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Abstract: As additively manufactured radio frequency (RF) design expands towards higher frequen-
cies, performance becomes ever more sensitive to print-induced dimensional variations. These slight
deviations from design dimensions typically skew RF performance, resulting in low yields or poor
device performance. In order to overcome this limitation, RF design paradigms must be developed
for non-uniform process and material-specific variations. Therefore, a new generalized approach is
developed to explore variation-tolerant designs for printed RF structures. This method evaluates
the feature fidelity and S11 performance of micro-dispensed, X-band (8–12 GHz) patch antennas by
evaluating the standard deviation in as-printed features, surface roughness, and thickness. It was
found that the traditional designs based on optimal impedance matching values did not result in the
most robust performance over multiple printing sessions. Rather, performance bounds determined
by print deviation could be utilized to improve large-batch S11 results by up to 7 dB. This work
demonstrates that establishing the average standard deviation of printed dimensions in any RF
printing system and following the formulated design procedure could greatly improve performance
over large datasets. As such, the method defined here can be applied to improve large-scale, printed
RF yields and enable predictive performance metrics for any given printing method.

Keywords: RF; advanced manufacturing; direct-write; X-band; antenna

1. Introduction

As additive manufacturing (AM) technology pushes towards applications at 5G and
beyond, it becomes necessary to investigate the repeatability of direct-write (DW) manufac-
turing methods with respect to high-throughput manufacturing [1–3]. The wide array of
printing methods and materials used in DW electronics corresponds to both variable feature
resolution within a single structure and between multiple structures within a production
batch. Therefore, a generalized design method must be explored to compensate for both
fabrication variability and to maximize production yields. As such, this work explores a de-
sign process to transition common printed RF systems from low-yield single-run structures
towards high-yield production. Thus, a method is developed that can produce reliable RF
structures despite significant dimensional variability.

The advantages of AM techniques have broadened on-demand design capabilities
across multiple industries ranging from biomedical to communications. DW manufacturing
in particular has expanded rapidly alongside increasing demand or flexible, embedded,
and low-cost electronic components. Benefits of DW processes have encouraged a vari-
ety of deposition methods including micropen dispensing [4,5], aerosol jetting [6,7], ink
jetting [8–13], stereolithography [14–16], and metal embedding [17–22]. These methods
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can utilize materials as varied as metals, plastics [23], battery materials [24,25], and even
organics [26]. DW electronics have been heavily investigated in sensing applications: using
conductive inks for capacitive-based sensing of moisture and humidity levels [27,28], gas
exposure [29], and pressure and material wear sensing [30,31]. Many of these traditional
DW applications can be enhanced through the integration of wireless communication and,
as such, there has also been research combining DW sensors with flexible RFID tags [8,32,33]
and WLAN frequency band antennas optimal for IoT devices [34]. Additionally, printed in-
ductors, capacitors, transducers, energy harvesting rectennas, and low loss dielectrics have
all been developed specifically for RF applications [35–38]. Work is also being undertaken
to implement these RF components on flexible, foldable, and conformal surfaces [32,39–41].

While some work has been done fabricating high frequency printed components, such
as 5 GHz transistors [11], 5 GHz phased array antennas [40], and Ultra-wideband antennas
ranging up to 10 GHz [10], these studies do not include an evaluation on acceptable
tolerances, variations, or design metrics for high volume manufacturing. It has been
shown that some of the inherent inconsistencies introduced by DW methods, such as
overlapping lines, overspray, and varying trace thicknesses do not necessarily degrade MHz
RF performance [33]; however, feature resolution is expected to have a much larger effect
on RF performance as feature sizes decrease. In order to maintain performance comparable
to traditionally manufactured RF structures while moving into the X and Ku bands, designs
must be revised to counteract or otherwise adapt for the unpredictable effects of printing.
The unpredictable dimensionality of printing is expected to translate into unpredictable
effects on the RF impedance matching, and therefore unpredictable RF performance. Thus,
it becomes difficult to predict experimental, printed performance without in-depth analysis
of dimensional characterization, re-simulation, and experimental verification. Based on the
design methods in this work, our conclusions can be adapted towards printed deviations
in more complex antenna and photonic designs such as statistical calibrations, polarization
conversion, or multiple patches [42–44]. However, as system complexity increases tools
such as machine learning maybe required to determine a variability invariant design.

Finally, initial work has been done on using machine learning (ML) training algorithms
within AM to predict optimal processing and material parameters for high print fidelity, for
example in extrusion-based bio-printing [45,46] ML has also been used to establish models
for predicting behavior of printed systems based on print parameters, such as determining
the expected conductivity of jet-printed biosensors [47]. While these studies focus on
exploiting ML to determine the best available print parameters for high print fidelity or
specific component characteristics, no work has assessed how quantifying the variability
within a single set of print parameters can be harnessed to predict overall performance
despite imperfect resolution. The initial data set provided in this work will be presented in
a way that can be adapted to produce ML training sets by comparing measured feature
dimensions with expected performance. It is the hope that this work will inspire ML models
in order to select the ideal set of component dimensions for the highest manufacturing
yield and enable predictive performance through ML.

2. Materials and Methods

As an assessment of using characterized print variations to improve the design process
and performance of printed RF, this work utilizes a set of common, printable RF structures,
materials, and tooling. Specifically, the micropen dispenser (Nordson EFD, East Providence,
RI, USA) was used to deposit one of the most common printable inks, DuPont CB028
(Dupont, Wilmington, DE, USA). To remove dielectric variability from our analysis, I-Tera
MT40 RF laminate (Isola Laminate Group, Chandler, AZ, USA) with a 1 oz copper ground
plane was used as a substrate material. A microstrip fed patch antenna with impedance
matching slits was designed, simulated, and printed. The patch antenna is one of the
most common structures in printed RF and, thus, enables the results of this work become
applicable to a variety of application spaces.
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2.1. Antenna Design

CST Microwave Studio (Dassault Systems) was used to design the microstrip fed patch
antenna optimized for an 8 GHz resonance and a 50 Ω input impedance. A traditional
copper version was designed as a control sample and a separate as-printed silver design
was used for the DW version. Both copper and printed samples used I-Tera MT40 substrates
with 1 oz copper ground planes, 0.127 mm dielectric thickness, dielectric constant (Dk) of
3.45 and loss tangent of 0.0031.

Initial antenna testing (copper-clad, CNC-milled, PCB antennas) confirmed the dielec-
tric constant of the Isola I-Tera MT40 substrate. Additionally, it was confirmed through
simulation that the same magnitude of dimensional variations in microstrips printed on
substrates between 3.45 +/−0.5 Dk exhibited only difference in approx. +/−0.6 Ω in refer-
ence impedance. Therefore, any realistic variations of dielectric constant, such as altering
substrate material, will have little effect on printed variability versus RF performance.
However, as dielectric thickness decreases, the same process variability will have a much
more significant effect on RF performance. For example, the same printing variability
(+/−40 µm) on a microstrip line produces characteristic impedance of +/−1.2 Ω with a di-
electric thickness of 0.381 mm and +/−5 Ω with a dielectric thickness of 0.127 mm. As AM
techniques trend towards thinner, more flexible substrates, a 0.127 mm thickness highlights
both more significant variation effects and more accurately represents the constraints of
printed RF systems when adopted into hybrid/flexible form factors.

Using Equations (1) and (2), The initial microstrip width W for both designs was
chosen as 300 µm by setting Z0 in Equation (1) equal to 50 Ω, where H is the dielectric
thickness (0.127 mm), and εr is the dielectric constant (3.45). To further refine the design,
simulations were utilized to determine the length of the microstrip inset into the patch,
henceforth referred to as the inlet length (3100 µm for copper and 2600 µm for printed
silver), and the width of the adjacent inset channels, henceforth referred to as the inlet
width (200 µm for both designs).

Z0 = 120π√
εe f f [W/H+1.393+2/3 ln(W/H+1.444)] (1)

εe f f = εr + 1/2 + εr−1
2
√

1+12(W/H) (2)

The conductivity of the silver nanoparticle ink in this work was measured using a
4-point probe measurement as approximately 3.45 × 106 S/m when sintered at 160 ◦C for
1 h. This value is similar to the conductivity reported in literature using similar sintering
parameters [48]. As RF design is generally moving towards thinner substrates, a 0.127 mm
substrate was chosen as a trade-off between manufacturability and analysis.

All designs were laid out as DXF files in AutoCad (Autodesk Inc., San Rafael, CA,
USA). CNC Milling of the copper design was performed on the Accurate CNC 737 (Accurate
CNC, Inc. Fort Wayne, Indiana) using a 5 mil end mill bit (Midwest Circuit Technology,
Aurora, OH, USA). DW printing of the silver design was performed on a Nordson Pro4
micropen system (Nordson EFD, East Providence, RI, USA) using Dupont CB028 conductive
silver ink.

2.2. Direct-Write Fabrication

Changes in deposition pressure, speed, tip gauge, and tip distance from the substrate
were used to produce a range of variation in both feature size and feature deviation.
These variations enable investigation of the relationship between fidelity and performance.
When transitioning this method to other materials or tooling, the variation in the specific
printing process must be characterized at optimal print parameters. All printed structures
were compared to simulated structures (CST Microwave Studio) and CNC milled, dual-
clad copper control samples in order to validate the legitimacy of the simulation model.
Adherence to the model dimensions and print integrity (surface roughness, gaps, air
bubbles, etc.) were examined using a variety of measurement tools including optical
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microscopy and profilometry. The measured value of each printed feature was then plotted
separately against the S11 performance for all antennas in the dataset and compared to
simulation models of the S11 response for the measured features. Finally, an updated set of
design dimensions was developed which compensates for the levels of experimental print
variation and experimental S11 resonance depth.

The aforementioned speed and pressure settings were also systematically analyzed
to determine a minimum achievable uniform trace width of approximately 120 µm for
our printing system. The DXF files were serpentine raster filled using trace width settings
ranging from 170 µm to 120 µm, and minimum-maximum trace overlap allowances of
10–50% or 10–20%. Print parameters utilizing speeds of 2–9 mm/s, pressures of 22 to
35 PSI, and tip gauges of 30 or 32 were combined with overlap and trace width settings
to produce a set of 27 acceptable printed antennas. For all printed designs the top copper
cladding layer was removed using Ferric Chloride etching (CE-100, Transene Company,
Inc., Danvers, MA, USA) and no further surface functionalization was required before
printing. Both printed and CNC milled control samples were tested with a 50 Ω Pasternack
0.2032 mm PCB launch SMA connectors (Infinite Electronics International, Inc., Irvine,
CA, USA).

The printed antennas were cured and sintered at 160 ◦C for 1h before a Bruker GT-
K Optical Profilometer (Bruker Nanosurfaces, Tucson, AZ, USA) was used to analyze
five feature sizes per antenna: waveguide width, inlet width and length, sample height,
surface roughness.

One port S-parameters were measured for all samples using a Keithley PNA Network
Analyzer N5225A (Keithley Instruments, Cleveland, OH, USA). The results were recorded
alongside the average printed dimensions and feature standard deviation as determined
by optical profilometry.

3. Results

The printed antenna systems were evaluated independently over five features. These
features are as follows: printed material thickness, surface roughness, microstrip width,
impedance matching inlet width, and impedance matching inlet length. Using these five
parameters, it was possible to develop a design method to compensate for non-ideal feature
sizes over all print regions of a patch antenna. Although printed variations in patch size do
affect antenna performance through slight, predictable resonance frequency shifts, a much
larger performance effect was observed in impedance matching dimensions. As such the
analysis focuses on optimizing impedance matching constraints in the antenna system.

3.1. Printed Material Thickness and Surface Roughness

Optical microscopy and optical profilometry were used to measure a variety of feature
dimensions ranging from overall sample height to patch surface roughness. It was observed
that printed form factors generally have a more variable roll-off on the print edge than
those produced using traditional milling or etching techniques. For this reason, one must
determine a consistent method for selecting start and end measurements points for a feature.
Using a relative permeability µr =0.9998 and the measured CB028 resistivity ρ = 2.9 Ωm,
the skin depth δ = 3 µm of the printed silver can be found using Equation (3):

δ =
√

ρ
π f0µ0µr

; µ0 = 4πE−7 (3)

Therefore, feature measurements were taken starting at a height of 3µm as shown on
the cross section of a microstrip line in Figure 1a.
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roughness compared with respective antenna S11 response at 8 GHz. Surface roughness was meas-
ured as Sq, or root mean square height, on the antenna patch using the same profilometry software 
as in (a). We expect no change to the trends calculated in this work if we instead used arithmetical 
mean roughness Ra. Results in (b) show no noticeable correlation between roughness and S11 in 
this dataset. 

It was determined that feature sizes with a thickness less than the skin depth do not 
significantly influence the resulting RF performance. Thus, this work utilized the skin 
depth as both a “cut-off” when measuring dimensions, as well as a minimum required 
thickness of the overall print. Indications of a relationship between S11 response and di-
mensional variation can be observed in Figure 1b. Due to the low surface roughness with 
respect to wavelength, no significant S11 variation was seen when varying sample heights 
and/or surface roughness. This result was to be expected and provides a good initial start-
ing point to a printed design. 
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resonance of, 8GHz +/−0.12 GHz. Figure 2 shows S11 as a function of as-printed dimen-
sions: (b) microstrip width, (c) inlet width, and (d) inlet length. Error bars indicate +/−1 
standard deviation in the as-printed parameters, and theoretically ideal design dimen-
sions are shown on each plot as a dashed line. Indications of a relationship between S11 
response and dimensional variation can be observed for the microstrip width and the im-
pedance matching inlet width. 

Figure 1. Feature measurement: (a) Graph showing the x-profile of an antenna along the dashed
line of the profilometer image, with black and white triangular indicators marking the point of
3 µm height (skin depth) on either side of the microstrip. ∆X measures the space between the
markers and is taken as the microstrip width: 321 µm for this cross-section; (b) Plot showing average
surface roughness compared with respective antenna S11 response at 8 GHz. Surface roughness
was measured as Sq, or root mean square height, on the antenna patch using the same profilometry
software as in (a). We expect no change to the trends calculated in this work if we instead used
arithmetical mean roughness Ra. Results in (b) show no noticeable correlation between roughness
and S11 in this dataset.

It was determined that feature sizes with a thickness less than the skin depth do not
significantly influence the resulting RF performance. Thus, this work utilized the skin
depth as both a “cut-off” when measuring dimensions, as well as a minimum required
thickness of the overall print. Indications of a relationship between S11 response and
dimensional variation can be observed in Figure 1b. Due to the low surface roughness
with respect to wavelength, no significant S11 variation was seen when varying sample
heights and/or surface roughness. This result was to be expected and provides a good
initial starting point to a printed design.

3.2. Variability in Printed RF Features

Antenna performance was assessed through the S11 network parameter which char-
acterizes the reflection coefficient of a transmitting antenna. Additionally, two different
aspects of feature variability were analyzed: (1) variation in average feature size from
design and (2) standard deviation of a feature dimension from its average. These two
types of variability were then measured over three printed features: (1) microstrip width,
(2) impedance matching inlet width, and (3) impedance matching inlet length. The influence
of each dimension on performance was first assessed by plotting the average dimension
and standard deviation against the respective sample’s experimental S11 response at a
resonance of, 8 GHz +/−0.12 GHz. Figure 2 shows S11 as a function of as-printed dimen-
sions: (b) microstrip width, (c) inlet width, and (d) inlet length. Error bars indicate +/−1
standard deviation in the as-printed parameters, and theoretically ideal design dimensions
are shown on each plot as a dashed line. Indications of a relationship between S11 response
and dimensional variation can be observed for the microstrip width and the impedance
matching inlet width.
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S11. Error bars represent the standard deviation from the average plotted value for the x-axis feature 
in each antenna. Solid lines in (c,d) illustrate simulation sweeps across the x-axis values, holding all 
other features constant at the dataset average. These simulations are discussed in Sections 4.2. and 
4.3. 

While Figure 2 does imply a trend in S11 based on the variations of a single dimen-
sion, the majority of antennas in the dataset have multiple dimensions which deviate from 
design parameters, and some antennas perform very well even with multiple deviating 
parameters. Thus, these dimensions are not individually a pure indicator of S11 perfor-
mance. For example, S11 appears to improve for deviations in inlet widths narrower than 
the designed value of 200 μm (Figure 2c). However, in a printed form-factor the same 
effects that increase microstrip width will also narrow inlet width, thus this performance 
improvement is correlated with at least two changing feature dimensions on the same 
sample. In other words, print variations simultaneously alter the transmission line char-
acteristic impedance and antenna impedance matching inlets. These deviations result in 
significantly altered structural dimensions in some cases improving performance and in 
other cases degrading performance. Therefore, producing the most consistent RF design 
is dependent on determining the effects of as-printed dimensional combinations which 
stem from variations in multiple feature dimensions. To accomplish this feat, we must 
reduce the degrees of freedom to only those that most significantly influence performance. 

4. Discussion: Determining Design Metrics 
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Figure 2. Antenna S11 response plotted by variation in the average value of single features: (a) Fully
printed antenna with measured dimensions called out; (b) Microstrip width vs. S11 for each antenna
in the dataset; (c) Impedance matching inlet width vs. S11; (d) Impedance matching inlet length vs.
S11. Error bars represent the standard deviation from the average plotted value for the x-axis feature
in each antenna. Solid lines in (c,d) illustrate simulation sweeps across the x-axis values, holding all
other features constant at the dataset average. These simulations are discussed in Sections 4.2 and 4.3.

While Figure 2 does imply a trend in S11 based on the variations of a single dimension,
the majority of antennas in the dataset have multiple dimensions which deviate from
design parameters, and some antennas perform very well even with multiple deviating
parameters. Thus, these dimensions are not individually a pure indicator of S11 perfor-
mance. For example, S11 appears to improve for deviations in inlet widths narrower than
the designed value of 200 µm (Figure 2c). However, in a printed form-factor the same
effects that increase microstrip width will also narrow inlet width, thus this performance
improvement is correlated with at least two changing feature dimensions on the same
sample. In other words, print variations simultaneously alter the transmission line char-
acteristic impedance and antenna impedance matching inlets. These deviations result in
significantly altered structural dimensions in some cases improving performance and in
other cases degrading performance. Therefore, producing the most consistent RF design is
dependent on determining the effects of as-printed dimensional combinations which stem
from variations in multiple feature dimensions. To accomplish this feat, we must reduce
the degrees of freedom to only those that most significantly influence performance.

4. Discussion: Determining Design Metrics

To determine the combined variability effects within the system, one must first deter-
mine the variability in each individual feature. To this end, the following section analyzes
the microstrip transmission line, impedance matching inlet width, and impedance matching
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inlet length to produce a predictive model encompassing all significant feature variability
with respect to the printed microstrip variability.

4.1. Microstrip Width Metrics

A set of microstrip lines 18 mm in length and spanning widths of 235 µm to 407 µm,
were printed to determine the effects of variation on overall transmission line performance.
From Equation (1) this variation translates to characteristic impedances ranging from 60 Ω
to 40 Ω respectively. S21, or transmission, was measured from 7 to 9 GHz between two 50 Ω
ports for each printed microstrip. All transmission lines displayed S21 values of >−2 dB
at 8 GHz (Figure 3). This result suggests that this level of variation in printed microstrip
width has no significant, independent effect on antenna S11 values.
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Figure 3. S21 transmission values for a range of microstrip widths across the 8 GHz frequency of
interest show no significant change as microstrip width increases. This data suggests that the trend
towards a more negative S11 with increasing microstrip width, Figure 2b, is not caused solely by the
microstrip variability.

Contrastingly, in Figure 2b antenna S11 performance does display a clear trend be-
tween microstrip width and resonance depth. However, a unique aspect of the printed
form factor is that changing microstrip width will also create an inherent variation in
the impedance matching inlet width and length, as all features are printed concurrently.
Therefore, a variation in microstrip width will alter both the characteristic impedance of
the microstrip and the ability of the matching features to operate as intended. This result
affords a unique opportunity to evaluate both impedance matching inlet width and length
with respect to microstrip width. Thus, this work can develop a characterization method
which can combine all feature variabilities with respect to each other.

4.2. Impedance Matching Inlet Width and Inlet Length

To assess the individual contributions of changing inlet width and inlet length on
antenna performance, a set of simulations were performed holding all other dimensions
constant at their designed values, while allowing the inlet dimension of interest to vary
along one standard deviation of the experimentally measured range. For inlet width
assessment, the microstrip width was held at 300 µm, the inlet length held at 2.6 mm, and
the inlet width swept from 100 µm to 260 µm. For inlet length, the microstrip width was
held at 300 µm, the inlet width held at 200 µm, and the length swept across 2.42 mm to
2.6 mm. In each case, the simulated data was plotted and overlayed with the experimental
data in Figure 2c,d. The poor fit of the simulation data to the experimental results illustrates
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that are not solely responsible for S11 performance are also not solely responsible for S11
performance variations.

To combine the effects of variation in each inlet dimension respectively with microstrip
width variation, a series of simulations were performed by examining all inlet dimension
values within one standard deviation of the average print-to-print value (170+/−30 µm)
at successive microstrip widths, while the other inlet dimension remained constant at the
designed value. The best performing S11 results (most negative) were plotted together
as a lower-bound and the worst performing (least negative) S11 results plotted together
as an upper-bound. The bounds of inlet width variation across microstrip width can be
seen in Figure 4, and the inlet length variation bounds can be seen in Figure 5. The spacing
between the two bounds in both figures illustrates that the effects of variation in each
dimension are not constant across the entire microstrip width range. For example, in
Figure 4, the difference between best and worst performing S11 simulation results for a
260 µm microstrip was significantly smaller than the same in bounds of a 350 µm microstrip.
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As neither Figure 4 nor Figure 5 completely capture the dataset, it is necessary to
consider concurrent variability in all three measured dimensions in order to predictively
characterize the experimental data. This result is expected; as mentioned previously,
variability in one printed dimension corresponds to a related variability in other printed
dimensions. The full characterization is presented in Section 4.3.

4.3. Combined Analysis

To combine the effects of Sections 4.1 and 4.2, bounding lines were plotted using the
minimum and maximum S11 values at each microstrip width for all inlet length and all inlet
width combinations that lay within one experimental standard deviation of experimental
averages. At each microstrip width, inlet length varied from 2.45 µm to 2.61 µm and the
inlet width was varied from 140 µm to 200 µm. Upper and lower performance bounds and
are shown in Figure 6 with the best-performing microstrip width of 340 µm marked byc
represent the average of the standard deviation in width along any microstrip in the whole
experimental sample set.
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demonstrates that a microstrip designed at 340 µm will produce a more consistent antenna design
given experimentally determined print variability.

While simulations demonstrate that resonance depths of up −35 dB can be achieved
at the theoretically ideal microstrip width of 300 µm, variation in inlet width and length
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introduced by DW printing can significantly alter performance to as low as −14 dB. When
analyzing a printed microstrip with an average width of 300 µm (50 Ω impedance), the
actual performance falls across nearly the entire bounded region. However, Figure 6
shows that designing for a 340 µm wide microstrip (45.35 Ω impedance) offers a more
consistent performance area and a deeper average resonance: −23 dB to −38 dB overall.
Therefore, altering design with respect to the bounding effects of measured variability
improves the lower-bound performance of the dataset by 9 dB, from −14 dB to −23 dB.
It is true that variability in waveguide impedance changes the reflection coefficient at the
SMA/microstrip interface (in this case a very small change of 0.038 at a width of 280 µm
and 0.042 at a width of 320 µm), possibly reducing performance. However, a much greater
impact can be seen from variability in capacitive coupling and the impedance matching
effects between the microstrip and the patch antenna. The results demonstrate a need to
design with respect to variability, and not the theoretical ideal. As such, at 340 µm wide
the microstrip standard deviation would bound a performance region between −38 dB
to −23 dB. Using a similar analytical process as detailed in Figure 7, it becomes possible
to apply this knowledge to other printed antenna and waveguide combinations, other
printing processes, and other systems with more or less variability. In all cases, the result
will be a larger through-put of acceptable RF systems by creating larger region of acceptable
processing parameters and conditions.
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5. Conclusions

This work demonstrates that the primary mechanism for reduced RF antenna per-
formance is through compounding variations in print dimensionality. Other common
inconsistencies, such as surface roughness and sample height, are found to have little effect
on performance when compared to dimensional variability. Although printing inconsis-
tency is shown to affect the characteristic impedance of transmission lines, the primary
driving mechanism for RF quality is determined to be the transmission line and antenna
junction. Within this region, there are compounding effects due to correlated variabil-
ity in multiple critical features. The resulting features demonstrate multiple, non-ideal
dimensions, which can combine to create unpredictable RF devices. As such, this work
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has devised a method to design and predict RF performance by developing performance
regions based on a characterized standard deviation of printed features. Specifically, this
method utilizes the standard deviations of printed transmission line width in order to de-
termine the range of antenna performance. This work analyzed a case study using a patch
antenna and micropen dispensing system to increase minimum large-batch performance
from −14 dB to −23 dB while maintaining a peak performance at −38 dB. The proposed
process can easily be applied to a variety deposition systems and antenna designs, as
well as expanded to encompass behavior among multiple antennas, such as rectangular,
triangular, and hammer-shaped array configurations [49,50]. Additionally, this method
could be used to develop training sets for ML algorithms aimed at determining optimal
design values for RF structures based on measured system variability.

Finally, the overall process outlined in this work can be applied to all dielectric
thicknesses and dielectric constants. In each case, the design process outlined in this
work will not change. For example, increasing substrate thickness or decreasing dielectric
constant will reduce the effect of process variability moving the design dimensions closer
to the ideal dimensions. The applicability of this new design paradigm can be directly
implemented to not only increase manufacturing yield, but also to push printed, flexible,
and conformal RF manufacturing into a variety of new and exciting applications.
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