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I. INTRODUCTION
DDITIVE manufacturing (AM) has emerged as a main-
stream fabrication technology for wearables, medical
devices, and automotive systems owing to its suitability
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ABSTRACT To fulfill the growing demand of next-generation wireless devices, additive manufacturing
has emerged as the most economical, environmentally friendly, and high-throughput technique for mass
manufacturing. At present, however, 3D-printed antenna substrates show 4%-8% variation in relative
permittivity (e,) compared with typical tolerance values of less than 2% in commercially available
substrates. This relatively large tolerance in 3D-printed substrates is attributed to the variations in the
quality of the material cassette, extrusion speed, temperature profile, individual layer thickness, printing
orientation, infill patterns, and density (i.e., air gaps). Consequently, the resonant frequency (f,-) of antennas
on 3D-printed substrates may vary batch-to-batch; this is a major issue for narrow band antennas such
as microstrip antennas. This study presents a post-fabrication technique capable of compensating for
variations in the ¢, of 3D printed substrates, focusing on microstrip patch antennas (MPAs). The proposed
technique, suitable for correcting the f,. of a single microstrip patch antenna, uses either a single blind
via or an array of vias in the 3D-printed substrate. The direction and shift in f, depend on the location
and dimensions of the via. Through electromagnetic simulations, a complete set of guidelines has been
provided for selecting the number of vias, their locations, and their dimensions for a desired amount of
shift in the f, of the antennas. Furthermore, the shift of the f. is explained using a proposed improvised
transmission-line model of the MPA (incorporating vias). To confirm the proposed technique, two MPAs
were fabricated on a 3D-printed substrate and it is shown that their f, values can be shifted upward or
downward by following the proposed guidelines. The maximum shift in f., without significantly affecting
MPA performance, can reach up to 13%, which is sufficient to manage variations in &, values of 4%—8%.

INDEX TERMS 3D printing, electrical permittivity, frequency tuning, microstrip patch antenna, post-
fabrication technique.

(Graduate Student Member, IEEE),

frequency (RF) components, such as antennas [2], [3], [4
[5], [61, (71, [8], [91, [10], [11], [12], absorbers [13], [14
couplers [15], filters [16], frequency-selective surfaces [17
diplexers [18], lenses [19], [20], [21], and waveguides [22

— e e

during high-throughput mass manufacturing [1]. Because
of the speed of printing, diversity of printed materials,
low cost, reduced material wastage, and ability to develop
complex geometries, 3D printing is becoming a preferred
fabrication technique and is replacing conventional subtrac-
tive techniques, such as lithography and micromachining. In
addition to its utility in various fields, a wide range of radio

have been produced using 3D printing approaches.
Although 3D printing has many clear advantages, the
homogeneity and consistency in the electrical properties of
produced components depends on multiple factors, includ-
ing the quality of the material cassette, extrusion speed,
temperature profile, individual layer thickness, print orienta-
tion, infill patterns, and density (i.e., air gaps) [23]. Previous
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research [24], [25], [26], [27] has reported that the ¢, of the
3D printed substrates varies with infill ratio. Reference [28]
has reported that practical 3D printed substrates are neither
isotropic or homogeneous. Variations of 4%—8% in ¢, of 3D-
printed substrates can lead to the undesirable alteration of
important parameters, such as phase velocity and character-
istic impedance, which ultimately have a negative influence
on the performance of the radio frequency (RF) component.
However, the variation of ¢, in standard microwave sub-
strates is typically <2.0% [29], [30]. Such large deviations
in the ¢, of 3D-printed substrates presents a major issue
for narrowband microwave components and systems, par-
ticularly antennas. Deviations in substrate &, can result in
antennas exhibiting f, values that differ from the designed
or simulated value. One possible solution to correct for
this error is to redesign and refabricate the sample with a
corrected ¢, value that will result in updated antenna dimen-
sions. However, the second round of design (EM simulations
to identify new dimensions) and re-fabrication adds to the
overall cost and is not an environmentally friendly solu-
tion. However, efficient post-fabrication techniques can be
developed to correct for shifts in f, without the requirement
for additional rounds of design and fabrication cycles.

As mentioned previously, the f;- deviation is critical for nar-
rowband antennas, such as MPA. Many techniques reported
in the literature allow for the adjustment or reconfigura-
tion of f. of the MPA, such as varactors [31], fluids and
liquid crystals [32], [33], low temperature cofired ceramic
(LTCC) substrates [34], [35], and an anisotropic artificial
dielectric layer (AADL) [36]. However, 1) most of these
approaches are not used during post-fabrication correction,
and 2) most are limited to inducing a frequency shift in one
direction (downwards). Furthermore, there are currently no
precise guidelines on how these corrections can be applied
to achieve the desired frequency shift. Previous research [37]
presented a post-fabrication technique capable of tuning the
frequency of the MPA using an air pocket beneath the sub-
strate layer; however, this technique is difficult to apply with
3D-printed substrates because milling away large section of
the substrate can damage the layers of the conductor because
they are less rigid than those of conventional RF substrates.

In this study, we propose a new way by which the f, of the
single 3D-printed antenna may be corrected through a single
blind via or an array of vias on originally fabricated samples
without the requirement to produce another sample. A small
number of previous studies [38], [39] demonstrated the utility
of vias for tuning the frequency of MPAs, achieving minia-
turization [40] and bandwidth enhancement [41]. In 1980,
Schaubert et al. [38] demonstrated that antenna f, can be
modified by placing two shorted vias in specific locations.
The f, of MPAs with shorted vias has been subsequently
calculated using transmission-line models in [42], [43], [44]
and with cavity models in [45]. The latter requires compli-
cated analysis, including a full modal expansion of the cavity
fields. Moreover, shorted vias have been utilized to control
frequency separation between the TMy; and TMy3 modes of
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FIGURE 1. Printed samples for material characterization.

rectangular MPAs [46]. In summary, techniques depending
on the use of shorted vias for tuning are limited to shifting
the fundamental f, to a higher frequency. Furthermore, vari-
ations in the 3D-printed substrate may require the antenna to
be tuned in either direction, i.e., downwards and upwards.
In our proposed technique, which is based on blind vias,
the frequency can be shifted in both directions by optimiz-
ing both the via location and dimensions of the via. We
demonstrated that f. can be shifted by up to 13% without
significantly affecting MPA performance. This is sufficient to
cater for variations of 4%—8% in the ¢, values of 3D-printed
antenna substrates. Finally, a complete set of guidelines are
provided to enable effective use of this technique to achieve
the desired f;.

This study is structured as follows. Section II defines
the scope of the problem and demonstrates the necessity of
the proposed technique by showing permittivity variations in
3D-printed materials at 1 and 7.5 GHz. Section III describes
how the operational f; of the 3D-printed patch antenna can be
shifted to lower or higher frequencies and presents complete
guidelines to move the resonance position in the desired
direction. Section IV validates the proposed technique, and
Section V presents the conclusion of this paper.

Il. PERMITTIVITY VARIATION IN 3D PRINTED MATERIALS
In this section, we aim to quantify variations in &, for
3D-printed substrates. Fourteen dielectric substrates with
a length of 56 mm, a width of 50 mm, and a height of
1.5 mm were printed in 3D using two commercial printers,
hereafter abbreviated as 1 (Ultimaker) [47] and 2 (Creator
Pro) [48], using an ABS filament with an &, of 3 and
measured tangent loss of 0.046. The substrates have been
printed with the best possible settings, i.e., the infill ratio of
both printers have been set to 100%. Fig. 1 shows two such
printed substrates. Subsequently, their ¢, was obtained using
an Agilent E4991A RF Impedance Analyzer at 1 GHz. As
shown in Fig. 2, for printer 1, a maximum &, variation of
4.48% was observed for the seven samples. The printing
quality for printer 2 is worse, thus resulting in a maximum
variation of 8.84%. Next, &, was measured at different
locations of one sample printed on each commercial printer.
Fig. 3 shows that &, varies within the sample at seven
different locations; this variation is 4.39% for printer 1 and
7.61% for printer 2. To confirm that this difference did not
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FIGURE 2. Measured relative permittivity for different samples at 1 GHz.
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FIGURE 3. Measured relative permittivity at different locations within the sample at
1 GHz.
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FIGURE 4. Measured relative permittivity for repeated measurements at the same
location at 1 GHz.

arise from a measurement error, &, was measured multiple
times at a specific location for each sample. The results of
this verification are shown in Fig. 4; the negligible variation
demonstrates that the measurement error is insignificant.
To examine the permittivity variation at a higher frequency
(7.5 GHz), we 3D-printed five additional samples using a
third commercial printer (Raise 3D) [49]. Five T-resonators
were screen-printed on 3D-printed substrates using conduc-
tor paste DuPont PE819. The permittivity of each sample
was obtained from its scattering parameters. As shown in
Fig. 5, the permittivity variation is >10%, showing both that
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FIGURE 5. Relative permittivity variation for printed dielectric samples at 7.5 GHz.

3D printed L

o —
substrate
. Coa;( Feedg Via on Radiating
Via on non- . ( j&——— Edge
Radiating Edge ~
~l— .-———a————1

~(_|
(|
=
|
|

I
I
I
Top View [ el
Patch __ :q?/

= = A $hsu
Ground Plane | It —=via~
——

Side View —

FIGURE 6. Conceptual visualization of MPA with blind vias.

considerable ¢, variation (up to 10%) exists in 3D-printed
substrates and this variation changes depending upon the
printer and frequency used. Consequently, there is a require-
ment to manage this variation, particularly for narrowband
antennas.

lll. POST-FABRICATION CORRECTION TECHNIQUE
Permittivity variation in 3D-printed substrates is a major
issue for narrowband components such as MPA. We thus
chose MPA for this study because it is among the most
popular antenna by virtue of its low profile, decent gain,
low cost, and ease of fabrication, as well as the ease of its
integration into circuits. Fig. 6 shows top and side views
of a conceptual visualization for an MPA on a 3D-printed
substrate. The antenna is fed by a coaxial cable, and both
the radiating (separated by length L) and non-radiating (sep-
arated by width W) edges are shown. The field components
of the radiating edges add in phase contributions and provide
the maximum radiation, whereas those of the non-radiating
edges cancel each other out in a direction perpendicular to
the ground plane [50].

As discussed in the Introduction, we here introduce a
blind via or an array of blind vias to compensate for the
frequency shift. For this technique, it is important to know
various parameters, such as the position, dimensions, and
number of blind vias. These have been examined through
EM simulations in CST Microwave Design Studio (CST)
and are discussed in the following sub-sections. As a ref-
erence, an antenna with substrate dimensions 56 mm X
50 mm x 1.5 mm, and patch dimensions L = 27.4 mm
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FIGURE 7. Resonant frequency shift with respect to position along radiating edge.

and W = 35.33 mm has been taken. The feed location
is 5.75 mm offset from the patch center. The substrate’s
permittivity and loss tangent are 3 and 0.0046, respectively.

A. VIA POSITION STUDY

To examine the influence of via position on f, behavior,
the blind via extending from the ground plane was inserted
along both the radiating and non-radiating edges. Without
this via, the MPA works at 2.985 GHz. For this study, via
dimensions of diameter d = 0.04) (where wavelength A =
10.05 mm) and height H = 0.8h,;, (where substrate height
hgy = 1.5 mm) were selected; the effect of via dimensions
is considered in detail in the following subsection. For the
radiating edge, we selected four positions. The position was
varied from the center (Position A) to the corners of the patch
(Position D) along the radiating edge, as shown in Fig. 7. If
the blind via is inserted into Position A, f, is reduced and
a shift of 165 MHz is observed. If the blind via is inserted
into Position B, f, goes downwards and a shift of 155 MHz
is observed. Generally, the amount of shift decreases from
Position A to Position D as the blind via moves closer
to the corner of the patch. The central position (Position
A) provides the maximum downward shift. Note that if the
via is placed along the other radiating edge (i.e., that closer
to the coaxial cable), the results slightly differ because of
the close proximity of the feed. The downward shift can be
explained as follows. The current is at a minimum while the
voltage is at a maximum at the radiating edges. Thus, this
via introduces a significant capacitance, which is responsible
for lowering f;. It is worth mentioning that the via insertion
in this position influences the matching of the antenna since
capacitance are added at the critical point of MPA. However,
the reflection coefficient is within the acceptable limit of
-10 dB.

To explore the mechanisms by which the via influences
f» when it was placed along the non-radiating edge, a blind
via of height H = 0.8hy,;, and diameter d = 0.04A was
introduced along the non-radiating edge. For this purpose, we
selected four positions. As shown in Fig. 8, these positions
were varied from the center (Position E) to the corner of the
patch (Position H). Without the blind via, the MPA worked
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FIGURE 8. Resonant frequency shift with respect to position along the
non-radiating edge.

at 2.985 GHz. Once the blind via was introduced at Position
E, f; increased from 2.98 to 3.026 GHz (41 MHz). Similarly,
Position F shifted the f; to a higher frequency but provided a
lesser shift (31 MHz). Unlike the previous positions, Position
G and Position H caused f. to shift to lower values. In
particular, Position H translated f; to 2.942 GHz (a shift of
43 MHz) because of its proximity to the radiating edge.

Similar to the case of radiating edges, the central posi-
tion (Position E) induced the maximum shift to higher
frequencies. Furthermore, because of the symmetry of the
MPA, both the non-radiating edges performed in a simi-
lar fashion. When one via was placed on either side of
the non-radiating edges (i.e., for a total of two vias), a
larger frequency shift could be achieved. This configuration
is advantageous because it preserves the symmetry while
exerting no significant influence over the directivity of the
antenna. In summary, inserting a blind via along the radiat-
ing edge causes the f, of the MPA to move to a lower value,
whereas inserting two blind vias along the non-radiating
edges can move f, to a higher frequency. Consequently, the
proposed technique is demonstrated to enable tuning of f,
in both directions.

B. VIA DIMENSION STUDY
Another parameter, essential to this study, is the dimensions
of the via, i.e., diameter d and height H; these parameters
have an influence on f.. Note that, without the blind via,
the MPA works at 2.985 GHz. To study the influence of the
height of a via placed along the radiating edge, a via of
d = 0.04x was inserted in the center position and its height
was varied from H = 0.1hg, to H = 0.9h,,. The central
position was selected because it provides the best shift and
will ease the alignment and fabrication processes. Taller vias
provide a larger frequency shift in the downward direction.
In particular, the height of 0.7hg, — 0.9k, can lead to
considerable shifts of f,, whereas H < 0.7hg,;, has almost
no effect on f.. As shown in Fig. 9, H = 0.7hy,; provides
a shift of 105 MHz, whereas H = 0.9hy,;, provides a larger
shift of 367 MHz.

As discussed above, placing a via in this position intro-
duces extra capacitance and thus lowers f,.. Since capacitance
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FIGURE 10. Resonant frequency shift with respect to the blind via height
(non-radiating edge).

is inversely proportional to the distance between two paral-
lel plates (the patch and top surface of the via), decreasing
the distance between the patch and the upper via surface,
increases the introduced capacitance and induced a larger
downward frequency shift.

The influence of the height of a via placed along the
non-radiating edge on f, has been studied. To evaluate this
influence, a via of d = 0.04) was inserted into the center
position of the non-radiating edge and its height was varied
from H = 0.1hgy, to H = 0.9h,,. Generally, a taller via
provides a larger shift upwards. Similar to previous case, the
height of 0.7h,, —0.9hg,, can provide a considerable shift in
fr» whereas H < 0.7hg,; has almost no effect on f;.. As shown
in Fig. 10, H = 0.9hy,;, provides the largest shift (49 MHz).
For the proposed technique, we chose to fix the height in
order to ease the selection process of the via dimensions.
We chose H = 0.8hg,, to improve the isolation of the patch
from the via.

To study the influence of the diameter of the via along
the radiating edge, a via of H = 0.8hy,;, was inserted into
the center position of the radiating edge and its diameter
was varied from d = 0.02A to d = 0.08Xx. In the absence
of the via, the antenna worked at 2.985 GHz. As shown
in Fig. 11, when a via of d = 0.02) is inserted, f, shifts
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downwards by 53 MHz. Increasing the diameter of the via
diameter causes the amount of downwards shift to increase.
In particular, a shift of 359 MHz occurs when using a via
with d = 0.08A. It is known that the capacitance between two
plates (the patch and via top surface) is proportional to the
area of the plate overlap. Thus, increasing the via diameter
provides a larger downward shift; however, too large size of
via (d > 0.1A) may cause deterioration of the antenna and
significantly decrease its efficiency. According to capacitance
theory, another technique by which the amount of shift may
be enhanced is to increase the number of vias symmetrically
along the two radiating edges; however, a greater number
of vias can result in lower efficiency and a degradation of
gain.

The influence of the diameter of the via placed along the
non-radiating edge was studied. For this purpose, two vias
of H = 0.8hy,; were inserted in the center of two non-
radiating edges and their diameters were varied between
d = 0.02)» and d = 0.08\. This configuration was cho-
sen to preserve symmetry while minimizing influence on
antenna directivity. Without the via, the antenna works at
2.985 GHz. If vias of d = 0.02X are inserted, f, increases to
3.01 GHz as shown in Fig. 12. As the diameter increases, the
upwards shift also increases. For vias of d = 0.08A, a shift of
320 MHz occurs. However, too large via may cause deterio-
ration in antenna matching. Based on the above analysis, we
conclude that d is a key parameter to control the amount of
shift.

The introduction of a metallic via may lower the efficiency
and gain of the antenna; as such, it is important to quantify
its influence. Therefore, for the proposed technique, we con-
ducted a study to investigate the influence of via diameter on
the amount of frequency shift (in %), and antenna realized
gain and total efficiency for both the downward and upward
shifts.

Fig. 13(a) shows the amount of downward shift when the
via is placed in the center position of the radiating edge.
The radiating edge furthest from the coaxial cable was cho-
sen in order to ease the fabrication process. The maximum
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FIGURE 13. Resonant frequency shift to a lower value with one via on radiating
edge. The reference antenna’s maximum gain and total efficiency are 4.24 dB and
85.33%, respectively.

shift is 13% with d = 0.09A. Fig. 13(b) shows the gain and
total efficiency of the antenna with the via measured at new
fr and a comparison with the reference antenna. The refer-
ence antenna’s realized gain and total efficiency are 4.24 dB
and 85.33%, respectively. Smaller vias (d < 0.061) are rec-
ommended in order to avoid large gain and a reduction
in efficiency. It is possible to achieve a larger shift at the
expense of gain and efficiency.

Fig. 14(a) shows the amount of upward shift (in %) with
the respect to d when two vias are placed in the centers
of the non-radiating edges. The maximum shift is up to
13% with d = 0.09\. Generally, it is not recommended to
use d > 0.09A because it worsens the reflection coefficient
of the antenna. As mentioned above, this configuration is
advantageous in terms of gain performance. This has also
been validated by EM simulations, as shown in Fig. 14(b).
Although the efficiency of the antenna is decreased, its direc-
tivity increases due to the symmetry of the via placement.
Fig. 15(a) shows the amount of shift when only one via is
placed. The maximum shift is up to 11% at d = 0.15A. As
shown in Fig. 15(b), in this configuration, both the gain and
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FIGURE 15. Resonant frequency shift to a higher value with one via on the
non-radiating edge. The reference antenna’s maximum gain and total efficiency are
4.24 dB and 85.33%, respectively.

efficiency are almost steady up to d = 0.11A, after which
both begin to decrease.

C. GUIDELINES FOR RESONANT FREQUENCY
CORRECTION TECHNIQUE UTILIZING BLIND VIAS

The frequency shift depends upon both the position and
the dimensions of the via. It is important to select the cor-
rect position and dimensions of the via to achieve resonant
frequency corrections resulting from material property vari-
ations. In order to facilitate this selection, we have devised
guidelines for various via parameters, which are described
in detail below.

To translate the resonance to lower frequencies:

1. Calculate the required frequency shift (in %) as in (1),
where fesireq 1s the original f, in EM simulations and fycqq
is the resonant frequency of the fabricated antenna different
from the original f, due to material variation:

lfactual - f desired |

% Shlfl‘ =
fdesired

x 100 % (D
2. According to Fig. 13(a), choose the via diameter (d)
for the calculated shift. For example, if a shift of 7.5% is

desired, select a via diameter of d = 0.05A.
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TABLE 1. Gain performance.

Simulated Fabricated Post-fabricated
gain, dB gain, dB gain, dB
Non-radiating 5.26 5.28 5
edge
Radiating Edge 5.19 5.27 4.86

3. Insert the via into the central position of the radiating
edge.

To translate the resonance frequency to higher values:

1. Calculate the required frequency shift (in %) as in (1).

2. According to Fig. 14(a), choose the via diameter (d) for
the desired frequency shift. For example, if a shift of 2.5%
is desired, select a via diameter of d = 0.04A.

3. Insert the first via at the central position of the non-
radiating edge. Insert the second via at the central position
of opposite non-radiating edge.

4. If only one via is preferred, select the via diameter
according to Fig. 15(a) and insert this via at the central
position of the non-radiating edge.

IV. VALIDATION OF PROPOSED TECHNIQUE THROUGH
EXPERIMENTATION

To validate the proposed technique, a patch antenna working
at 2.98 GHz was fabricated as shown in Fig. 16. A dielectric
layer of ABS with a length of 56 mm, a width of 50 mm a
height of 1.5 mm, an er of 3, and a loss tangent of 0.0046
is printed using a 3D Raise Printer, whereas the conductor
layers are applied using a silver paste. Due to the permittivity
variation, the antenna operates at 3.036 GHz. The following
steps are then taken according to the guidelines presented in
Section III:

1. As per (1), a percentage shift of 1.75% toward a lower
value is required.

2. To shift the resonance to a lower value, d = 0.02)\ was
chosen according to Fig. 13(a). The radiating edge farthest
from the coaxial cable was selected such that the feed point
does not interfere with the fabrication process.

3. The via is inserted at the central position of the chosen
radiating edge. The via hole is cut using a laser VLS 3.50
10.6 uu, filled with a silver paste, and dried in the oven.
Note that it is advised to drill by an accurate method to
reach the necessary resonant frequency shift.

As shown in Fig. 17, the antenna f, is corrected from
3.036 GHz to 2.99 GHz. The corrected f, matches the
desired simulated resonant frequency. Its error is 0.33% due
to the quality of the laser cut. The Gaussian distribution
of the laser light entails that the laser cuts the via hole in
the form of a cylinder with various imperfections at its sur-
faces and at the edges of the hole. As shown in Fig. 19(a),
the post-fabricated antenna has a gain of 4.87 dB compared
to 5.27 dB in previously fabricated antenna. The antenna
radiation pattern is not altered by the introduction of the
via.
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FIGURE 16. (a) Cutting the via holes using the laser. (b) Antenna ground plane with
via holes. (c) Antenna ground plane featuring a blind via filled with conductive silver
paste. (d) VNA measurements. (e) Measurements in anechoic chamber.

To validate the translation to a higher frequency, a patch
antenna working at 3.04 GHz was fabricated. Similarly,
a dielectric layer with a height of 1.5 mm and an indi-
cated &, of 3 was printed using a 3D Raise Printer. The
patch and ground plane were applied using the silver paste.
The desired f, is 3.11 GHz. To compensate for material
variation, guidelines suggest that the resonance should be
shifted toward a higher frequency. The following steps
were therefore taken according to guidelines presented in
Section III.

1. The required percentage shift was approximately 2.5%
as per (1).

2. Two blind vias with a diameter of 0.04A were chosen
according to Fig. 14(a).

3. Two holes in the central positions of the non-radiating
edges were drilled using the laser. They were subsequently
filled with a conductive silver paste and dried using an oven.

These vias translated the resonance position from
3.04 GHz to 3.1 GHz, as shown in Fig. 18. The corrected
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f+ matches the desired simulated resonant frequency. As
shown in Fig. 19(b), the post-fabricated antenna gain with
two vias of d = 0.04A is 5 dB compared to 5.28 dB in the
previously fabricated antenna. The commercial silver paste
was dried below the recommended temperature in order
to avoid damaging the dielectric layer. This led to lower
conductivity and, subsequently, lower efficiency and gain,
than expected. The radiation pattern was not altered by the
introduction of the via.

V. CONCLUSION

This paper has presented a post-fabrication technique to
correct for the f, of a 3D-printed rectangular MPA. The
proposed technique utilizes either a single blind via or an
array of vias in a 3D-printed substrate to regulate the f;
of the antenna at a desired value. This technique can be
used to move the resonance position by 13% in both the
directions. Although a shift above 13% is possible, it is
achieved at the expense of gain and efficiency. A complete
set of guidelines has been provided for selecting the via
dimensions and position to achieve the desired frequency
shift. Subsequently, the proposed technique is validated
through experimentation. The corrected f; of the fabricated
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FIGURE 19. Antenna gain with (a) one via along the radiating edge and (b) two vias
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antennas matches the expected resonant frequencies with
minor variations, which may be caused by imperfections
attributed to the laser cut. In future research, the applicabil-
ity of the technique to rigid substrates (like FR4) should be
studied.
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