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ABSTRACT

As the demand for fast and reliable wireless connectivity increases, the SG technology has emerged as a
promising solution. This study focuses on enhancing the gain and return loss performance of 5G wireless
communication systems, with a particular emphasis on the Meta Surface Luneburg technique. In this
work, a compact millimeter-wave antenna operating at a frequency of 28GHz dedicated to 5G applications
is proposed and designed. The introduced design utilizes a metasurface Luneburg technique in order to
obtain reduced size, high gain, and less return loss. The proposed antenna is implemented on a 40 x 40 x
0.5 mm® RT Duroid 5880 Lossy substrate with a relative dielectric constant of &, = 2.2 and a loss tangent of
0.0068. Two-unit cells are strategically arranged in an array on the substrate to form a Luneburg meta-
lens, which transforms spherical wavefronts into planar wavefronts. This configuration enables the
antenna to achieve a directed beam at 28 GHz. The antenna is simulated, and key parameters, such as gain
and return loss are analyzed. The results show that the antenna achieves a gain of 7.9 dBi and a return loss
of less than -10 dB, demonstrating its suitability for SG applications.

Keywords-rectangular patch antenna; Luneburg lens technique; quarter-wave transformer; unit cells;
Jfrequency-selective surface
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I.  INTRODUCTION

The efficiency with which an antenna directs the power
received from the transmitter towards a target is known as the
antenna gain. The antenna gain can be increased by using
larger antennas that capture more radio waves. Various antenna
surfaces and shapes, along with gain enhancement techniques,
such as metamaterial superstates, are employed to reduce
reflection and substrate losses.

Modern wireless communication systems are actively
investigating 5G frequencies because they offer fast data
speeds and a vast amount of bandwidth to meet the demand for
high volumes of data traffic and to make up for the scarcity of
unlicensed frequency spectrum in the existing frequency bands
[1]. The millimeter-wave range offers low latency, higher
speeds, and greater bandwidth, making it essential for
applications requiring high-gain wideband antennas. For 5G
antennas, high gain, stable radiation patterns, and improved
data handling are critical to achieve better coverage, reduced
interference, and greater data throughput [2]. However, the
structures, foliage, and precipitation can significantly absorb
millimeter wavelengths sent at cellular network power levels.
As a result, millimeter-wavelength communications are
restricted to straight shot, requiring tiny cell networks that may
raise the likelihood of edge interference amongst cells. To
address these challenges, 5G antennas require beam-forming
and high directivity capabilities to minimize disruption and
maximize range by concentrating beam energy. As small cell
deployments become more common, compact antenna designs
suitable for installation on light poles and building corners are
increasingly critical. To reimburse for various losses,
millimeter-wave applications need high gain of antennas due to
the significant atmosphere attenuation and the limited yield
power of millimeter-wave solid-state sources [3]. Owing to the
ohmic loss and surface waves, Microstrip Antennas (MSAs)
have a low intrinsic gain at 5G frequencies. Both longer
transmission  distances and lower transmitter power
consumption result from improving an antenna's gain.

Several methods for improving the gain of MSAs have
been put forth recently. Gain enhancement techniques have
been used to H-shaped resonator structures [4] and hybrid
substrates [5] with ferrite rings implanted in them. A several
number of split-ring resonator unit cells are arranged in an
array and then integrated for increasing the gain into the
orthogonal plane [6]. For gain augmentation, the MSA can be
merged with a cylindrical electromagnetic bandgap substrate or
a single-layer Eddi electric substrate embedded with holes of
different diameters. Dielectric lenses have a high profile, which
makes them heavy [7, 8]. The high electrical thickness lens's
dielectric constant can be altered by changing its curvature and,
consequently, its configuration, which promotes phase
aggregation. As reflectors beneath MSAs, Frequency-Selective
Surfaces (FSS) [9-12] have been used to increase gain. The
simplicity of manufacture, small size, and lower insertion
losses of meta surfaces when compared to three-dimensional
structures have made them quite popular in recent years. When
electric and magnetic fields are incident on them, they help to
systematically manipulate their spatial distributions. The unit
cells that comprise the lens's geometry determine whether the

electromagnetic waves that impinge on the meta surfaces are
reflected or transmitted. For obtaining high-gain antennas, the
planar lens is a excellent option due to its many advantages,
such as its lightweight design, smooth surface, large gain, ease
of manufacturing, and basic feeding mechanism. The focusing
or collimating characteristics of the lens have led to the
employment of lens antennas [13-15] for both transmission and
reception. For communications using short wavelengths, they
are by far the most favoured candidates. Due to the large
insertion loss in higher frequency bands, multilayer
metamaterial setups significantly diminish the effectiveness of
the antenna's radiation [16, 17]. At 0.10 GHz, a low-profile
lens antenna has been envisioned using a Graded Index Meta
Surface (GIMS) lens vertically mounted on top of a microstrip
patch antenna for greatest gain [18]. Even though a mushroom-
shaped dielectric lens has been occupied to improve the
opposite planar log-periodic dipole antenna's stable gain, its
deployment is significantly hampered by the complex
production process [19]. For the purpose of enhancing the gain
of a dual-fed linearly polarised patch antenna, a microwave
lens made of thirteen periodic dielectric sheets is proposed;
however, due to its larger profile, it is not appropriate for 5G
applications that have limited space [20]. A parasitic lens that
makes up the substrate has been employed to boost the gain of
a patch antenna with reduced dimensions [21]. A fish-eye
based half Maxwell lens has been fabricated using fractal
metamaterial components to boost the gain of a monopole
antenna [22]. The Vivaldi antenna's gain is enhanced when it is
established close to the central point of a phase gradient meta
surface with a four-split ring configuration [23]. Cost-
effectively, a phase-graded index lens of 50 mm x 50 mm x 20
mm has been utilized to enhance the gain at 28 GHz [24]. A
small, two-port, funnel-shaped MIMO antenna was created,
modeled, built, and tested. The bandwidth varied from 23.6 to
26.3 GHz, the isolation was over 18 dB, the maximum obtained
gain was 9.26 dB, and the return loss was 22 dB [25]. In this
context, many researchers have explored gain enhancement
strategies, such as phase gradient metasurfaces, H-shaped
resonators, multilayered split-ring resonators, FSS, double-ring
element-based lenses, and parasitic lens superstrates. This
study presents a novel design for a Luneburg lens based on
metasurface unit cells. A metasurface is an advanced extension
of FSS with enhanced functionality. While the primary
objective of an FSS is frequency filtering, achieved by inducing
either an electric or magnetic response, it typically exerts
limited control over the propagation of electromagnetic waves.
Instead, it focuses on the transmission and reflection properties
of the waves. In contrast, a metasurface stimulates both electric
and magnetic responses, enabling greater control over
electromagnetic wave propagation. This enhanced capability
allows for the precise manipulation of wavefronts, including
controlled refraction and reflection. The proposed structure
operates as a metasurface lens, focusing electromagnetic waves
to enhance the antenna’s gain. The Luneburg lens is
specifically designed to gather, concentrate, and direct
electromagnetic waves to a targeted location. Constructed from
a dielectric material with a variable refractive index, it can
effectively focus and bend electromagnetic waves. A Luneburg
lens is a gradient-index lens with spherical symmetry, where
the refractive index decreases radially from its maximum at the
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center to a minimum near the edges. This radial variation in the
refractive index causes electromagnetic waves to bend and
focus differently, allowing for a high gain and precise beam
direction.

II. ANTENNA DESIGN AND RESULTS

A compact millimeter-wave antenna with a Luneburg lens
has been designed using two distinct unit cell architectures
based on the FSS. These unit cells are engineered to exhibit a
linearly varying transmission phase across the frequency range
of 25 GHz to 35 GHz, ensuring gradual and controlled phase
shifts. At the operating frequency of 28 GHz, the unit cells
demonstrate selective band-pass filtering characteristics,
allowing only the desired frequency components to pass
through while reducing the unwanted transmissions.
Additionally, the unit cells act as spatial filters and phase
shifters enabling a 90° phase shift with an insertion loss of 3
dB. The design of each unit cell is optimized to achieve
specific reflection and transmission properties at 28 GHz,
contributing to the desired focusing and beam-directing
characteristics of the Luneburg lens. By using a single layer
metasurface structure, the unit cells ensure an efficient
manipulation of the electromagnetic waves with minimal
complexity. This approach enhances the overall antenna
performance by leveraging the phase-shifting and filtering
capabilities of the metasurface, achieving high gain and
improved directivity.

A. Design Equations

The design of the rectangular microstrip patch antenna is
based on the following equations:

e Width of the patch:

= Yo ’L
W= 2fy | ertl M

e Length of the patch:

Vo

L= i (2)
o Effective dielectric constant:

Ereff = 6r2+1 % ( 11% 3)
e Extensive length:

AL = 0.412h ((Z’; - t‘;?ﬁ{%jg‘;)) @)
e Length of the ground:

Ly, =6h+L 5)
e Width of the ground:

Wy, =6h+W (6)

B. Design Parameters

The proposed antenna is meticulously designed based on
established design equations and principles to achieve optimal
performance at the operating frequency of 28 GHz. The key

design parameters include the dimensions of the patch antenna,
ground plane, substrate material, and the Luneburg lens unit
cells. These parameters are carefully selected to ensure high
gain, efficient beam direction, and effective operation in the
millimeter-wave frequency range. The design parameters are
summarized in Table I.

TABLE L. DESING PARAMETERS
Parameter Value
1 Resonant frequency (f;-) 28 GHz
2 Length of the patch(L) 3.29 mm
3 Width of the patch (W) 4.23 mm
4 Length of the ground (L,) 6.29 mm
5 Width of the ground (W,) 7.23 mm
6 Height of the substrate(h) 0.5 mm
7 Substrate dielectric constant (&) 2.2
8 Loss tangent (L, 0.0068
9 Wavelength (1) 0.01 m

C. Design Steps

The compact millimeter-wave antenna using the Luneburg
lens was designed following a series of steps, with the
corresponding return loss (S;;) values having been assessed at
each stage.

e Step 1: Patch antenna design without slot.

The initial design consists of a rectangular microstrip patch
antenna without slots, with the following dimensions: patch
length 3.29 mm, patch width 4.23 mm, length of ground plane
6.29 mm, and width of ground 7.23 mm, as can be seen in
Figure 1. The antenna is fed by a quarter-wave transformer and
is designed to resonate at a frequency of 28 GHz.

Fig. 1. Patch antenna without slot.
Return Loss (511)
0
)
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S
F=
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Frequency (GHz)
Fig. 2. Return loss (S;;) of the microstrip patch antenna without slots.
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The return loss (S;;) of the initial antenna design was
measured, revealing a value of less than -10 dB at 27 GHz
rather than the intended operating frequency (28 GHz), as
displayed in Figure 2. To achieve the desired resonance
frequency of 28 GHz with a return loss of less than -10 dB,
modifications were made to the design by introducing slots at
the edges of the patch (Step 2).

e Step 2: Patch antenna design with slots.

To enhance the performance of the rectangular microstrip
patch antenna, edge slots were introduced to fine-tune its
operating characteristics, as depicted in Figure 3. These slots,
with dimensions of 1 mm length and 1 mm width were
strategically added to the antenna edges to improve resonance
and gain at 28 GHz. The design parameters for the slotted
antenna were carefully defined as:

xmin = —0.25 mm, xmax = 0.25 mm,
ymin =1 mm, ymax = —1.645 mm,
zmin = 0 mm, zmax = 0.035 mm.

The introduction of these slots resulted in a realized gain of
4.9 dBi at the target frequency of 28 GHz, as portrayed in
Figure 4. Although this represents an improvement, the gain
remains insufficient to meet the high requirements for 5G
applications. Integrating the antenna with a Luneburg lens
presents a promising approach to address this limitation and
achieve the desired performance. In terms of return loss (S;;),
the slotted design demonstrates a value of less than -10 dB at
28 GHz, confirming its effectiveness for wireless
communication applications. Figure 5 illustrates the effect of
return loss (§;;) with different values of frequency.

Fig. 3. Patch antenna with slots.
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Fig. 4. The gain of the slotted antenna.
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Fig. 5. The return loss (S;;) of the slotted antenna.

o Step 3: Design of first unit cell.

The design of the first unit cell involves a combination of
two circular rings and two overlapping four-legged loaded
lenses, which resemble a pair of plus-sign-shaped structures.
The circular rings are designated as the inner ring (ring 1) and
the outer ring (ring 2). The inner ring has an inner radius of 3.6
mm and an outer radius of 4 mm, while the outer ring is
designed with an inner radius of 4 mm and an outer radius of 8
mm. The four-legged loaded lenses, referred to as plusl and
plus2, are arranged such that one overlaps the other. The
dimensions of plusl are specified as 2.7 mm for the horizontal
length and 2 mm for the vertical length. Similarly, plus2 has a
horizontal length of 3.6 mm and a vertical length of 2.9 mm.
The difference between the horizontal and vertical dimensions
of the two plus-sign-shaped lenses is 0.9 mm. Once the two
lenses are designed, they are positioned within the two circular
rings, forming the complete structure of the first unit cell, as
demonstrated in Figure 6.

Fig. 6. Design of unit cell 1 consisitng of two circular rings and two
overlapping four-legged loaded lenses.

-3
-4
-5
-6
7
-8
-0

-10

-11

-12

27 28 29
Frequency (GHz)

Return loss Sq1(dB)

Fig. 7. Return loss (S;,) of the fisrt unit cell.
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This intricate arrangement is crucial for achieving the
desired electromagnetic performance. The return loss (S;;) of
this unit cell was also evaluated, as evidenced in Figure 7, with
the results demonstrating that values below -10 dB are
achieved at the operating frequency of 28 GHz.

o Step 4: Design of second unit cell

In the fourth stage, the second unit cell was developed
using two plus-shaped lenses, as observed in Figure 8.

Fig. 8. Design of unit cell 2.

The top lens, referred to as Plusl, was designed with
dimensions of 2.7 mm for the horizontal length and 2 mm for
the vertical length. Similarly, the bottom lens, referred to as
Plus2, was designed with horizontal and vertical lengths of 3.6
mm and 2.9 mm, respectively. This design emphasizes the
structural variation between the two lenses, with the top and
bottom elements complementing each other to achieve the
desired electromagnetic properties for effective operation. The
return loss (S;;) for this unit cell shows acceptable values at the
target frequency of 28 GHz, confirming the design's
effectiveness, as showcased in Figure 9.

= _s0 F—— CUnitcen 2]
“ _a0
-50
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Frequency (GHzx)

Fig. 9. Return loss (Sy) of the second unit cell.

e Step 5: Design of frequency selective surfaces

The fifth step involves the development of an FSS on an RT
Duroid 5880 lossy substrate. The substrate has dimensions of
40 x 40 x 0.5 mm’, with a relative dielectric constant of ¢, =
2.2 and a loss tangent of 0.0068. Copper is utilized as a patch
material due to its excellent conductive properties. The design
features two circular rings:

1. Ring 1: This outer ring has an outer diameter of 40
mm and an inner diameter of 28 mm.

2. Ring 2: This inner ring has an outer diameter of 16
mm and an inner diameter of 4 mm.

Once the two circular rings are created, two-unit cells are
arranged in an array on the FSS, as manifested in Figure 10.
This configuration transforms the spherical wavefronts into
planar wavefronts, creating a directed beam at the operational
frequency of 28 GHz. This arrangement enhances the
electromagnetic performance of the system by focusing the
beam, making it suitable for high-gain applications, like 5G.

Fig. 10.  FSS design.

e Step 6: Proposed antenna design

The proposed antenna design incorporates a slotted
rectangular patch antenna with an array of two distinct unit
cells, unit cell 1 and unit cell 2. These unit cells are arranged in
a specific pattern to enhance the antenna’s performance and
create a directed beam at the target frequency of 28 GHz.

The design configuration includes: three-unit cells of unit
cell 2) positioned at each edge of the substrate, eighteen-unit
cells of unit cell 1 were arranged within ring 1 and six-unit
cells of unit cell 1 were located in the small circle at the center.
Moreover, twelve-unit cells of unit cell 2 were positioned in the
space between the two circular rings. The front view of the
design of the proposed antenna is illustrated in Figure 11, while
the back view in Figure 12. This intricate arrangement of unit
cells is critical for transforming spherical wavefronts into
planar wavefronts, thereby directing the electromagnetic beam
effectively. By leveraging the complementary properties of unit
cell 1 and unit cell 2, the antenna achieves enhanced gain and
beam focusing, making it highly suitable for millimeter-wave
applications, such as 5G networks.

Fig. 11.  Front view of the proposed antenna design.
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Fig. 15. Comparison of the realized gain of the proposed antenna design

Fig. 12.

Back view of the proposed antenna design.

The performance of the proposed antenna was evaluated in
terms of its realized gain and return loss (S;;), both of which
meet the requirements for 5G applications at a frequency of 28
GHz. Specifically, the actual gain of the antenna was 7.9 dBi,
as depicted in Figure 13. This gain is considered adequate for
millimeter-wave 5G applications, ensuring reliable signal
transmission and reception. The integration of the lens plays a
significant role in achieving this gain enhancement. As for the
return loss (S;;) curve shown in Figure 14, it is indicated that
the S;; parameter is -18 dB at 28 GHz. Since the value of S71 is
less than -10 dB, it is deemed suitable for 5G applications. This
ensures minimal signal reflection and efficient power transfer.
Additionally, a comparison between the antenna's realized gain
is being considered, with and without lens, as exhibited in
Figure 15. With the lens, the realized gain reaches 7.9 dBi
while without lens the realized gain is 4.9 dBi. This comparison
highlights that the inclusion of the lens significantly enhances
the gain, boosting it by 3 dBi. This gain improvement
underscores the importance of the lens in achieving the desired
performance metrics for advanced wireless communication
systems.
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Fig. 13.  Realized gain of the proposed antenna design.
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Fig. 14.  Return loss (S;;) of the proposed antenna design with lens.

with and without lens.

D. Comparison with Previous Studies

Table II compares the current study’s results with the
reported structures in the literature.

TABLE II. COMPARISON WITH PREVIOUS STUDIES
Frequenc, Gain Proposed
Reference Method (((}le) y (dBi) antennl; (mm?)
[4] H-shaped resonator 2.3-3.9 7.4 80x70x10.4
[6] Multi layered SRR 5.6-7.8 10 75.5 x37x5
[10] FSS 7.6 7.22 64x64x35.2
[13] lens with DRE’s 6 16.7 210x210x230
[21] Superstrate lens 5.8 10 52x52x28.4
[23] MSPG method 17.1 16.5 130x130x41.5
[24] MSPG method 28 124 50x50x20
This work MS Luneburg lens 28 7.9 40 x40 x 0.5

In terms of gain, the proposed antenna outperforms those
presented in [4, 6], demonstrating a higher gain. However,
while antennas in [6, 13, 21, 23, 24] offer greater gain than the
introduced design, their larger dimensions make them
impractical for 5G applications, where space efficiency is
critical. Specifically, antennas in [6, 24] utilize multi-layered
split-ring resonators and metasurfaces with phase gradient
lenses to enhance gain, but the increased size of these
components is a significant disadvantage.

The antenna and metasurface Luneburg lens proposed in
this study are particularly suitable for 5G applications due to
their compact nature. This single layer metasurface design not
only provides effective gain enhancement at 28 GHz, but also
maintains a small form factor, making it easily integrable with
compact antenna designs. Unlike traditional methods that rely
on complex fractal structures, multi-layer designs, and three-
dimensional unit cells -approaches that increase complexity
and space requirements- the proposed design offers a simpler,
more efficient solution. Additionally, reducing the number of
FSS layers and the distance between the antenna and the lens
further improves compactness without sacrificing performance.
While the use of FSS-based reflectors to boost the antenna gain
is well-established, the distance between the antenna and the
reflector plays a critical role in determining the peak gain. The
proposed design successfully balances size, gain, and
complexity, addressing key challenges in modern antenna
design for 5G communication systems.

III. CONCLUSIONS

This paper presents the design of a compact, low-return-
loss millimetre-wave antenna suitable for 5G applications. The
proposed antenna operates at a frequency of 28 GHz and
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utilizes a metasurface Luneburg lens, offering a simplified
approach compared to traditional, more complex structures.
The antenna is based on a quarter-wave transformer-coupled
slotted rectangular microstrip patch, with dimensions of 3.29
mm in length and 4.23 mm in width, designed to resonate at the
target frequency of 28 GHz. The metasurface Luneburg lens,
consisting of two distinct unit cells, is integrated with the patch
antenna to improve performance at the resonant frequency.
This integration enhances critical parameters, such as the
antenna gain and return loss. The simulation results reveal that
the proposed antenna achieves a gain of 7.9 dBi and a return
loss of less than -10 dB, with a compact dimension of 40 mm x
40 mm x 0.5 mm. Due to its small size, effective gain, and low
return loss, the proposed antenna design holds promise as a
viable solution for 5G communication systems, where
compactness and performance are essential.
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