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Abstract — This article takes a detailed look at modeling, simu-
lating, calculating, and fabricating a Luneburg lens using a single
material and advanced 3D printing technology. The Luneburg
lens is a type of gradient index lens that is spherically symmetri-
cal, which simplifyies its manufacturing process and enhances its
structural stability. However, fabrication may be expensive due
to the special materials required for manufacturing. Discover-
ing simpler and cost-effective production methods would enable
the wider use of Luneburg lenses across various fields. The ob-
jective of this study was to use the lens to increase the gain and
directivity of antennas at 5.8 GHz while maintaining a compact
lens size and using low-cost material, such as ABS-like filament.
A single-cell cross-shaped structure was utilized to construct the
lens using 3D printing technology.
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1. Introduction

The Luneburg lens [1] is a type of gradient index lens (GRIN)
characterized by the fact that its refractive index n varies
gradually from the center outward. The gradual change in
the refractive index causes a curved path for the radiation
beam [2].

Ideally, the refractive index of the inner layer of the Luneburg
lens should be v/2 and ought to gradually decrease towards
the outer layer, until it reaches a value of 1, with the variation
complying with the following formula:

n(r) = /() = [2 - (R) , M

where ¢ is the effective dielectric permittivity, r is the radius
of each layer, and R is the radius of the outer layer [1]—
[4]. The Luneburg lens finds various applications, including
in acoustics [5]—[8], optics [9]—[12], as well as antenna,
communication and radar system designs [13]-[17].

This paper presents a detailed study of the process of design-
ing a Luneburg lens. It analyzes the use of various structures
to boost the performance at 5.8 GHz, as well as to increase
gain and directivity of antennas in RF and communication
systems. This article focuses on using ABS-like filament as
a cost-effective material and a cross-shaped structure to sim-
plify the manufacturing process with the use of advanced 3D
printing technology.
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The goal is to demonstrate how this method is capable of
increasing antenna gain and directivity while maintaining
a compact lens size.

2. Method

The 5.8 GHz frequency band was selected for this study be-
cause it falls within the unlicensed part of the spectrum and
is widely used in wireless applications, making it a practical
choice for antenna system development. This frequency band
also offers the advantage of a shorter wavelength, approxi-
mately 5.17 cm, allowing for a more compact lens design.
The wavelength is a crucial parameter in determining the
physical dimensions of the Luneburg lens, as its geometry
must be proportional to the operating wavelength to ensure
effective propagation and focusing.

In alignment with the design approach used by Fortify (in
collaboration with Rogers Corporation) [18], [19], a 6-layer
configuration was adopted for the Luneburg lens, with the
radius values of each layer corresponding to those in their
model. Although the chosen lens diameter was 6 cm, slightly
larger than the desired wavelength of 5.17 cm, this increase
in size provides a greater surface area for wave propagation,
contributing to improved gain and directivity.

The multilayer design enables the required refractive index
gradient to be achieved, which is essential for accurate wave
focusing and efficient propagation. Figure 1 illustrates the
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Fig. 1. Luneburg lens layers.
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Fig. 2. A cube with a side a), the air part of the cube b), and the
solid part of the cube (the unit cell of the lens) c).

layer numbering and the corresponding dielectric permit-
tivities €1, €9, . . . , €¢. The permittivity values for each layer
were determined through a series of simulations of the lens
aimed at identifying appropriate values to achieve gain and
directivity at 5.8 GHz. Detailed information on the simulation
methodology is provided in Section 4.

To achieve homogeneity in each layer of the lens, a cubic
structure, as shown in Fig. 2a, was divided into two parts,
with the air part being subtracted to create a cross-shaped
single-cell design illustrated in Fig. 2b. This approach allows
for a proportional arrangement of unit cells, which is essential
to achieve the desired refractive index gradient. Relative
permittivity values were adjusted keeping the length of side
a constant and varying the length of side a; for each layer.
A similar method was used for the Luneburg acoustic lens
in [7].

3. Lens Design

To determine the value of side a; for each layer, it was
necessary to establish the relationship between side a; (Fig.
2) and the relative permittivity values of each layer. To achieve
this, the rule of mixtures [20], [21] was applied. Therefore,
the effective permittivity is calculated as follows:

Eeff = €a fa +En fn, 2

where €, and f, are the relative permittivity and the air fill
fraction, respectively, while €5, and f}, are the relative permit-
tivity and the fill fraction of the host material. The relative
permittivity of air is ¢, = 1, while the relative permittivity
of the host material, represented as ¢y, is that of ABS plas-
tic. Studies referenced in [22]-[25] indicate that the relative
dielectric constant of ABS plastic varies between 2.2 and 3.1.
Therefore, an average dielectric permittivity value of ¢, =2.75
and a tangent loss of 0.012 were selected for the calculations.
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Tab. 1. Parameters of the Luneburg lens for each layer.

Lajer | 1 | 2 | 3 [ 4] 5 | 6]
Radius [mm] | 12.4 | 18 | 217 | 254 | 279 | 30

ay [mm] | 1.09 | 097 | 094 | 0.73 | 0.58 | 0.26

Eotf 192 | 177 | 174 | 1.49 | 133 | 1.07

The filling fraction of the air is:

_ Number of holes x Volume of a single hole

f'l I (3)

Total volume
and the filling fraction of the host material is:

Total vol. — No. of holes x Vol. of a single hole
f h = T )
otal volume

)
The number of holes in this work is denoted with Ny, ., the
volume of a single hole with V},,;¢, and the total volume of
each layer with Vj,:4;. The volume of the cube shown in Fig.
2a was also needed in the calculations, denoted by V.. By
substituting the defined variables into Egs. (3) and (4), the
following form is derived:

Nhote X Vhote
.= ——, 5
f VTotal ( )
N oLe >< V oLe
e ©)
Total

As previously discussed, each of the cubes consists of two
parts: an air hole part and a solid or the unit cell part (Fig. 2).
To quantify the volume of holes within the sphere, the total
volume of each layer was divided by the volume of a cube,
allowing one to determine how many of these cubic struc-
tures could fit within the spherical volume and subsequently
calculate the number of holes:

‘/total
Nhote = ——. 7
ot ‘/;ube ( )

The volume of the hole is:
Vhole = ‘/cube - Vunit_cell- (8)

The volume of the cube is V,..p. = a® and the volume of the
unit cell is equal to the volume of the cross-shaped structure
shown in Fig. 2c:

Vunit_cell =2 a:;’ +3 a% a )
From Egs. (8) and (9):
Viote = a° — (245 4 34} a). (10

After inserting the appropriate variables and constants in-
to Eq. (2) and applying mathematical transformations, the
relationship between side a; and the effective dielectric per-
mittivity is derived as follows:

24} —3ata+a® = Vepe L0 an

1—ep

where a and ¢;, are constants mentioned earlier, the side size
a was set to 2.1 mm, matching the thickness of the thinnest
layer (6th layer). Upon solving Eq. (11), the results presented
in Tab. 1 were obtained.
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4. Simulation

To evaluate the impact of the approach adopted before per-
forming any manufacturing operations, simulations were con-
ducted using Altair Feko electromagnetic simulator software.
First, a baseline radiation pattern was established by simulat-
ing a standalone rectangular patch antenna shown in Fig. 3.
Next, the lens was positioned in front of the antenna, and the
simulation was repeated to assess the lens’ influence on the
radiation pattern of the patch antenna. Subsequently, the lens
was modeled as a continuous structure, consisting of six lay-
ers with the corresponding thicknesses, as illustrated in Fig.
1. Each layer was assigned the appropriate dielectric proper-
ties, and the final structure with a patch antenna is shown in
Fig. 3.

The Luneburg lens was placed 20 mm away from the patch
antenna and the resulting radiation pattern, with the lens,
was obtained. A comparison between the radiation pattern of
the patch antenna solo and that of the antenna with the lens
is presented in Fig. 4. The red line represents the far-field
radiation of the antenna without the lens, while the blue line
shows the radiation pattern after the lens was introduced.

The simulation results showed that antenna performance was
significantly improved after the Luneburg lens was intro-
duced. The antenna gain increased by approximately 4.6 dBi,
reaching a final value of 8.8 dBi. This increase in gain was
due to the lens’ ability to focus and concentrate the radiated
energy, resulting in a more directional beam. Additionally,
the half-power beamwidth (HPBW) was reduced from 92° to
approximately 45°. This narrower beamwidth indicates more
focused radiation, which can be beneficial in applications
requiring precise energy transfer or better directivity.

The simulation was carried out with a continuous structure
shown in Fig. 3. To avoid an excessive number of meshes and
to shorten the overall simulation and design time, a portion of
each layer of the lens was simulated using the proposed struc-
ture, rather than simulating the entire lens, to ensure that the
desired dielectric properties, particularly dielectric permittiv-
ity (Tab. 1), were achieved for each layer. The results closely

Max. 0°, 8.88 dBi

HPBW: 45.09°

Max. 0°, 4.20 dBi HPBW: 92.03°

270

180

Fig. 4. Comparison between the far fields of the patch antenna only
(red line) and the patch antenna with the lens at 5.8 GHz (blue line).

matched the target values obtained from the continuous lens
simulation.

5. Design

Based on the data presented in Tab. 1, the lens was designed
using SolidWorks software, with the final model shown in
Fig. 5.

Stereolithography (SLA), a high-accuracy 3D printing tech-
nique, was used for fabrication. Although the calculations
presented in Section 3 were based on parameters for ABS
plastic, the lens was constructed using an ABS-like filament,
exhibiting similar material properties, due to the requirements
of the 3D printing method used. Figure 6 shows the printed
lens and provides a closer view of its structure, highlighting
the cross-shaped cells within.

Fig. 3. The lens with the patch antenna.
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Fig. 5. The 3D model of the lens.
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Fig. 6. Printed lens a) and a closer look at its structure b).
6. Testing Results

In the course of the measurements, the receiving and transmit-
ting antennas were placed 28.2 cm apart, with the Luneburg
lens positioned 2 cm from the transmitting antenna. The
measurement system was enclosed, on all sides, within an
anechoic chamber to minimize external interference and en-
sure accuracy of the data collection process. The results are
depicted in Fig. 7, showing a gain improvement of approxi-
mately 4.2 dB and a narrowing of the half-power beamwidth
(HPBW). These results indicate the focusing effect of the
Luneburg lens, which is consistent with expectations based
on the simulation data.

Referring to Fig. 4, it is evident that the real measurement
results and the simulated ones exhibit a similar overall pattern.
In both cases, the addition of the lens has led to an increase
in gain and a reduction in HPBW. The simulated results
showed a gain increase of approximately 4.6 dB, while the
real-world measurements indicated a gain improvement of
4.2 dB. This slight difference may result from fabrication
tolerances, material imperfections, or slight misalignments
during testing.

0°, 8.03 dBi 0°,12.25 dBi

270

180

Fig. 7. Radiation patterns of the measured patch antenna (red line)
and the patch antenna with the lens (blue line).
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Both the simulated and measured results indicated a reduction
of approximately two times in HPBW, with slight differences.
This reduction demonstrates the effectiveness in focusing
the beam. Differences in exact values could be attributed to
real-world factors, such as environmental conditions, inaccu-
racies in the printed lens structure or differences in material
properties between the simulated ABS filament and the actual
ABS-like filament used in during the fabrication process.

7. Conclusion

This work demonstrated the effectiveness of using the rule
of mixtures to determine the appropriate material-air ratio
for the lens structure. This method enabled the fabrication of
a gradient index (GRIN) Luneburg lens with suitable dielec-
tric properties, achieved without relying on more complex,
time-consuming, or costly processes. The results showed
a gain improvement of approximately 4.2 dB and a significant
narrowing of the half-power beamwidth (HPBW), confirm-
ing the enhanced performance of the antenna when the lens
was integrated therewith. The successful use of 3D print-
ing for lens construction further highlights the potential of
additive manufacturing techniques in producing customized
metamaterials.
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