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Extremely high frequencies used in future wireless communication systems such as 6G require low loss
materials to avoid wasting power and maintain acceptable efficiency. Furthermore, especially in the
internet of things (loT) applications, low weight and the possibility to focus the radiation pattern in the
desired direction would also improve the communication between units and reduce the required signal
power. Radio frequency (RF) lenses for signal focusing can be made from low loss and low relative
permittivity materials. In this work, the development of sustainable composites with a relative permittivity
of ~1.15 and loss tangents in the range of 107 is presented. The composites were fabricated at the
exceptionally low temperature of 95 °C and were based on hollow micron-sized glass spheres and three
different types of cellulose nanofibers as the water-soluble binder. A simple manufacturing method
through casting and drying is presented. The surface properties of the composites were investigated
with surface profile analysis and the dielectric properties by SPDR and terahertz spectroscopy. The
weight of the fabricated lens was 0.6 g and the transmittance was 99.85%. The lens improved the
antenna gain by 14-18 dBi depending on the surface smoothening. Also, coating the lens with a moist-
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1. Introduction

The frequencies used in wireless communication systems are
constantly increasing and will soon reach the THz band
(0.1-1 THz).! At these high frequencies, new, low relative
permittivity (¢,), very low dielectric loss (tand), lightweight
and sustainable materials are needed. One of the radio fre-
quency (RF) components that benefits from new materials is
the RF lens used as in optics to focus the radiation thus
increasing the antenna gain.”> RF lenses are commonly made
from materials such as high resistivity silicon (¢, ~ 11.9)* and
polymers (¢, ~ 2.3).>°"® The use of materials with low &, and
low tan ¢ allows higher signal speeds and improved efficiency.’
However, polymers and silicon are heavy materials that in turn
increase the relative weight of the lens compared to the highly
integrated RF electronics. There is a need to develop light-
weight and sustainable materials for RF use.

In order to further reduce the relative permittivity of the
polymeric materials, both structural porosity'®** and low
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ure protecting agent did not alter the lens performance.

permittivity functional groups*®*™° have been employed. Utili-
zation of porosity has resulted in permittivity values as low as
1.05 with excellent dielectric losses in the polyethylene and
polyurethane foams used in radomes.'®'” On the other hand,
hollow glass microspheres (HGMS) offer an inexpensive
solution to reduce the dielectric permittivity and losses of
circuit boards,'® thick film devices'® or EM-shielding.”®*!
Recently, they have been used to produce ultra-low permittivity
substrate materials®> and RF lenses.?® In addition to this,
cellulose nanofiber (CNF) suspension can be used as a bio-
based binder just by mixing it with filler materials without the
use of additional pressure or a strong shearing force. This
enables the use of HGMS as a porosity-adding material without
the risk of crushing the microspheres during mixing and
further processing steps. Typically extrudable materials are
thermoplastic polymers, which require high >160 °C tempera-
tures. In this work, one of the aims was to develop a suspension
which could be extruded in room temperature.

In this work, the RF lenses were made by casting different
CNF-HGMS suspensions into molds. The combination of CNFs
and HGMS could form a composite, which is a lightweight,
non-plastic, sustainable, and environmentally friendly compo-
site. Dielectric values (¢, tan d) of the samples were measured
with the split post dielectric resonator method (SPDR) at 2.5
and 5.2 GHz. The dielectric properties in the THz band
(0.1-1 THz) were measured with terahertz spectroscopy.
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The performance of the RF lenses was evaluated with a lens
measurement system (at 300 GHz). Their surface quality was
analyzed with a laser scanning microscope. Also, the feasibility
of different nanocellulose materials, i.e. cellulose nanofibers
possessing inherent cellulose structure without any additional
functional groups, TEMPO oxidized CNF containing carboxy-
lates, and wood nanofibers (WNF) having a lignin containing
surface, fabricated in this work was compared against two
common lens materials, silicon and Teflon.

2. Experimental
A. Materials and chemicals

HGMS were purchased from Kevra Oy (Finland). According to
the manufacturer’s datasheet the spheres were C-type glass
with 50-75% SiO, and had an average particle size of 40-80 pum,
a volumetric density of 0.1-0.15 g cm > and a temperature
resistance of up to 650 °C. According to the field emission
scanning electronic microscope with energy dispersive spectro-
scopy (FESEM-EDS) analysis carried out in the previous work,>>
the HGMS contained 72 wt% SiO,, 14 wt% Na,O and 14 wt%
CaO0. 2,2,6,6-Tetramethylpiperidinyl-1-oxy radical (TEMPO) and
choline chloride (>98.0%) were both obtained from TCI (Ger-
many). Urea (NH,CONH,; >99.0%), sodium bromide (NaBr),
and lithium chloride (LiCl) were ordered from Sigma-Aldrich
(Finland).

B. Preparation of three different types of cellulose nanofibers

Three different types of cellulose nanofibers (CNF) were uti-
lized. The CNF was obtained from either deep eutectic solvent
(DES) treatment (DES CNF), TEMPO oxidized CNF (TO-CNF) or
wood nanofiber (WNF). In brief, the DES CNF had an inherent
cellulose structure without any additional functional groups,**
TO-CNF contained carboxylates,> while WNF had a lignin
containing surface and had a surface charge density of close to
zero.*®

DES-treated CNF was synthesized from bleached birch-wood
pulp (Betula Pendula) using a non-derivatizing DES pre-
treatment based on urea-choline chloride.?* First, the DES
system was formed by heating 324 g choline chloride and
244.5 g urea in a round-bottom flask at 100 °C in an oil bath
to obtain a clear, colorless liquid, after which the cellulose pulp
(5.65 g of ripped small pieces of dry pulp sheets) was intro-
duced into the liquid at 100 °C over 2 hours. After the DES pre-
treatment, 500 ml of deionized water was added while mixing
and the cellulose fibers were filtered (Whatman 413) and
washed with deionized water (2000 ml). The pretreated sample
with a concentration (0.5% w/w) was then passed five times
through 400 um and 200 pm diameter chambers at a pressure
of 1000 bar using a microfluidizer (Microfluidics M-110EH-30,
USA). The obtained viscous cellulose nanofiber suspension was
stored in a cold environment (+4 °C).

Anionic TO-CNF was prepared according to a previously
reported method.”” 10 g of bleached birch pulp was suspended
in water (1000 ml) containing TEMPO (0.16 g, 0.1 mmol) and

1688 | Mater. Adv, 2022, 3,1687-1694

View Article Online

Materials Advances

sodium bromide (1 g, 1 mmol). 10.0 mmol of NaClO solution
was added as drops to the cellulose suspension, and the
mixture was stirred at room temperature and kept at pH 10
for 4 h. The oxidation was stopped by adding 10 ml of ethanol,
and the oxidized fibers were completely washed by filtration
with deionized water. The oxidized cellulose fiber suspension
with a solid content of 1% w/w was passed through a pair of
chambers (400 pm and 200 um diameter) under a pressure of
1000 bar using a microfluidizer (Microfluidics M-110EH-30,
USA) to obtain TEMPO-oxidized cellulose nanofibers (TO-CNF).

WNF was produced using a previously reported procedure
with slight modifications.”® In short, unbleached spruce
groundwood pulp (1.5% w/w) was ground using a Masuko
Super MassColloider (MKCA6-2 J CE; Masuko Sangyo, Japan)
at ~90 °C. The distance between the grinding stones was
gradually decreased while the pulp was repeatedly fed through
the grinder to obtain WNF.

Chemical characteristics of CNF samples were determined using
Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy.
For WNF, the lignin content was measured with a The TAPPI T 222
om-02 (GWP27.4 wt%, BP 0.2 wt%); the acetone-soluble extractives
with a TAPPI T 280 pm-99 (GWP2.2 wt%, BP 0.1 wt%); and the
hemicellulose and degraded cellulose with a TAPPI T 212 om-02
(GWP 13.0 wt%, BP 3.9 wt%). The charge density of CNFs were
revealed by the electric conductivity titration method using a
method described by Rattaz et al.*® The diameter of nanocelluloses
were analyzed from transmission electron microscope (TEM)
images of >100 individual nanoparticles. The properties of CNF
samples have been summarized in Table 1.

C. Preparation of the CNF/HGMS lenses

Mixtures of different CNF suspensions and HGMS were made
by adding the HGMS powder into CNF suspensions until the
suspension was thick enough to barely pass through the nozzle
of a 2 ml syringe. Due to the similar water contents of CNF
suspension and HGMS, this proved to be roughly 50:50 by
volume, i.e., 2.0 grams of HGMS and 12.0 g of CNF suspension.

The quantity of CNF in suspension was as follows: TO-CNF =
1 wt%, DES CNF = 1.96 wt%, WNF = 2.5 wt%. As the viscosity of
each CNF suspension was similar, they were used in similar
volumetric ratios with HGMS to achieve similar extrudability.
resulting the TO-CNF/HGMS suspension to contain 0.6 vol%
dried CNF, DES CNF/HGMS suspension 1.2 vol% dried CNF
and WNF/HGMS suspension 1.5 vol% dried CNF. Volume of the
CNF in suspensions was calculated on the basis of estimated
density of 1.63 g cm™* by Aulin et al.*®

Table 1 Characteristics of CNF samples

Anionic surface charge Average diameter

CNF grade Surface chemistry density (meq g ) (nm)

DES Pristine cellulose <0.1 5-15

TO Carboxylated 1.0 5+ 2

WNF Lignin containing — 7-20
(27.4 wt%)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Example of square and lens shaped samples. Binder: WNF. Scale
bar: 1 cm.

This also resulted in relatively small shrinkage of the result-
ing samples. Samples for 2.5 and 5.2 GHz SPDR measurements
were made by applying the HGMS/CNF paste into a 2 mm thick,
60 mm diameter mold. Samples were dried in the mold over-
night at 95 °C, removed and kept for 2 hours at 105 °C. Samples
for higher frequency measurements and for the RF lenses were
made by applying the HGMS/CNF pastes into silicone molds
made into the desired shape, either a 30 mm hemisphere or a
35 x 35 x 5 mm square. The samples were dried at room
temperature for 24 hours, followed by 16 hours at 95 °C and 2 h
at 105 °C. Examples of the resulting samples are shown in
Fig. 1. An ultralight weight (~ 0.6 g) was measured for the lens.

The lenses had tiny holes which formed during the drying
process because of trapped air bubbles. The surface roughness
was reduced by filling these pores with a thin layer of HGMS-
CNF paste made with TEMPO -oxidized CNF and HGMS with
1:1 volumetric proportion. The coated and dried surface was
finally manually smoothed with 2000-grit sandpaper while
keeping the original shape of the lens.

D. Dielectric and surface measurements

The dielectric measurements at 2.5 and 5.2 GHz were carried
out with a vector network analyzer (VNA) (Rhodes & Schwarz
ZVB20, Germany) with SPDR (QWED, Poland) at 2.475 GHz and
5.180 GHz. The measurement results were calculated using
QWED analysis software developed for the resonators. The
dielectric measurements for 0.1-1 THz were conducted with
terahertz spectroscopy (TeraPulse 4000 (teraview, UK)). The
surface of the lenses was measured with a 3D laser scanning
microscope (Keyence VK-X200, USA).

3. Results and discussion
A. Dielectric measurements for low and high frequency

The measured dielectric values at 2.5 and 5.2 GHz are shown in
Table 2. All the composite samples had very similar relative
permittivity values (in the range of 1.14 + 0.01) at both
frequencies, indicating that the surface chemistry or charge
density of CNFs had only a minor effect on performance of
lenses (Table 1). Presumably, the most important parameter
was the dimensions of CNFs, which were revealed to be similar
with all samples. The loss tangents of the TEMPO-type CNF

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Dielectric properties at 2.5 and 5.2 GHz

2.5 GHz 5.2 GHz

Binding material & £ 0.01 tand & 2E — 5 & + 0.01 tand £ 2E — 5

Permittivity of nanocelluloce HGMS composite

DES CNF 1.14 0.0026 1.14 0.0026
WNF 1.15 0.0026 1.15 0.0025
TO-CNF 1.13 0.0019 1.13 0.0019
Permittivity of cellulose nanofibers as dried film

DES CNF 3.73 0.1 3.63 0.1
WNF 3.85 0.1 3.78 0.1
TO-CNF 4.93 0.1 4.72 0.1

binder were lower than others, possibly due to the lower CNF
content. The CNF content of suspensions was determined by
gravimetric method, ie. evaporating the CNF film dry and
measuring the weight difference.

Terahertz time-domain spectroscopy (THz-DTS) was used to
measure the real and imaginary parts of the ¢, for the higher
frequency (Fig. 2). The DES CNF sample had slightly higher
permittivity than the TO-CNF and WNF, whereas the imaginary
values were close to each others. At 600 GHz and above the
resonance effect from the glass spheres was seen in the higher
permittivity. The permittivity values (Table 3) at 150 GHz were
1.16 for DES CNF, 1.15 for WNF and 1.15 for TO-CNF, and for
300 GHz values were 1.15 for DES CNF, 1.15 for WNF and 1.15
for TO-CNF. tan 6 values were between 0.002-0.003 at 150 GHz
and slightly higher (0.003-0.004) at 30 GHz. These loss values
are sufficient for RF applications.

The permittivity of the individual CNFs ranges from 3 to 5
and they have a high losses. HGMS had permittivity of ~1.13
and losses ~0.004 making it an excelent component to lower
the permittivity and losses of the proposed composite.

B. Evaluating the lens performance through the S,

The lens measurement system is shown in Fig. 3. The setup
consisted of a VNA (PNA-X 68 GHz Keysight, USA), and a pair of
frequency extenders (220-330 GHz, Virginia diodes, USA) which
had either a waveguide (transmitter side) or horn antenna
(receiver side) connected. The lens was positioned at 90 mm
distance from the transmitter, at the point with the highest S,;
dB reading. The measurement was conducted by moving the
lens in y- and z- directions to create a 20 x 20 grid where each
point represented 1 mm of movement together with the
recorded received signal (S,;). The lens was moved by using
MATLAB controlled positioners based on stepper motors.

Overall, six measurements were conducted and the results at
300 GHz are presented in Fig. 4. Each ring represents 1 dB
transition, and the darkest red ring represents the highest
measured value. Also, to have comparable results, the max-
imum dB value from Fig. 4a was used as a 0 dB reference point
for Fig. 4b-f. Five lenses were measured which were as follows:

Two lenses smoothed and unsmoothed (kept at room
humidity) to measure the effect of the lens smoothing.

Two lenses smoothed and unsmoothed (kept 1.5 days in a
humidity chamber (85% RH)) to measure the effect from long

Mater. Adv,, 2022, 3,1687-1694 | 1689
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composites. (at right) Invidual components (CNFs measured from thin film < 100 pm thickness).

Table 3 Dielectric properties at 150 and 300 GHz

150 GHz 300 GHz

Ree, = Ime, + tand + Ree += Ime, + tand +
Binding material 0.01 0.001 0.01 0.01 0.001 0.01

Permittivity of nanocelluloce HGMS composite

DES CNF 1.16 0.003 0.003 1.15 0.004 0.004
WNF 1.15 0.002 0.002 1.15 0.004 0.004
TO-CNF 1.15 0.002 0.002 1.15 0.004 0.003
Permittivity of invidual components

DES CNF 3.59 0.544 0.152 2.97 0.88 0.296
WNF 5.09 2.15  0.422 4.00 0.96 0.240
TO-CNF 6.34 5.56  0.877 5.14 2.13 0.414
HGMS 1.13 —0.005 0.004 1.13 —0.003 0.003

term moisture exposure on the unsmoothed and smoothed
lenses.

1690 | Mater. Adv,, 2022, 3,1687-1694

Fig. 3 Measurement setup to measure electric field deflected by the lens.
The lens is inside a foam holder which is supported by a rod which can be
moved in x-, y-, z -directions by stepper motors between the transmitter
(Tx) and receiver (Rx). As the lens is the only moving part, the recorded
intensity of the S,; does not have false readings (i.e., intensity changes)
caused by cable movements.

One unsmoothed lens which was coated with a moisture
protective layer (glaco®’). The lens was measured with and
without the coating to study its effect on the lens performance.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a) WNF smoothed

b) WNF unsmoothed

y (mm)

¢)TO-CNF smoothed

(d) TO-CNF unsmoothed

y (mm)
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e¢) WNF uncoated

‘WNF coated

&
Normalized S21 (dB)

y (mm)

Fig. 4 Measured S, response from fabricated lenses at 300 GHz. (a) Smoothed and (b) unsmoothed WNF type lenses which were kept at room humidity
(~25% RH). (c) Smoothed and (d) unsmoothed TO-CNF type lenses which were kept in humidity chamber (1.5 days, 85% RH). (e) Uncoated and (f) coated

WNF type lens; lens was coated with a moisture protection (glaco®°).

The results showed that without smoothing (Fig. 4(b and d))
the lens did not have a clear focus spot at the center but rather a
ununiform “splash” of high and low dB areas. With smoothing
(Fig. 4(a and c)), the focus spot formed to the center of the
“splash”. Improvement from the smoothing was ~4 dB.

To study the effect of humidity on the performance of the lenses
the following experiments were performed. Two lenses were kept in
the humidity chamber (85% RH, 1.5 days) to allow as much
moisture as possible to accumulate into the lens. The lenses were
removed from the humidity chamber, installed to the measurement
setup, and the measurement was conducted in minutes. The
accumulated moisture was expected to reduce the performance of
the lens by many dB (Fig. 4(c and d)). However, this effect was not
observed, and the maximum intensity of the focal spot remained
similar to that of the lens which was kept in room humidity
comparing the smoothed lenses (Fig. 4(a and c)). This mean that
the moisture exposure did not alter the performance of the
proposed lens antenna at 300 GHz, despite the cellulose nanoma-
terials may have promoted the moisture adsorption of lenses.

As the electronics are typically protected from the moisture,
the effect from the moisture protecting agent was also mea-
sured. The moisture protection agent glaco®® was used and
there were no indications that the lens performance was either
degraded or improved due to the addition of the moisture
protection layer (Fig. 4(e) and (f)). Also, waterproofing efficiency
of the coating layer was investigated by dropping water droplets
on to the lens. It was noted that without the protective layer, the
droplets were absorbed into the lens but with the coating the
droplets were observed to roll off the lens surface (there is a
supplementary video of this droplet experiment).

© 2022 The Author(s). Published by the Royal Society of Chemistry

C. Simulated radiation pattern

Simulations were conducted with a CST microwave studio,** lens
distance to the waveguide (WR3.4) was 90 mm as in the measure-
ments. The measured dielectric parameters such as 1.15 ¢ and
0.0035 tan d at 300 GHz were used for the simulated lens.
Radiation patterns of the waveguide and the proposed lens
antenna are shown in Fig. 5. The waveguide has gain of ~7 dBi
and wide main lobe. With the lens the main lobe has been
narrowed to 1.5-degree and the gain was ~ 25 dBi and side lobe
level (SLL) of ~12 dB. Similar gain improvement (~ + 18 dBi)
was observed in the measurements with the smoothed lens.

D. Roughness of the lens surface

Topography was used to study the surface quality of the lenses. The
surface images were taken from the tip of the smoothed,

0
30 330
60 300
WR3.4 + lens
— — — WR34
90 20 10 0 270

Fig. 5 Simulated radiation patterns of WR3.4 waveguide and proposed
lens antenna at 300 GHz. Scale is in dBi.
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-10.0

-15.3

Fig. 6 Surface topography images of the (a) unsmoothed (b) smoothed and (c) coated lens. Without the smoothing lens surface has a large height

deviation i.e., large Ra value.

unsmoothed, and coated lenses (Fig. 6). The unsmoothed lens
(Fig. 6(a)) had a very rough surface (Ra 29.6 + 6.5 um) which explained
its degraded RF performance. The Fig. 6(b) showed that the smooth-
ing improved the R, value to 8.8 £ 1.6 um. The coated lens had an Ra
of 35.3 + 6.6 um, which was close to the value measured with the
nonsmoothed lens, and indicated that the coating layer was spread
uniformly to some extent and did not act as a smoothing agent.

E. Comparison of the wood composite lenses with other
commonly used lenses

A radio lens can be made from almost any material if its properties are
suitable for the radio use. As the most common materials are silicon
and plastic materials (Teflon), Table 4 shows their electrical properties
at 300 GHz against the nanocellulose used in this work. The calculated
weight of silicon and Teflon lenses were quite similar and relatively
high when compared to the nanocellulose ones. Thus, by using the
nanocellulose the weight of the lens can be reduced by ~97% making
it ultralight. This can potentially reduce the overall weight of the
transceivers, especially in highly integrated sensor devices and drones.

As the materials have different loss tangent and permittivity,
the power loss in the material was simulated. As the wave
travels through the lens, some of the wave power is lost based
on the following equation,*

P=nf tan(é)gosrj{ffé V. (1)

Basically, the power loss P in the material depends on
the frequency f of the traveling wave, the permittivity ¢, and

1692 | Mater. Adv, 2022, 3,1687-1694

the loss tangent tan ¢ of the material and the on the square

of the absolute value of the electric field }5‘2 inside the
volume of the lens V. As the nanocellulose composite has
such a high loss tangent it experiences a similar power loss
in the material as silicon (~ 0.02%).

The signal not only travels inside the lens but also needs to
enter and exit the lens as well. For entering and exiting,
physical properties such as reflectance and transmittance
become relevant. Since the silicon lens has a high permittiv-
ity, 30% of the exiting or entering signal becomes lost (Le., it
is reflected from the lens surface). To reduce this reflection
loss, an anti-reflection coating can be used (Le., impedance
matching) and the physical requirement for such a layer is as
follows; it has to be of a certain thickness, typically odd
A
4
should be /& related to the previous layer permittivity.*?

To have a smooth transition to the air, single or multiple
anti-reflection layers might be needed which increases the
complexity of the lens structure, makes fabrication more diffi-
cult and ultimately raises the cost of the lens. With low
permittivity lenses there is no need to use a matching layer to
reduce the back reflection which makes the lens easier to
manufacture and cheaper. It is also worthwhile to note that
the nanocellulose lenses show very high total transmittance
(~99.9%).

multiple of —, and the permittivity of the antireflection layer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of nanocellulose lenses to common lens materials at 300 GHz

Material Density g cm Weight” ¢ & tan o, E-3 Power loss in material® % Reflectance % Total transmittance %
Silicon 2.33 16.5 11.90 0.2 0.024 30.31 69.67
Teflon 2.22 15.6 2.10 0.2 0.005 3.36 96.63
DES CNF* 0.08 0.6 1.15 3.5 0.023 0.12 99.85
WNF* 0.08 0.6 1.15 3.5 0.023 0.12 99.85
TO-CNF* 0.08 0.6 1.15 3.5 0.023 0.12 99.85

“ Different CNF/HGMS composite made in this work. ? Calculated for 30 mm half spherical lens. ¢ Simulated via CST microwave studio.

4. Conclusion and perspectives

A method with only three processing steps for manufacturing
extremely lowe, and low tand composite materials and RF
lenses at very low temperature is presented. The sustainable
composite with TEMPO-type CNF binder (TO-CNF) exhibited &,
and tand values of 1.13 and 0.0019 at 5 GHz, respectively. At
300 GHz ¢, was slightly higher (1.15) and tan ¢ slightly lower
(0.0017). The simulated power loss in the material was 0.023%
which could be improved even further in the future by reducing
the dielectric losses with a lower alkali content of HGMS.

The proposed method is also environmentally friendly due to its
low energy consumption achieved by the low fabrication tempera-
ture of 95 °C. Moreover, since only a low fabrication temperature
and pressure are used, no special devices with high investment
costs are required. The manufactured lenses were also ultralight
(0.6 g) and high transmittance (> 99%). Ultralight lens antennas for
6G systems could improve antenna gain by 14-18 dBi depending on
the smoothing level of the lens surface.

In future, new sustainable and environmentally friendly
materials should be developed for radio technology.
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