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techniques on the performance
of planar antennas
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This study investigates antenna performance based on its manufacturing process. Two types of
planar antennas are manufactured on FR-4 dielectric using three different techniques: traditional
lithography, laser ablation, and the novel SSAIL (selective surface activation by laser) technique.
Various characteristics, such as reflection coefficient, gain, half-power beamwidth, and surface
conductivity, are measured to compare the results. These findings offer invaluable insights for
choosing the most suitable antenna manufacturing technique, particularly since the SSAIL technique
has not been previously compared to alternative methods in the context of antenna production. In
both types of antennas, the highest gain is achieved using laser ablation, with the slot-loaded patch
antenna reaching 8.5 dBi and the Yagi-Uda antenna reaching 9.76 dBi. Antennas manufactured using
SSAIL technology are notable for their excellent resolution and usefulness in constructing structures
on non-metallized dielectrics.

In the industry, microstrip structures on FR-4 or similar substrates are typically produced by acid etching, a
tightly controlled and optimized process to ensure that every manufactured product is identical. In scientific
work, the method of antenna fabrication is often determined by the tools available in the laboratory and is often
not described in publications. The most common methods for fabricating microstrip structures are lithography'?
and computer numerical control (CNC) milling®. With the emergence of a growing number of new techniques
for fabricating microstrip structures, many scientific papers compare and deeply analyze various techniques*™.
For example, much attention is given to techniques for fabricating textile antennas’~, metallization techniques
for printed antennas'®-%, additive manufacturing techniques’®, and CNC milling'*-'¢. However, lithography is
still the most widespread manufacturing technique for traditional planar antennas. New technologies such as
Selective Surface Activation Induced by Laser (SSAIL)!' and laser ablation are being developed in the FTMC
Department of Laser Technologies. These technologies could be applied to antenna fabrication'®! or even
replace the techniques currently used in the industry. However, the parameters of antennas fabricated using
these techniques have not been thoroughly investigated and there is an absence of such comparative analysis in
scientific literature.

In this paper, for the first time, three manufacturing techniques were investigated and compared: traditional
lithography, laser ablation, and the SSAIL technique. The most common method is lithography, mainly due to
the low costs of the necessary chemicals. Laser ablation has limitations in terms of laser resolution, but it is less
time-consuming as it is mostly automated and provides better resolution compared to CNC milling. Although
the novel SSAIL technology has not been widely adopted, it offers appealing advantages over other techniques.
With SSAIL, it becomes possible to selectively deposit metals on planar or even 3D structures made of various
materials, ranging from standard dielectrics and ceramics to flexible polymers.

Research findings could also help to design a highly efficient and well-tuned antenna for energy harvesting.
Radiofrequency energy harvesting is a fairly new and fast-growing field. To make a good energy harvester it is
necessary to create system components with very low losses, which can be accomplished by producing system
components on a single dielectric plate. By understanding the key parameters, materials, and processes that
influence antenna performance, manufacturers and researchers can make informed decisions to enhance their
antenna production’s quality, reliability, and cost-effectiveness, ultimately leading to improved wireless com-
munication systems and technology.
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The article is structured as follows. Section “Antennas” presents the antennas under investigation. The three
manufacturing methods, lithography, laser ablation, and SSAIL, are described in Section “Manufacturing” In
Section “Antenna characterization” the parameters employed for the characterization of antennas are presented.
Measurement results and their comparison are reported in Section “Results and comparison”. Finally, in the
last section, the “Conclusions” are drawn. In the supplementary material, one can find some details of antenna
characteristics.

Antennas

In references®*?!, a wide band slot-loaded patch antenna suitable for a low-power wireless transmission system is
discussed. There are many configurations and types of slots that can be combined with the simple patch antenna
to influence the antenna operation®. In our case, having a single operating frequency range that would cover the
WiFi 2.4 GHz frequency band is desirable. We designed a similar U-shaped slot-loaded patch antenna (further
called a slotted antenna) which is depicted in Fig. la. It comprises a radiating patch with a U-shaped slot, a
dielectric (air), and a ground plane. For the radiating patch, FR-4 material with a dielectric constant of 4.3 and
a thickness of 1.45 mm is utilized. One side of the FR-4 material is covered with a 0.05 mm thick copper layer.
In the case of the SSAIL technology, the metal layer was grown, leaving a U-shaped vacant space. An additional
8 mm of air gap is included between the radiating plate and the ground layer to enhance gain and antenna effi-
ciency. The resonance frequency of the slotted antenna can be adjusted to the desired frequency by modifying
the patch length L and the air gap thickness H. The parameters of the slotted antenna are presented in Table 1.

In this study, the antenna was optimized to operate at the WiFi 2.4 GHz frequency. The reflection coefficient
and gain parameters were computed using the finite difference time domain (FDTD) method. The operating
frequency range spans from 2.31 to 2.75 GHz. The antenna’s half-power beam width is 73°, achieving a maximum
gain of 8.1 dBi at 2.45 GHz (see Fig. 2a).

For energy harvesting purposes, high gain is sometimes more important than a wide operating frequency
range, particularly when a dedicated power source like an internet router is used. An example of such a case is
presented in?’, where a wireless food assessment system is developed. This system uses a directive high-gain Yagi-
Uda antenna for energy harvesting from a dedicated power source. Consequently, the second antenna chosen for
this work is also a Yagi-Uda antenna. In this type of antenna, the most critical parameter influencing the resonant
frequency is the dipole length (FL) (see Fig. 1b). Behind the dipole, a reflector is positioned to minimize back lobe
radiation. Additionally, three additional directors are employed in the antenna design to achieve optimal gain.
Finally, the antenna excitation is modified to achieve a phase delay between the two dipole arms without need-
ing a balun. The operating frequency range of the Yagi-Uda antenna is from 2.3 to 2.55 GHz, with a maximum
antenna gain of 9.3 dBi at 2.4 GHz and a half-power beam width of 59.9° (Fig. 2b). The geometric parameters of
the Yagi-Uda antenna are presented in Table 2, and the antenna itself is depicted in Fig. 1b).
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Figure 1. Antenna design, (a) - slot-loaded patch antenna, (b) - Yagi-Uda antenna.
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Table 1. Slot-loaded patch antenna dimensions (mm).
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Figure 2. Simulated antenna reflection and gain characteristics, (a) - slot-loaded patch antenna, (b) - Yagi-Uda
antenna.

w L |WZ |FL RW |FW |DW |RF FD |DL1 |DL2 |DL3 | DL4
136 50 |29 429 |49 |46 |6 27.5 |13.5 [39.1 |379 |323 |32

Table 2. Yagi-Uda antenna dimensions (mm).

Manufacturing

Lithography

The template of the antenna was printed using a standard laser printer on a transparent sheet, which later served
as a photomask for the photolithography process. The FR-4 panel was cut to size and prepared for lithography
by treating the surface with an HCl solution to remove the native oxide layer and washing it with an alcohol
solution. A positive photoresist layer (POSITIV20 by Kontakt Chemie®) was sprayed onto its surface by keeping
the can at a 20-30 cm distance and making an “S” shaped motion for 0.2 s. The photoresist layer was left to dry
in a heating oven at 70 °C for about 20 minutes. The photoresist acted as a protective layer during subsequent
steps. The photomask was attached to the plate, placed in a case with an ultraviolet lamp, and irradiated for 60
seconds. This exposure step helped transfer the design pattern onto the photoresist layer. For UV irradiation SMD
Vishay’VLMU3100-GS08 LEDs with 405 nm wavelength and 120° viewing angle of half intensity were used.
LEDs were positioned 40 mm away from the plate. Following the exposure, the plate was washed in a 10% Na,
SiO3 solution. This solution removed the photoresist of the areas exposed to UV light. As the solution washed
away the photoresist, the structure’s shape emerged on the plate surface. The washing process was continued until
the photoresist in the exposed areas was completely removed, revealing the desired pattern. Etching was the next
step, which used a 5% Na»S,0g solution. This etching solution selectively removed the copper layer, refining the
structure and creating the final desired shape. The duration of the etching process could vary between 30 and
60 minutes, depending on the freshness of the solution used. Several factors influenced the achievable resolu-
tion of the manufactured structure. The ability to evenly coat the plate surface with the photoresist is essential
for obtaining consistent results. The resolution of the photomask used during the exposure step determines the
level of detail that could be transferred onto the photoresist. Additionally, the quality of the ultraviolet light
source plays a role in achieving accurate and precise results. Paying attention to these factors helps ensure that
the desired resolution is achieved during the manufacturing process.

Direct ablation

Laser ablation is the process of removing material from the solid surface using laser irradiation. The depth of
ablation depends on the optical properties of ablated material and various laser process parameters, like laser
irradiation wavelength, pulse duration, pulse repetition rate, number of passes, and focusing conditions**, which
define laser irradiation fluence on the material’s surface. Laser processes are widely used for various microma-
chining applications such as drilling®, cutting?, or synthesis of nanoparticles?”. The laser ablation process has
been demonstrated to be a versatile tool for antenna formation. Esakkimuthu et al. used a mode-locked laser for
terahertz antenna applications®. A microsecond pulse UV laser for copper ablation on a flexible substrate for
electronics applications was employed in?’. Our approach includes a picosecond laser, as using shorter pulses
enables the increase of ablation precision and a significant decrease in heat affected zone. The Nd:YVO4 pico-
second laser Atlantic (Ekspla) with a pulse duration of 10 ps, a pulse repetition rate of 400 kHz-1 MHz, and a
maximum average power of up to 60 W was used for the ablation technique. Specialized software was employed
to process the design, allowing for customization of parameters such as scanning speed, the distance between
lines, and optimal pathing to prevent thermal damage. In this particular case, the scanning speed was set to 1000
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mm/s, and the distance between lines was set to 7 microns. During each scanning pass, approximately 1/6 of the
metallization layer was removed. The scanning process was repeated up to 6 times to ensure complete removal.

Antenna formation using SSAIL

One of the most promising technologies for selective metal deposition is SSAIL'7*%3!. The process involves laser
modification of the polymer surface with a short-pulse laser, chemical activation of the laser-modified areas, and
electroless metal deposition on the locally activated surface. The SSAIL technology consists of three chemical
processing steps and one laser treatment. Ultrashort pulse laser-induced physical and chemical bonding between
dielectric substrate material and plated metal guarantees strong adhesion. The process could be applied to almost
any dielectric by adapting laser and chemical parameters. The nature of the process is not fully understood for
every substrate, however, some of them, like polymers, have been more detailed investigated'”*’, and it was shown
that ultrashort laser pulses induced chemical changes in the irradiated surface by breaking chemical bonds and
forming aldehyde compounds. These compounds participate in the catalyst formation process after chemical
activation®. SSAIL technology offers high-speed laser modification for high-performance polymeric materials
such as polyether ether ketone and liquid crystal polymer. In this work, we are applying the method on standard
material FR 4 used for PCB manufacturing. For the SSAIL procedure, the same laser was used as in the case of
direct ablation (see Section “Direct ablation”). A pulse picker was employed to adjust a lower frequency regime.
The laser beam was translated with a galvanometric scanner (Scanlab AG). The F-theta lens of 160 mm focal
length was used to focus the laser beam on the surface of the substrate. The laser beam was scanned over the
area to be metallized by hatching-overlapping parallel lines (Fig. 3a). The focused laser beam spot size was 25
pm in diameter (Gaussian intensity level 1/¢2).

After the laser treatment, samples were washed with ethanol 99.8% (Sigma-Aldrich) and rinsed with distilled
water afterwards. A highly diluted silver nitrate (Sigma-Aldrich) solution ( 10-5 M) was used for chemical activa-
tion (Fig. 3b). Finally, the electroless copper deposition was performed for 30 min at 30 °C (Fig. 3¢). The copper
plating bath contained copper (II) sulfate pentahydrate (0.12 M), formaldehyde (0.3 M), sodium hydroxide
(1.2 M), sodium carbonate (0.3 M), and sodium-potassium tartrate (0.35) (all Sigma-Aldrich) and pH = 12.7.

Firstly, different laser regimes were investigated by changing pulse repetition rate frequency from 10 kHz
to 400 kHz, pulse energy from 5 to 50 uJ, and laser writing speed from 50 to 2000 mm/s. By changing those
parameters, the square-sized areas of 20x50 mm were scanned with a laser beam on the FR4 surface. After the
specimen was activated and plated, including all the steps described above, each plated area was checked with
an optical microscope for plating selectivity. The best laser regime was selected by examining the over-plating
of copper outside of the laser-activated area. Sheet resistance was also measured using the four-probe method®.

Antenna characterization

Several parameters were measured and analyzed to compare the manufactured slotted and Yagi-Uda antennas.
These parameters include: reflection coefficient, operating frequency, maximum gain, half-power beam width,
deviation of geometric parameters, and surface conductivity.

In addition to these performance parameters, other factors such as quality/defects, manufacturing time,
and manufacturing costs have also been considered. Quality and defects refer to the overall reliability and
robustness of the antenna while manufacturing time and costs determine the efficiency and affordability of the
manufacturing process.

By evaluating and comparing these parameters and variables, one can make informed decisions about the
performance, feasibility, and practicality of the slotted and Yagi-Uda antennas in different applications.

The gain and directivity characteristics of the antennas were measured in a microwave anechoic chamber
using the following measurement setup, as explained in Fig. 4. The antenna under test was placed on a rotating
stand, enabling it to be rotated 360°. The rotation stage was controlled by a stepping motor. A calibrated Rohde
& Schwarz NRZP-Z24 power meter was connected to the antenna’s excitation port. The power meter could
measure power from -42 dBm to 45 dBm across frequencies ranging from 10 MHz to 18 GHz. It is connected
to a computer via a USB cable. A broadband horn antenna with known specifications was positioned 2 meters

Figure 3. Steps of SSAIL process (a) - laser treatment, (b) - chemical activation, (c) - electroless copper
deposition.
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Figure 4. Measurement setup in an anechoic chamber (a) measurement scheme (b) rotary stand with slot-
loaded patch antenna.

from the antenna under test. A coaxial cable connected the horn antenna to an Agilent Technologies E8257D
analog signal generator. A measurement program controlled the rotation stand, power meter, and signal genera-
tor. To measure the frequency response of the antenna, the power of the signal fed to the horn antenna was kept
constant at 20 dBm, while the frequency was varied from 2 GHz to 3 GHz. This allowed for the measurement of
gain at different frequencies within that range. To measure the gain dependence on the angle, the power was set
to 20 dBm, the frequency was locked at 2.45 GHz, and the antenna under test was rotated from 0° to 360° in 1°
increments. The gain was then calculated using Eq. (1):

_P-(4-7-R)’

G=——7T7—7H. 1
Ptr'Gtr‘)v2 ()

here P - is the measured power, R - is the distance between antennas, Py - is the transmitted power, Gy, - is the
transmitting antenna gain, A - is a wavelength.

The deviation of antenna geometric parameters was measured using an electronic caliper. This instrument
allows for precise measurements of dimensions such as length, width, and height, ensuring that the manufactured
antennas closely match the intended design specifications. To measure the metallization thickness, a profilometer
was used. The profilometer was specifically used to determine the thickness of the metallization layer on the
antenna surface after the SSAIL or laser ablation procedure. Surface conductivity was measured using the 4-probe
technique, which involves taking the average of five measurements in different areas of the antenna surface. This
technique provides an accurate assessment of the surface conductivity. A comprehensive evaluation of the anten-
nas’ performance and manufacturing quality could be achieved by employing these measurement techniques and
obtaining information about structural accuracy, metallization thickness, and surface conductivity.

Results and comparison

After manufacturing three antennas for each manufacturing method (lithography, ablation, SSAIL) (Fig. 5) using
the described methods, structure dimensions are measured and compared (see Table 3). The measured param-
eters, such as patch length, patch width, excitation, and distance to the ground plane, are mainly subject to human
error, resulting in noticeable variations. On the other hand, parameters such as slot width, reflector width and
length, excitation line width, dipole length, and width exhibit significantly less deviation. The deviations observed

Slot-loaded patch antenna | Lithography | Ablation SSAIL
Patch length (L) —1.59--04 |—05-0.2 —0.1--0.01
Patch width (W) -171-—02 |—0.5-0.1 —0.1-0
Slot width (Ual) —0.17-0.23 —0.18-0.19 —0.1-0.1
Excitation (d) -0.68 - —0.56 |0-0.1 0.2-0.6
Yagi-Uda antenna

Reflector length (L) —0.67-0.56 | —0.7-—0.1 —0.18-0.1
Excitation line width (WZ) —0.35-0.03 —0.25-70.06 | —0.3-0
Dipole length (FL) —0.25-0.1 —03-0 —0.5-0.2
Dipole width (FW) —0.35-0.15 —0.17 - —0.1 —0.18-0

Table 3. Measured parameter deviation from the initial design (mm).
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Figure 5. Pictures of slot-loaded patch and Yagi-Uda antennas manufactured using three techniques (a,d) -
lithography, (b,e) - laser ablation, (c,f) - SSAIL).

in these parameters can be attributed to factors such as under-etching or over-etching and poor mask quality.
Notably, when comparing the manufacturing methods, the use of ablation and SSAIL techniques resulted in
smaller structure deviations compared to lithography, except for the Yagi-Uda dipole length in the case of SSAIL.

During the examination of the antenna surface under a microscope, shown in Fig. 6, several other defects
were discovered. For example, antennas manufactured using the lithography method (Fig. 6a) exhibited small
holes in the metallization layer, and the metallic edges appeared uneven. On the other hand, antennas manufac-
tured using laser ablation technology had the cleanest edges, but a common issue observed was the burns of the
dielectric plate during the process (Fig. 6b). This resulted in forming a graphitic layer*, which exhibited surface
conductivity ranging from 10 €2 to 10 k2. The presence of this carbon layer significantly impaired the antenna’s
ability to radiate, requiring it to be scraped off to restore proper antenna operation. However, this scraping process
also leads to changes in substrate thickness, which, as mentioned in*, can impact antenna parameters. While
examining the antennas manufactured using SSAIL, poorly metallized zones were detected on some Yagi-Uda
antennas. Additionally, the Yagi-Uda antenna surface was frequently contaminated with small metal fragments
(Fig. 6¢), which could potentially indicate an error in the surface activation step of the SSAIL process. These
defects and irregularities observed during the microscopic examination provide important insights into the
manufacturing process and highlight areas that require further optimization to ensure consistent and reliable
antenna performance.

Upon closer examination of the dielectric surface height (Fig. 6d), in the sample made using laser ablation,
two distinct steps were clearly visible. The first step was located right at the edge of the metallization, indicating
the boundary between the metal and the dielectric material. The second step was observed where the laser had cut
away into the dielectric material, creating a noticeable change in surface height. In contrast, the SSAIL sample did
not exhibit an obvious step in the dielectric surface height. This is because the SSAIL process involves treating the
surface with a laser before plating. This treatment creates a hollow hole where the metal is subsequently grown.
As a result, there was no distinct step at the edge of the metallization in the SSAIL sample. These observations
highlighted the differences in the manufacturing processes between laser ablation and SSAIL. The presence of
steps in the laser ablation sample and the absence of such steps in the SSAIL sample have implications for the
overall surface topology and can potentially affect the performance and characteristics of the antennas. Using
simulation software, the dependence of antenna operation on certain defects was examined further, the findings
are shown in Section 2 of the supplementary material.

Fig. 7 provides an overview of the gain and reflection characteristics of the best antennas manufactured using
the three different methods. Several observations could be made upon analyzing the slotted antenna’s reflection
plot. Firstly, the ablated antenna exhibits a center frequency that aligns well with the simulation. However, the
reflection between 2.4 GHz and 2.65 GHz exceeds the —10 dB limit, indicating poor impedance matching. For
the antennas manufactured using lithography and SSAIL, the operating bands are narrower, particularly on the
higher frequency side, and they are shifted towards lower frequencies. This trend is also evident in the frequency
response of these antennas. Regarding gain, only a slight variation is observed between the different manufactur-
ing methods. The lithography antenna has a gain of 7.9 dBi, the ablation antenna shows a gain of 8.5 dBi, and
the SSAIL antenna demonstrates a gain of 8 dBi. These findings suggest that while the gain remains relatively
consistent across the different methods, there are differences in the impedance matching and frequency response.
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Figure 6. Observed defects in manufactured antennas, (a) - Lithography, (b) - laser ablation, (c) - SSAIL, (d) -
surface measurement using a profilometer.
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Figure 7. Best antenna results out of all manufacturing methods, reflection coefficient and gain: (a) - slot-
loaded patch antenna, (b) - Yagi-Uda antenna.

Analyzing the reflection plot of the Yagi-Uda antenna (Fig. 7b), some noteworthy observations could be
made. The SSAIL antenna best matches the simulated operation frequency, indicating accurate fabrication. The
lithography antenna exhibits a slight shift towards higher frequencies, while the ablation antenna shows a more
significant shift in the same direction. Regarding frequency response, the lithography antenna aligns closely
with the simulation, suggesting good overall performance. The frequency response of the ablation antenna is
slightly shifted towards higher frequencies, while the SSAIL antenna shows a narrower gain band, particularly
on the higher frequency side. Finally, the maximum gain achieved by the antennas only varies slightly between
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the different manufacturing methods. The lithography antenna achieves a maximum gain of 9.7 dBi, the ablation
antenna reaches 9.76 dBi, and the SSAIL antenna attains 9.07 dBi. These findings indicate that while the lithogra-
phy antenna shows better frequency response alignment with the simulation, the SSAIL antenna demonstrates a
closer match to the desired operating frequency. Additionally, measurement results of antenna radiation patterns
can be found in the Supplementary material Section 1.

Table 4 provides a comprehensive overview of the results obtained from all manufactured antennas, allowing
for comparative analysis. Several notable findings can be observed. Antennas manufactured using lithography
exhibit the lowest deviation in operation frequency. This indicates better accuracy in achieving the desired
frequency compared to the other methods. The lithography method is found to be more time-consuming when
fabricating double-sided structures. This suggests that the process of lithography for such structures requires
additional time and effort. Antennas manufactured with laser ablation showed a slight shift in operation fre-
quency, specifically towards the higher frequency side. This phenomenon could be attributed to increased dielec-
tric conductivity and decreased dielectric thickness, affecting the antenna’s performance. Laser ablation proved to
be impractical for structures that require extensive removal of metallization. This limitation indicates that laser
ablation may not be suitable for antennas with complex metallization patterns or those that involve substantial
material removal. Antennas manufactured using the SSAIL method demonstrated favorable results for slotted
antennas, with good alignment to the desired operating frequency. However, the Yagi-Uda antenna manufactured
using SSAIL showed a smaller gain compared to the other methods. This discrepancy in gain could be attributed
to uneven metallization, which could be related to the larger surface area, indicating the need for further refine-
ment in the SSAIL process for Yagi-Uda type antennas. To investigate the potential impact of metallization quality
on antenna characteristics, an additional experiment was conducted. Yagi-Uda antennas underwent tin-plating
with a thin layer of solder (refer to results in the supplementary material, section 3). Insignificant deviations
in reflection parameters were observed in the cases of lithography and laser ablation. However, in the case of
SSAIL, a small frequency shift to higher frequencies was noted when conductivity was increased. Therefore, we
can deduce that insufficient conductivity of SSAIL metallization could be the reason for the mismatch with the
simulation results. It is important to note that in SSAIL, the laser surface processing lasted only 1-3 minutes,
while the chemical treatment took the longest. This means that production quantity over time can be greatly
increased because several samples can be chemically treated at the same time. The cost was calculated, consid-
ering the antenna surface area, but without factoring in the expenses associated with the required equipment.

Conclusions

In conclusion, each of the manufacturing methods studied has advantages and limitations for antenna fabrication.
Despite being cost-effective, photolithography may exhibit issues with hole formation in the metallization layer,
which can impact antenna performance at higher frequencies. Therefore, it is best suited for small and medium-
sized structures (5-100 mm?). Laser ablation, on the other hand, offers precise edge quality but requires an
experienced operator to avoid damaging the dielectric surface, because reducing dielectric height and changing

Half power | Surface
Antenna | Cost, Operating frequency | Maximum | beam width | conductivity,
Nr. Eur Time Quality/defects (S11 <-10dB), GHz gain, dBi (3dB),° MS/m
SLOT-LOADED PATCH ANTENNA
0 - - - 2.317-2.754 8.1 73 58
1 2.22-2.61 7.9 66 9.456
2 0.5 1h 40 min | Coarse metallization edge, holes (500 jum) 2.25-2.65 7.2 65 13.789
3 2.245-2.65 7.38 65 18.912
1 2.29-2.39.2.66-2.79 7.95 67 13.508
5 +laser |15 min Dielectric height reduction, burns on FR-4 surface
2 2.31-2.46. 2.64-2.81 8.5 68 12.035
1 6 2.245-2.58 8 68 17.651
1 1h30min | Uneven metallization layer, under-plated zones
2 +laser 2.14-2.285 8 68 1.324
YAGI-UDA ANTENNA
0 - - - 2.32-2.55 9.3 60 58
1 2.36-2.58 9.6 61 16.548
2 1.7 3h30min | Coarse metallization edge, holes (500 m) 2.3-2.58 9.3 67 8.274
3 2.32-2.58 9.7 66 7.355
1 2.44-2.72 9.33 65 11.032
2 -flaser 5h20min | Dielectric height reduction, burns on FR-4 surface 2.48-2.75 8.69 70 7.355
3 2.4-2.64 9.76 61 4.903
1 2.34-2.55 7.88 42 3.309
2 6 2h Uneven metallization layer, under-plated zones, dielectric surface 2.27-2.52 5.88 54 4.903
3 +laser contamination 2.29-2.56 9.07 34 18.912
4 2.37-2.69 8.52 42 33.095
Table 4. Measurements of all manufactured antennas.
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surface conductivity of the dielectric surface can have an impact on antenna operation frequency and its radia-
tion characteristics. Therefore, it is most suitable for structures that require only a small section of metallization
to be removed. Finally, SSAIL stands out for its ability to achieve high resolution and is effective for fabricating
structures on non-metallized dielectrics, especially when the metallization area is small. A few additional things
need to be considered when using this method for antenna fabrication. Firstly, the metallization layer is buried
into the dielectric, therefore antenna model has to be changed accordingly. Secondly, special care is required to
achieve a uniform metal layer and high metal surface conductivity, because these parameters have an impact on
antenna operation. However, it is worth noting that the SSAIL technology is still relatively new and may not be
widely accessible due to its requirement for expensive equipment. Factors such as cost, resolution requirements,
metallization area, and operator expertise should be carefully considered to determine the most appropriate
manufacturing method for a specific antenna design. Additionally, ongoing research and development efforts in
methods based on laser technologies hold the potential for further advancements and improvements in antenna
manufacturing techniques.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.

Received: 15 September 2023; Accepted: 11 December 2023
Published online: 15 December 2023

References

1. Jadhav, A. et al. Multiband, circular microstrip patch antenna for wireless applications. Wireless Pers. Commun. 128, 173-186
(2023).

2. Jiang, X., Zhang, Z., Tian, Z., Li, Y. & Feng, Z. A low-cost dual-polarized array antenna etched on a single substrate. IEEE Antennas
Wirel. Propag. Lett. 12, 265-268 (2013).

3. Majidi, N,, Yaralioglu, G. G., Sobhani, M. R. & Imeci, T. Design of a quad element patch antenna at 5.8 ghz. In: 2018 International
Applied Computational Electromagnetics Society Symposium (ACES), 1-2 (IEEE, 2018).

4. Kéhkonen, H., Proper, S., Ala-Laurinaho, J. & Viikari, V. Comparison of additively manufactured and machined antenna array
performance at ka-band. IEEE Antennas Wirel. Propag. Lett. 21, 9-13 (2021).

5. Mitchell, G., Anthony, T., Larimore, Z. & Parsons, P. Antenna comparison for additive manufacturing versus traditional manu-
facturing methods. In: 2021 United States National Committee of URSI National Radio Science Meeting (USNC-URSI NRSM), 3-4
(IEEE, 2021).

6. Ferrando-Rocher, M., Herranz-Herruzo, J. I, Valero-Nogueira, A. & Bernardo-Clemente, B. Selective laser sintering manufacturing
as a low cost alternative for flat-panel antennas in millimeter-wave bands. IEEE Access 9, 45721-45729 (2021).

7. Huang, X. et al. Highly flexible and conductive printed graphene for wireless wearable communications applications. Sci. Rep. 5,
18298 (2015).

8. Suikkola, J. et al. Screen-printing fabrication and characterization of stretchable electronics. Sci. Rep. 6, 25784 (2016).

9. Bulathsinghala, R. L. Investigation on material variants and fabrication methods for microstrip textile antennas: A review based
on conventional and novel concepts of weaving, knitting and embroidery. Cogent Eng. 9, 2025681 (2022).

10. Merilampi, S. L. et al. The effect of conductive ink layer thickness on the functioning of printed uhf rfid antennas. Proc. IEEE 98,
1610-1619 (2010).

11. Alkaraki, S. et al. Performance comparison of simple and low cost metallization techniques for 3d printed antennas at 10 ghz and
30 ghz. IEEE Access 6, 64261-64269 (2018).

12. Yao, H., Fang, L. & Henderson, R. Evaluating conductive paint performance on 3-d printed horn antennas. In: 2018 IEEE Radio
and Wireless Symposium (RWS), 191-193 (IEEE, 2018).

13. Garcia-Marin, E., Masa-Campos, J. L., Sanchez-Olivares, P. & Ruiz-Cruz, J. A. Evaluation of additive manufacturing techniques
applied to ku-band multilayer corporate waveguide antennas. IEEE Antennas Wirel. Propag. Lett. 17,2114-2118 (2018).

14. Ferrando-Rocher, M., Herranz-Herruzo, J. I., Valero-Nogueira, A. & Bernardo-Clemente, B. Performance assessment of gap-
waveguide array antennas: Cnc milling versus three-dimensional printing. IEEE Antennas Wirel. Propag. Lett. 17, 2056-2060
(2018).

15. Gatchev, M., Kamenopolsky, S., Bojanov, V. & Dankov, P. Influence of the milling depth on the microstrip parameters in milled
pcb-plates for microwave applications. In: 14th International Conference on Microwaves, Radar and Wireless Communications.
MIKON-2002. Conference Proceedings (IEEE Cat. No. 02EX562), vol. 2, 476-479 (IEEE, 2002).

16. Lu, X. et al. Study on surface roughness of sidewall when micro-milling 1f21 waveguide slits. Appl. Sci. 12, 5415 (2022).

17. Ratautas, K. et al. Evaluation and optimisation of the ssail method for laser-assisted selective electroless copper deposition on
dielectrics. Res. Phys. 16, 102943 (2020).

18. Kamarauskas, A. et al. Experimental demonstration of multiple fano resonances in a mirrored array of split-ring resonators on a
thick substrate. Sci. Rep. 12, 15846 (2022).

19. Duobiene, S. et al. Development of wireless sensor network for environment monitoring and its implementation using ssail tech-
nology. Sensors 22, 5343 (2022).

20. Weigand, S., Huff, G. H., Pan, K. H. & Bernhard, J. T. Analysis and design of broad-band single-layer rectangular u-slot microstrip
patch antennas. IEEE Trans. Antennas Propag. 51, 457-468 (2003).

21. Huang, X.-B., Wang, J.-]., Wu, X.-Y. & Liu, M.-X. A dual-band rectifier for low-power wireless power transmission system. In:
2015 Asia-Pacific Microwave Conference (APMC), vol. 2, 1-3 (IEEE, 2015).

22. Mezaal, Y. S. Investigation of printed slot antennas based on euclidean geometries. Sci. Rep. 11, 4415 (2021).

23. Do, H.-D., Kim, D.-E., Lam, M. B. & Chung, W.-Y. Self-powered food assessment system using Istm network and 915 mhz rf energy
harvesting. IEEE Access 9, 97444-97456 (2021).

24. Zemaitis, A., Gaidys, M., Geys, P, Ra¢iukaitis, G. & Gedvilas, M. Rapid high-quality 3d micro-machining by optimised efficient
ultrashort laser ablation. Opt. Lasers Eng. 114, 83-89 (2019).

25. Schulz, W, Eppelt, U. & Poprawe, R. Review on laser drilling i. fundamentals, modeling, and simulation. J. Laser Appl.25 (2013).

26. Sharma, A. & Yadava, V. Experimental analysis of nd-yag laser cutting of sheet materials-a review. Opt. Laser Technol. 98, 264-280
(2018).

27. Mikoliunaite, L. et al. Magneto-plasmonic nanoparticles generated by laser ablation of layered fe/au and fe/au/fe composite films
for sers application. Coatings 13, 1523 (2023).

Scientific Reports |

(2023) 13:22510 | https://doi.org/10.1038/s41598-023-49726-6 nature portfolio



www.nature.com/scientificreports/

28. Esakkimuthu, M. et al. Laser patterning of thin film copper and ito on flexible substrates for terahertz antenna applications. J.
Laser Micro Nanoeng. 12, 313-320 (2017).

29. Qin, R. et al. Flexible fabrication of flexible electronics: A general laser ablation strategy for robust large-area copper-based elec-
tronics. Adv. Electronic Mater. 5, 1900365 (2019).

30. Ratautas, K. et al. Laser-induced selective electroless plating on pc/abs polymer: Minimisation of thermal effects for supreme
processing speed. Polymers 12, 2427 (2020).

31. Ratautas, K. et al. Laser-assisted selective copper deposition on commercial pa6 by catalytic electroless plating-process and activa-
tion mechanism. Appl. Surf. Sci. 470, 405-410 (2019).

32. Smits, F. Measurement of sheet resistivities with the four-point probe. Bell Syst. Tech. J. 37, 711-718 (1958).

33. Trusovas, R., Ratautas, K., Raciukaitis, G. & Niaura, G. Graphene layer formation in pinewood by nanosecond and picosecond
laser irradiation. Appl. Surf. Sci. 471, 154-161 (2019).

34. Paul, L. C. et al. The effect of changing substrate material and thickness on the performance of inset feed microstrip patch antenna.
Am. . Netw. Commun. 4, 54-58 (2015).

Acknowledgements
This project has received funding from European Regional Development Fund (project No 01.2.2-LMT-K-718-
03-0038) under a grant agreement with the Research Council of Lithuania (LMTLT).

Author contributions

].Z, PR, R.T, K.R. wrote the main text. PR, Z.K, R.S, M.S, R.T, K.R provided theoretical guidance, 1.Z performed
modeling and simulation of antennas, J.Z and P.R. performed experimental measurements. J.Z, M.S. fabricated
antenna samples, PR, Z.K, R.T performed review and editing of the paper, PR performed oversight of the project,
G.R provided financial support for the project. All authors discussed the results and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-49726-6.

Correspondence and requests for materials should be addressed to PR.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:22510 | https://doi.org/10.1038/s41598-023-49726-6 nature portfolio


https://doi.org/10.1038/s41598-023-49726-6
https://doi.org/10.1038/s41598-023-49726-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of different manufacturing techniques on the performance of planar antennas
	Antennas
	Manufacturing
	Lithography
	Direct ablation
	Antenna formation using SSAIL

	Antenna characterization
	Results and comparison
	Conclusions
	References
	Acknowledgements


