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ABSTRACT This paper presents the design of a novel multi-beam Luneburg lens antenna with specific
dielectric structure and proposes a new solution for downsizing planar lens antennas. The quasi-conformal
transformation optics (QCTO) principle is applied to achieve an equivalent transformation relation between
the spatial coordinate and the electromagnetic properties of material, effectively preserving the behavior
of electromagnetic waves while achieving a significant reduction in antenna size. The antenna comprises
a deformed Luneburg lens with a radius equivalent to 3.75A, metal plates flanking the lens, and a linear
array of seven microstrip antennas operating at 10 GHz. By selectively activating antenna elements within
the array, the antenna can generate seven distinct beams, enabling a scanning range of +30° in the azimuth
plane. Each beam achieves a gain exceeding 15 dBi. In comparison to traditional planar lens antennas, this
antenna boasts a reduction in size of more than 30% and has the flexibility of being fed using a linear array.

INDEX TERMS High gain, Luneburg lens, multibeam antenna, miniaturization, quasi-conformal transfor-
mation optics (QCTO), 3D printing.

I. INTRODUCTION

In the realm of modern passive radar detection, and mobile
communication systems, the ability to concurrently detect
and track multiple targets, or to execute multi-beam scan-
ning, is paramount [1]. Addressing these needs typically
involves two main technologies: electronically controlled
phased array antennas [2], [3] and mechanically controlled
reflector antenna systems [4]. Electronically controllable
phased array antennas are known for their effectiveness
but are often hindered by their complexity and substantial
cost. Conversely, mechanically scanning reflector antenna
systems, although a viable alternative, face operational dif-
ficulties, limited rotation speed, and elevated maintenance
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expenses. As a practical alternative to the aforementioned
antennas, lens antennas with gradient refractive index, such
as Luneburg lens antennas, are commonly employed in the
field. These lens antennas provide a more practical and cost-
effective solution, ensuring efficient operation in various
communication systems. Fig. 1 illustrates the application
scenario of a multi-beam antenna.

The Luneburg lens, introduced in 1944 by physicist Luneb-
urg and detailed in his book “The Mathematical Theory
of Optics™ [5], represents a pivotal advancement in spheri-
cal lens technology. Characterized by its gradient refractive
index and geometric axisymmetry, the Luneburg lens is
renowned for its exceptional beam focusing capabilities.
It uniquely converges incident waves from any direction on
its surface and efficiently transforms spherical waves ema-
nating from or near a point on its sphere into plane waves.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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FIGURE 1. Example of utilizing a multi-beam antenna.

These characteristics enable Luneburg lens antennas to excel
in multi-beam applications.

However, the non-uniform distribution of lens materials
poses a challenge to their fabrication. To address this chal-
lenge, various processing techniques have been employed,
such as foam compression [6], [7], [8], radial drilling on
dielectric materials [9], [10], and notably, 3D printing tech-
nology. 3D printing technology stands out for its advantages
of flexible structure, high processing accuracy, and rapid
integration, making it particularly suitable for manufactur-
ing complex structures [11], [12], [13], [14], [15], [16].
In previous research, a lens model was formed by utilizing a
substrate consisting of multiple dielectric plates with varying
relative dielectric constants, achieving a relative dielectric
constant range from 1.1 to 7.8 [17]. However, the assembly
process of different dielectrics may introduce gaps or bonding
materials, potentially impacting the antenna’s performance.
Alternatively, a study [18] successfully 3D printed a lens with
a periodic honeycomb structure using ceramic material and
demonstrated an increased gain of over 5 dB when paired with
a standard gain horn antenna.

In addition to fabrication challenges, lens antennas often
face issues with efficiency and gain reduction. To address
this issue, a deformed Luneburg lens was developed. The
deformed lens alters its shape and dielectric constant based
on the principles of transformation optics theory, resulting
in attributes such as high directivity, low sidelobe levels,
and wide beam coverage. Furthermore, it offers advantages
including high aperture efficiency, convenient loading, and
ease of conformation [19], [20], [21]. The concept of an
elliptical Luneburg lens was first introduced with the design
of a six-layer ellipsoidal lens, revealing that optimal antenna
performance is attained when the distance between the source
and the lens is roughly equivalent to the wavelength [22].
Further research showed that a hemispherical Luneburg lens,
when paired with a reflector, could achieve performance com-
parable to a full spherical lens, underscoring the effectiveness
of hemispherical designs [23].

The traditional spherical Luneburg lenses are often too
large for practical applications, prompting researchers to seek
ways to miniaturize them. While alternative shapes such as
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ellipsoidal and hemispherical lenses have been explored, they
still result in relatively large antennas. This ongoing challenge
has steered the development towards more compact planar
Luneburg lenses [24], [25]. Key innovations in this area
include manipulating the machine radius of the electrolyte
column between parallel waveguide plates [26]. A notable
advancement involved a design using air, E-shaped microstrip
patch antennas, parallel plates, and epoxy resin piles to create
a cylindrical lens antenna that mimics the dielectric con-
stant distribution of a Luneburg lens [27]. Additionally, there
has been research into using cost-effective polymers like
polystyrene to replicate the gradient index in cylindrical lens
antennas between parallel plates [28], [29], [30].

While both the Gutman lens and the traditional Luneburg
lens are alternatives for lens design, the Guttman lens differs
in terms of its more compact size [31]. Previous research
has demonstrated that Gutman’s excitation source allows
for movement within a smaller focal circle, which results
in a reduction in antenna size. However, current studies on
the Gutman lens primarily focus on its three-dimensional
characteristics [32], [33]. Although truncated Gutman lenses
have been explored to decrease the size of the lens antenna,
challenges remain in reducing the size for two-dimensional
scanning applications. Luneburg lenses have garnered more
attention than Gutman lenses in the design of lens antennas
for two-dimensional applications.

In [34], an innovative approach was taken to modify
the spherical Luneburg lens using Quasi-conformal trans-
formation optics (QCTO), effectively deforming its bottom
into a plane. This modification addressed the challenges
in arranging lens antenna sources, a notable inconvenience
in antenna source processing. Furthermore, based on the
space filling curve, the lens was processed by FDM fusion
laminating 3D printing technology [33]. Following this devel-
opment, a wideband anti-reflection layer was introduced [35].
This additional design significantly alleviated the impedance
mismatch caused by the QCTO deformation, subsequently
reducing the half-power beamwidth of the lens antenna.
It is evident that these modifications were aimed at address-
ing the inconveniences associated with the arrangement of
the antenna sources, ultimately leading to improved perfor-
mance.

In this work, a novel multi-beam Luneburg lens antenna
with compact size, high gain and high efficiency is proposed.
The QCTO theory is employed to achieve a size reduc-
tion of over 30% for the lens. The microstructure of the
medium material designed by equivalent medium theory is
used to determine the material properties of the ideal antenna
model. Additionally, 3D printing technology is applied in the
design, facilitating the fabrication. The proposed multi-beam
lens antenna is fabricated, measured, and compared with
state-of-the-art designs. The comparison shows that the
proposed antenna exhibits compact size, higher gain and
efficiency, which serves as an excellent candidate for point-
to-point communication, wireless communication and mobile
communication.
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FIGURE 2. Configuration of the developed multi-beam Luneburg lens
antenna.

The main contributions that we describe in this paper are
as follows. Our work takes a holistic approach, optimizing
the shaping method, modifying the dielectric constant distri-
bution, utilizing 3D printing for fabrication, to enhance the
overall performance and make it more practical for real-world
applications. More importantly, instead of using a confor-
mal array to feed the lens antenna, the proposed compact
Luneburg lens antenna feathers simple linear feeding array
for multi-beam and high gain application.

Il. DESIGN PRINCIPLE OF THE TRANSFORMED
LUNEBURG LENS ANTENNA

Fig. 2 illustrates the proposed lens antenna design, which
consists of three main components: a linear feed antenna
array, a modified planar Luneburg lens with an optimized
structure, and two metal plates. The feed, designed as a
microstrip antenna, is strategically placed beneath the lens.
The lens itself, based on a planar Luneburg design, has been
miniaturized and deformed using the QCTO principle to
attain the necessary relative dielectric constant, implemented
via the equivalent medium method. A detailed analysis of this
antenna will be presented in the following sections.

A. LENS MINIATURIZATION BY QCTO THEORY

The QCTO theory is derived from the transformation optics
(TO) theory, which is used to address the electromagnetic
properties of the medium in physical space and determine
the expected electromagnetic wave path. Fig. 3(a) displays
the cross-sectional outline of the planar Luneburg lens, rep-
resenting the virtual space before transformation. This space
is mesh-divided using the Cartesian coordinate system for
detailed analysis. The transformation process aims to cre-
ate a physical space that accommodates specific design
needs, including at least one straight edge to facilitate the
circular-arc distribution focus of the planar Luneburg lens.
As a result, the transformed physical space features the lens
contour and grid division as illustrated in Fig. 3(b). In the
transformation process, an arc line located at the bottom of
the outer contour of the lens in the virtual space shown in
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FIGURE 3. The transformation of the lens contour and grid segmentation
in (a) virtual space, and (b) physical space.
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FIGURE 4. Dielectric constant distribution of lens in different space.
(a) Virtual space. (b) Physical space.

Fig. 3(a) is selected. After fixing its two endpoints, M and N,
the arc is extruded inward until it is finally transformed into
a straight-line segment M’Q’N’ in Fig. 3(b).

The process of determining the dielectric constant of a lens
is conducted in COMSOL by simulating the ideal Luneburg
lens in virtual space. By determining the electromagnetic
wave transmission path, the boundary conditions during the
deformation process of the lens are established based on the
approximate orthogonality of the lens grid in the deformed
physical space. By solving the Laplace equation, the relative
dielectric constant distribution of the deformed lenses can be
determined. The lens mesh in the transformed space remains
quasi-orthogonal, aligning with QCTO theory as evidenced
in Fig. 3. Nevertheless, the deformed lens configuration is
incompatible with the Neumann boundary condition, thereby
necessitating the implementation of the Dirichlet boundary
condition to effectively solve the problem. To facilitate this,
the horizontal and vertical coordinates are directly assigned
to the transformed boundary by utilizing the coordinate map-
ping relationship between the corresponding points on the
model boundary before and after transformation. Defining the
radius of the planar Luneburg lens in virtual space as r, and
the vertical distance between the bottom edge of the deformed
lens and the center of the circle in physical space as d, the
transformation segment of the outer contour of the lens can
be denoted by the straight-line segment M’N’. In Fig. 3, any
point on the lower arc is denoted by J, with its corresponding
point in physical space as J'. If the coordinates of J are (x, y),
the coordinates of J' are (¥, ¥'), and Q and Q’ represent the
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FIGURE 5. The modification of (a) coordinate mapping of model
transformation, and (b) dielectric constant distribution.

perpendicular feet of J and J” on the Y-axis respectively. Then,
through a geometric analysis, the following relations (1) can
be derived:

Xlvpy =" Yiven =y 0
. oy
XImN = J;Txﬁ ylvn = \/MT}W
The radius r of the planar Luneburg lens antenna plays a
pivotal role in determining the antenna’s size and, conse-
quently, its gain. Larger apertures generally yield improved
gain but may suffer from reduced aperture efficiency when
overly large. In this design, the deformable lens in physical
space is compressed at its base, resulting in a smaller vertical
distance d and a reduced antenna aperture. This transforma-
tion leads to a decrease in feed antenna gain. Balancing the
requirements of feed dimensions, operating frequency, and
gain, the radius r of the antenna is optimized at 112.5 mm,

with the vertical distance d set to 37.5 mm.

Fig. 4(a) shows the relative permittivity of a planar Luneb-
urg lens in virtual space, with a central value of 2 tapering
to 1 at the circumference, indicating a gradual permittivity
change. Conversely, Fig. 4(b) displays the relative dielectric
constant of the deformed lens in physical space, where the
transformation process introduces several notable issues in
the dielectric constant distribution. As shown in Fig. 4(b), the
QCTO transformation leads to a relative dielectric constant in
the deformed lens ranging from O to 20, with areas exhibiting
excessively high values, posing challenges in lens fabrica-
tion and practical implementation. Additionally, a significant
portion of the lens shows a dielectric constant near 1, simi-
lar to air, reducing its effective area and impacting antenna
performance. These issues highlight the need for further
optimization and adjustment of the transformation process to
improve the lens’s functionality.

The high dielectric constant in the deformed lens pre-
dominantly occurs near the center of its bottom, with the
highest value around the midpoint of the bottom-line seg-
ment. This value gradually decreases radiating from the
midpoint. To address this, modifications in the coordinate
mapping relationship pre- and post-QCTO transformation are
required, along with adjustments to the Dirichlet boundary
conditions and the coordinate mapping formula. A practical
solution involves further stretching the boundary coordinates
of the virtual space along the X-axis, as illustrated in Fig. 5(a).
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(a)

FIGURE 6. The propagation of electromagnetic waves (a) without lens,
and (b) with lens.

In this figure, the adjusted point in the virtual space is marked
as J” (x”,y"). While the ordinate mapping remains constant,
the abscissa mapping range is expanded to accommodate
these changes and mitigate issues related to the high dielectric
constant distribution.

r-y
” _ v _ _
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where A is a constant, its value must satisfy the formula,
|x”| > |x|, so the range of a is:
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The optimal dielectric constant distribution of the lens,
as depicted in Fig. 5(b), was determined using the values of
radius r and vertical distance d in equation (3), resulting in a
parameter A > 0.955. To refine the lens model, a value of
A = 1.07 was employed. Any region of the lens with a
dielectric constant less than 1 was considered equivalent to
air, given that the relative permittivity of air is 1. Conse-
quently, in the deformed lens design, segments with a relative
permittivity below 1 were disregarded and treated as air.

Fig. 6 illustrates the E-field distribution both with and
without the lens. In Fig. 6(a), the absence of the lens results
in a divergent E-field spread across a wide angle, indicative
of a broader beam with lower gain. Conversely, with the lens
incorporated, as shown in the subsequent panel, the E-field
concentrates into a narrower angle, yielding a tighter beam
with increased gain. The comparison between the behaviors
of the electromagnetic waves before and after the addition
of the lens clearly reveals the lens’ capacity to concentrate
the waves, thus demonstrating its convergence effect. Con-
sequently, the ability of Luneburg lenses to enhance the
antenna’s gain becomes evident.

3)

B. DIELECTRIC CONSTANT LAYERING AND PUNCHING
Layering and punching methods are typically used to create
the dielectric constant profile for a Luneburg lens. Following
the adjustment of boundary conditions, the deformed lens
achieves a relative dielectric constant ranging from 1 to 6.3,
with only a minor area exceeding 3. This distribution is
advantageous for the feed antenna’s irradiation and subse-
quent processing. To ensure the lens antenna’s performance
and minimize issues during the splicing of different media,
a single-substrate material 3D printing method is preferred.
After evaluating various options, DSM-8000 is selected as
the raw material for 3D printing due to its stable dielectric
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FIGURE 7. (a) Simplified lens model. (b) The hole punching structure of
the deformed Luneburg lens.

TABLE 1. Parameters of the luneburg lens.

Hole Diameter /

Region er Duty Cycle Side Length(mm)
I 1.25 83.26% a=6.8
I 1.75 55.12% $=6.28
11 2.25 31.21% ¢=4.73
v 2.75 9.93% ¢=2.67
v 3 \ \

constant of around 3 in the operating frequency band. This
selection leads to a simplification of the designed lens model.
The resulting lens, depicted in Fig. 7(a), benefits from a
small span and high stability. The dielectric constants of the
lens material, from the outermost to the innermost of the
five layers, are set at 1.25, 1.75, 2.25, 2.75, and 3, respec-
tively, aligning with the lens’s dielectric constant distribution
requirements. While increasing the number of layers theoret-
ically improves the fidelity to the original dielectric constant
distribution, it also complicates manufacturing and assembly
processes. Conversely, reducing the number of layers simpli-
fies production but at the expense of antenna performance.
This presents a critical balance between performance opti-
mization and manufacturing feasibility.

The entire lens is segmented into five layers, and areas of
the deformed lens with a relative dielectric constant above
3 are treated as equivalent to 3 for simplicity. Our simulation
results indicate that this equivalence has a small impact on
the lens antenna’s performance while significantly decreasing
the selection and processing of lens materials. To ease the
processing, the dimensions of each discrete small element
are increased to 7.5 mm x 7.5 mm. The duty cycle of these
elements is calculated based on the equivalent medium the-
ory, using a dielectric constant of 3 for the substrate and 1 for
inserted air, leading to the design of a square hole structure.

Fig. 7(b) illustrates the punching structure and structural
parameters of the deformable Luneburg lens. Due to the rela-
tively low dielectric constant of the outermost layer, most of
the deformed lenses utilize a circular hole structure. However,
this structure cannot achieve the required duty cycle for a
single element. Therefore, specific parameter values for the
structure are detailed in Table 1, with the code for each lens
area referenced according to Fig. 7(a). This approach facil-
itates the practical realization of the lens while maintaining
the desired dielectric properties.
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FIGURE 8. The structure of feeding antenna element. (Wg = 15 mm,
Lg =15 mm, L1 =9 mm, W1 = 9 mm, R1 = 0.75 mm, R2 = 0.95 mm,
L2 =3 mm.)
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FIGURE 9. Comparison of (a) impedance between the patch with slot and
without slot and (b) gain between the cut corner patch and the uncut
corner patch.

C. FEEDING ANTENNA ELEMENT DESIGN

In the design of a miniaturized multi-beam lens antenna, the
choice of feed antennas is crucial, particularly considering he
need for smaller dimensions and higher gain. As shown in
Fig. 8, a miniaturized microstrip patch antenna is selected as
the feeder for the antenna. The patch antennas are printed on
Rogers 5880 substrate, which has a dielectric constant (er)
of 2.2 and a loss tangent (tan §) of 0.0009. The thickness of
this substrate is 1.5 mm.

The deformed Luneburg lens antenna is fed by a basic
microstrip antenna selected as the feed source. The patch
shape of the upper layer is square, and the antenna is
fed by the coaxial line. The feed point is designed at the
center of the square radiation patch to align with the verti-
cal linear polarization mode of the antenna. This antenna’s
design represents a notable divergence from conventional
coaxial line-fed microstrip patch antennas. It innovatively
incorporates a ring slot around the feeding point on the radi-
ation patch. By introducing a circular patch coupled feeding
method through a circular slot surrounding the feeding point
of the antenna, the antenna’s feeding mechanism transitions
from direct feeding to circular patch coupling feeding within
the slot. This structural modification, as shown in Fig. 9(a),
significantly increases the antenna’s capacitance, balancing
the inductive component introduced by the feeding probe and
facilitating impedance matching. Additionally, through simu-
lation analysis, it was discovered that chamfering the corners
of the microstrip patch slightly enhances the antenna’s gain,
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FIGURE 10. (a) The simulated reflection coefficient and (b) radiation
pattern at 10GHz of the antenna element.

as depicted in Fig. 9(b). The gain of the chamfered antenna
is nearly identical in size to the unchamfered microstrip
patch. The chamfering was chosen to further enhance the
gain performance of the lens antenna, aiming for high gain
capabilities in the antenna design.

The simulated results of the patch antenna are presented
in Fig. 10. Fig. 10(a) illustrates the S11 parameter, which
remains below —10 dB in the frequency range of 9.72 GHz to
10.32 GHz, indicating efficient impedance matching. Addi-
tionally, Fig. 10(b) showcases the antenna’s symmetrical
radiation pattern at 10 GHz in both E and H planes, character-
ized by low cross-polarization and relatively high gain. These
results underline the antenna’s optimized design, achieving
a balance between size reduction and high- performance
metrics. Finally, the feed array consists of seven optimized
patch antennas, which are used for multi-beam scanning by
feeding each element one by one.

D. THE OPTIMIZATION OF THE LENS ANTENNA

After completing the equivalent structural design of the
deformed Luneburg lens, the next step involves conduct-
ing extensive simulations to assess the performance of the
Luneburg multi-beam lens antenna. Especially, it’s crucial
to determine two key parameters: the thickness (W) of the
deformed Luneburg lens and the focal length (H) from the
lens’s bottom to the feed antenna array. These parameters are
pivotal as they significantly influence the antenna system’s
overall performance and operational capabilities.

Utilizing QCTO theory and compressing the volume of a
flat Luneburg lens results in the focal point shifting outward
at the bottom of the deformed lens. To address this, a width
(W) of 26 mm was initially chosen for the lens. For analysis,
only the center element was activated. Due to the focal points
of cylindrical Luneburg lenses being distributed along the
side of the lens, rather than at any point on the surface like
traditional spherical Luneburg lenses, we hypothesize that
altering the shape may impact the distribution of the focal
points. Therefore, we adjusted the position of the lens above
the feed array to find the optimal placement for the array.
By adjusting the vertical distance between the feed element’s
phase center and the lens’s bottom edge to simulate antenna
radiation pattern at various feed heights (H) at the center
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FIGURE 11. The simulated radiation pattern comparison with (a) different
feed heights H and (b) different thickness W.

FIGURE 12. (a) Simulated E-field distribution, and (b) corresponding
3D radiation pattern with different scanning angles.

frequency of 10GHz, as shown in Fig. 11(a). As the lens
height increases, so do the gain and sidelobe level of the
antenna. Eventually, a height of H = 3.5 mm was selected
to achieve higher gain and lower sidelobes.

What’s more, the width (W) of the deformed Luneburg
lens was then optimized. When selecting the lens width, it is
important to ensure it is not too small to cover the entire
array. Therefore, we chose 26mm as the initial width for the
lens. Antenna radiation pattern for different lens widths (W)
is generated at the center frequency of 10GHz, as depicted
in Fig. 11(b). The antenna gain initially increases with lens
width, then decreases, peaking at W = 28 mm, where the
sidelobe level is also low. Consequently, W = 28 mm was
established as the final width parameter, striking an optimal
balance between gain enhancement and sidelobe reduction.

Finally, the optimized lens antenna is analyzed under full
wave simulation, Fig. 12 illustrates the electric field distri-
bution and beam performance of the lens antenna operating
at 10GHz. Fig. 12(a) clearly demonstrates the simulated
E-field distribution when different ports are activated. This
simulation vividly captures how the lens consolidates elec-
tromagnetic fields, channeling them into a scanning beam.
Correspondingly, Fig. 12(b) displays the 3D radiation pat-
terns corresponding to E-field distribution, demonstrating the
antenna’s ability to maintain a well-defined directional beam
at varying angles, indicative of its high-performance multi-
beam capabilities.
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FIGURE 13. The prototype of (a) single lens and (b) lens antenna.
(c) Testing environment.

Ill. EXPERIMENTAL RESULTS

The fabrication and measurement of the proposed lens
antenna are illustrated in Fig. 13. The lens is fabricated
using a 3D printing technique, the metal plate and ground
are produced through Computer Numerical Control (CNC)
machining, and the antenna module is created using the
Printed Circuit Board (PCB) method. Fig. 13(a) presents
the 3D-printed lens, distinguished by its array of varying
holes. The assembled prototype, complete with the feeding
array, is depicted in Fig. 13(b). Fig. 13(c) showcases the
performance evaluation of the antenna, conducted in an ane-
choic chamber. The simulation and measurement results of
the reflection coefficients when exciting a single antenna
element are plotted in Fig. 14 (a). In general, the measured
and simulated results agree well with each other. As shown in
Fig. 14(a), the measured bandwidth of all ports can cover the
bandwidth of 9.8 GHz - 10.2 GHz. In Fig. 14(b), the simulated
and measured radiation patterns of all seven beams operating
at |0GHz are depicted, all of which are directional and closely
resemble the simulation results. Despite a slight reduction in
the measured beam gain, the antenna successfully obtained a
scanning range of £30°.

Fig. 15 displays the isolation between feeding units and
the aperture efficiency at 10 GHz, as determined through
simulation and measurement. As illustrated in Fig. 15(a),
we present both the simulated and measured port isolations
between different ports. Due to the symmetrical structure of
the antenna array, the isolation for the first half of the ports is
displayed. It can be observed that all isolations exceed 17 dB.
Fig. 15(b) shows the performance of the simulated and mea-
sured aperture efficiency of the lens antenna. It can be seen
from the figure that the proposed antenna achieves high effi-
ciency, exceeding 57%-71% within the working frequency
bandwidth. Furthermore, the test results are in good agree-
ment with the simulation results, confirming the reliability
and performance of our design.
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TABLE 2. Comparison with the existing similar lens antenna.

Whether

Ref.  Frequency Gain Sa\rgf 5 Size(r) e?gziij t;;;;?g
linear

[16] 28GHz >12dBi +30° 4.66\ 66% Yes
[22] 79.5GHz >19dBi 83° 6.37\ 63% No
[23] 30GHz >13dBi +67° S5k 30% No
[24] 60GHz >18dBi 52¢ 5.6\ ~60% No
[33] 12.5GHz >20dBi +40° 6.25M \ No
[38] 12.5GHz >29dBi +15° 6.35M1 ~60% No
[39] 31.75GHz  >19dBi +44° S5k 46%-85% No
[40] 60GHz >20dBi +12° Sk 31.8% Yes
[41] 10GHz \ +24° \ \ No
[42] 16GHz >12.8dBi +25° >4.26\ \ No
ThiS ©oGHz  s1sdBi 430° 3750 57%71%  Yes
work

A comparison with existing state-of-the-art lens antennas
is illustrated in Table 2. The lens antenna developed in this
work is distinguished by its substantially reduced radius,
making it more compact than previous designs. Importantly,
this reduction in size does not detract from its performance;
the proposed design ensures both high gain and high effi-
ciency. Even among lenses of comparable size, this antenna
is noteworthy, particularly for its capability to operate with
a linear feed—a versatile feature well-regarded across var-
ious applications. The compactness and functionality are a
direct result of applying the QCTO principle, which involved
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reshaping the lens to achieve a smaller, more efficient antenna
size.

V.

CONCLUSION

A multi-beam high-gain Luneburg lens antenna is proposed
in this paper. It operates at a frequency of 10GHz, relies on a
unique dielectric structure to achieve a remarkable scanning
range of £30° in the azimuth plane, generating seven beams,
each surpassing a gain of 15dBi. The innovative dielectric
structure implemented in this antenna design not only reduces
its volume by more than 30% when compared to conventional
planar Luneburg lens antennas but also enables seamless inte-
gration with a linearly arranged feed array. These capabilities
make the lens suitable for various applications such as point-
to-point communication, 5G remote coverage and mobile
communication.
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