 1.6 mm thick FR4 substrate with same 

optimized lateral dimensions is used in six multi layers 

stacking configuration to achieve the desired thickness of the 

dielectric slab which is 9.6 mm. The fabrication complexity 

can be reduced if a dual extruder 3D printer is used, such that 

the same lens sample can be easily printed in a single step by 

using two different PLA filaments of desired permittivity.    
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The discrete permittivity profile gradient lower than 2.65 of 

the GID lens is realized from non-resonant dielectric cube like 

cells with air holes of different dimensions, as shown in Fig. 

7(a), with the objective to use the lens over a broad frequency 

range. The permittivity value of each unit cell should be 

homogeneous across the cell. By using effective medium 

theory, this can be accomplished by using a very small sized 

unit cell as compared to the operating wavelength. The 

required effective permittivity of the unit cell consists of two 

materials, namely air and dielectric, can be designed by 

varying the thickness ‘t’ and radius ‘r’ of the dielectric part of 

the unit cell while keeping the periodicity along z-axis Pz = 5 

mm [26]. Parameter retrieval method is used to numerically 

characterize the effective permittivity of the dielectric unit 

cells [38]. The standard and modified GID lens without 

dielectric slab is fabricated using 3D printing technology [39]. 

A plastic PLA filament, having a dielectric constant of 2.65 

and loss tangent of 0.0062 at 3 GHz, is used for the printing 

process. 

The geometry of the designed and fabricated PLA-based 

lens loaded 2-element E-shaped patch MIMO antenna is 

shown in Fig. 7(b). The dimensions of the modified GID lens 

are 119 × 35 × 40 mm3 which can easily cover both antenna 

elements. Two 1.6 mm thick FR4 boards are stacked to 

achieve the desired 3.2 mm thickness of the antenna substrate. 

In order to mount the GID lens above the antenna elements 

two support edges of width 7 mm each with four M3 holes are 

added. 

(a) 

(b) 

Fig. 7. (a) Dielectric unit cell for effective permittivity of 1.25 

and 1.63, where 𝑃𝑥 = 5 mm, 𝑃𝑦 = 𝑃𝑧 = 3.5 mm. (b) Geometry 

of the lens loaded 2-element H-plane decoupled MIMO 

antenna. 

In the second case, the same standard GID lens of Fig. 5(e) 

can also further reduce the S21, without modifying the 

permittivity profile distribution which ranges from 1 to 2.65 

(i.e. without the homogeneous dielectric slab), by reducing the 

unit cell size of the standard GID lens to 𝑃𝑦 = 𝑃𝑧 = 3 mm while 

assuming the same periodicity of 5 mm as shown in inset of 

Fig. 8(a). This size reduction brings the higher values of the 

permittivity profile distribution above the patch elements 

which generally helps to achieve the required product value 

for complete suppression of surface wave propagation. In this 

case the complete suppression of surface waves is not possible 

because the maximum value in the permittivity profile is 2.65 

and the required product value of 휀2 × 𝜇2 = 4.4 = 휀1  cannot 

be achieved. However, more than 9.2 dB port-isolation 

enhancement is still achieved in this case at 3 GHz due to the 

slight surface waves suppression. The beam tilt angle is ∓25° 

with a low value of the ρ for both isotropic and non-isotropic 

propagation environments. In this case the edge to edge 

spacing between the antenna elements is reduced to 0.05λ in 

order to get higher value of S21 and ρ. Although the port-

isolation enhancement in the second case is not as large as 

compared to the first case but the beam tilt angle in the latter 

case remains preserved to ∓25°. 

(a) 

(b) 

Fig. 8. Simulated results of 2-elements MIMO antenna with 

and without reduced unit cell size based PLA standard lens. 

(a) S-parameters and Correlation Coefficient. (b) Normalized 

radiation pattern E1 and E2 in the xoy-plane at 3 GHz. 

D. DESIGN GUIDELINES 

To ensure that the proposed method works efficiently for 

wideband MIMO antennas, it is essential to provide the design 

guidelines for GID lens, which are as follows: 

1. To achieve the preferred beam steering functionality, 

the GID lens size must be big enough to cover both 

antenna elements. But there exists a trade-off between 

the desired bandwidth and the lens size for which a 

homogeneous transformed medium can be designed in 

any frequency range according to effective medium 

theory. Since the wavelength is large at the lower limit 

of the frequency range, this leads to larger lens size as 

compared to the upper frequency limit where size is 

restricted by the small wavelength. Therefore, at high 

frequencies, the unit cells must be engineered with 

respect to the wavelength so as to be consistent with the 

effective medium theory. Moreover, the height of the 
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lens is assumed to be equal to 0.35λ since patch 

antennas have strong electric field distribution within 

this region. 

2. To obtain high port isolation in the whole band of 

interest two strategies can be employed. In the first 

option, initially set the permittivity 휀2 of the dielectric 

slab to be equal to the relative permittivity 휀𝑟 of the 

antenna substrate with initial dimensions comparable to 

cover both antenna elements, and then optimize the slab 

lateral dimensions (Wd / hd) and offset distance m. In the 

second option, reduce the unit cell size of the standard 

GID lens. This reduction results in higher values of the 

permittivity profile distribution above the antenna 

elements which either helps to completely or slightly 

achieve the required product 휀2 × 𝜇2 = 휀1  value for 

complete suppression of surface wave propagation. 

A parametric study has been carried out in Fig. 9, to show 

the effects on antenna port-isolation firstly by using different 

permittivity 휀2 at fixed value of m and secondly by using 

different offset distance m of the dielectric slab at fixed value 

of 휀2. It can be seen in Fig. 9(a) that more than 25 dB port-

isolation enhancement is achieved at the resonance frequency 

with 𝑆21 ≤ ˗20 dB in the whole band when 휀2 ≥ 4.4 but the 

FBW reduces considerably for 휀2 > 4.4 which is not desirable. 

On the other hand, it can be observed in Fig. 9(b) that after 

adopting the dielectric slab with permittivity 휀2 = 4.4, the 

isolation frequency is sensitive to m and it decreases when the 

value of m is increased. Besides, the matching conditions 

nearly remain the same except for m = 0 mm. At 3 GHz, the 

maximum port-isolation enhancement with the modified GID 

lens is achieved when m = 10.5 mm, where it is improved from 

14 dB to 40 dB.  

 (a)  

 (b)  

Fig. 9. Simulated S-parameters of GID lens loaded H-plane 

coupled 2-element E-patch MIMO antenna. (a) with different 

values of m. (b) with different 휀2 of dielectric slab. 

 

 

IV. RESULTS AND DISCUSSIONS 

A. H-PLANE COUPLED 2-ELEMENTS WIDEBAND MIMO 
ANTENNA 

To verify the performance of the H-plane coupled 2-element 

MIMO antenna, the S-parameters are measured with and 

without the PLA-based modified GID lens. A good agreement 

between the simulated and measured results is obtained, as can 

be observed from Fig. 4(a) and Fig. 10(a), respectively. With 

(without) the lens, a wide -10 dB measured FBW of 8.5% from 

2.933-3.193 GHz (10.5% from 3.030 to 3.366 GHz) is 

obtained. In addition, more than 25 dB port-isolation 

enhancement is achieved with the lens at the resonance 

frequency of 3.035 GHz when compared to the antenna alone, 

as shown in Fig. 10(a). The minor reduction in resonant 

frequency and FBW is primarily due to the non-uniformity in 

the relative permittivity of the FR4 substrate and the presence 

of the small air gap formed between the two FR4 layers due to 

fabrication limitations [40]. However, the agreement between 

simulated and measured FBW values is still satisfactory. 

(a) 

(b) 

Fig. 10. Simulated and measured results of 2-element H-plane 

coupled MIMO antenna with and without lens. (a) S-

parameters. (b) Normalized radiation pattern E1 and E2 in the 

xoy-plane. 

The measured 2D normalized radiation patterns of each 

antenna element with and without the lens in the xoy-plane are 

shown in Fig. 10(b), which show good agreement with the 

simulation results. At the resonant frequency, the measured 

beam maxima of antenna elements E1 / E2 without the lens 

are slightly tilted to 20° / -20° (crossed or opposite to the 

desired directions) and with the lens the measured beam 

maxima are oppositely tilted in the desired directions to -17° / 
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17°, respectively, thereby decreasing the 3D radiation patterns 

spatial overlap. Besides measurement errors, the small 

variation in beam tilt angle is due to fabrication tolerances of 

the 3D printer which cause changes in permittivity profile. The 

gain and efficiency of each antenna element with (without) the 

modified GID lens within the desired FBW is 4.5-5.49 dBi 

(3.41-5.37 dBi) and 59.8%-65.4% (51.8%-62.4%), 

respectively, which indicate an enhancement in the presence 

of the lens. The efficiency improvement can be credited to the 

coupling reduction between the two antenna ports. Moreover, 

the presence of the lens has quasi no influence on the FBR. 

 
(a) 

 
(b) 

Fig. 11. E-field distribution of 2-element H-plane coupled 

MIMO antenna. (a) Without lens. (b) With lens. 

The calculated ρ of the proposed MIMO antennas in their 

respective FBWs are plotted in Fig. 4(c). It is evident from Fig. 

4(c) that for both isotropic and non-isotropic environments the 

ρ of the MIMO antenna alone presents higher values than 

when the proposed GID lens is placed above the antenna 

elements, i.e. with the lens ρ is reduced from around 0.301 to 

0.025 for isotropic environment while for non-isotropic 

environment it reduces from 0.505 to 0.047 at 2.901 GHz 

(except at the higher end of the frequency band). This shows 

that the field decorrelation is significantly improved by tilting 

the 3D radiation patterns of MIMO antenna elements, 

enabling to achieve good diversity and multiplexing 

performances. 

The electric field distribution of the 2-element E-shaped 

patch MIMO antenna with and without the GID lens at 3 GHz 

has been calculated when E1 is excited and plotted on the xoy-

plane, as show in Fig. 11, to further demonstrate the port-

decoupling mechanism. In an unloaded case, strong electric 

field strength is present around element E2 when element E1 

is excited as shown in Fig. 11(a), thus causing a high level of 

mutual coupling between the two antenna ports. It can be seen 

in Fig. 11(b) that after using the GID lens, the coupled electric 

field strength is drastically reduced that leads to high port-

isolation. This reduction in coupling with the lens is due to 

complete suppression of surface wave propagation in the 

antenna substrate. 

B. E-PLANE COUPLED 2-ELEMENTS AND 6-ELEMENTS 
WIDEBAND MIMO ANTENNA 

To further validate the generality of the proposed concept, now 

an E-plane coupled antenna element configuration operating 

around 3 GHz on a 3.2 mm thick FR4 substrate is considered, 

wherein the same two E-shaped patches are arranged in 

vertical directions with edge separation of 10 mm (0.1λ), as 

shown in Fig. 12(a). Both the simulated and measured S-

parameters of this configuration are shown in Fig. 13(a). A 

wide -10 dB measured (simulated) FBW of 10.8% from 2.950-

3.288 GHz (10.2% from 2.893 to 3.205 GHz) is obtained with 

a minimum port-isolation level of 12 dB with in the FBW. In 

order to improve the port-isolation by means of surface wave 

suppression within the desired frequency band, the offset 

distance m and the initial dimensions (Wd / hd) of the dielectric 

slab in the TE permittivity profile of the GID lens, as shown 

in inset of Fig. 13(a), are optimized as per the design 

guidelines provided in Section III-C. The designed and 

fabricated prototype of the PLA-based modified GID lens 

loaded MIMO antenna is shown in Fig. 12(c). The required 

product 휀2 × 𝜇2 = 4.4 = 휀1  value is realized by using a FR4 

dielectric slab having permittivity 휀2 = 휀1= 휀𝑟 = 4.4 and 

permeability 𝜇2=1. In this case, the optimized initial 

dimensions and the offset distance m of the dielectric slab are 

(Wd = 63 mm,  Hd = 10.5 mm, m = 24.5 mm). With the lens, 

more than 30 dB measured port-isolation enhancement is 

achieved at 3.16 GHz, as shown in Fig. 13(a), with measured 

(simulated) FBW of 10.2% from 2.945-3.260 GHz (9.7% 

from 2.890-3.185 GHz). 

                     (a)                                             (b)    

(c) 

Fig. 12. (a) E-plane coupled 2-element E-patch MIMO 

antenna. (b) E-plane coupled 6-element E-patch MIMO 

antenna. (c) Geometry of the GID lens loaded 2-element 

MIMO antenna. 

Fig. 13(b) shows the measured and simulated 2D 

normalized radiation patterns of both antenna elements in the 

xoy-plane before and after using the modified GID lens. It can 

be seen that a good agreement between simulated and 

measured results is obtained. At 3.175 GHz, the measured 

beam maxima’s of E1 / E2 without the lens are slightly tilted 

to ∓25°, whereas the tilt in measured beam maxima’s after 
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using the proposed lens remains the same, i.e. ∓25°. Without 

the lens the beam maxima’s are tilted due to strong antenna 

port coupling. It is important to preserve the beam maxima’s 

tilt angle with the lens otherwise if only the decoupling scheme 

is used than the beam maxima’s turn back to the boresight +y-

direction [20-21], which subsequently increases the ρ in 

realistic environment due to large 3D radiation pattern spatial 

overlap. The gain and efficiency of each antenna element with 

(without) the lens within the desired FBW is 4.2-5.4 dBi (3.3-

5.1 dBi) and 48%-59.6% (46.6%-58.7%), respectively, which 

indicates a gain enhancement in the presence of the lens. 

(a) 

(b) 

(c) 

Fig. 13. Simulated and measured results of 2-elements E-plane 

coupled MIMO antenna with and without lens. (a) S-

parameters. (b) Normalized radiation pattern E1 and E2 in the 

xoy-plane. (c) Correlation coefficient. 

Fig. 13(c) shows the plots of the calculated ρ of the 

proposed MIMO antennas in their respective FBW. Similarly, 

it is evident from the figure that the ρ of the MIMO antenna 

alone presents higher values when compared to antenna 

elements with modified GID lens in case of isotropic 

environment, i.e. with the lens ρ remains less than 0.054 in the 

entire FBW. However, in non-isotropic environment the ρ 

reduction is mostly achieved in the lower half of the frequency 

band. This slight increase in ρ at the higher half of the 

frequency band is due to the non-uniform APS distribution 

[32]. Also, it is worthwhile to mention that the radiation 

patterns of antenna elements without the lens are already tilted 

in opposite direction, which will lead to lower values of ρ in 

isotropic environment, as radiation patterns spatial overlap is 

relatively small, when compared to ρ of H-plane coupled 

MIMO antenna elements. After using the lens, the ρ is reduced 

as the radiation pattern spatial overlap is further reduced due 

to improvement in gain. 

(a) 

(b) 

(c) 

Fig. 14. Simulated results of 6-element MIMO antenna with 

and without lens. (a) S-parameters. (b) Normalized radiation 

pattern E1/ E3/ E5 and E2/ E4/ E6 in the xoy-plane. (c) 

Correlation coefficient. 
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Moreover, the proposed GID lens utilization can be 

extended for field decorrelation and decoupling of E-plane 

coupled MIMO antennas having more than two elements, 

without modifying the lens permittivity profile. To 

demonstrate this feature, an E-plane coupled MIMO antenna 

with six elements is considered, as shown in Fig. 12(b), with 

edge separation of 10 mm (0.1λ) at 3 GHz and lateral 

dimensions 133 × 180 mm2. The complete geometry of the 

modified GID lens loaded MIMO antenna system is shown in 

inset of Fig. 14(a), wherein the size of the lens along z-axis is 

only modified to easily cover all six antenna elements. The 

modified dimensions of the GID lens are 119 × 35 × 140 mm3. 

As shown in Fig. 14(a), the simulated -10 dB FBW of each 

antenna element with and without the lens is 9.3% (2.888–

3.170 GHz) and 10.1% (2.884–3.190 GHz), respectively. It 

can be seen that at around 3.016 GHz the port-isolation (S21, 

S43, S65) after using the lens is significantly improved from 

13.5 to 45 dB by 31.5 dB. 

(a) 

(b) 

(c) 

Fig. 15. (a) 4-element Multiband MIMO antenna with and 

without lens. (b) S-parameters. (c) Correlation Coefficient. 

The simulated 2D normalized radiation patterns of all the 

six antenna elements in the xoy-plane with and without the 

GID lens are shown in Fig. 14(b). At 3 GHz, the beam 

maxima’s of all the elements without the lens are slightly tilted 

to around ∓29°, whereas the tilt in beam maxima’s with the 

lens for all elements remains the same except for E3 and E4 

which is slightly reduced to ∓25°. The simulated gain and 

efficiency of each antenna element with (without) the lens 

within the desired FBWs are 3-4.16 dBi (2.3-3.8 dBi) and 

48.6%-55.2% (44.8%-53.1%), respectively, which as 

compared to the previous case indicates improvement after 

using the lens. It can also be seen from Fig. 14(b), that there is 

no backward radiation degradation after using the lens except 

for E3 and E4. The ρ of the 6-element MIMO antenna 

configuration before and after using the GID lens in the 

isotropic environment only is shown in Fig. 14(c). This is 

because all the correlation coefficients have similar trend 

curves as compared to ρ of E-plane coupled 2-elements 

MIMO antenna example. The ρ for isotropic environment 

decreases from around 0.242 to 0.05 after using the lens. 

Similarly, the decrease in ρ12/ρ34/ρ56 is due to the radiation 

pattern spatial overlap reduction which can be credited to 

improvement in gain. 

C. MULTIBAND AND ULTRA-WIDEBAND MIMO 
ANTENNA 

The proposed technique can be applied to antenna elements 

with a much wider operating bandwidth due to the dispersion 

free characteristics of the GID lens. The homogeneous 

permittivity value of each unit cell of the GID lens is designed 

using effective medium theory, according to which the unit 

cell size must be much smaller than the operating wavelength, 

i.e. smaller than 1/5 wavelength [30]. For this reason, the 

periodicity of 5 mm considered in this work relates to 1/5 

wavelength of 12 GHz, which shows that the proposed lens 

can work up to X band frequency range.  

To validate this point, three additional examples of the field 

decorrelation using the GID lens above the 4-element E 

shaped patch-based MIMO antenna (arranged in a 2×2 

configuration) operating at two different discrete frequency 

bands, a wideband 2-element U-Slot patch-based MIMO 

antenna and an ultra-wideband aperture coupled stacked 2-

element patch-based MIMO antenna are considered, as shown 

in Figs. 15-17. In the first case shown in Fig. 15, a multiband 

response is achieved with a FBW of more than 10.3% at each 

discrete frequency band along with more than 8 dB port-

isolation enhancement when same permittivity profile 

distribution standard GID lens of Fig. 5(e) is used with 

reduced unit cell dimensions of 3 × 3 × 60mm3. Moreover, Fig 

15(c) shows ρ14/ρ23 reduction for both isotropic and non-

isotropic propagation environments when the antenna 

elements are loaded with GID lens. Similarly, in the second 

and third cases, a FBW of 20% and 33% is achieved with tilted 

patterns using the GID lens which not results in ρ reduction for 

both propagation environments but also enhances the port-

isolation by more than 7 dB and 10 dB, as shown in Fig. 16(b) 

and Fig. 17(b), respectively. Even though 7 dB port-isolation 

enhancement is achieved when the modified GID lens is used 

in case of U-Slot patch-based MIMO antenna, the change in ρ 

with the modified GID lens is insignificant as compared to 

standard GID lens. This again reaffirms that further increase 

in port-isolation cannot guarantee ρ reduction for both 

isotropic and non-isotropic propagation environments. 

Nevertheless, it is worthwhile to mention that the same 

standard GID lens is used efficiently for different antenna 

types working over various frequency bands with different 
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edge to edge spacing (0.06λ at 3 GHz, 0.0083λ at 3 GHz, 0.2λ 

at 11 GHz,) without varying the lens properties. However, this 

is not the case with the modified GID lens where the dielectric 

block dimensions in each case need to be optimized to get the 

maximum port-isolation enhancement. Most of the decoupling 

techniques not only lack this feature but also unable to 

simultaneously control the electromagnetic waves 

propagation and surface waves efficiently. 

(a) 

(b) 

Fig. 16. (a) 2-element U-slot MIMO antenna with and without 

lens. (b) S-parameters and Correlation Coefficient. 

(a)  

(b) 

Fig. 17. (a) 2-element Stacked MIMO antenna with and 

without standard lens. (b) S-parameters and Correlation 

Coefficient. 

D. COMPARISON WITH PREVIOUS WORKS 

Table-I presents the performance comparison of the proposed 

method with some previous reported works on field 

decorrelation and decoupling. It is evident that for closely 

spaced antenna elements the proposed broadband GID lens not 

only enhances the port-isolation without reducing the FBW 

but can also reduce the ρ for both isotropic and non-isotropic 

propagation environments by antenna beam tilting, which in 

all other decoupling designs [12-21] is not possible without 

employing microwave phase shifters. The PCE in [3] can 

effectively reduce the ρ of the narrow band MIMO antenna 

elements but the total efficiency remains low due to high 

mutual coupling. In [4], a combination of PMS and ADS is 

used to simultaneously achieve the decorrelation and 

decoupling of the narrow band MIMO antenna elements. 

Furthermore, most of the decoupling techniques reported in 

literature [8-20] have narrow operating bandwidth of less than 

6.1% and are only effective for patch antenna elements 

arranged in either E-plane or H-plane orientation, but not both  

Table-I. Comparison with previous reported works. 

Ref 

H / 

E–  

Ports 

Edge 

Spac. 

IE 

dB 
FBW 

FBW 

Red. 
PE 

[3] 

H – 4 

0.063λ 

2 

2% No 

Both 

Iso. 

& 

Non-

Iso. 
H – 8 - 3 

[4] H – 4 0.2λ 13 2.6% No 
Non-

Iso. 

[8] H – 2 0.13λ - 3 3% Yes Iso. 

[9] E – 6 0.35λ 12 3.4% Yes Iso. 

[12] E – 2 0.42λ 35 1.5% No Iso. 

[17] E – 2 0.12λ 55 1.2% No Iso. 

[18] H – 2 0.03λ 35 1.4% No 

ρ not 

eval-

uated 

[20] 

H – 2 0.024λ 12 6.1% 

Yes 

ρ not 

eval-

uated 

E – 2 0.024λ 15 5.8% 

H – 8 0.028λ 10 0.4% 

[21] 
E-2 0.1λ 43.9 14% 

Yes Iso. 
H-2 0.027λ 20.6 27.3% 

PW 

H – 2 0.1λ 25 8.5% 

No 

Both 

Iso. 

& 

Non-

Iso. 

E – 2 0.1λ 32 10.1% 

E – 6 0.1λ 30 9.3% 

H – 4 0.06λ 8 10.3% 

H – 2 0.008λ 7 20% 

H – 2 0.2λ 10 33% 

PW.: Proposed Work, Spac.: Spacing, Red.: Reduction, IE: 

Isolation Enhancement, PE.: Propagation Environment. Iso.: 

Isotropic 

With Standard GID Lens 

With Modified GID Lens 
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planes except for [20-21], which may limit the utilization of 

these structures. Most importantly, such decoupling solutions 

cannot guarantee ρ reduction especially for non-isotropic 

environment. Also, such techniques turn back the beam 

maximum to the boresight direction [20-21], which afterwards 

increases the ρ in non-isotropic environment due to large 3D 

radiation pattern spatial overlapping. The wideband patch 

elements used in [20] and [21], have a reduction of fractional 

bandwidth when either a near-field resonator (NFR) or a 

dielectric block (DB) was placed above the antenna elements. 

This was due to the fact that the proposed NFR and DB in that 

work was only effective for the patch’s basic resonant mode 

TM01, but not TM02. Also, the wideband field decorrelation of 

E-shaped patches cannot be achieved using the NFR, as ρ 

results was not provided in that work. In comparison, our 

proposed method has much wider usability (maximum of 33% 

FBW is achieved in one of the examples presented here) and 

intrinsic wideband phase matching at the interfaces for 

different antenna types working at different frequency bands 

as can be seen from Table-I. This feature is not being achieved 

by any previously reported work on field decorrelation and 

decoupling. Hence, the proposed technique provides a unique 

solution, which exploits the space deformation not only to 

decouple the adjacent antenna elements ports coupled in both 

planes but also to guarantee field decorrelation. 

V. CONCLUSION 

In this paper, using a graded index all-dielectric lens, we have 

presented a new technique to simultaneously achieve the field 

decorrelation and decoupling of a closely spaced wideband 

coupled MIMO antenna elements arranged in two different 

orientations. By judiciously varying the permittivity profile of 

the GID lens using the concept of transformation 

electromagnetics, field decorrelation for ρ reduction is realized 

by tilting the radiation patterns of the antenna elements in 

opposite directions and, decoupling for mutual coupling 

reduction is achieved by suppressing the surface wave 

propagation in the antenna substrate. Besides, a wide FBW of 

minimum 8.5% and maximum of 33% is obtained for different 

decoupled MIMO antennas examples with the GID lens, 

respectively. Measured results after using the GID lens also 

reveals slight improvement in gain and radiation efficiency 

with almost no extra backward radiation. The proposed 

technique also has wider usability as same lens with a slight 

adjustment, either in dielectric slab dimensions or unit cell 

size, can be applied to wideband MIMO antennas working at 

different frequency bands. 
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