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ABSTRACT:We present the design, fabrication, and experimental characterization of two 150mm Luneburg lenses for X-band (10GHz),
produced by FFF (Fused Filament Fabrication) using standard PLA. The printed PLA permittivity was measured with a 7mm coaxial cell
and EpsiMu, yielding εr,PLA ≈ 2.5 at 100% infill; a volume-weighted mixing model with perimeter correction was used to set discrete
radial infill fractions. Two infill patterns (grid and gyroid) were tested, and waveguide mounts were integrated for reproducible alignment.
Insertion-loss tests give 1.5 dB (grid) and 1.1 dB (gyroid) at 10GHz. Far-field measurements (R = 1.5m) and Friis-based estimates yield
peak gains of 20.5 dBi (grid) and 19.4 dBi (gyroid) (simulation: 20.8 dBi); the waveguide reference gain is 4.9 dBi. Near-field tests at
R = 0.15m show an on-axis S21 improvement of +2.33 dB, which corresponds to a low apparent near-field aperture efficiency (1.8–
2.3%) while far-field efficiencies inferred from the measured gains are substantially higher (35–45%). These results confirm that discrete
infill grading in low-cost FFF-printed PLA can realize effective Luneburg lenses at X-band, with quantifiable trade-offs among insertion
loss, infill geometry, and realized aperture efficiency.

1. INTRODUCTION

With the growing demand for low-cost, efficient, and com-
pact microwave components, the integration of advanced

dielectric lenses into communication systems has become a
prominent area of research [1, 3, 12, 14]. One notable example
is the Luneburg lens, a spherical gradient-index lens capable of
passively focusing incoming electromagnetic waves onto a sin-
gle point, thereby enhancing antenna gain with minimal com-
plexity and cost [1, 2, 4].
This focusing behavior is governed by a radial permittivity

profile defined as:

ε(r) = 2−
( r

R

)2

, (1)

where r denotes the radial coordinate, and R is the lens radius.
The resulting permittivity ranges from 2 at the center to 1 at the
surface. As illustrated in Figure 1, this ideal continuous profile
can be approximated by a discretized, additively manufactured
Luneburg lens.
Recent advances in additive manufacturing have enabled

the fabrication of gradient-index structures using cost-effective
materials and single-extruder Fused Filament Fabrication (FFF)
workflows [1–4, 6, 7, 12, 14]. Several strategies have been pro-
posed to implement the required permittivity gradient, notably
controlled infill density, engineered void patterns, and graded
high-permittivity composites [3, 4, 6–9, 13, 14]. In our work,
we employ such strategies within a low-cost FFF framework
to realize Luneburg-type lenses; measured insertion losses at
10GHz were approximately 1.1 dB for the gyroid segment and
1.5 dB for the grid segment. We also evaluated the lens in
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both far-field (R = 1.5m) and near-field (guide-lens-guide
at R = 0.15m) configurations. Far-field measurements yield
peak gains up to about 20.5 dBi (grid) and 19.4 dBi (gyroid),
consistent with full-wave simulations and with aperture-based
gain expressions used in antenna theory [1, 15]. Near-field
measurements at 0.15m show a clear on-axis S21 improvement
of +2.33 dB when the lens is inserted; however, the conver-
sion of this near-field gain into an effective aperture reveals a
very small equivalent capture area (a few cm2) compared to the
physical lens area (176.7 cm2), an apparent aperture efficiency
of only a few percent. This distinction between near-field cou-
pling gains and far-field aperture performance is important and
has practical consequences for feed design and measurement
strategy, an aspect that also appears in recent discussions of
lens antennas and large-aperture systems [1].
The present study therefore sits at the intersection of sev-

eral threads in the literature: reliable permittivity extraction and
mixing-law design for FFF printed parts [5, 7, 10, 11, 14], prac-
tical 3D-printed lenses for transformation-optics and graded-
index applications [1–4, 12, 14], the influence of infill geom-
etry on mechanical and electromagnetic properties [6–9, 13],
and the role of aperture efficiency and insertion loss in re-
alistic devices [1, 15]. By combining material characteriza-
tion, insertion-loss quantification, and both near- and far-field
antenna measurements, we provide a complete experimental
demonstration of low-cost Luneburg lenses manufactured by
FFF and discuss the practical trade-offs for material selection,
infill geometry, and feed engineering.
The remainder of this paper is organized as follows. Sec-

tion 2 presents the electromagnetic characterization of the per-
mittivity of Polylactic Acid (PLA), focusing on dielectric mea-
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FIGURE 1. Comparison of the theoretical permittivity profile and a printed Luneburg lens. (a) Luneburg lens equation. (b) Luneburg lens visualization.
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FIGURE 2. Sample preparation and measurement setup for permittivity
extraction using the EpsiMu PC7mm coaxial cell. (a) Geometry of
the PLA samples (6mm thickness). (b) PC7mm coaxial cell without
sample. (c) PC7mm coaxial cell with sample (in blue) inserted.

surements. Section 3 details the geometric structure utilized for
the Luneburg lens design. Section 4 outlines the measurement
fundamentals and provides the governing equations. Section
5 describes the measurement of the Luneburg lenses, specifi-
cally looking at the far field to retrieve the lens gain. Section
6 is dedicated to the insertion loss characterization. Section 7
presents the near-field measurements of the Luneburg lens. Fi-
nally, Section 8 provides a discussion on the performance and
limitations, while Section 9 concludes the paper

2. ELECTROMAGNETIC CHARACTERIZATION OF
PLA
First, in order to implement the permittivity gradient effect
through infill density variation during 3D printing, and to more
generally enable the manufacturing of the Luneburg lens, it was
necessary to experimentally determine the relative permittivity
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FIGURE 3. PLA real permittivity vs. frequency and infill density
(0.4mm nozzle). Red points: values at 10GHz.

of Polylactic Acid (PLA). Thesemeasurements were performed
at room temperature using theEpsiMu software in combination
with a PC7mm coaxial test cell, which features a 7mm outer
conductor diameter and a 3mm inner conductor diameter.
Several PLA samples were prepared with infill densities

ranging from 10% to 100%, using two different nozzle sizes:
0.2mm and 0.4mm. All samples were printed simultaneously
to minimize variation due to temperature, material batch, or hu-
midity. Each printed sample had a thickness of 6mm, as illus-
trated in Figure 2(a).
In addition, a single resin sample with 100% infill was tested.

Figure 2(b) shows the coaxial cell, and Figure 2(c) illustrates
the PC7 mm cell with a sample inserted for measurement.
Figure 3 and Figure 4 show the real part of the permittivity

and the imaginary part of the samples printed using a 0.4mm
nozzle diameter.
Our application target is a lens operating at 10GHz. Figure 5

reproduces the measured permittivity at 10GHz as a function
of infill density for two different nozzle diameters (0.4mm and
0.2mm). The blue and orange marker series correspond to the
0.4mm and 0.2mm nozzles, respectively; the dashed lines are
linear fits used to highlight the trend.
Figure 5 shows a non-zero intercept at 0% infill for both

curves: an intrinsic permittivity is present even when the nom-
inal infill is zero. This effect arises from the solid walls re-
quired by the FFF printing process to contain the infill. These
walls contain residual material and therefore contribute a non-
negligible volume fraction of the sample, producing an appar-
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FIGURE 4. PLA imaginary permittivity vs. frequency and infill density
(0.4mm nozzle).

ent baseline permittivity that must be accounted for when inter-
preting low-infill measurements.
The influence of the walls can be estimated using a volume-

based mixing approach. For a cylindrical sample, the wall vol-
umes can be approximated as:

Vtop&bot = 2πLth(r
2
2 − r21), (2)

VouterWall = π(h− 2Lth)
(
r22 − (r2 − wth)

2
)
, (3)

VinnerWall = π(h− 2Lth)
(
(r1 + wth)

2 − r21
)
, (4)

VtotalWall = VouterWall + VinnerWall + Vtop&bot. (5)

In these expressions:

• h = 6 is the sample thickness;

• wth is the printed wall thickness (typical slicing defaults
give wth = 0.42 for a 0.4 nozzle and wth = 0.22 for a 0.2
nozzle),

• r1 = D1/2 and r2 = D2/2 are the inner and outer radii
of the printed cylinder;

• Lth is the layer height (we use Lth = 0.2).

Based on the measured permittivity at 10GHz for fully dense
(100%) samples and in Eqs. (2)–(5), we compute a theoretical
curve that quantifies the contribution of the printed walls to the
intrinsic permittivity of the specimens. The model assumes a
simple volume-weighted mixing law, where the nominal infill
fraction is denoted by α (with 0 ≤ α ≤ 1), and air is approxi-
mated by εair ≈ 1.
The effective permittivity of the measured sample is then

written as

εr = f1εPLA + (1− f1)
(
αεPLA + (1− α)εair

)
,

where

• f1 = VtotalWall/Vsample is the wall volume fraction defined
above;
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FIGURE 5. Comparison of real permittivity at 10GHz for two nozzle
diameters.

• εPLA is the bulk PLA permittivity (taken here from the
measured 100% infill sample for each nozzle diameter);
and

• α is the nominal infill expressed as a decimal (e.g., 50% ⇒
α = 0.5).

With εair ≈ 1, the expression is simplified to

εr = f1εPLA + (1− f1) (αεPLA + 1− α) .

In practice, we use the measured εPLA (100% curve) for each
nozzle diameter and compute εr as a function of α. The result-
ing theoretical curves are plotted in Figure 5 (labeled “Theoret-
ical fit”, shown in the orange and blue lines) and match the ex-
perimental marker data. This wall-volume correction demon-
strates why the measured permittivity does not drop to air at
nominal 0% infill and provides a straightforward geometric cor-
rection for lens design at 10GHz.
Based on the results presented in Figures 3, 4, and 5, the real

part of the relative permittivity exhibits a clearly linear behavior
with respect to infill density. Figure 5 further demonstrates that
this relationship is influenced by the nozzle diameter, due to the
intrinsic permittivity contribution of the sample walls. These
walls, although essential for ensuring the mechanical integrity
of the lens and avoiding direct exposure of the infill structure,
introduce an additional permittivity component that must be
considered. Therefore, this wall-induced effect must be taken
into account in the electromagnetic design of the Luneburg lens
to ensure an accurate control of the spatial permittivity distri-
bution. In the context of our application, the imaginary part of
the permittivity is considered negligible, and only the real part
is used in the electromagnetic modeling and design process.

3. GEOMETRIC STRUCTURE USED FOR LUNEBURG
LENS DESIGN
Based on the electromagnetic characterization of PLA, the ef-
fective relative permittivity of a printed specimen can be ap-
proximated by a linear volume-weighted mixing rule (see [2]):

εtarget = ε1F1 + ε2F2, (6)
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where ε1 is the relative permittivity of PLA at 100 infill, ε2 is
the relative permittivity of air (approximately 1), and F1 and
F2 = 1 − F1 are the volume fractions of PLA and air, respec-
tively. This model provides a practical way to predict the ef-
fective permittivity as a function of nominal infill density — a
necessary capability to control the radial permittivity gradient
required for Luneburg-lens design.

3.1. Radial Permittivity Gradient Strategy
The design objective is a radial permittivity profile varying
from εr = 2.0 at the centre to εr = 1.0 at the outer surface. We
implement this profile by setting different nominal infill frac-
tions in concentric shells during FFF 3D printing. Using the
linear mixing assumption and writing air permittivity as unity,
the nominal PLA volume fraction required to obtain a target
permittivity εtarget is

F1 =
εtarget − 1

εPLA − 1
, (7)

where εPLA is the experimentally measured permittivity of the
fully dense PLA sample, and F1 is the nominal infill ratio to be
set in the slicer (expressed as a fraction between 0 and 1, or as
a percentage).
However, printed parts include solid perimeters (walls) that

occupy a non-negligible volume fraction, even when the inte-
rior infill fraction is low or nominally zero. These walls pro-
duce an intrinsic baseline permittivity: neglecting them leads
to overestimating how close the measured permittivity gets to
air at low infill, thus biasing lens performance predictions.
To illustrate the layered implementation we use in the lens,

Figure 6 shows the concentric-shell discretization and its cor-
responding target permittivity values.

ε = 2.0
ε = 1.8
ε = 1.6
ε = 1.4
ε = 1.2

Sphere diameter

FIGURE 6. Layered implementation: concentric shells and their target
permittivity values.

To mitigate the wall contribution, we compute the wall and
shell volumes. For the external spherical shell (outermost
layer), we use:

Vshell =
4

3
π
(
r35 − r34

)
, (8)

Vwall,ext =
4

3
π
(
r35 − (r5 − wth)

3
)
, (9)

with r5 being the outer radius of the external shell (layer 5),
r4 the radius of the previous shell, and wth the printed wall
(perimeter) thickness. Typical slicing defaults used here are

wth = 0.44 for a 0.4mm nozzle and wth = 0.22 for a 0.2mm
nozzle.
The wall fraction of the external shell is

fwall,ext =
Vwall,ext
Vshell

=
r35 − (r5 − wth)

3

r35 − r34
. (10)

For illustration, assuming five concentric shells of equal ra-
dial thickness in a lens of total diameter 150mm (so r5 = 75
and r4 = 60), and usingwth = 0.44, we obtain fwall,ext ≈ 3.6%.
Although small, this contributionmust be taken into account for
precise permittivity control.
The computed infill percentages for the five concentric lay-

ers (derived via Eq. (7) with εPLA = 2.5) are summarized in
Table 1.

TABLE 1. Required infill percentages for a 5-layer spherical lens (total
diameter 150mm, εPLA = 2.5).

Layer εtarget Infill F1 (%)
5 1.2 10
4 1.4 27
3 1.6 40
2 1.8 53
1 2.0 66

3.1.1. Infill Pattern: Grid vs. Gyroid

Beyond the infill fraction itself, the choice of infill pattern
affects mechanical strength and may slightly influence elec-
tromagnetic properties (phase delay, effective anisotropy).
Two patterns were evaluated: the grid pattern (faster, lower
stiffness) and the gyroid pattern (slower, better isotropy
and strength). Figure 7 shows cross-sectional views of the
printed lens central plane, illustrating the two patterns and the
associated infill distribution.

3.2. Practical Mounting and Flange Design
To simplify the alignment and attachment of the X-band rect-
angular waveguide during measurement and use, a dedicated
guide flange (bracket) was integrated on the lens surface. This
flange allows quick mechanical alignment and reproducible po-
sitioning of the waveguide onto the lens; metallic inserts secure
a rigid, centred connection that avoids air gaps and mechanical
play.
Figure 8 shows the manufactured lenses and the mounting

system used in the measurements.

3.2.1. Selective Wall Removal at Waveguide Interface (Figure 8)

To reduce the perturbing influence of the printed wall at the
waveguide aperture, we selectively removed the perimeter at
the guide exit while preserving the rest of the sphere walls. This
local modification lowers the intrinsic permittivity contribution
directly in the coupling regionwithout compromising the global
mechanical integrity.
Figure 8 illustrates: (a) the flange and alignment system, (b)

the assembled lens with mounting, and (c) a close-up of the
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(b)(a)

FIGURE 7. Cross-sectional views of the printed spherical lenses showing the infill patterns used for each concentric shell. (a) Grid pattern. (b) Gyroid
pattern.

(b)(a)

(d)(c)

FIGURE 8. Manufactured lenses with practical mounting enhancements and different infill patterns. (a) Lens with gyroid infill. (b) Lens with grid
infill. (c) Waveguide mounting system and tripod. (d) Zoom on waveguide interface detail.

waveguide exit showing the removed wall (schematic/photo).
Replace the placeholders below with the final images one
prefers for panels (a)–(c).

3.3. Manufacturing Note: Single-Perimeter Effects

Printing the outermost shell with a single perimeter (one exte-
rior pass of thickness wth) may produce visible surface irreg-
ularities and local thickness inconsistency. Although a single
perimeter helps reduce the wall volume contribution to permit-
tivity, it introduces an undesirable variation of the external sur-

face quality and local dielectric thickness. In our production
tests, we therefore balanced the following trade-offs:

• Minimise wall-induced permittivity bias by reducing
unnecessary perimeters at the waveguide interface (selec-
tive removal), and

• Preserve mechanical robustness by keeping perimeters
elsewhere or increasing nominal infill for layers where
mechanical support is critical.

The discrete permittivity gradient implemented in the phys-
ical lens and the computed infill percentages for the five con-
centric layers are summarized in Table 1. Figures 6–8 show
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the layered implementation, evaluated infill patterns, manufac-
tured lenses, and mounting/flange details, respectively.

4. MEASUREMENT FUNDAMENTALS
All measurements were performed with an Anritsu MS2038C
VNA at 10GHz (free-space wavelength λ = 0.03m). The re-
lations used to interpret transmission data are the Friis equation

Pr

Pt
= GtGr

(
λ

4πR

)2

(11)

and the aperture-based gain expression

GdBi = 10 log10
(
4πΣ

λ2

)
, Σ = Sfg, (12)

where S is the physical aperture, and fg is an efficiency factor.
The far-field distance is Rfar = 2D2/λ.
With the apertures used here, the theoretical gains at 10GHz

are:

• Rectangular X-band waveguide, 2.25×1.00 cm: Gtheor ≈
4.97 dBi.

• Horn antenna, 7.5× 5.0 cm: Gtheor ≈ 17.19 dBi.

• Circular Luneburg lens,D = 150mm (r = 75mm): G ≈
4π2r2

λ2 ≈ 246 ⇒ Gtheor ≈ 23.92 dBi.

Far-field distances at 10GHz (for reference): lens (D =
0.15m) Rfar ≈ 1.50m; horn (D = 0.075m) Rfar ≈ 0.38m.
These compact relations (Eqs. (11)–(12)) are referenced in

the measurement section that follows.

5. MEASUREMENT OF THE LUNEBURG LENSES
Measurements were carried out for both lens variants (grid and
gyroid infill). All transmission configurations were measured
with a separation ofR = 1.5mbetween the phase centers. This
measurement distance satisfies the far-field condition for the
150mm lens and exceeds the horn far-field distance.

7 8 9 10 11 12 13 14
−55

−50

−45

−40

−35

−30

−25

−20

−15

Frequency (GHz)

S
2

1
(d

B
)

S21 (Frequency)

waveguide-to-waveguide Gyroid Lens-to-waveguide

Grid Lens-to-waveguide Gyroid Lens-to-Horn

Grid Lens-to-Horn Lens-to-Lens
 

FIGURE 9. Measured transmission coefficients (S21) for the four tested
configurations: waveguide-to-waveguide, lensto-waveguide, lens-to-
lens, and lens-to-horn antenna.

Measured transmission coefficients are shown in Figure 9.
From the waveguide-to-waveguide transmission at R = 1.5m
and applying Eq. (11), the measured waveguide gain is

Gguide,meas ≈ 4.9 dBi.

Using this measured reference, the lens gains retrieved from
the lens-to-waveguide transmissions are:

• Gyroid lens: Glens,gyroid ≈ 19.4 dBi.

• Grid lens: Glens,grid ≈ 20.5 dBi.

From the lens-to-horn transmission configurations, the horn
gain is back-calculated, yielding

Ghorn ≈ 15.58 dBi (from grid lens),
Ghorn ≈ 14.86 dBi (from gyroid lens).

For comparison with measurements, electromagnetic sim-
ulations were performed in Computer Simulation Technology
(CST). The simulated peak E-plane gain is 20.8 dBi (see Fig-
ure 10), consistent with the measured lens gains above.

FIGURE 10. Simulated radiation pattern in the E-plane at 10GHz,
showing a peak gain of 20.8 dBi.

6. INSERTION LOSS CHARACTERIZATION
To quantify the insertion losses introduced by the 3D-printed
Luneburg lens materials, a simple and reproducible waveguide-
based measurement was carried out. A representative segment
of each lens (grid and gyroid infill) was inserted directly in-
side a standard rectangular waveguide section, as illustrated in
Figure 11. The method allows a direct comparison of transmis-
sion through the printed dielectric structures under controlled
and well-defined boundary lens piece precisely machined to fit
the waveguide aperture. All measurements were performed at
10GHz using an Anritsu MS2038C vector network analyzer.
Prior to testing, a full two-port conditions. Two 100mmwaveg-
uide extensions were assembled to accommodate the device
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(b)

(a)

(c)

FIGURE 11. Photographs of the insertion-loss test pieces and their placement inside the rectangular waveguide. (a) Grid and gyroid pieces used as
DUTs. (b) Gyroid piece inserted into the rectangular waveguide. (c) Gyroid piece partially inserted into the rectangular waveguide.
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FIGURE 12. Measured insertion loss as a function of frequency. The
reference corresponds to the empty waveguide (air, no DUT).

under test (DUT), each consisting of a short lens piece pre-
cisely machined to fit the waveguide aperture. All measure-
ments were performed at 10GHz using an Anritsu MS2038C
vector net work analyzer. Prior to testing, a full two-port short-
open-load-through (SOLT) calibration was performed using a
coax-to-coax through connection, without the waveguide sec-
tions, in order to quantify the baseline losses of the empty mea-
surement system.
The measured transmission data are presented in Figure 12.

Three measurement traces are shown: the empty-waveguide
reference (extension only, blue trace), the waveguide con-
taining the gyroid-filled lens segment (orange trace), and the
waveguide containing the grid-filled lens segment (purple
trace). Insertion loss for each DUT is obtained by comparing

the DUT trace to the empty-waveguide reference at the
measurement frequency (10GHz).
From the data in Figure 12, the insertion losses at 10GHz

are:

• Grid infill: ≈ 1.5 dB,

• Gyroid infill: ≈ 1.1 dB.

These values are reported without further correction and cor-
respond to the short-piece insertion configuration described
above. The observed difference between grid and gyroid fill-
ings may arise from different effective permittivities and in-
ternal scattering within the printed structures; a more detailed
analysis (thickness dependence, repeatability, and environmen-
tal sensitivity) is left for subsequent work.

7. NEAR-FIELD MEASUREMENT OF THE LUNEBURG
LENS
Measurements were performed at f = 10GHz with WR-90
waveguides. The on-axis transmission coefficients measured
at a separation of R = 0.15m (distance between waveguide
faces (see Fig. 13)) are

S21,empty = −25.45 dB, S21,lens = −23.12 dB,

i.e., an on-axis transmission improvement of ∆S21 =
+2.33 dB when the 3D-printed Luneburg lens is inserted (see
Fig. 14).
The free-space path loss at R = 0.15m and λ = 0.03m

(10GHz) is

FSPL = 20 log10
(
4πR

λ

)
≈ 35.96 dB.

From the empty guide-guide measurement and Friis in dB,

S21 = Gt +Gr − FSPL,
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(b)

(a)

FIGURE 13. Photographs of the experimental setups used for the trans-
mission measurements, with 15 cm distance indicated. (a) Guide-lens-
guide configuration (top view). (b) Guide-guide reference configura-
tion (no lens).

and assuming identical guide apertures on both sides, the equiv-
alent guide gain is

Gguide ≈
S21,empty + FSPL

2
=

−25.45 + 35.96

2
≈ 5.26 dBi.

The measured change in transmission when the lens is inserted
is

∆S21 = S21,lens − S21,empty = +2.33 dB.
The antenna gain of an aperture can be written as

G =
4πAe

λ2
,

where Ae is the effective aperture. This expression can be in-
verted to obtain

Ae =
Gλ2

4π
, ηA =

Ae

Ag
,

with Ag being the geometric capture area of the antenna (here
the physical aperture area).
For the guide we useAg,guide = 2.25 cm2 (value used for the

reference). Converting Gguide = 5.26 dBi to linear scale and
applying the formula with λ = 3 cm yields

Ae,guide ≈ 2.40 cm2.
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FIGURE 14. Measured transmission coefficient |S21| for guide-guide
without lens and with the Luneburg lens inserted at R = 0.15m.

Thus, the apparent aperture efficiency of the guide is

ηA,guide ≈
2.40

2.25
≈ 1.06,

i.e., about 106% (this value above unity indicates a small mea-
surement uncertainty on the reference, on the order of 6%).
If the lens is interpreted as replacing one aperture (lens-to-

guide configuration), the apparent on-axis gain of the lens-fed
aperture is

Glens,apparent = S21,lens + FSPL−Gguide ≈ 7.59 dBi.

Using this gain,
Ae,lens ≈ 4.11 cm2,

and with the lens geometric area

Ag,lens = π(7.5 cm)2 ≈ 176.7 cm2,

the aperture efficiency is

ηA,lens ≈
4.11

176.7
≈ 0.023(2.3%).

If we account for a similar relative uncertainty as observed on
the guide (6%), the efficiency range becomes approximately
[0.0219; 0.0247] (i.e., about 2.2–2.5%).
If instead the lens affects both feed apertures symmetrically,

the measured ∆S21 = 2.33 dB corresponds to about 1.17 dB
gain increase per aperture. In that symmetric interpretation, the
per-aperture on-axis gain with the lens is

Gper face,with lens ≈ Gguide + 1.17 ≈ 6.42 dBi,

which gives

Ae,lens,sym ≈ 3.14 cm2, ηA,lens,sym ≈ 3.14

176.7
≈ 0.0178.

Despite the near-field measurement geometry, the insertion
of the 3D-printed Luneburg lens produces a clear and measur-
able increase in S21 (+2.33 dB at 10GHz). However, when
these measured gains are converted back to equivalent capture
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area, the effective reception area is very small compared to the
physical lens area: on the order of a few cm2 versus 176.7 cm2

geometric area, i.e., an apparent aperture efficiency of roughly
1.8–2.3% at the 15 cm measurement distance. This indicates
that, in the present feed and distance configuration, the large
lens aperture is strongly under-illuminated, and much of the ge-
ometric area does not contribute effectively to received power.
The above numerical values have been checked and are consis-
tent with the measured S21 values and the FSPL used.

8. DISCUSSION
The experimental results demonstrate that 3D-printed Luneb-
urg lenses substantially improve the transmission between a
standard WR-90 waveguide and several receiving configura-
tions. Using the measured transmission data, the waveguide
reference gain was found to be approximately 4.9 dBi. From
the lens-to-waveguide measurements, we retrieved peak gains
of 19.4 dBi for the gyroid lens and 20.5 dBi for the grid lens.
Electromagnetic simulations (peak E-plane gain 20.8 dBi) are
consistent with these measured values.
Insertion loss measurements were performed by placing

short printed segments inside a rectangular waveguide and
comparing the transmitted power to an empty-waveguide
reference. At 10GHz, the measured insertion losses are
approximately 1.1 dB for the gyroid segment and 1.5 dB for
the grid segment. These insertion losses quantify the material
and structural losses introduced by the printed dielectric and
must be considered when comparing measured antenna gains
to the ideal aperture theory.
The measured lens gains translate to substantial aperture ef-

ficiencies compared to the lens geometric area. Using

Ae =
Gλ2

4π
, ηA =

Ae

Ag
,

with Ag = π(D/2)2 and D = 0.15m, the measured gains
give the following effective apertures and efficiencies: for
G = 19.4 dBi (gyroid) ηA ≈ 35%, and for G = 20.5 dBi
(grid) ηA ≈ 45%. These efficiencies indicate that the printed
lenses capture a large fraction of their physical aperture in the
far-field measurement configuration (R = 1.5m), despite the
discrete, piecewise implementation of the permittivity gradient
and measured insertion losses.
It is useful to contrast the above far-field results with the near-

field measurements made at 0.15m (guide-lens-guide). In that
near-field geometry, the lens insertion produced an on-axis S21

improvement of+2.33 dB. Interpreting this near-field result as
an apparent per-aperture gain leads to much lower apparent ef-
ficiencies (order of a few percent, 1.8–2.3%) because the feed
under-illuminates the large lens aperture, and the measurement
is carried out inside the lens Fraunhofer distance. Thus, near-
field S21 improvements are useful for quantifying local cou-
pling gains and evaluating feed-lens matching, but they do not
substitute far-field gain and efficiency measurements.
Possible origins of the observed differences between the two

printed designs are as follows:

• small variations in effective permittivity distribution
caused by differences in infill geometry and local volume
fraction;

• slight differences in printed geometry (dimensional toler-
ances, surface roughness) and in the selective perimeter
removal at the waveguide interface;

• different internal scattering behaviour: gyroid and grid
patterns produce different sub-wavelength structure ge-
ometries that affect phase uniformity and internal scatter-
ing losses;

• the measured insertion losses (1.1–1.5 dB), which reduce
the realized gain and may differ slightly between infill
types.

From a manufacturing and practical viewpoint, the two infill
patterns present trade-offs:

• the grid infill is faster to print and therefore attractive
when rapid prototyping or short production time is re-
quired; it delivered the highest measured gain in this study
(20.5 dBi);

• the gyroid infill provides more isotropic mechanical
behaviour and generally better resistance to deforma-
tion, which is advantageous for robust, load-bearing or
vibration-prone applications; it showed slightly lower
insertion loss and a marginally lower gain (19.4 dBi),
which may reflect its different dielectric microstructure.

These mechanical differences suggest that the choice of infill
should be guided both by electromagnetic performance and by
mechanical/production constraints.
Material considerations and future work. The present results,

obtained with standard PLA (and limited resin tests), show that
low-cost FFF approaches can yield high-performance dielec-
tric lenses. To further improve performance and better separate
material loss from geometric/illumination effects, a system-
atic material study is recommended. Candidate filament and
resin materials to characterize (permittivity and loss tangent)
include Polyethylene Terephthalate Glycol (PETG), Acryloni-
trile Styrene Acrylate (ASA), Acrylonitrile Butadiene Styrene
(ABS), and Thermoplastic Polyurethane (TPU), as well as low-
loss printable resins. For each material, it is important to mea-
sure both the real part of the permittivity and the loss tangent at
the operating frequency (e.g., using the EpsiMu PC7mm cell
or similar), and to repeat insertion-loss tests on representative
printed structures. These data will enable:

• selection of low-loss materials that reduce insertion loss
and increase realized gain;

• optimization of infill fraction and pattern for a given ma-
terial to reach the target permittivity profile with minimal
dissipation;

• trade-off analyses between mechanical robustness (gyroid
advantage) and printing time/cost (grid advantage).
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We note that resin should be treated as one material family
among several to test; the discussion here focuses on a range
of FFF filaments because they are widely available and conve-
nient for large lumps, but comparative testing of resins (includ-
ing low-loss formulations) remains valuable.
Recommendations for further characterization and valida-

tion. To complete the electromagnetic assessment and to sup-
port quantitative comparisons, we recommend:

1. direct dielectric characterization (real and imaginary parts)
of PETG, ASA, ABS, and TPU filaments printed with the
same process settings used for lenses;

2. measurement of S11 (reflection) on the mounted
waveguide-lens interface to quantify mismatch losses and
to separate mismatch from material absorption;

3. far-field pattern measurements (R ≳ 1.5m) or NF (Near
Field) → FF (Far Field) ransformations from planar/scan
probes to obtain full 2D radiation patterns and accurate
directivity values;

4. parameter sweeps of feed position and orientation
to optimize the feed-to-lens coupling and minimize
under-illumination or phase errors;

5. a thickness-dependence study for insertion loss (different
segment lengths) to separate surface/interface effects from
bulk material losses and scattering.

In summary, the measured gains (19.4 and 20.5 dBi), mod-
erate insertion losses (1.1–1.5 dB), and agreement with simula-
tion (20.8 dBi) together indicate that discrete, 3D-printed per-
mittivity gradients can effectively approximate a Luneburg lens
at X-band. The printed lenses combine good electromagnetic
performancewith low fabrication cost and short print times, and
they offer a flexible platform for further optimization through
material selection, infill geometry tuning, and improved feed
engineering.

9. CONCLUSION
This work demonstrates the feasibility and competitive perfor-
mance of low-cost, 3D-printed Luneburg lenses realized by dis-
crete permittivity gradients. Experimental measurements con-
firm that these lenses substantially improve transmission gain
compared to a bare waveguide and compare favourably with
a standard horn antenna. The grid lens reached a measured
peak gain of 20.5 dBi and the gyroid lens 19.4 dBi; these values
closely match the simulated peak gain of 20.8 dBi.
Measured insertion losses of representative printed segments

were moderate, approximately 1.5 dB for the grid pattern and
1.1 dB for the gyroid pattern at 10GHz. These insertion losses
partly explain the difference between the ideal aperture theory
and the realized gain and must be accounted for when the over-
all system performance is assessed.
From the measured far-field gains and lens geometric area

(D = 150mm), we obtain effective apertures and aperture ef-
ficiencies of the order of tens of percent: the gyroid lens corre-
sponds to an aperture efficiency of approximately 35%, while

the grid lens reaches about 45%. These efficiencies show that
the discrete, infill-based approximation of the Luneburg gradi-
ent captures a large fraction of the lens physical aperture in the
far-field measurement configuration. By contrast, near-field
measurements at 0.15m (guide-lens-guide) yield a local, appar-
ent per-aperture gain in the range 6.4–7.6 dBi and a much lower
apparent aperture efficiency (roughly 1.8–22.3%), reflecting
under-illumination and near-field coupling; such near-field fig-
ures should therefore be interpreted as local coupling indicators
rather than far-field performance metrics.
The comparison between the two infill designs highlights

relevant trade-offs. The grid infill is faster to print and pro-
duces the highest measured gain in this study, while the gy-
roid infill provides more isotropic mechanical properties and
slightly lower insertion loss. These mechanical differences
(gyroid = more isotropic, grid = faster printing) should guide
design choices depending on whether electromagnetic perfor-
mance, mechanical robustness, or manufacturing throughput is
prioritized.
For further performance improvements and a more complete

understanding of loss mechanisms, systematic material charac-
terization is required. We recommend dielectric measurements
(real permittivity and loss tangent at X-band) and insertion-
loss tests for candidate printing materials, such as PETG, ASA,
ABS, and TPU, in addition to the already tested PLA and resins.
These data will allow the selection of lower-loss materials, op-
timization of infill fraction and pattern to achieve target per-
mittivity with minimal dissipation, and informed trade-offs be-
tween mechanical strength and electromagnetic performance.
Finally, to fully validate and compare lens designs, we ad-

vise the following characterization steps in future work: (i)
full far-field pattern measurements (or NF → FF transforma-
tions) to obtain complete directivity and sidelobe information;
(ii) S11 measurements on the mounted waveguide-lens inter-
face to quantify mismatch losses; (iii) feed-position sweeps to
optimize illumination and minimize phase errors; and (iv) para-
metric studies of infill geometry and printed wall thickness to
separate geometric scattering from bulk material losses.
In summary, discrete, 3D-printed Luneburg lenses produced

by standard FFF processes combine good electromagnetic per-
formance, moderate insertion loss, and very low fabrication
cost, offering a flexible platform for rapid prototyping and for
further optimization through material selection and infill de-
sign.
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