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Abstract—Fully metallic geodesic lens antennas are popular for
millimeter-wave band applications due to their simplicity, robust-
ness, and low loss. Here, we report the experimental results of a
geodesic lens array antenna, which was specifically designed to
be additive-manufactured in one single piece using laser powder-
bed fusion (LPBF). LPBF in aluminum alloy AlSi10Mg is able
to produce high conductivity and relatively low surface rough-
ness, so the antenna is highly directive and efficient. In addition,
LPBF increases the robustness of the design since the lens array
is monolithic, i.e., the risks associated with the assembly, including
misalignments and undesired air gaps between pieces, are totally
eliminated.

Index Terms—Additive manufacturing (AM), array antenna,
geodesic lenses, laser powder-bed fusion (LPBF), lens antenna.

I. INTRODUCTION

G EODESIC lens antennas have shown potential for many
applications in the millimeter-wave (mm-wave) regime,

such as radars, space, and terrestrial communications. The main
advantages of this type of antennas are their multibeam capa-
bilities, high efficiency, and cost-effective manufacturing [1]. A
geodesic lens is a homogeneous lens that, by adding a third
dimension, mimics the wave path of a planar graded-index
lens [2], [3]. To decrease the total height of these lenses, their
profile can be mirrored as initially proposed in [4], or modulated
as in [5]. Some examples of graded-index lenses that have
been implemented into geodesic shapes are the Luneburg [6],
half-Luneburg [7], [8]; generalized Luneburg [9]; near-field
focusing [10]; half-Maxwell fish-eye [11]; and double-layer
reflective lenses [12].

When these lenses are rotationally symmetric, extreme scan-
ning angles, up to ±75◦ in one plane, have been reported in
the literature [5]. More recently, to scan in two planes, geodesic
lens arrays were proposed in [13]. The final design reported
in [13] operates in the V-band and has four elements that were
manufactured in five identical metallic plates using computer
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numerical control (CNC) milling. To mitigate the undesired
leakage between the plates, glide-symmetric holes were used.
Without these holes, the undesired leakage between the feeds
would degrade the performance of the antenna as reported for a
V-band two-piece geodesic lens antenna in [14].

The aforementioned problems of leakage and misalignment
between pieces can be eliminated using additive manufacturing
(AM). AM is an emerging manufacturing technique that has
proved to be an alternative to conventional subtractive manu-
facturing methods, such as milling. This manufacturing method
was first introduced for weight reduction and improvement of
mechanical properties by applying topological optimization.
AM has advantages over traditional manufacturing methods in
terms of speed, accuracy, and cost effectiveness. In addition, AM
permits the creation of conformal and arbitrary shapes that were
previously unmanufacturable. Although AM has grown mainly
in the mechanical sector, it can also be extrapolated to other
areas. One of the new fields where it has aroused special interest
is microwave technology.

Antennas and microwave devices can be additively manu-
factured using three different techniques. The first technique is
based on fused deposition melting or stereolithography, which
produces plastic parts, which act as dielectric structures. With
this technique, graded-index lenses using discretized layers [15],
[16], [17] or metasurfaces [18], [19], [20], [21] have been
proposed in the literature. The second possibility is to manu-
facture plastic parts and applying a subsequent metallic coating,
commonly nickel [22] or copper [23], [24]. The third option is
to manufacture metal-only components using techniques such
as binder jetting, laser metal deposition, and laser powder-bed
fusion (LPBF).

Here, we will focus in LPBF. This manufacturing technique
consists of an application and deposition of layers of metal
powder of heights of 20–30 μm using a tool called a recoater.
This recoater provides a uniform layer of metal powder on
the printing bed, which is then selectively melted by means
of an energy source, which in the case of LPBF is a laser.
Once the layer of metal powder has been melted, a uniform
layer will be added again by the recoater to continue melting
the material until the piece is completed. This technique has
been recently used for manufacturing microwave components,
such as waveguides filters [25], [26] or horn arrays [27]. In
addition, it is fully compatible with space applications, and it
permits a significant reduction of weight in large structures.
In this letter, we demonstrate the potential of this technique
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Fig. 1. Lens profile of the Rinehart–Luneburg lens and a modified version
with flat transition at the edge.

with the design, manufacturing, and testing of an array antenna
composed of four elements, which are integrated with a 1:4
power divider to provide a uniform phase distribution. This
geodesic lens array antenna working in the V-band has been
specifically designed to be manufactured in a monolithic piece
using AM.

II. DESIGN OF THE GEODESIC LENS ARRAY ANTENNA

The profile of the Rinehart–Luneburg lens is calculated from
the differential equation [28]

dz =

√√√√(1

2
+

1

2
√
1− ρ2

)2

− 1 dρ (1)

where ρ is the normalized radial position and z the normalized
height. The solution to this equation is represented with red color
in Fig. 1 with a radius R = 19.4 mm. The almost vertical edge
of the Rinehart–Luneburg lens profile cannot be manufactured
monolithically using AM, as this technique typically requires
overhanging angles not exceeding 45◦. In order to fulfill with the
manufacturing requirements, the lens profile has been modified
so that the four lenses can be stacked and manufactured in a
single piece. The new profile is optimized using the ray-tracing
model proposed in [29] and it is calculated using the approxima-
tion z = h0(1− ρp)1/q with parameters h0 = 0.56 mm, p = 2,
and q = 1.6. A bend of 3.1 mm radius is added at the end of
the profile to reduce reflections from the abrupt transition. The
modified profile is represented with blue color in Fig. 1.

Thirteen waveguide feeds are added to produce independent
beams with a scanning range of 120◦. The waveguide feeds have
two-stepped transitions that reduce the transversal size of the
waveguide, as proposed in [13], although, in this case, they all
keep a length of 14.2 mm. At the opposite side of the feeds, an
exponential flare is added to match the impedance of the parallel
plate waveguide with free space.

The lens antennas are stacked to form an array antenna with
four elements with an interelement spacing of 3.5 mm (0.7λ at
60 GHz). The array antenna is integrated with thirteen identical
power dividers that distribute the energy between the antenna
elements with a uniform phase distribution. This power divider

Fig. 2. Cross section and perspective views of the geodesic lens array.
Air/vacuum is represented in blue.

Fig. 3. Simulated reflection coefficient for ports 1–7 of the geodesic lens array
illustrated in Fig. 2. Given the symmetry of the antenna, ports 8–13 are omitted.

was previously designed and reported in [13]. It has a 2 dB
difference in amplitude between the middle and side elements
to reduce the side lobe level (SLL) in the vertical plane of the
antenna. A steeper amplitude tapering could be used to further
reduced the SLL, but at the cost of a lower aperture efficiency.
The model of the final design is shown in Fig. 2. A topological
optimization of the metallic part is done to reduce the excess of
material and get a more compact and lightweight design. The
maximum width of the metallic walls is 2 mm.

The simulated reflection coefficients at ports 1–7 of the de-
signed array antenna are shown in Fig. 3. They are below−15 dB
in the frequency band 56–62 GHz.

III. ADDITIVE-MANUFACTURED GEODESIC LENS ARRAY

Traditionally, the use of subtractive manufacturing (CNC
milling) and subsequent assembly of several pieces using screws
has been used to produce geodesic lens antennas, includ-
ing single-lens designs [5], [6], [10], [12], [30] or arrays of
lenses [13]. However, this fabrication method has problems
when scaling in frequency above the Ka-band, for example in V-
band. These problems include misalignment [7] and leakage [14]
between pieces. The leakage was mitigated in [13] and [14] with
the use of glide-symmetric holes.
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Fig. 4. Geodesic lens array in a V-band prototype manufactured additively in
a single piece in aluminum alloy AlSi10Mg.

Fig. 5. Measurement setup in the anechoic chamber at KTH, Stockholm,
Sweden.

Here, we propose the use of LPBF AM technology, also
known as selective laser melting, to obtain a monolithic proto-
type of the geodesic lens array antenna presented in the previous
section. This technique has been recently used to produce a half-
Luneburg lens antenna in [8], eliminating the misalignment and
leakage between pieces, as previously reported in the literature.
However, since it is not possible to reach the inner walls, a
postprocessing (like polishing) to reduce the surface roughness
cannot be undertaken.

For the design of the V-band geodesic lens array, we decided
to use AlSi10Mg aluminium alloy as the material in LPBF due
to its electromagnetic and mechanical properties. AlSi10Mg
has an electrical conductivity of σ = 1.683501 × 107 S/m [31]
and a surface roughness of Δ = 8−10 μm in the as-built part.
The manufactured prototype is illustrated in Fig. 4. To reduce
the surface roughness, and ultimately improve the frequency
response of the geodesic lens array prototype, the antenna was
subjected to two postprocessing treatments. First, we eliminated
the manufacturing supports, and we cleaned the antenna in
order to avoid errors due to sagging or manufacturing imper-
fections. Second, the part was subjected to sandblasting with

Fig. 6. Measured S-parameters for ports 1–7 of the antenna. Given the sym-
metry, ports 8–13 have similar results than ports 1–6.

Fig. 7. Simulated and measured radiation patterns at the lowest and highest
frequencies of operation, which are 56 and 62 GHz. (a) 56 GHz (lowest
frequency). (b) 62 GHz (highest frequency).

glass microspheres to uniformly reduce the surface roughness
to Δ = 4−6 μm.

IV. EXPERIMENTAL RESULTS

The geodesic lens array prototype was measured in a
far-field setup in the anechoic chamber of the Division of



2530 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 22, NO. 10, OCTOBER 2023

Fig. 8. Normalized radiation patterns at 59 GHz for ports 1 to 7 (left to right).

Fig. 9. Simulated (with and without surface roughness) and measured realized
gains.

Electromagnetic Engineering and Fusion Science at KTH, as
illustrated in Fig. 5. The measured reflection coefficient at ports
1–7 of the antenna is illustrated in Fig. 6. Ports 8–13 have similar
results due to the symmetry. In these measurements, time gating
was applied to eliminate the reflections between the flange and
the antenna. The results demonstrate a low reflection coefficient
(below −15 dB) in the full band of operation, 56–62 GHz.
The simulated and measured radiation patterns for ports 1–7
are illustrated in Fig. 7. There is a good agreement between
simulations and measurements, including a low side lobe level,
which is below −10 dB. Similar results were achieved for ports
8–13, although they are omitted here to improve the clarity of
the representation.

In Fig. 8, contour plots of the measured radiation patterns are
depicted. The SLL are below −10 dB in the horizontal plane
and −14 dB in the vertical plane. Finally, the simulated and
measured realized gains for ports 1–7 are shown in Fig. 9. The
simulated gain (in solid lines) varies between 21.2 and 23.3 dB
in the operating frequency band for a lens with conductivity
σ = 1.68× 107 S/m. The maximum scan losses in simulations
are 0.8 dB. The measured gain (in dashed lines) varies between
18.8 and 22.4 dB and the maximum scan losses are 2 dB. This
discrepancy to simulations is attributed to the surface roughness
of the metallic plates that were not taken into account in simu-
lations. A simulation of port 7 was carried out with 8 μm root
mean square (rms) surface roughness as defined in [32]. RMS
measures the deviations in the mean surface. As illustrated in
Fig. 9 in dotted line, there is a better agreement of this simulation
with the measurements.

V. CONCLUSION

We demonstrated that the use of LPBF AM is suitable
for geodesic lens antennas in the V-band. This technique has
several advantages associated with the production of monolithic
geodesic lens arrays, which avoid undesirable leakage between
pieces and misalignment problems. Our experimental results
show a reasonably low surface roughness, which resulted in an
efficient antenna prototype in the V-band. We can conclude that
LPBF can be used to produce low-cost (when compared with
milling techniques) geodesic lens antennas in the millimeter-
wave band up to 62 GHz.
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