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Abstract

Sub-terahertz (sub-THz) frequencies are in the spotlight in the ongoing development
of sixth-generation (6G) wireless communication systems, offering ultra-high data rates
and low latency for rapidly emerging applications. However, employment of sub-THz
frequencies introduces strict propagation challenges, including free-space path loss and at-
mospheric absorption, which limit coverage and reliability. To address these issues, highly
directional links are required. The conventional beam-shaping solutions such as refractive
lenses and parabolic mirrors are bulky, heavy, and costly, making them less attractive for
compact systems. Diffractive optical elements (DOEs) offer a promising alternative by en-
abling precise wavefront control through phase modulation, resulting in thin, lightweight
components with high focusing efficiency. Employing the fused deposition modelling
(FDM) using high-impact polystyrene (HIPS) allows cost-effective fabrication of DOEs
with minimal material waste and high diffraction efficiency. This work investigates the
beam-shaping performance of the FDM-printed structures comparing DOEs and spherical
refraction-based structures, wherein both are aiming for application in sub-THz communi-
cation systems. DOEs exhibit clear advantages over classically employed solutions.

Keywords: diffractive optical elements; beam shaping; sub-terahertz band; high-impact
polystyrene; high-frequency communication; fused deposition modelling

1. Introduction
The sub-terahertz (sub-THz) frequency range is considered to be a key enabler for

next-generation wireless communication systems such as 6G [1–3]. High carrier frequen-
cies, typically employing the 60–300 GHz range, provide very wide bandwidths, allowing
high data throughput, which is essential for the ever-growing number of consumers and
devices, as well as enabling massive Internet of Things (IoT) platforms [4,5]. For example,
the unlicensed 60 GHz band offers several gigahertz of spectrum, enabling multi-gigabit
wireless links in standards like [6,7]. However, operating at such high frequencies intro-
duces free-space path losses and atmospheric absorption, which significantly reduce signal
strength and coverage [8,9]. Free-space path loss increases with frequency—at 60 GHz,
it is approximately 20–30 dB higher compared to currently most employed microwave
bands (e.g., 2–5 GHz). In addition, the 60 GHz band experiences atmospheric absorption
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on the order of 10–15 dB per kilometre [10,11]. To mitigate these losses, highly directional
free-space transmission links between the emitter and receiver parts of the network are
essential. To guarantee high-intensity carrier beam propagation, it is important to enhance
the emitter directivity properties [12,13].

One of the most effective ways to improve directivity and extend the effective propaga-
tion distance is optical beam collimation, allowing us to maintain concentrated irradiance
path in free space. Traditional solutions such as refractive lenses and parabolic mirrors used
for beam focusing are often heavy, bulky, and expensive [14,15]. Thick lenses may also add
extra material-dependent absorption losses and in combination with their size make inte-
gration into compact systems difficult and less efficient. Diffractive optical elements (DOEs)
offer a promising alternative for beam control [14,16–18]. These components use wavefront
engineering to control phase via constructive interference, enabling focusing, beam steering,
and wavefront tailoring with millimetre-scale thickness and low-mass elements [19–22].
They also enable the achievement of a lower F-number, ensuring close focusing with a
wide aperture, required for integration into compact devices. Recent advances in addi-
tive manufacturing, particularly fused deposition modelling (FDM) using high-impact
polystyrene thermoplastic material (HIPS) [23], have demonstrated cost-effective produc-
tion of DOEs with minimal material waste. It has been shown that 3D-printed DOEs can
provide high focusing efficiency and compact designs, making them suitable for complex
sub-THz communication systems [21,24–26]. Printable diffractive optics can be a great
beam-shaping alternative, applicable in sub-THz communication field. It allows us to
maintain or even increase the efficiency of optical systems, while decreasing their physical
parameters, weight and production cost. These characteristics are particularly relevant for
scenarios requiring multiple highly directive links deployed in close proximity, such as
dense urban access points and indoor network infrastructures. This allows for integration
opportunities into small, easily integrable communication devices, which is relevant for
production of densely packed 5G/6G stations in urban areas [12].

In this work, we focus on the design and modelling of FDM-printed diffractive ele-
ments for sub-THz communication systems. We analyse the potential use of Fresnel lenses
and their variations to improve link directivity, reduce propagation losses, and enable
scalable integration into next-generation wireless networks. Finally, experimental results
are also provided, demonstrating link directivity improvements over an uncollimated
beam, as well as a comparison to the conventional spherical lens.

2. Materials and Methods
The present investigation focuses on the development of DOEs designed to collimate

electromagnetic radiation emitted by a commercial 60 GHz source. Beam-shaping is
achieved using a diffraction-based element, which is configured employing a non-paraxial
phase-surface design equation, expressed as

φ(x, y) = −k
(√

f 2 + (x − x0)2 + (y − y0)2 −
√

f 2 + x2
0 + y2

0

)
. (1)

Here, k is a wavenumber, f is the focal length, x and y are phase-surface coordinates, and
x0 and y0 are the focal point coordinates. The required phase-shift for the calculated profile
of the structure was achieved by varying the thickness of the structure at each point of
the phase surface. HIPS was selected for the fabrication due to its compatibility with a
simple and cost-efficient 3D printing method, as well as its refractive index of n = 1.53 [27],
allowing us to achieve 2π phase modulation by increasing the thickness of the diffractive
element by 7 mm. Designs have been fabricated employing a Creality K1 (Creality 3D
Technology Co., Ltd., Shenzhen, China) extrusion 3D printer. Despite being compatible
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with the smaller ones, a printer nozzle with a diameter of 0.4 mm was chosen intentionally
to reduce the fabrication time and in turn the possibility of printing errors. The selected
nozzle diameter is considered small enough, since it is an order of magnitude smaller than
the wavelength of interest, making the surface roughness effectively invisible to sub-THz
radiation. A vertical resolution of 0.1 mm was set to ensure good quality in every layer. A
printing infill of 100% was used to ensure a continuous optical path within the lens material,
which is crucial for lens performance. The printing of one component takes ≈6 h. The
elements were designed in the shape of a 12 cm × 12 cm square with a supporting frame of
1 cm width. The elements were printed on an HIPS base of 2 mm thickness. Additional
holes were drilled for the mounting of the lens, as shown in Figure 1b.

Figure 1. (a) Schematic representation of the experimental setup for angular characterisation of the
structures. The measurement was conducted in an anechoic chamber. The emitter and the designed
element were rigidly mounted, and the assembly was positioned on an angle-controlled tripod. At a
distance of 4.4 m, a detector—the same chip, but without any beam-shaping solution—was placed.
Angular intensity dependency was achieved by rotating the source coupled with the element. The
inset above reveals a photo of the anechoic chamber during the characterisation. (b) A photo of one
of the fabricated Fresnel type lenses, with a structure thickness of 7 mm. (c) A photo of the spherical
lens, featuring an identical focal distance, with a structure thickness of 74 mm.
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The commercial Peraso PRM2141X mmWave Module (Peraso Technologies Inc.,
San Jose, CA, USA) was employed as the emitter and detector for the characterisation
of the fabricated lenses. The detector/emitter operates in the millimetre-wave V-band
and is equipped with a 16-element phased-array antenna supporting enhanced elec-
tronic beam-shaping. The array provides a maximum gain of 16.1 dBi and a maximum
EIRP of 38 dBm. The antenna exhibits a −10 dB beamwidth in the range of 79–115◦,
which is channel-dependent and results in less than −3 dB gain degradation under small
beam-steering angles. A frequency of 60 GHz was initially chosen, although the emitter
is designed to operate across the 57–71 GHz range covering 13 channels according to the
802.11 ad [7]. Such capabilities of the emitter facilitate future studies related to the compati-
bility of the proposed and existing solutions across the whole range of operation. The same
module, but without any beam-shaping solution, was used as a detector in the setup.

The fabricated elements were characterised by measuring the spatial signal distribu-
tion (intensity dependency on the angle). This was performed in an anechoic chamber
environment to avoid any external noise and reflection from different surfaces. The cham-
ber dimensions are 8.4 m × 4.6 m × 3.7 m. Conforming to the IEC EN 61000-4-3 standard for
electromagnetic emission measurement, the anechoic chamber provides a perfect environ-
ment for the research of next-generation communication systems and their components [28].
Fabricated lenses were rigidly mounted on the 60 GHz emitter at the focal distance of the
structure (the focal distance was checked by measuring the same setup and adjusting the dis-
tance between the source and the sample). The system was placed on an angle-controlling
tripod, covering 180 degrees of the horizontal plane. The detector was positioned at a
0-degree angle at the same height and kept at a constant position. The distance between
the source and the detector was kept constant at L = 4.4 m. By rotating the emitter–lens
system, a full 180-degree beam profile was recorded. Rotation in the vertical plane was
not performed due to lens and emitter antenna array symmetry. The experimental setup is
displayed in Figure 1a.

3. Results
In order to ensure the correctness of the design, prior to the fabrication, the

beam-shaping abilities of the generated structures were theoretically checked. This was
done by employing the FDTD method provided by the CST Studio Suite 2026 (Dassault
Systemes Simulia Corp., Johnston, RI, USA) software. Figure 2a presents simulations of
the beam-shaping element in which the refractive index of the material is varied. During
these simulations, the design of the structure was adjusted to account for the changed
refraction index. The refractive index was varied over the range from 1.3 to 1.7 to account
for the limited accuracy of the TDS-based measurement method at the 60 GHz operating
frequency, as the TDS characterisation system specifies reliable performance only down to
100 GHz. The simulations reveal that beam-shaping structure fabrication is possible in a
considerably wide range of the refractive index; however, a significant impact on the electric
field strength at the focal point exists at low refraction indexes. A change in electric field
strength by approximately 12% has been observed for a refraction index change of ∆n = 0.2.
It is additionally revealed in Figure 2b that an increase in the lens cross-sectional width (the
non-optical, volumetric portion used for mechanical support rather than focusing) shifts
the focal point slightly toward the lens, but the displacement is negligible and does not
influence the radiation intensity.

The detailed modelling analysis led to a selection of optimal Fresnel lens parameters
for collimating the emitter beam. A lens diameter of 12 cm and a mounting-base thickness
of 2 mm were chosen, resulting in an effective average lens thickness of 9 mm. Full width at
half maximum (FWHM) and depth of focus (DOF) are considered the main beam-shaping
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efficiency-characterising parameters at the particular stage of the research. As revealed
at Figure 3, FWHM = 4.3 mm and DOF = 13.3 mm have been observed. The Fresnel
lens design yielded a focal length of 54 mm, corresponding to an F-number of F# = 0.45.
For comparison with the non-paraxial diffractive design, a conventional refraction-based
spherical lens was also designed and fabricated. A similar focal length of 50 mm was
selected for this lens; however, the resulting F-number was higher, at F# = 0.74.

Figure 2. Electric field strength intensity profiles along the optical axis for structures of different
refractive index (a) and base layer thickness (b). The refraction index sweep reveals the beam-shaping
abilities of the structures, fabricated from different materials of different refraction indexes. A decrease
in efficiency is observed with a decrease in the refraction index. Base layer thickness is shown to
have an insignificant effect on the beam-shaping abilities of the structure due to low absorption of
the frequency range of interest in the material.

Figure 3. Electric field strength distribution of the lens, selected for fabrication (diameter 12 cm,
designed focal distance 50 mm). Distributions are revealed for the x-z plane (a) and for the main lines
of interest: perpendicular to the optical axis at focal point (b) and along the optical axis (c). Full width
at half maximum (FWHM) of 4.3 mm and depth of focus (DOF) of 13.3 mm have been observed.

The main experimental results consist of detailed emitter beam directivity measure-
ments incorporating conventional spherical lens and a wide-aperture Fresnel lens. The
acquired angular beam dependencies for the bare emitter or the emitter system enhanced
with either a spherical or Fresnel lens are presented in Figure 4. The performance of
the beam-shaping solution is compared in terms of both the spatial profile of the colli-
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mated beam and its intensity at the target direction, e.g., 0◦ intensity. Considering the
spatial profile, both the spherical and Fresnel lenses exhibit a significant reduction in the
FWHM compared to the directivity of the bare emitter (the FWHM of the bare emitter
was found to be FWHMbare ≈ 37.8◦). However, the difference in collimated beamwidth
between the two lenses was found to be considerably small; the spherical lens resulted in an
FWHM of FWHMSpherical ≈ 3.23◦ compared to FWHMFresnel ≈ 3.19◦ for the Fresnel lens.
This indicates that the phase-domain beam-shaping mechanism in the fabricated Fresnel
lens achieves an efficiency comparable to that of conventional refraction-based lenses.
The advantage, due to the lower absorption of the material of the proposed diffractive
beam-shaping solution, arises when comparing the target intensity of the lenses. In the
case of Fresnel lens, a distinct enhancement is observed, compared to the classical spherical
lens. The measured beam intensities between the two lenses differ by more than one order:
−0.64 µW for the spherical element and 8 µW for the Fresnel lens.

Figure 4. Angular power distribution (in dBm) for the bare emitter or the emitter system, enhanced
with spherical or Fresnel beam-shaping solution. The insets above reveal the same distribution on
the mW scale and in the polar coordinate system. Note a similar increase in beam-shaping directivity
efficiency, arising by enhancing the system with a beam-shaping solution (an FWHM decrease by
10 times is observed). Also note a significantly larger 0◦ intensity for the system, enhanced with the
Fresnel beam-shaping structure compared to the spherical beam-shaping structure.

The pronounced increase in beam intensity can be attributed to two primary factors.
The first is related to the absorption of the emitted signal within the lens material. The
effective thicknesses of the Fresnel and spherical lenses were 7 mm and 74 mm respectively.
Considering the absorption coefficient of the HIPS polymer at 60 GHz to be 10 m−1 [29],
the corresponding absorption losses were estimated at 6.8% and 32.3%. Although these
values indicate a notable contribution to the overall intensity attenuation, lens absorption
losses alone are insufficient to explain the experimentally observed differences between the
two lenses. The second contributing factor concerns the numerical aperture (NA) of the
collimating lens. When the emitter is positioned close to the lens, a high NA is essential
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to effectively capture the broad radial emission of the active 4 × 4 phased-array antenna.
The related F# values for spherical and Fresnel lenses are 0.74 and 0.45; thus, in the latter
case, a more significant part of the emitter beam is captured. This may be the defining
factor of the observed experimental result and the differences in 0◦ intensity. Overall, a
clear advantage of the diffraction-based lens can be seen compared to the conventional,
spherical lens design.

4. Discussion
The presented research is expected to significantly contribute to the extensively

emerging new generation communication technologies including but not limited to the
60 GHz-based network. Until now, in newly appearing commercially available prod-
ucts, employment of diffractive beam-shaping elements is found as vague or non-existent.
The proposed research reveals promising possibilities for the practical implementation of
these components, leading to 12.5 times more efficient beam-shaping (0◦ intensity wise),
which in turn lays the foundation for the enhanced implementation of 6G+ communication
technology in real-life applications.

The results indicate that the proposed approach maintains comparable beam-shaping
efficiency while achieving a higher target intensity at 0◦, thereby outperforming classical
refraction-based beam-shaping solutions. While similar beam spread is maintained, the
Fresnel structure shows a pronounced increase in the on-axis (0◦) intensity exceeding
one order of magnitude. This approach provides significant fabrication material savings
as a result of the substantially decreased structural volume, thereby reducing the mass
of the final solution. Finally, the use of diffraction-based beam-shaping solutions offers
an additional advantage: since the element design is defined in the phase plane, it can
be readily adapted to generate not only focused Gaussian beams but also other beam
types, such as Bessel, Airy, and related structured beams. Although the present study
focuses on a single proof-of-concept structure operating at a representative frequency, the
underlying design methodology is not limited to these parameters. The approach can be
straightforwardly extended to different frequencies, focal distances, and beam-shaping
requirements, forming a basis for future systematic investigations. This provides additional
flexibility, leading to better adaptation and efficiency in particular tasks.

In summary, the investigated diffraction-based lens revealed highly efficient beam
collimation, surpassing the traditional refractive lens and offering promising opportunities
for employment in close-range high-speed/high-volume data transfer systems. Further
development of such systems is considered crucial to further enhance currently emerging
wireless communication networks in densely populated environments and to address
the rapidly increasing number of IoT solutions oriented toward smart city and smart
environment applications.
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NA Numerical Aperture
TDS Time-Domain Spectroscopy
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and paraffin-based terahertz optical components. Lith. J. Phys. 2023, 63, 233–240. [CrossRef]

28. IEC 61000-4-3:2020; Electromagnetic Compatibility (EMC)—Part 4-3: Testing and Measurement Techniques—Radiated, Radio-
Frequency, Electromagnetic Field Immunity Test. International Electrotechnical Commission: Geneva, Switzerland, 2020.
Available online: https://webstore.iec.ch/en/publication/59849 (accessed on 7 January 2026).

29. Pérez-Escribano, M.; Márquez-Segura, E. Parameters Characterization of Dielectric Materials Samples in Microwave and
Millimeter-Wave Bands. IEEE Trans. Microw. Theory Tech. 2021, 69, 1723–1732. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/instruments10010010

http://dx.doi.org/10.1109/TMTT.1961.1125382
http://dx.doi.org/10.3390/s21010100
http://dx.doi.org/10.3952/physics.2023.63.3.2
http://dx.doi.org/10.1117/12.541237
http://dx.doi.org/10.1038/s41377-022-01007-z
http://dx.doi.org/10.3389/aot.2023.1310578
http://dx.doi.org/10.1002/lpor.202301197
http://dx.doi.org/10.3390/s25010131
http://www.ncbi.nlm.nih.gov/pubmed/39796922
http://dx.doi.org/10.1007/s10762-014-0122-8
http://dx.doi.org/10.1364/OL.41.001748
http://www.ncbi.nlm.nih.gov/pubmed/27082335
http://dx.doi.org/10.3390/app12073545
http://dx.doi.org/10.3952/physics.2023.63.4.5
https://webstore.iec.ch/en/publication/59849
http://dx.doi.org/10.1109/TMTT.2020.3045211
https://doi.org/10.3390/instruments10010010

	Introduction
	Materials and Methods
	Results
	Discussion
	References

