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ABSTRACT In this paper, we propose a novel three-dimensional-printed Luneburg lens for converting linear
polarization to dual-circular polarization and successfully apply it in a multibeam antenna. The discrete unit
cell, used as the gradient-indexmaterial to approximate the required refractive index in the Luneburg lens, has
its effective refractive index calculated by effective medium theory. To achieve the polarization conversion,
the symmetry of the unit cell is disrupted. A 100 mm diameter lens is designed to operate at 12.6-17.1 GHz,
fed by a low-profile dual-polarized magneto-electric dipole antenna. By analyzing the size and isolation
of the antenna, a multibeam lens antenna with five feeds was designed, which features a compact antenna
layout and low coupling between them. The multibeam Luneburg lens antenna enables beam scanning of
±60° in the horizontal plane. Measurement results show an overlapped bandwidth of 30% with reflection
coefficients below -10 dB and axial ratios under 3 dB. At the center frequency of 15 GHz, the gain reaches
21 dBi, approximately 14 dB higher than the magneto-electric dipole antenna without the lens.

INDEX TERMS Dual-circular polarization antenna, Luneburg lens, multibeam antenna, polarization
conversion, three-dimensional-printed antenna.

I. INTRODUCTION

IN the field of modern communication technology, the
performance of antenna systems is crucial. Antennas with

multibeam [1]–[3], wide-angle scanning [4]–[6] and high
gain [7]–[9], are highly sought after. To meet these require-
ments, various types of antennas have been studied and de-
veloped, including phased array antennas [10], [11], reflector
antennas [12], [13], and lens antennas [14], [15]. Phased array
antennas are based on electrically controlled scanning, which
achieves precise beam control by adjusting the amplitude and
phase of each element. However, their feeding network is too
complex and costly [16]. Reflector antenna have simple struc-
tures, but they are not easy to achieve beam scanning [17].
Lens antennas offer advantages such as ease of manufacture,
small size, and low cost. As a result, lens antennas have found
wide applications in satellite communication, radar systems,
and millimeter waves.

One example of a spherical lens antenna is the Luneburg
lens, which was proposed in 1944 and is a classic gradient-
index lens [18]. Unlike constant refractive index lenses,
gradient refractive index lenses are easier to use for beam
regulation. However, due to the inability to achieve con-
tinuously varying refractive indices, there were no reports

on the Luneburg lens for a long time. Later on, traditional
layering techniques were proposed to discretize continuous
refractive indices and approximate varying refractive indices
using multi-layer structures [19]–[21]. However, these meth-
ods resulted in significant losses due to the gaps between
each layer. Good manufacturing processes can help improve
these issues but also increase costs. With advancements in
material manufacturing processes, variable refractive indices
can now be achieved by drilling holes or adding columns
to the substrate [22]–[27] or by printing metal patterns on a
printed circuit board [28]–[30]. However, it is worth noting
that most of the designed Luneburg lens using these methods
are two-dimensional (2D).
In recent years, the advancement of three-dimensional-

printing (3DP) technology has provided a cost-effective ap-
proach to fabricating intricate three-dimensional (3D) struc-
tures. This technology has found significant application in the
production of metamaterials, particularly in the development
of metamaterial Luneburg lens [31]–[35]. Previous studies
have utilized 3DP to manufacture Luneburg lenses by dis-
cretizing them into smaller units and modifying the dielectric
filling rate of these units to control the equivalent refractive
index. This approach enables precise control over the refrac-
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FIGURE 1. The process of discretizing an ideal Luneburg lens into
multiple unit cells.

FIGURE 2. The geometry of the unit cell and disrupting the symmetry of
the unit cell.

tive index at different positions of the lens, approximating
a continuously varying refractive index. However, most ex-
isting reports highlight the dependence of the Luneburg lens
antenna’s polarization on the feed source.

This paper introduces a novel 3D-printed Luneburg lens
that achieves the conversion from linear polarization to dual-
circular polarization. There are several innovation points of
our Luneburg lens.

(1) Asymmetric crisscross unit cells were used to obtain
polarization conversion function, which is convenient to man-
ufacture and has a stable structure.

(2) It can achieve the conversion from dual-linear polariza-
tion to dual-circular polarization.

(3) The polarizationmode can be easily changed by switch-
ing the port of the feeding antenna instead of mechanical
rotation.

The proposed lens antenna retains its original excellent
characteristics while adding polarization conversion function
to the traditional Luneburg lens. By breaking the symmetry
of metamaterial unit cells, different propagation characteris-
tics for horizontally and vertically polarized electromagnetic
waves are achieved [35]. Consequently, this lens can convert
linearly polarized waves to circularly polarized waves. The
lens offers several advantages, including high gain, wide
bandwidth, and low cost. Additionally, it can be utilized in
multibeam antennas. To validate the proposed concept, this
paper presents the design of amultibeam lens antenna capable
of achieving five beams over a range of±60◦. Simulation and
measured results demonstrate a 3 dB axis ratio bandwidth of
12.6-17.1 GHz, a reflection coefficient of less than -10 dB,
and the gain exceeding 21 dBi at 15 GHz.

II. LENS THEORY AND DESIGN
For traditional Luneburg lenses, their equivalent refractive
index distribution satisfies the formula [18]:

FIGURE 3. Model diagram of the Luneburg lens structure with 13 shells.
(a) Side view. (b) Perspective view.

FIGURE 4. Equivalent refractive index of unit cell. (a) As a function of the
normalized size k at 15GHz (k = a/l ). (b) As a function of frequency.

n(r) =
√

2− r2 (1)

where r is the normalized radius and n is the equivalent
refractive index. The specific designmethod of Luneburg lens
will be explained in this section.

A. DISCRETE UNIT SETTING
To achieve gradient refractive index, the spherical Luneburg
lens is discretized into concentric spherical layers of the same
thickness. Then discretize each layer into smaller cells, as
shown in Fig. 1. As the number of layers of the Luneburg
lens increases, the improvement in its radiation characteris-
tics becomes less significant. Therefore, considering various
factors comprehensively, the Luneburg lens in this letter is
constructed as a 13 layer structure, with each layer filled with
unit cells having corresponding equivalent refractive indices.
The unit cell of the Luneburg lens is shown in Fig. 2, with a

size of 4mm× 4mm× 4mm (= λ0/5 at 15GHz) to ensure the
equivalent dielectric theory. It is composed of three mutually
orthogonal dielectric rods, and the equivalent refractive index
is controlled by adjusting the size of the dielectric rods. The
lens composed of this unit cell is shown in Fig. 3. To achieve
different transmission characteristics for x-polarized waves
and y-polarized waves incident on the lens, in this paper, the
size of the dielectric rod along the y direction is reduced by
half. By using electromagnetic waves with different polar-
izations incident on the unit cells, the equivalent refractive
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TABLE 1. TOTAL PHASE DIFFERENCES OF DIFFERENT LAYERS

Layers 11 12 13 14

△φl (deg) 83.5 92.9 100 107.6

FIGURE 5. Simulated axial ratio (AR) of the different layers Luneburg lens.

indices nx and ny for x polarization and y polarization are
derived from the S-parameters. The relationship between the
equivalent refractive index and the dielectric rod size is shown
in Fig. 4(a), which indicates that the size range of unit cells
can achieve a change in equivalent refractive index from 1 to√
2. Fig. 4(b) shows that the unit cell has frequency indepen-

dent characteristics, which is consistent with the theoretical
results.

B. REALIZATION OF CIRCULAR POLARIZATION
Two orthogonal linear polarized waves of the same size
and 90◦ phase difference can be synthesized into a circular
polarized wave. Therefore, using a linear polarized antenna
with a polarization angle of 45◦ from the x-axis as the feed
source, the linear polarization can be decomposed into an
x-polarization and a y-polarization. When two equivalent
polarized electromagnetic waves pass through a certain unit
cell, they will produce different phase shifts φx and φy. The
phase difference △φ of a single unit cell between φx and φy
is determined by [36]

△φ = φx − φy = 2π · (nx − ny) ·
l
λ0

(2)

where λ0 is the free-space wavelength and l is the size of
the discrete unit. It can be seen that △φ is determined by
the size of the dielectric rod l from (2). Therefore, it is only
necessary to control the two polarized electromagnetic waves
to produce a 90◦ phase difference when passing through the
whole Luneburg lens, which can achieve the transformation
of linear polarized waves into circular polarized waves, that
is, the phase difference△φl of total lens can be calculated by
[36]

FIGURE 6. The 3D view and layer information of the feeding antenna.

FIGURE 7. The dimension details of ME dipole antenna.

△φl =

N∑
i=1

2π · (nxi − nyi) ·
l
λ0

= 90◦ (3)

whereN is the number of unit cells throughwhich the incident
wave passes, nxi and nyi are the equivalent refractive indices
of the ith unit cell, and λ0 is the free space wavelength at 15
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TABLE 2. THE DIMENSION DETAILS OF ME DIPOLE ANTENNA

Length Lg Lp D1 D2 Lg1 Lg2

Value (mm) 20 6 0.5 1 2.2 6

Length Wg Lp1 Lp2 Wp1 Wf 11 Wf 12

Value (mm) 0.3 2.2 3 0.2 0.9 0.4

Length Lf 11 Lf 12 Lf 13 Wf 21 Wf 22

Value (mm) 5 1.5 6.8 0.4 0.2

FIGURE 8. Antenna I: Original model. Antenna II: Using an "I" shaped
coupling gap. Antenna III: Slotting on radiation patch.

GHz. Then, the total phase difference of different layers can
be calculated from (3), as shown in Table 1.

In order to verify the calculation results, the Luneburg lens
of different layers models were established, and the dipole
antenna has 45◦ rotation relative to the Luneburg lens were
used as the feed source. The simulated axial ratio (AR) values
are shown in Fig. 5. It can be seen that the 13 layer Luneburg
lens has a better 3 dB AR bandwidth at the Ku-band, so this
letter chooses the 13 layer lens for further study.

III. DESIGN OF THE MULTIBEAM ANTENNA
A. DESIGN OF FEED ANTENNA
The section presents a dual-polarized magneto-electric (ME)
dipole antenna to provide two linear polarizedwaves. TheME
dipole consists of three pieces of Rogers RT5880 radiation
medium with a dielectric constant of 2.2 and a loss tangent
of 0.0009. The ME dipole radiation structure of the patch
loaded symmetric etching gap studied in this section is shown
in Fig. 6. Four horizontal metal patches and metal ground
are located on the top and bottom layers of the substrate 1,
respectively, and are connected through four vertical metal
through-holes penetrating the substrate 1. Themetal ground is
etchedwith an "I" shaped coupling gap. The feeding networks
are located at the bottom of substrate 2 and 3. Two similar
feeding networks are orthogonally placed to achieve the dual-
polarized operation. The four holes around the antenna are
used to secure the antenna. The dimension details of the
proposed antenna are shown in Fig. 7 and listed in Table 2.

FIGURE 9. The S-parameter of different antennas.

FIGURE 10. The current distribution image for ME dipole antenna.
(a)(b)Port1. (b)(c)Port2.

In order to better illustrate how the proposed antenna im-
proves radiation performance, two other reference antennas
were studied and compared, as shown in Fig. 8. Antenna III
is the antenna proposed in this section, and antenna I is the
original model. Compared with antenna I, antenna II adopts
an "I" type coupling gap, and antenna III further adds slots
on the patch, while keeping other parts unchanged. Fig. 9
shows the S-parameters of three types of antennas. It can
be seen that the return loss of antenna I is very high, it is
not effectively excited, and antenna III has lower return loss
and wider impedance bandwidth compared to antenna I and
antenna II.
The current distributions at different time points t = 0

and t = T/4 (where T is the oscillation period of 15GHz)
are shown in Fig. 10. Electric dipoles and magnetic dipoles
are respectively realized by the patch and the radiation gap
between the horizontal metal patch. Among them, the four
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FIGURE 11. Simulated radiation pattern of the antenna at (a)(b) 13, (c)(d)
15, and (e)(f) 17 GHz. (a)(c)(e) Port 1. (b)(d)(f) Port 2.

short circuit horizontal metal patches have the same width
and are all quarter wavelength, thus forming two pairs of half
wavelength electric dipoles in polarization direction. Since
the current distributions at the time points t = T/2 and t = 3T/4
have the same amplitude but opposite directions to those of
t = 0 and t = T/4, they are not shown here for brevity. With
reference to Fig. 10(a)(b), at time t = 0, the current density on
the planar patches becomes minimum, but the current density
on the radiating aperture between patches reaches a maxi-
mum, indicating that the magnetic dipole mode is excited.
Whereas at time t = T/4, the current density on the planar
patches reaches a maximum, which means that the electric
dipoles are strongly excited. That is to say, the electric dipole
mode and the magnetic dipole mode are excited alternatively
with 90° phase difference, hence, this antenna operates as an
ME dipole antenna. The magnetic dipole is not composed
of a traditional vertical short circuited metal column with
a wavelength height of one quarter, so the height of the
electromagnetic dipole radiation structure is not limited to
0.25λc but it can be as low as 0.16λc. Comparing Fig. 10(a)(b)

FIGURE 12. The radiation efficiency of antenna III.

FIGURE 13. Photograph of feeding antenna and Luneburg lens antenna
with supporting structure.

with (c)(d), it can be seen that two orthogonal currents are
excited by Port1 and Port2, further generating two mutually
orthogonal linearly polarized waves.
Fig. 11 shows the simulated radiation patterns of dual

polarization at 13, 15, and 17 GHz. As expected, similar
broadside radiation patterns are obtained at both ports. At
the boresight direction, the main polarization is more than 20
dB higher than the cross polarization. The antenna radiation
efficiency has also been studied and shown in Fig. 12, and
satisfactory radiation performance can be observed, which is
about 95% within the operating bandwidth.

B. MULTIBEAM LUNEBURG LENS ANTENNA
The proposed multibeam Luneburg Lens Antenna is illus-
trated in Fig. 13. Five feeding antennas are supported by
brackets and cover the Luneburg lens±60◦. The feed antenna
rotates 45◦ relative to the Luneburg lens to generate two
45◦ linear polarized waves. This multibeam Luneburg lens
antenna has ten ports, with symmetrical structures from Port3
to Port6 and from Port7 to Port10. For the convenience of
discussion, the following text will only analyze Port1 to Port6.

IV. MEASUREMENT AND DISCUSSION
Impedance characteristics testing was conducted using a vec-
tor network analyzer. The reflection coefficient test results
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FIGURE 14. Simulated and measured reflection coefficient of the single
feeding antenna. (a) Port1. (b) Port2.

FIGURE 15. Simulated and measured (a) reflection coefficient and (b)
mutual coupling of the multibeam antenna.

FIGURE 16. Simulated and measured axial ratio and gain of the
multibeam antenna.

for the feed antenna are presented in Fig. 14. The results
indicate that the presence of the lens has no significant impact
on the impedance matching of the feed antenna. A relative

FIGURE 17. Simulated and measured normalized LHCP and RHCP
radiation pattern at (a)(b) 13, (c)(d) 15, and (e)(f) 17 GHz.

bandwidth exceeding 33.7% within the range of less than -10
dB has been achieved, covering almost the entire Ku-band.
The mutual coupling between different feeds is depicted in
Fig. 15. In the Ku-band, the coupling between different ports
of the feeding antenna is less than -18.5 dB.
The axial ratio and gain measurements, conducted in a mi-

crowave anechoic chamber, are illustrated in Fig. 16. Within
the operating frequency range, the axial ratio is less than 3
dB. The gain of the feeding antenna is around 7 dBi. Adding
the lens, the gain reaches around 21 dBi. The lens improves
the gain of feeding antenna by 14 dB, showing good radiation
performances.
Fig. 17 displays the measured radiation pattern and sim-

ulated radiation pattern for the multibeam antenna. A to-
tal of five beams cover a spatial range of ±60◦. Fig.
17(a)(c)(e) show the left-handed circularly polarized (LHCP)
wave fed from Port1, Port3, Port5, Port7, and Port9, while
Fig. 13(b)(d)(f) show the right-handed circularly polarized
(RHCP) wave fed from Port2, Port4, Port6, Port8, and Port10.
The change of LHCP and RHCP modes only requires switch-
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TABLE 3. COMPARISON WITH REPORTED MULTIBEAM LUNEBURG LENS
ANTENNAS

Ref.
Dime-
nsion Lens Type

BW(%)
@(GHz)

Polar-
ization

Gain
(dBi)

[22] 2D
3DP PPW
Metal nail 42.8@140 LP 20

[23] 2D
3DP PPW

Dielectric rods 43@26.75 LP to CP 10

[25] 2D
3DP PPW
Air hole 13.3@15 Dual LP 14.7

[29] 2D
3DP DSW
Air hole 23.5@10 LP to CP 13.7

[31] 3D
3DP

Dielectric lens 40@33 LP 21.2

[32] 3D
3DP

Dielectric lens n.a.@110 LP 21.3

[34] 3D
3DP

Dielectric lens 31.6@10 LP to CP 13.8

This
work 3D

3DP
Dielectric lens 30@15

Dual LP
to Dual CP 21

ing the port of the feed antenna, without the mechanical
operation. The simulation results align closely with the mea-
surement results.

Table 3 presents a comparison between the proposed multi-
beam Luneburg lens antenna and the previously reported
ones. It is noted that each of the reported antennas possesses
its own unique merits. The antenna proposed in this paper
offers the advantage of being easily manufacturable by 3DP,
while also exhibiting a stable geometric configuration. This
lens antenna not only fulfills the functions of traditional
Luneburg lens but also serves as a polarizer, enabling the
conversion of dual linear polarized waves into dual circularly
polarized waves. It further features a broad 3 dB AR band-
width and a high gain.Moreover, the polarizationmode can be
easily changed by switching the ports of the feeding antenna,
instead of mechanical rotation.

V. CONCLUSION
A 3D-printed wideband multibeam dual circularly polarized
Luneburg lens antenna in the Ku-band has been proposed
and fabricated in this paper. The proposed Luneburg lens
serves not only classical Luneburg lens but also a polarizer
to transform the dual-linear polarization incident wave to
dual-circular polarization wave. Polarization conversion was
achieved using asymmetric unit cells. This paper is the first
to achieve spherical dual-circular polarized Luneburg lens by
simply switching the ports of the feeding antenna without the
need for mechanical rotation or replacement of the feeding
antenna. This is a reliable method to change the polariza-
tion mode without causing additional errors. Five dual-linear
polarized ME dipole antennas as feed achieve dual-circular
polarization multibeam coverage within a ±60◦ range. Five
LHCP and five RHCP beams with gains of 20.1-22.4 dBi
and broad bandwidth up to 30% (12.6 GHz–17.1 GHz) are
achieved in terms of reflection coefficients lower than -10
dB and axial ratios smaller than 3 dB. The measured and
simulated results agree well. The proposed low-cost multi-

beam antenna has application value in fields such as military,
mobile, and satellite communication.
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