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ABSTRACT In this paper we present the design, fabrication, and experimental verification of a new
type of Graded-index (GRIN) lens antenna with an integrated feeder. The continuously varying refractive
index distribution is chosen appropriately to offer the rays collimation at the lens aperture. It is practically
implemented by varying the material density in a host medium, thus realizing a new type of all-dielectric
high gain antenna, entirely using 3D printing. This solution can find application to high gain wireless
communication and measurement systems. This GRIN lens antenna is printed in one monolithic process
and does not require the feeder to be placed at a focal distance, thus complying with more strict space
requirements. It accepts interchangeable feeds that can cover a wide frequency range. The directivity and
gain are evaluated using near-field measurements in the Ku-band. A 40% measured aperture efficiency is
achieved at 14GHz. The challenges and performance limitations that come with 3D printing, as compared
to the design of idealized continuous distribution GRIN lenses are discussed.

INDEX TERMS 3D printed antennas, dielectric lenses, inhomogeneous lenses.

I. INTRODUCTION

THE ADVENT of 3D printing in combination with the
availability of high dielectric permittivity composite fil-

aments in the market [2] has enabled the fast prototyping of
new metamaterial structures. This gives rise to a new sector
of dielectric metamaterials and metasurfaces, in which the
amplitude and phase of the EM wave propagating through
the structure can be manipulated by realizing subwavelength
patterning, following a specific permittivity distribution.
During the last decade, numerous studies have appeared in

the literature that have qualified 3D printing as a promising
technology for realizing complex 3D metamaterial structures.
Starting from the characterization of the permittivity and
losses for various fused filament materials [3], [4] to the real-
ization of 3D printed structures for new antenna concepts [5],
[6], [7], [8], [9], [10], [11], [12], [13], [14], [15]. These struc-
tures range from dielectric domes [5], Modulated Dielectric
Metasurfaces [6], CP polarizers [7], reflectarrays [8], [9],

Risley prisms for 2D beam steering [10] and flat cylindri-
cal [11], [12], [13], [14] and 3D GRIN lenses [15]. The
principle of operation of the proposed GRIN lenses [11],
[12], [13], [14] is to transform a spherical wave into a
plane wave to produce highly directive beams. Resorting
to the Geometrical Optics (GO) approximation, having a
plane wave at the lens output correspond to parallel rays at
the lens output, namely to collimated ray-paths. This result
can be obtained through the variation of the lens permittivity
and possibly of the shape [15], [16]. Thus, GRIN lenses can
focus the EM energy towards a specific direction of interest.
However, in all the aforementioned GRIN lens studies,

the lens feeder has to be placed at a focal distance from
the lens surface and requires additional mounting and align-
ment efforts resulting to a cumbersome system. Only recently
in [17], a shortened joint 3D printed GRIN lens together with
metalized 3D printed horn antenna was realized offering a
more compact counterpart to traditional standard gain horn
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antennas. Despite the fact that the majority of the antenna
was realized by 3D printing, the associated system still
relies on an off-the-self waveguide adapter that suffers from
unavoidable mismatch due to reflections in the air-dielectric
interface that can reduce the realized gain of the antenna.
In this study, a GRIN lens antenna with an embedded

feed is realized for the first time. Such an arrangement rep-
resents an all-dielectric alternative with no metallic walls.
Also, it demonstrates the application of a zero focal length
GRIN lens. In our recent study [1], we have presented the
derivation of new formulas based on Geometrical Optics for
a compact GRIN lens with embedded feeder (i.e., placed
at a null focal length F=0). By assuming that the focus
is inside the medium, the radially varying refractive index
profile is derived in analytical form via the inverse trun-
cated Abel transform. The refractive index profile is given
as a function of the lens geometrical parameters, namely the
lens radius and thickness. The GRIN solution for infinite
cylinder and radial graded index already existed in the lit-
erature [18], [19], named by the author in [19] “Mikaelian
Lens”. However, it was mostly used in the framework of
fiber optics and, to the authors’ knowledge, this is the first
time an antenna with an embedded feed is realized.
In this work, we proceed to the practical realization, by

using 3D printing technology, and to the experimental verifi-
cation of the GRIN lens with an integrated feeder proposed
in [1]. All the challenges related to the unavoidable dis-
cretization of the refractive index, required for the practical
realization, are presented and discussed. To validate the
3D printed GRIN lens performance, the full 3D far-field
radiation pattern is measured using our in-house spheri-
cal near-field facility in a wide frequency range between
12-22 GHz. This is accomplished by swapping the feeders
operating in different frequency bands. It should be noted
that the bandwidth of the antenna system is bounded to
both the frequency response of the feeder, as well as to
selected discretization of the perforated 3D printed GRIN
lens towards the higher frequencies. The directivity and the
gain are extracted.
The article is organized as follows. Section II presents

the design methodology of the GRIN lens together with
the discretization and unit cell design suitable for 3D print-
ing. Section III shows numerical simulations of the designed
GRIN lens using a discrete number of permittivity layers. In
Section IV, the 3D printing of the GRIN lens is presented
together with the characterization of the 3D printed filament.
In Section V, the measurement results are provided and in
Section VI conclusions are drawn.

II. GRIN LENS DESIGN AND DISCRETIZATION
Let us first consider a cylindrical GRIN lens with a con-
tinuous refractive index, varying with respect to the radial
coordinate ρ, as depicted in Fig. 1 (a), (b). According to [1],
the radially varying refractive index profile, allowing for the
rays collimation, is given by the following equation (plotted

FIGURE 1. (a) 3D model and (b) 2D cut of a cylindrical zero focal length GRIN lens.
The extreme ray-path passing through the lens is also shown. The refractive index
distribution, reproduced from [1], is depicted by using a colored scale. (c) Continuous
and staircase permittivity distribution in 11 levels.

in Fig. 1 (c)):

n(ρ) = n0

cosh
(

π
2dρ

) (1)

where the maximum refractive index as a function of the
thickness-to-radius ratio d/a is given by:

n0 = cosh
(πa

2d

)
(2)

Here we select the thickness-to-radius ratio to be d/a =
1.2 and as a result the maximum refractive index is n0 = 2
(or permittivity εr = 4). For these lens dimensions, from [1],
the calculated total aperture efficiency is 73% for a feed with
U(θ) = cos3(θ) pattern. This is translated to an estimated
directivity of 28.6 dB at 20 GHz. In order to use common
thermoplastic materials for the lens fabrication such as ABS
or PLA with a maximum permittivity of εr = 2.5 − 2.7
respectively, the lens thickness-to-radius ratio d/a should be
properly tuned in (2) to be d/a = 1.5.

A. CONTINUOUS AND DISCRETIZED MODEL
In this section we present the GRIN lens design together
with the unavoidable discretization of the continuous per-
mittivity distribution into a staircase distribution. Indeed, the
3D printing process requires the lens to be printed with a
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FIGURE 2. Cylindrical GRIN lens (a) continuous and (b) discretized into 11 layers.

finite number of layers of different effective permittivity. The
effective permittivity required in each layer can be realized
by varying the infill percentage of the dielectric material.
The specific permittivity values are assigned by approximat-
ing the continuous permittivity profile given by (1) with a
staircase permittivity distribution. The staircase distribution
and the continuous one are plotted in Fig. 1 (c).
The discretization process produces two kinds of errors in

the permittivity distribution: i) an error due to the discretiza-
tion of the lens in a finite number of rings, each one with a
constant permittivity ii) an error in the homogenization pro-
cess due to the approximation of the constant permittivity
in the i-th ring to a holey unit cell. Due to the selection of
11 layers, the first error is negligible.
As it is noted in [12], [13], the GRIN lens performance

is affected by the number of discrete permittivity layers and
the maximum unit cell (UC) size. We decide to use 11
layers for achieving a smooth transition of permittivity and
to avoid phase aberrations at the lens output aperture due to
fragmentation.
As a first step, we compare the effect of the discretization

of the cylindrical GRIN lens via electromagnetic (EM) sim-
ulations (see Fig. 2). For this purpose, a lens with radius
a=75mm (corresponding to 2.5λ at 10 GHz and 5λ at
20 GHz) and thickness d=90mm has been chosen. In the dis-
cretized GRIN lens (Fig. 2 (b)), each ring width is rw=0.1
a=7.5mm, except from the first and last which have rw=0.05
a=3.75mm. The different infill percentages assigned to the
3D printer, and corresponding to the different permittivity
levels, are given in Table 1. The lowest permittivity for the
lens is set to εr,min = 1.5 due to fabrication limitations. The
unit cell size used in the simulations of the perforated GRIN
lens prior to 3D printing is also listed in the last column of
Table 1.

In order to link the required infill percentage F with the
specific effective permittivity from the staircase model, a per-
mittivity measurement is done for different infill values using
a rectangular sample. More details are given in Section IV.
The direct measurements of the permittivity allow to reduce
the homogenization error.
From the EM simulation we derive a directivity of 29 dB

at 20 GHz for the continuous model of Fig. 2a, while for
the discretized model of Fig. 2b, we find a directivity of
28.8 dB, which is only 0.2 dB reduced. This result confirms
the absence of phase errors due to the lens discretization.

TABLE 1. Ring width and effective permittivity using PREPERM ABS 500 as host
material printed with nozzle 0.6mm, following the curve in Fig. 2.

FIGURE 3. Shaped GRIN lens (a) continuous and (b) discretized into 10 layers.

A further modification of the cylindrical GRIN lens is con-
sidered as an attempt to reduce weight and volume. In [1],
assuming the GO approximation, the analytical expression
for the ray-trajectories inside the GRIN lens has been
derived (3).

ρ = 1

γ
sinh−1(tan θ sin(γ z))

θmax = tan−1
(

sinh
(πa

2d

))
= tan−1

(√
n0

2 − 1
)

(3)

With the support of an in-house code implementing a ray-
tracing algorithm, we noticed that only a few rays exceed the
angle θmax (see Fig. 1 (b)) hence contributing to negligible
spill-over. Thus, a possible improvement of the cylindrical
GRIN lens with the embedded feeder is a shaped GRIN
lens following the extreme ray-path ((3) for θ = θmax), This
opens the possibility of the realization of an all-dielectric
lens-antenna (see Fig. 3).
The shaped GRIN lens in [1] (‘cup lens’ in the following)

has negligible performance deterioration with respect to the
cylindrical shape and it allows for weight and cost reduc-
tion since less material is used. Indeed, we have seen from
simulations that the directivity of the continuous cup lens is
27.8 dB, −1.2 dB less than the cylindrical GRIN lens. This
concept has been already discussed in [1], however has not
been implemented yet. We then decide to realize the ‘cup
lens’ instead of the cylindrical lens by using 3D printing.
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FIGURE 4. Unit cell size vs permittivity. The inset picture shows the rectangular unit
cell. The thickness of the dielectric walls is fixed and it is given by the nozzle diameter
0.6mm. The measured extrusion width is measured to be 0.7mm, expanded by 20%
from the nominal 0.6mm.

B. UC DESIGN
Before proceeding to the lens fabrication, we will estimate
the perforated 3D printed model performance via EM simu-
lations by modelling the same unit cell used for 3D printing.
As it is shown in Fig. 4, the unit cell is a rectangular hollow
dielectric cell with thickness equal to the measured extru-
sion width of the 3D printer. It is measured to be 0.7 mm,
expanded by 20%, from the nominal nozzle diameter of
0.6mm due to heat expansion and extrusion pressure. So, in
the analysis below for the unit cell we set w = 0.7 mm.
The relationship between the unit cell size and the εr,eff

is plotted in Fig. 4. It is extracted numerically by using CST
Studio Suite, using a method first used for a metamaterial
unit cell in [20]. To achieve the effective permittivity gradi-
ent, the volume of the air gaps in the grid type 2D pattern
in tuned in respect to the full solid host dielectric material
volume. The size of the UC is 2w+b.
To guarantee that a similar performance is achieved of

the perforated model as compared to the homogeneous
discretization one (satisfying the effective medium approxi-
mation), the following rules should apply at any frequency
point:

• the ring width should be greater than two unit-cells [13].
• the size of the unit-cell should be at least 5 times smaller
than the wavelength [16].

A smaller extrusion width w allows for a smaller unit cell
size for a given infill ratio. This means that more unit cells
can fit in the ring width making the effective permittivity
approximation valid towards even higher frequencies and the
GRIN lens bandwidth larger.

III. EM SIMULATIONS OF THE SHAPED CUP GRIN LENS
In this section, we compare the shaped GRIN lens model
constructed by homogeneous layers and the model con-
structed by perforations. In the literature, most of the times, a
discretized model of homogeneous permittivity levels is used.
However, when the GRIN lens is realized via 3D printing
using a single host material, this assumption of homogeneous
permittivity is not yet valid. The frequency dependence of

FIGURE 5. Shaped GRIN lens discretized into 10 layers of (a) homogeneous
permittivity and (b) perforations according to the UC.

TABLE 2. Unit cell size versus frequency for different GRIN lens layer. The UC of
Layer #1, #6 and #10 are (2w+b): 1.88mm, 2.87mm and 11.4 mm.

the perforated 3D printed pattern is predicted via full wave
analysis. In the perforated model of the GRIN lens (Fig. 5b)
each of the ten layers is filled up with a different unit cell
with size d associated to the respective permittivity value,
given in Table 1. In the literature, only in a few cases, such
as in [21], [22], there has been an investigation via EM simu-
lations on the performance of the fully realistic 3D printable
GRIN lens model (including the perforations using the unit
cell) prior to the 3D printing. This is probably because this
simulation model is computationally intensive requiring high
computational resources. The simulation model of the per-
forated cup GRIN lens is shown in Fig. 5b, realized using
a single material with εr = 4.6, which is the measured
permittivity of the printed filament.
The effective permittivity remains valid as long as the

unit-cell dimensions remain small as compared to the wave-
length (effective medium approximation). As the frequency
is increased, this stops to be valid and the bandwidth of the
lens is limited. In Table 2, the unit cell size in terms of the
wavelength is listed.

A. INTEGRATED FEED DESIGN
The integrated feed design is based on a simple circular
waveguide. The selection of the waveguide as compared to
other type of antennas is the easy manufacturability and the
rotational symmetry, same as for the GRIN lens. The circu-
lar waveguide is loaded with the same 3d printed material
with effective permittivity as the one used for the first central
layer of the lens. By doing so, we avoid any unwanted reflec-
tions at the interface between the lens and the feeder. We
use metallic flanges of various diameters connected with a
miniaturized SSMA connector to generate the TE11 mode. In
this work, two circular loaded waveguides are realized, one
with ø8 and the other with ø10mm diameter, to be embed-
ded to the shaped GRIN lens to cover the Ku (12–18 GHz)
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FIGURE 6. Frequency range of interchangeable circular waveguide feeds used in
EM simulation.

TABLE 3. Circular waveguide feed for GRIN lenses, loaded with 3D printed material
PREPERM500 with 87% infill (er=4).

frequency band. CST Microwave Studio simulations are car-
ried out to design the feeding of the loaded waveguides using
an SSMA connector.
To investigate the frequency response of the perforated

shaped GRIN lens we used four different waveguide feeds
in EM simulations (Table 3). The waveguide operating range
is between the first and second cutoff mode. In [1] it had been
shown that aU(θ) = cosm θ pattern, with m=3 achieves the
best aperture efficiency and lens illumination. All the feeds
approximate this cosine pattern. Hence, they guarantee a low
spillover.
In Fig. 7. the directivity of the shaped GRIN lens is plot-

ted versus frequency, for both the discrete homogeneous and
perforated models. For the homogeneous model, we observe
that the trend of the directivity is increasing, meaning that
there is no bandwidth limitation. As for the perforated model,
we see that only at the low frequencies matches with the
homogeneous model while as the frequency increases above
15 GHz, the directivity is reduced. This means that the effec-
tive medium approximation with the specific UC is no longer
valid. The highest achievable directivity is spotted between
12-17 GHz at the range of 22dB.
The phase distribution at the output surface of the cup

lens is derived from EM simulations. As it is observed in
Fig. 6, the phase starts to be distorted at the outer rings from
15 GHz and higher.

IV. 3D PRINTING
The GRIN lens is realized using Additive manufacturing,
and more specifically, Fused filament fabrication (FFF) tech-
nique. A nozzle of 0.6 mm diameter is used. The bigger
nozzle diameter (standard is 0.4mm) allows for a faster print-
ing and smaller probability of clogging, which is possible
to happen in big models. The nozzle diameter determines
the minimum layer thickness which should not be less than
25%. So, we selected a layer height of 0.2mm.
In the 3D printer software, or “slicer”, we tune the

infill percentage that describes the volume fraction of the

FIGURE 7. Simulated directivity of the perforated cup lens as compared to the
discretized model of 10 permittivity layers.

FIGURE 8. Electric field phase distribution at the shaped GRIN lens aperture for 12,
15, 18 and 20 GHz.

thermoplastic filament material to the total volume, thus the
permittivity is tuned. Normally, the infill percentage is var-
ied from 15% to 100%. As a host material, we use a custom
filament PREPERM [2] based on ABS material loaded with
ceramic particles to achieve a permittivity as high as 5. Due
to the difficulty of reaching εr=1 using a 3D printing mate-
rial, we have truncated the permittivity of the outmost ring
(Ring 10) to be 1.5 instead of 1.3 that can be realized with
an infill percentage of 15%.

A. PERMITTIVITY CHARACTERIZATION
OF 3D PRINTED SAMPLES
The effective permittivity as a function of the infill percent-
age is measured using a waveguide transmission/ reflection
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FIGURE 9. (a) 2D cross-section of the shaped GRIN lens; colour plot of the
continuous permittivity distribution. (b) Finalized 3D model of the shaped GRIN lens
with homogenous discrete permittivity layers. Interchangeable feeds can be used with
nylon screws keeping the feed attached to the lens mount. (c) Cross-section of the
exploded 3D model and the different materials used.

technique to extract the permittivity and loss tangent of 3D
printed rectangular slabs. These slabs of various infill per-
centages are placed inside a rectangular waveguide WR159
in the range between 5-7 GHz. The S-parameters of the
rectangular test samples were recorded inside the waveg-
uide and the dielectric properties were extracted by using
the Nicolson- Ross-Weir method [23], [24]. In Fig. 10a,
the setup is presented and in Fig. 10b, the measured sam-
ples of effective permittivity are fitted with a polynomial
model. The Wiener max model is also plotted based on
the nominal permittivity of the filament, which has been
used in [25] to approximate different filaments permittivity
response to the filling factor. As it is observed from the
measured samples in Fig. 10b, the permittivity of the full
solid 3D printed sample (for material filling factor 100%), is
found to be εr = 4.6 in respect to the nominal permittivity
of the filament εr = 5. This difference is explained from the
non-uniformity created by the air gaps formed between the
layers and is taken into account in the lens fabrication fol-
lowing the permittivity model of Fig. 10b extracted from the
measurements.
A second order polynomial model is used for fitting the

measured samples data of the effective permittivity versus

FIGURE 10. Effective permittivity as a function of the material filling factor assigned
in the 3D printing. The measured data are fitted with a 2nd order polynomial function.
In the inset of the figure is the waveguide flange loaded with the 3D printed dielectric,
where the measured samples are measured.

TABLE 4. Settings for 3D printing of cup GRIN lens. One nozzle is used for the
construction of mounting and the other for the construction of the perforated GRIN
lens.

the material filling factor:

εr,eff (F) = 1.25 · 10−4F2

+ 2.25 · 10−2F + 1.1,F ∈ (10, 100)

B. LENS FABRICATION CONSIDERATIONS
The optimization of the 3D printing parameters is an impor-
tant step in the GRIN lens antenna design. In the following
table (Table 4) the most important parameters together with
the optimized values are listed. The fabrication of the sam-
ples and the GRIN lens prototype is done by using our
in-house 3D printer (Raise 3D Pro 3) with a dual nozzle
capability. The two filaments used, one for the lens mount-
ing and one for the lens, are a standard and a custom ABS
filament loaded with ceramic particles to achieve a nominal
permittivity of 4 needed for the lens maximum permittivity.
Using a 0.6mm nozzle, a trace width of 0.7mm was obtained
and a height of 0.2mm was used to achieve good printing
quality.

V. FAR-FIELD RADIATION PATTERN MEASUREMENTS
In this section, we present the far-field radiation patterns
of the proposed GRIN lens antenna. The antenna measure-
ments have been done in the spherical near-field facility
of University of Siena. This part of the work is particu-
larly important to verify the performance of the 3D printed
GRIN lens in terms of the directivity and gain. The polariza-
tion of the feed is y-polarized. A standard gain horn (MVG
QR2000) is used as a reference gain antenna for estimating
the gain and dielectric losses of the lens antenna.
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FIGURE 11. Placement in the anechoic chamber. (b) zoomed in picture of the 3D
printed lens pattern.

FIGURE 12. Simulated and measured radiation patterns at H- and E- plane of the
shaped GRIN lens in the Ku-band for the frequencies 12, 15 and 18 GHz.

The placement of the GRIN lens antenna in the anechoic
chamber is shown in Fig. 11. The E- and H-plane radia-
tion patterns are plotted in Fig. 12. A close matching of
the main beam between simulations and measurements is
observed. However, the sidelobe levels (SLL) are higher in
the measured patterns, especially at 12 and 15 GHz.
The measured and simulated directivity and aperture

efficiency are listed in Table 5. The difference between
simulation and measurement is also noted. The maximum
difference is found at 12 GHz, to be 1.7 dB. The maximum
measured aperture efficiency is found to be 40% at 14 GHz,

TABLE 5. Performance of the 3D printed Cup GRIN lens in terms of directivity and
aperture efficiency versus frequency. The shaded rows correspond to the frequencies
of the measurements.

with the directivity to be 22.9 dB. The average losses across
the frequency range are found to be 2.7 dB.
Comparison with the State-of-the-art: Here we compare

our findings with the current state-of-the-art in the topic of
3D printed dielectric GRIN lens antennas. In [5], a dielec-
tric dome Lens array is 3D printed, which is used in wide
angle scanning applications. Even though it is used in a dif-
ferent application from increasing the broadside directivity,
a perforated 3D printed lens design is adopted. A similar
concept to the one presented here, of the zero focal GRIN
lens is presented in [28]. An H-plane horn antenna with
enhanced directivity using conformal transformation optics
is presented. Although, the realization is done with a parallel
plate waveguide (PPW) and a fan beam pattern is provided.
In Table 6, the most relevant and recent works on the activity
of 3D printed GRIN lenses antennas are compared.
As compared to the reported works, our 3D printed GRIN

lens appears to be more compact, low-cost and achieves an
aperture efficiency of 40%. In a future work, a different UC
will be designed and fabricated to increase the aperture effi-
ciency and gain bandwidth of the proposed cup GRIN lens.
To enlarge the BW of the proposed antenna even at higher
frequencies, the extrusion width in the 3D printing should be
reduced. The model can become even more compact when
using a higher permittivity material. Finally, a multiple feeds
design will be investigated for multiple beam capability.

VI. CONCLUSION
For the first time a zero focal graded index lens antenna is
realized with 3D printing, allowing the feed to be embed-
ded within the lens and not at a finite focal distance, thus
making the system more compact. Different frequency bands
can be covered using interchangeable feeds. A 40% mea-
sured aperture efficiency is achieved while a directivity of

534 VOLUME 4, 2023



TABLE 6. Comparison of different realizations of 3D printed perforated dielectric GRIN lens antennas.

20 dB or higher is guaranteed at the Ku-band. This study
shows the challenges and performance limitations that come
with 3D printing and the frequency dependence of the
selected 3D printing unit cell. This work opens the pos-
sibility to simply replace traditional metallic horn antennas
with this new type of all-dielectric 3D printed GRIN lens
antenna.
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