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Abstract— The proposed Multi-Input Multi-Output lens
antenna (MIMO-LA), integrated with a dual circularly
polarized meta-transmissive surface (DCP-MTS), enhances the
realized gain and aperture efficiency by effectively addressing
key MIMO performance metrics, including diversity gain (DG),
envelope correlation coefficient (ECC), mean effective gain
(MEG), and multiplexing efficiency (Mx. Eff.). By incorporating
an extended transition and reflective wall along with DCP-MTS,
the MIMO-LA achieves a realized gain of 13.58 dBi, a DG of 10
dB, an ECC 0of 0.01, a MEG of -3 dB, Mx. Eff. of —3.02 dB, while
maintaining an aperture efficiency of 50.8 % at the operating
frequency fo = 7 GHz. These results validate the effectiveness of
the proposed design for 6G industrial applications, particularly
in terrestrial, airborne, and non-terrestrial communications
networks.

Keywords— artificial magnetic conductors (AMC), aperture
efficiency, diversity gain (DG), envelope correlation coefficient
(ECC), Multi-Input Multi-Output lens antenna (MIMO-LA),
meta-transmissive surface (MTS), mean effective gain (MEG),
multiplexing efficiency (Mx. Eff.), peak realized gain

[. INTRODUCTION

The evolution toward sixth-generation (6G) wireless
communication [1, 2] demands innovative antenna solutions
[3, 4] capable of delivering high gain, broad bandwidth, and
robust polarization diversity across various platforms,
including terrestrial [S, 6], airborne [7], and non-terrestrial
communication networks [8, 9]. These emerging scenarios
impose stringent requirements on antenna, demanding
features varying refractive index distributions [10-14], high
performance for reliable connectivity, enhanced spectral
efficiency, and minimal interference in complex propagation
environments [15, 16]. In this context, Multi-Input Multi-
Output (MIMO) antenna systems [17] have emerged as a
cornerstone technology, offering enhanced data throughput,
link reliability, and spatial multiplexing capabilities.

However, achieving high gain and polarization diversity
simultaneously remains a critical challenge in compact MIMO
configurations [18]. Traditional approaches often involve

This work was supported by Institute of Information and
Communications Technology Planning and Evaluation grant funded by the
Ministry of Science and ICT, South Korea (RS-2019-11190008).
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Fig. 1. The 2D ray-tracing formation of the lens antenna integrated with dual
circularly polarized meta transmissive surface, d, = 95 mm, d, = 34 mm, ds
=98 mm, 2, = 7.3 mm, i, =50 mm, A3 =15 mm, s = 1 mm, /;= 23.5P mm,
H=152mm, ,=1.52mm, ,=0.25mm, & =243,6=2.25,65=221,6=
1.95.

trade-offs between gain, isolation, and polarization purity. To
address these limitations, metasurfaces [19-21] have garnered
significant attention due to their capacity to manipulate
electromagnetic waves with subwavelength precision. In
particular, lens formation incorporating with meta-
transmissive surfaces (MTS) provide an efficient platform for
wavefront shaping and polarization control without significant
radiation power loss.

This paper presents a high-gain MIMO lens antenna
integrated with a dual circularly polarized meta-transmissive
surface (DCP-MTS), specifically engineered for 6G
applications. The proposed design incorporates an extended
transition structure and a reflective wall to optimize wave
focusing and prevention radiation leakage through the lateral
openings. Moreover, the DCP-MTS enables left-handed
circular polarization (LHCP) and right-handed circular
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polarization (RHCP) conversion of dual-polarized incident
waves along x- and y-axes [21], which are radiating by
orthogonally oriented cross-dipole elements at the operating
frequency fo = 7 GHz. The proposed MIMO-LA design
demonstrate strong potential for 6G industrial applications,
ensuring reliable performance across terrestrial [23, 24],
airborne, and non-terrestrial networks.

II. DESIGN AND OPERATION

A. 2D Ray-tracing Model and Working Principle

The proposed MIMO-LA is shown in Fig. 1, which
comprises of a 3D-printed lens with N varying dielectric
constant layers, DCP-MTS, and dual linearly polarized
dipoles as a radiator, which are placed at the bottom of the
dipole’s substrate with transmission lines on the top.
Moreover, AMC is deployed under the dipole substrate at
height 4 to reflect back the dipole’s radiation in the broadside
direction with satisfies the constructive interference to
enhance the realized gain. Also, reflective wall is employed to
prevent the radiation leakage across the lateral openings. A
gray resin with relative permittivity (&- = 2.8) and loss tangent
(tan 0 = 0.05) is used to construct the 3D model of the MIMO-
TL. A gray resin selection is based on its finest feature of
0.025 mm thickness of the constructed tier. A Taconic RF-35
substrate is used for the fabrication of the MTS and AMC,
which has relative permittivity (e = 3.5), loss tangent (tan 0 =
0.0025) and thickness (1.52 mm) [20-22].

Fig. 1 also demonstrates the working principle of the
MIMO-LA. It designed to enhance the broadside gain by
ensure equal phase delay for diverse rays to obtained planar
wavefront by

Boqs + Brily = BoGn + Braln (1)

where By =21/ , PBrn =2m/em/dy are the phase
constants in air space and each tier of the dielectric lens,
individually. g1 is the focal length (/y), [ = h> + hs. I, is the
phase delay for each distinct ray.

The geometries of the DCP-MTS and AMC unit cells are
revealed in Fig. 2, while the dipole structure is illustrated in
Fig. 3.

B. Meta Transmissive Surface (MTS) for Dual Circularly
Polarization Converstion

The geometry of the DCP-MTS unit cell is depicted in Fig.
2a with normally incident plane waves aligned at a 45°
polarization angle. To achieve circularly polarized (CP)
transmission waves, two key conditions must be satisfied at
the operating frequency fo = 7 GHz: (i) equal transmission
magnitudes, such that [S2157%, | [S21 5 | and
|S21MT$

| = 121575 1, and (ii) a £90° phase difference
MTS

between orthogonal components, defined as A = Ggp1(xx) —
Dty and Ap = @i, ) — dhniiy) - These conditions
ensure the conversion of linearly polarized waves into left- or
right-handed circularly polarized transmitted waves. The
corresponding transmission magnitudes and phases are
presented in Fig. 4.

C. Artificial Magnetic Conductor (AMC) as a Reflector

The AMC unit cell consist of metal square patch printed
on a Taconic substrate, as illustrated in Fig. 2b. It is
strategically place beneath the dipole substrate at an optimized
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Fig. 2. The geometry of (a) the MTS unit cell, /; = 4.9 mm, /, = 4.5 mm, /
=3.7 mm, w; = 0.26 mm, w, = 0.49 mm, ws = 0.65 mm, g; = 0.55 mm, g, =
0.6 mm, g3 =0.2 mm, p = 10 mm, (b) AMC unit cell, /s =w; =3 mm, p =10

mm.
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Fig. 3. The geometry of the radiator (a) top side, /s =9.52 mm, /s = 1.6 mm,
1;=3.51 mm, [y =3.05 mm, /o =2.77 mm, /;p = 5.28 mm, ws = 0.69 mm, wg
= 1.6 mm, w; = 0.49 mm, wg = 1.6 mm, wo = 0.99 mm, w;o = 0.99 mm, and
(b) bottom side, /;; = 2.49 mm, /> = 13.1 mm, w;; = 0.5 mm, w;> =0.99 mm,
dy=0.49 mm, ds = 0.5 mm, s; = 0.39 mm, 5, = 1.6 mm, 55 = 2.92 mm, 54 =
2 mm, ss = 1.3 mm, s¢ = 3.45 mm, s; = 4.9 mm.
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Fig. 4. The transmission characteristics of the meta transmissive surface
(MTS): (a) magnitude, and (b) phase.

height %, to exhibit total reflection behavior. This
configuration reflects the entire radiation from the dipoles
back towards the +z-axis, effectively enhancing forward
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radiation. A wide phase response of the AMC is achieved for
both x- and y-polarized incident waves by carefully designing
the patch dimensions, where /4 = wy4, and by selecting an
appropriate periodicity p of the unit cell, The corresponding
reflection magnitudes and phases are shown in Fig. 5.

D. Dual Cross-Dipoles as a radiator

The geometry of the dual x- and y-polarized cross-dipoles,
employed as a dual-feeding structure, is illustrated in Fig. 3.
These dipoles are excited using probe feeding with a diameter
of ds. To enhance the radiation characteristics and miniaturize
the copper-printed pattern, flaps are introduced on both sides
of the dipoles. These flaps are etched on the other side of the
dipole substrate, as revealed in Fig. 1. In addition,
transmission lines are placed on the top side of the dipole
substrate to achieve improved impedance matching. These
transmission lines are connected through metallic vias with a
wall thickness of 0.018 mm [21, 22] and a diameter of ds. To
further reduce mutual coupling between the orthogonally
placed cross-dipoles, parasitic patches are diagonally aligned
and geometrically optimized, as illustrated in Fig. 3(a).

III. SIMULATION RESULTS

This section describes the performance evaluation of the
proposed MIMO-LA, as shown in Figs. 6 and 7. The
impedance bandwidths, represented by S11 and S22, are well
maintained around the operating frequency fo = 7 GHz as
illustrated in Fig. 6a. The simulated results reveal a —10 dB
impedance bandwidth of approximately 480 MHz and 485
MHz for the two dipoles, respectively, corresponding to a
fractional bandwidth of about 6.8 %. This indicates that the
proposed MIMO-LA effectively covers the targeted 6G
wireless communications band. Furthermore, the mutual
coupling, represented by S21 and S12, between the two
dipoles is suppressed to —35 dB at the operating frequency fo,
supporting efficient MIMO performance.

Fig. 6b displays the co- and cross-polarized components of
the realized gain. The peak realized gain are 13.58 dBi and
13.51 dBi for the respective dipoles. The 3dB gain
bandwidths are 300 MHz and 290 MHz, leading to a
bandwidth efficiency exceeding 62 %. Additionally, axial
ratio (AR), also shown in Fig. 6b, demonstrates a 3dB AR
bandwidth of 180 MHz for both dipoles, confirming the
effective circular polarization performance.

The 2D radiation patterns of the MIMO-LA, illustrated in
Fig. 7a for azimuth angles phi = 0° and 90°, show a sidelobe
level (SLL) of —13.56 dB for both dipoles. This improvement

is attributed to the use of the reflective wall as depicted in Fig.
1.

The key MIMO performance metrics —envelope
correlation coefficient (ECC), diversity gain (DG), mean
effective gain (MEG), and multiplexing efficiency (Mx. Eff.)
— are extracted from the S-parameters and 3D radiation
patterns, as defined by (2) to (5), and summarized in Fig. 7b.
At the operating frequency fo, the ECC, DG, MEG, and Mx.
Eff. are 0.00025, 9.99 dB, —3 dB, and —3.1 dB, respectively,
validating the design’s effectiveness for advanced MIMO
applications.

| 51155, +521532 |2
- 11 - 21 - 22 - 12
(1-151112= 1521 [2) (1= 1522 |2 [ 512]2)

ECC = 2
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Fig. 5. The reflection characteristics of the artificial magnetic conductor
(AMC): (a) magnitude, and (b) phase.
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DG = 10 x log;o(1 — ECC) 3)
MEG, = — [" [ G, (6,$)p(6, $)sinfdodp  (4)
Mx. Eff.= JGy.G,. (1 — |ECCI?) (5)
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Fig. 7. The simulated results of MIMO lens: (a) 2D radiation pattern, and
(b) diversity gain (DG), envelope correlation coefficient (ECC), mean
effective gain (MEG), and multiplexing efficiency (Mx. Eff.).

The performance of the proposed MIMO lens antenna is
compared with previously published circular polarized
metasurfaces in Table I. The comparison shows that antenna
achieves superior results in terms of realized gain, aperture
efficiency, axial ratio (AR), and sidelobe level (SLL). These
findings confirm that the MIMO lens antenna is highly
effective in achieving a low AR while maintaining high
realized gain and aperture efficiency in the broadside
direction.

IV. CONCLUSION

In this study, we propose a MIMO-LA designed to enhance
realized gain, impedance bandwidth, and improve the AR,
ECC, DG, MEG, Mx. Eff,, and aperture efficiency. The
MIMO-LA employs dual-polarized dipoles backed by an
AMC substrate and integrated with a lens and DCP-MTS to
achieve high realized gain in the broadside direction for
LHCP and RHCP. Additionally, a reflective wall structure is
incorporated to suppress sidelobe levels and prevention of
radiation leakage from the lateral openings.

As a result, the proposed antenna achieves a realized gain
more than 13.5 dBi, an impedance bandwidth 480MHz, an
SLL below —13.56 dB, a minimum AR 0.5 dB, and an aperture
efficiency exceeding 50 %. Moreover, At the operating
frequency fo, the ECC, DG, MEG, and Mx. Eff. are 0.00025,
9.99 dB, —3 dB, and —3.1 dB, respectively These performance
characteristics demonstrate the suitability of the proposed
MIMO-LA for a wide range of future 6G and next-generation
wireless applications, including radar systems, advanced radio
communication networks, microwave photonic filters
(MWPF), and satellite communications, particularly in

TABLE L. COMPARISON OF THE PROPOSED MIMO LENS
ANTENNA WITH PREVIOUSLY PUBLISHED CIRCULAR POLARIZED
METASURFACES.
Comparison References Proposed
metrics [25] [26] [27] work
Operating 10.3 15 15 7
frequency fo GHz GHz GHz GHz
V-slot AC- Dual
Feeder MPA® MPA MPA® dipoles
Antenna type FTA® FTA FPCA! Lens
antenna
. " LHCP/ LHCP/
Polarization LHCP RHCP RHCP' RHCP
Realized Gain 21 249 19 13.8
atfy dBi dBi dBi dBi
Aperture 18.5 17.1 14.8 50.8
efficiency % % % %
Axial ratio 0.4 0.5 0.6 0.45
(AR) at fo dB dB dB dB
SLLE (phi = 0°) —13.1 —17.3 —8.0 —13.7
xz-plane dB dB dB dB
SLL (phi = 90°) —14.5 —18.2 —8.2 —13.8
yz-plane dB dB dB dB

& V-slot microstrip patch antenna, b Aperture-coupled microstrip patch antenna, * Folded
transmittaray antenna, d Fabry-Perot cavity antenna, © Left-handed circular polarization,
£ Right-handed circular polarization, ¥ Sidelobe level.

terrestrial, airborne, and non-terrestrial communications

networks.
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