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Abstract— This paper presents an innovative, fully additive
manufactured approach to millimeter-wave multilayer circuits.
An aerosol jet printer is used to fabricate a multilayer
stepped-impedance low-pass filter. By leveraging the second
layer for miniaturization, we achieve a more compact design.
By precisely controlling conductor separation and utilizing
3D printing technology, we were able to optimize the width
of the high and low-impedance segments for optimal filter
performance. Two filter types were successfully fabricated: a
low-pass microstrip filter and a low-pass stripline filter, both with
a cutoff frequency near 29 GHz and exhibiting excellent roll off.
The stripline configuration allows for a 39 % decrease in the
total stripline area. The line loss of both designs was characterized
using a microstrip through line and a stripline through line. Both
designs demonstrated low overall loss, with the microstrip line
exhibiting a loss of 0.26 dB/mm and the stripline having a loss
of 0.37 dB/mm at 29 GHz. This work demonstrates a multilayer
integration solution and offers an advantage in reducing the size
of RF circuits such as filter banks for next-generation integrated
RF front ends.

Keywords — Additive manufacturing (AM),
printing (AJP), millimeter-wave (mm-wave), Filter.
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I. INTRODUCTION

As consumer devices push for higher data rates and
increased compactness of devices, a packaging solution is
needed to keep up with this demand. Another issue is
that operation at higher frequencies requires tighter system
integration to maintain performance. Additive manufacturing
(AM) has been proven as a promising and competitive
alternative in the field of RF and mm-wave electronics [1],
[2], [3], [4]. The ability to deposit both conductive and
dielectric material at smaller scales and with high accuracy
makes AM an attractive packaging solution compared to
traditional integration processes. Along with this, AM can
deposit material in 3 dimensions making it a candidate process
for 3D heterogeneous integration (3DHI) in sixth-generation
(6G) devices.

Aerosol jet printing (AJP) is a promising style of AM
and a good alternative to already existing manufacturing
techniques. Some advantages of aerosol jet printing include
easier customization, rapid prototyping, high resolution, and
reduced non-recurring manufacturing costs. This process
allows for the conformal printing of circuits on uniform and
nonuniform surfaces alike, and can produce routing layers
without the need for additional processes such as bumps,
wire bonding, or via-based transitions. It also covers a large
range of feature sizes from 10 pum to 10 mm. Unlike other

AM techniques, the AJP process can print both metal and
dielectrics on 3D surfaces with the same machine. Ongoing
research in multilayer circuits utilizing AJP will help lay the
foundation for the realization of 3DHI.

It is common for RF front-end modules to include filter
banks that occupy a large portion of the integrated space. These
filters are often difficult to make smaller when constrained
to planar designs. In this work, we will focus our efforts on
reducing the filter size through a 3D multilayer design which
will enable higher-performance systems. !

Previous work has demonstrated the ability to fully 3D
print passive components while integrating semiconductor
chips in a package. In [4], bypass capacitors were printed. This
technique proved that capacitive elements can be created using
additive manufacturing. This approach demonstrates AJP as an
attractive process for the development of System on Package
(SOP) designs for RF front ends. The work in [S] demonstrates
a low pass filter on single-crystalline diamond. The filter design
in [5] achieves a 40 GHz cutoff frequency, demonstrating that
a filter could utilize the exceptional properties of diamond
as a substrate. These properties include having high thermal
conductivity and having a small loss tangent over a wide range
of frequencies. The diamond AJP filter demonstrates great
scalability upwards in frequency as well as potentially better
heat handling. The present work will build on this previous
AJP work and improve the performance already shown.

One way other works have accomplished size reduction
of filters is by utilizing the third dimension through the
ability to create a thickness-modulated transmission line. A
mix of stereolithography (SLA) 3D printing and aerosol
jet printing was used to fabricate the structure shown
in [6]. [6] demonstrated that additive manufacturing can
create a structure with a higher rejection ratio than its
planar counterpart. Reference [6] successfully displayed the
operation of the "rollercoaster” filter at lower frequencies. The
’rollercoaster” design introduces improvements by introducing
a thickness-modulated transmission line filter which allows for
the reduction of width for the capacitive segments. This design
was also successful creating a filter with a higher rejection
ratio compared to a comparable planar filter design. The main
disadvantage of this design was the large size of the structure
and not being able to scale upwards in frequency to cover
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microwave and millimeter bandwidths due to SLA printer
limitations.

2 While extensive research has focused on single-layer AM
packages, there hasn’t been much development in terms of
techniques that leverage the advantages of multilayer 3D AM
circuits. This research aims to demonstrate a multilayer filter
circuit using the AJP process that is compatible with SOP
designs for RF applications. The availability of 3D design
through the AJP process allows changes to the physical layout
of the circuit that are not easily achievable with other methods.
This work will build on the idea of the thickness modulation
technique shown in [6] while being significantly smaller. Three
additional techniques that the AJP process easily enables are:
adding a customizable printed ground plane, adding serpentine
lines to the filter design, and adding an additional layer of
silver on top. With the multilayer techniques that AJP enables,
we will demonstrate that these techniques can reduce the
overall conductor area of the filter.

II. TRANSMISSION LINE & FILTER DESIGN

Prior to fabricating the filter, a microstrip through line
was constructed using the concept of incorporating a printed
ground plane between two layers of polyimide shown in
Figure 1a. This basic design serves as a proof-of-concept for
incorporating a customizable printed ground plane, which is
utilized in all subsequent designs. The conductor line length
in this design was 4.5mm. A stripline wave guide was also
designed by adding a second printed ground plane on top.
The fabricated wave guide can be seen in Figure 2a for a
through line. The line loss of both the microstrip through
line and the stripline through line was characterized. ANSYS
HFSS was used to validate the broadband performance of these
transmission lines. A unique feature of this filter is its fully
3D-printed ground plane, which eliminates the reliance on a
specific substrate. This increases the options for integration,
thus enhancing its versatility.

A Chebyshev low-pass filter was selected for integration
into a multi-layer package due to its sharp cutoff and easy
implementation in microstrip and stripline configurations. The
filter circuit was initially designed using lumped elements in
Keysight’s Advanced Design System (ADS). The chosen shunt
capacitors and series inductors were simulated to achieve the
desired low-pass filter cutoff frequency of 27 GHz and its
expected roll-off.

To fabricate the filter using waveguides, the lumped
elements were replaced with high- and low-impedance
waveguide sections. A high ratio of high to low impedance
segments is needed for optimal filter performance. From
the Telegrapher’s equations, we determine that low-Z line
segments can be used as a lumped shunt capacitor while high-Z
line segments are used as lumped series inductors:

(R+ jwL)

/A S Rt
(G + jw(C)

)
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The electrical lengths of the elements were calculated based
on the desired inductance and capacitance values:

B2
LiiRo )
Bl Ry
C—Tl (3)

Where L and C represent the desired inductance and
capacitance values of the respective segments. Ry is the
nominal system impedance of 50{). Zy and Zj represent
the characteristic impedance of the waveguide segments being
used to generate the desired inductance, L, and capacitance,
C, for the filter.

A filter with a traditional planar layout was designed using
the concept of low-Z and high-Z line segments, the full process
is highlighted in [7]. High-impedance line segments were
designed at 120 ohms, while low-impedance segments were
designed at 20 ohms. The designed plate separation was chosen
with the smallest feature size in mind, which is the width of
the high-Z 120 Q) segment.

Once the performance of the planar microstrip filter was
successfully verified in ADS, segments of alternating high and
low-impedance lines were used to create a low-pass microstrip
filter. This stepped impedance planar filter was fabricated
shown in Figure 1b. The filter design consisted of seven stages.
ANSYS HFSS was used to simulate the cutoff performance
of the design. A planar stripline filter was also designed in
the same fashion, enabling a reduction in the area of the
middle conductor shown in Figure 2b. The spacing between
the middle conductor and the top ground was designed to be
identical to the spacing in the bottom region. Both ends of
the filter were connected to a microstrip launch, which was
impedance-matched to 50 €2, as shown in Figure 3.

Using the same design methods a multilayer
stepped-impedance low-pass microstrip filter was designed
using ANSYS HFSS. To create a low-pass microstrip filter
alternating segments of high and low impedance lines are
used shown in Figure 4. For the capacitive segments, the area
can be calculated using the following equation:

e- A

C=7

This shows that reducing the height of the segment can
maintain the same capacitance with less conductor area.
Low-impedance segments were placed on 20um dielectric
segments to enable a more compact capacitor width of
162 pum compared to the original 300 pm. Similarly, the
inductive segments were positioned on 68;m raised dielectric
regions, allowing for wider traces of 18 pm. Increasing the
elevation allows for the inductive segments to reach higher
inductance without having to increase the length of the line.
We demonstrate a design of a multilayer filter much like [6].

We improve upon this design by decreasing the size of
the filter conductor area using additional techniques that are
easily implemented with AJP. Figure 5 shows the full HFSS
stack-up for the microstrip filter design. The inductance of
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Fig. 1. Fabricated printed a.) thru microstrip line b.) planar microstrip filter
sharing similar side profiles. Where the orange arrow represents the front
cross-sectional plane along the waveguide and the blue arrow represents the
side cross-sectional plane transverse to the waveguide. Anchoring structures
are unused in both microstrip cases.

the lower impedance segments can be further increased by
using serpentine lines. This method increases the effective
inductance by adding length to the line segment without
increasing the overall filter footprint. Figure 6 shows the
fabricated model of the multilayer microstrip. Additionally,
the ground underneath the inductive segment was removed
which reduces the capacitance of the line, increasing effective
inductance. This was fine-tuned to match the ideal inductor
in the ADS design. The ground can be easily patterned in
the electronic files for the direct-write AJP process and is not
limited to any particular layout.

The final addition to this stepped impedance multilayer
filter was converting the design into a stripline configuration.
Figure 7 shows the stack-up design of the stripline multilayer
filter. Figure 8 shows the fabricated model of the multilayer
stripline. The dielectric was designed to maintain equal
separation between the waveguide and the top and bottom
ground plane on each side. This design also uses serpentine
lines and patterned grounds to fine-tune the high-Z segments.
The addition of a top ground plane allows electromagnetic
fields to interact with both the top and bottom ground planes,
like a stripline, and the area of the low-impedance segments
can now be reduced. This process reduced the area of both the
high- and low-Z segments by 39%.

By utilizing serpentine lines, a patterned ground plane, and
a stripline configuration we achieved a 39% reduction in the

b.) Stripline Filter Planar

Fig. 2. Fabricated printed a.) thru stripline line b.) planar stripline. Where the
orange arrow represents the front cross-sectional plane along the waveguide
and the blue arrow represents the side cross-sectional plane transverse to the
waveguide. Anchoring structures are used for silver-silver contact between
printed grounds.

total area of the waveguide conductor. This approach allowed
us to significantly decrease the size of the low-Z segments,
leading to an overall wave guide area reduction. *

II1. FABRICATION

This multilayer filter design was fabricated using an
Aerosol Jet 5X Optomec system. All printed components were
fabricated on a molybdenum copper substrate (a high thermal
conductive substrate to be used for direct chip mounting in
our future designs). A base layer of polyimide dielectric was
printed using a pneumatic atomizer. HD Microsystems PI12611
was selected due to its relatively close coefficient of thermal
expansion (CTE) match to molybdenum copper. PI2611 has
a relatively high solid loading content making it an ideal
foundational dielectric material for building up structures. A
0.1% solution of VM651 in water was used as an adhesion
promoter and applied to the surface of the molybdenum copper
sheet, enabling the PI2611 to adhere to the surface. The
dielectric constant of PI2611 has been verified through a Beatty
line experiment.

A silver ground plane was printed on top of the polyimide.
An ultrasonic atomizer was used to aerosolize the Clariant
silver ink. To create openings in the ground plane between the
inductive regions, silver material was intentionally not printed
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Fig. 3. Designed top view of filter launch. The launch was designed to be 50
Q. 1202 waveguide segments are shown on the raised areas while the 20 2
waveguide segments are shown on the lower areas.
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Fig. 4. Microstrip multilayer filter side cross section traverse to waveguide.
Part designed in units of pm. Inductive 1202 waveguide segments are on the
raised areas while the capacitive 20 €2 waveguide segments are on the lower
areas.

in those areas. The sintering profile of this ink was 180°C for
5 hours, to get improved conductivity. The print parameters of
all of the materials used are shown in Table 1.

A second layer of polyimide was deposited on top of the
silver ground plane as the waveguide dielectric layer. For the
high impedance segments, polyimide reached a height of 68
um above the printed ground plane, while the lower impedance
segments were printed at a distance of 20 pm from the ground
plane. Finally, the wave guide conductors were printed on
top of the previous polyimide layers in a similar fashion to
the ground plane completing the microstrip filter design. All
waveguide conductor area measurements are shown in Table
2.

For the stripline design, an additional 15um polyimide
layer was printed over the impedance segments, which
were already pre-designed for dielectric loading. The height
of this layer was printed to match the height of the
previous dielectric layer as closely as possible for a optimal
stripline configuration. A final printed silver ground plane
was fabricated on top of the dielectric layer, replicating the
features of the first printed ground plane, and completing the
full stripline design.

The stripline design encountered the challenge of weak
adhesion between the first silver ground plane and the
underlying polyimide dielectric. This weak connection led to

Fig. 5. Layer by layer stack of multilayer microstrip filter with designed
dimensions. Layers are printed from bottom to top with their respective
curing/sintering profiles in between.

Pl
Transverse wocu

Fig. 6. Fabricated printed multilayer microstrip filter. No anchoring structures
are present due to the design being a microstrip.

delamination of the silver layer when a subsequent polyimide
layer was printed on top. To address this issue, polyimide
anchors were added on top of the second polyimide layer.
These anchor-like structures facilitated a connection between
the two polyimide layers, providing anchoring for the middle
silver layer. Full polyimide coverage was maintained at both
launch ends, which are more prone to delamination. The
implementation of polyimide anchoring structures resulted in
an improvement in the yield rate, eliminating failures during
this fabrication step. *
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Fig. 7. Layer by layer stack of multilayer stripline filter with designed
dimensions. Layers are printed from bottom to top with their respective
curing/sintering profiles in between.

Fig. 8. Fabricated printed multilayer stripline filter. Anchoring structures are
present for better silver-silver contact.

IV. MEASUREMENTS & DISCUSSION

Using a Keyence VK-X3000 3D Surface Profiler, height
measurements of each layer were taken and verified before the
final silver layer was printed. The dimensions were compared
to those in the EM models, then models were backfit to
reflect the measured dimensions. This process was repeated
for both the filter and the through-line fabrication. All width
measurements of the conductive line are shown in Table 3.
Height and dielectric constant are the two most important
parameters for accurate back fitting. As a result, precise profile
measurements are vital for guaranteeing accurate simulation
and measurement agreement. The heights of the planar through

Table 1.

Printer Parameters

PI 2611 | Ag (Fine Feature) | Ag (Wide Feature)
Nozzle Diameter 300 um 150pum 200um
Steath Flow Rate 65 sccm 40 sccm 65 sccm
Areosol Flow Rate 33 sccm 23 sccm 25 sccm
Single Trace Width 70 pm 16 pm 40 ym
Ink temperature 35°C 25°C 25°C
Platform Temperature 60°C 55°C 55°C

line, planar filter, and multilayer filter are presented in Table
4 for both configurations. It is important to note that the
height elevation in the patterned ground plane was not fully
compensated for in the subsequent polyimide layer. The
resulting height difference in the polyimide layer above these
circles was a small Sum, which may have contributed to some
mismatch loss. °

RF measurements were performed using GBB
50A-GSG-250 probes, which were connected to an
N5245B PNA-X. A GGB CSS5 calibration substrate was
used, which places the measurement reference plane at the
probe tips. The calibration method that was employed was
short-open-load-through (SOLT).

Table 2. Areas of Fabricated Middle Conductors

Tx/Impedance Conductor Area
MS Thru 0.29 mm?
SL Thru 0.14 mm?
MS Planar Filter 0.31 mm?
SL Planar Filter 0.19 mm?
MS Multilayer Filter 0.28 mm?
SL Multilayer Filter 0.16 mm?

Table 3. Widths of Fabricated Line and Filters

Configuration | Through Line | Planar Filter | Multilayer Filter
Microstrip 63 pm 250 pm 162 pm
Stripline 30 pm 160 pm 55 pm

The microstrip design exhibited excellent broadband
performance in terms of its mismatch being below -20dB for
the full 50 GHz measurement range. While its insertion loss
was slightly higher than previously reported for aerosol-printed
packages in the literature, the difference was not substantial.
The stripline design added a moderate amount of insertion loss,
which was very good given the good impedance matching. The
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Table 4. Heights of Multilayer Filter Designs

MS Multilayer Filter | SL Multilayer Filter
1st Polyimide 22 pm 23 pm
1st Ground 6 um 7 um
2nd Polyimide 11 pm 16 um
Tx Line 4 um 5 um
3rd Polyimide N/A 14 um
2nd Ground N/A 7 um




insertion loss per length was characterized for both the stripline
and microstrip lines using the following equation:

S5 = S5/l

Where Si, represents the insertion loss per length, ST} is
the measured insertion loss, and 1 is the total conductor line
length excluding launches. The insertion loss is calculated and
shown in Table 5, where it is compared to previous literature.
The microstrip through line performed comparably to other
works, with a slightly higher line loss than reported in [5].
The insertion loss per length is plotted in Figure 9 for both
the microstrip line and the stripline.

The measured cutoff frequency for the planar microstrip
filter design was 28 GHz. As shown in Figure 10a, the
measured cutoff frequency matches closely with the simulated
results. The cutoff frequency was determined by using the
slope of the passband line to account for the material losses.
The roll-off of the measured filter matches the simulated
roll-off well. Figure 11a displays the stripline measurements
for the planar stepped impedance filter. The simulated roll-off
and cutoff frequency in this stripline configuration fits very
well with the measured data.

For the multilayer microstrip filter shown in Figure 10b, the
measured cutoff frequency occurs at approximately 26.9 GHz.
We observe a stopband roll-off of 23 dB/octave, reasonably
matching our expected roll-off of 20 dB/octave. The cutoff
frequency for the multilayer stripline matched well with the
backfit simulations at 31.4 GHz, while the roll-off value
was still high at 17.2 dB/octave. The multilayer stripline
measurements are shown in Figure 11b. The stripline filter
involved higher design complexity, requiring tighter tolerances
in the dielectric heights. The fabricated heights of both the
microstrip and stripline multilayer filters are shown in Table
4, demonstrating a reasonable amount of accuracy in the layer
deposition process.

It is noted that in terms of the planar filter, the high-Z
waveguide width was reduced from 250um to 160um. For the
same designs, the impedance areas were successfully shrunk
from 0.3092 mm?2 in total area to 0.1973mm?, which was a
36% reduction

The end product of this work involved the design and
fabrication of a 3D stepped-impedance low-pass filter. This
design builds upon the success of the planar filter by
incorporating much smaller capacitors and further maximizing
conductor miniaturization, achieving a reduced conductor
width of 52 pym from the already shrunk 162 pm. As with
the previous design, serpentine lines were utilized in the
inductive segments to enhance inductance. This multilayer
stepped impedance filter demonstrates the application of the
additional shielding ground plane concept to a non-planar
surface. Compared to traditional non-3D printed techniques,
this fully 3D-printed filter design offers high accuracy in
fabricating small, 18 pm high impedance segments while
simultaneously reducing the size of low-impedance segments
to 162 pum. Compared to the original “roller coaster” design
[6], which was approximately 37.5 mm? of total area, the

improved aerosol jet-printed version achieves a smaller total
area of only 6.55mm?.

Table 6 demonstrates the total electrical size of the
multilayer stripline filter, comparing it to previous literature.
Compared to other works, the overall size is highly competitive
at mm?2. We also note that [8] uses MEMS technology to help
miniaturize the size. Despite having a lower dielectric constant,
which can make miniaturization more challenging due to the
need to compensate with increased area, our filter offers a
small filter area of 6.55mm? while maintaining desirable
filter properties such as a high roll-off. Although the cutoff
frequency and unit cells may not be exactly the same in
some cases, our filter provides a large reduction in size while
preserving desirable filter characteristics. ©

0 10 20 30 40 50
Frequency (GHz)

Stripline Measured — — - Stripline Simulated

— = *Microstrip Simulated

Fig. 9. Planar microstrip and stripline insertion loss per length. Simulations
are shown with dotted lines while measured results are shown with solid lines.
Where the total length of both through lines is 4.5mm.
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Fig. 10. Simulated Vs. Measured Results of a.) Planar microstrip filter b.)
multilayer microstrip filter. Measurements were taken using SOLT-calibrated
GBB 50A-GSG-250 probes with an PNA-X
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Fig. 11. Simulated Vs. Measured Results of a.) Planar Stripline Filter b.)
Multilayer Stripline Filter.

Table 5. Line Loss of Microstrip & Stripline

[5] the width of the capacitor has dramatically decreased as a
direct result of the raised segments. Another main difference
between this and the demonstrated method is that the ground
plane is printed and not reliant on the carrier substrate. The
carrier substrate is electrically isolated from the filter design
and instead, the patterned printed ground plane determines the
design. In the case of [5] diamonds are used for the substrate
and electrically is part of the filter design.

7 Our proposed method also compares favorably to [6].
Since the substrate was fabricated using stereolithography
(SLA) printer for [6] the thinnest height that was used was
2.73mm. The AJP process gives a significant advantage by
depositing thin films allowing for the minimum height for our
proposed design to be 20pm. It is noted that this width can be
shrunk even further but it is limited by the resolution of the
smallest feature size, in this case, the width of the inductor. The
process of our solution is fully AJP opposed to a combination
of inkjet and SLA printed.

V. CONCLUSION

By utilizing the optimization available with AJP, we
have successfully fabricated a fully 3D-printed, miniaturized
stepped impedance filter. To the author’s knowledge, this is
the first of a fully 3D-printed filter structure that utilizes
multiple layers to minimize the total conductor area of the
passive components. We successfully fabricated a multilayer
microstrip filter with a cutoff frequency of 26.8 GHz and a
multilayer stripline filter with a cutoff frequency of 31.4 GHz.

The area of the capacitor on the microstrip planar design
was originally 0.028 mm? and was shrunk down to 0.016
mm? for the final multilayer stripline design, which is a 39 %
reduction in area. The implementation of the stripline design

[21] [21] [5] MS Thru | SL Thru
Printer Type AJP | AJP | AJP AJP AJP
Loss 20 GHz (dB/mm) | 0.09 | 0.10 | 0.13 0.18 0.28
Loss 30 GHz (dB/mm) | 0.11 | 0.12 | 0.19 0.27 0.38
Loss 40 GHz (dB/mm) | 0.15 | 0.21 | 0.20 0.29 0.47
Table 6. Comparison of Filter Total Area
Work Cutoff (GHz) | Unit Cells | Area (mm?) er Material
Multilayer 314 7 6.55 35 Polyimide
[5] 40 7 7.34 6.7 Diamond
[6] 6-14%* 5 37.5 3.65 GPCLO02
[8] 26.6-34.4%* 6 5.76 7.5 PECVD

yielded significant miniaturization benefits when it came to
reducing the width of capacitive elements. Comparing both
planar printed filter designs, the width of the capacitors was

The demonstrated solution combines the advantages of 3D
printing on the molybdenum copper (non-planar) and the high
resolution of AJP metal and dielectric printing. Building off
of the roller coaster filter and the resolution advantages of
the fully 3D printed filter on diamond, results in a smaller
footprint. Table 2 shows the widths of the through line and
low impedance segments for the filters. Table 4 shows the
calculated areas of the transmission line width and all high
and low impedance segments. By converting the microstrip
through line into a stripline, we achieved a 52% reduction
in conductor area. This approach also applies to the planar
filter, demonstrating a 36% reduction in stepped impedance
areas. The multilayer filter initially had the smallest stepped
impedance areas, which were further reduced by 39%. With
the reduction in conductor area, our initial objective is proven,
and filter parallelization becomes a possibility through the use
of this method for future applications.

The demonstrated method of capacitor shrinkage has
significant advantages over previous methods. Compared to

shrunk in area. The multilayer advantage allowed for extra
capacitance to be added in the lower filter segments. In
combination with this multilayer component, three additional
techniques were introduced to further miniaturize the filter
which include adding a customizable printed ground plane,
adding serpentine lines to the filter design, and adding an
additional layer of silver on top. To the best of the author’s
knowledge, this is the smallest stepped impedance stripline
filter that has been fabricated using a multilayer process with
aerosol jet printing technology. A relevant application is to
miniaturize bulky filter designs for more compact integration.

ACKNOWLEDGMENT

This work was funded and supported by Honeywell Federal
Manufacturing Technologies, LLC operates the Kansas City
National Security Campus for the United States Department
of Energy / National Nuclear Security Administration under
Contract Number DE-NA0002839.

The authors would like to thank the support from Brian
Wright of Michigan State University.

TNSC-614-6724 dated Nov/2024 Unclassified Unlimited Release



(1]

(2]

(3]

(4]

(5]

(6]

(71
(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES

Kimionis, J., Isakov, M., Koh, B., Georgiadis, A., and Tentzeris,
M. 3D-printed origami packaging with inkjet-printed antennas for
RF harvesting sensors. IEEE Transactions on Microwave Theory and
Techniques, vol. 63, no. 12, pp. 4521-4532, 2015.

Byford, J., Ghazali, M. I. M., Karuppuswami, S., Wright, B. L.,
& Chahal, P., "Demonstration of RF and microwave passive circuits
through 3-D printing and selective metalization,” IEEE Transactions on
Components, Packaging and Manufacturing Technology, 7(3), 463-471.
Oakley, C., and Chahal, P., Aerosol jet printed quasi-optical terahertz
components. IEEE Transactions on Terahertz Science and Technology,
8(6), 765-772, 2018.

M. T. Craton, X. Konstantinou, J. D. Albrecht, P. Chahal and J.
Papapolymerou, A Chip-First Microwave Package Using Multimaterial
Aerosol Jet Printing,” in IEEE Transactions on Microwave Theory
and Techniques, vol. 68, no. 8, pp. 3418-3427, Aug. 2020, doi:
10.1109/TMTT.2020.2992074.

X. Konstantinou, M. T. Craton, C. J. Herrera-Rodriguez, A. Hardy, J. D.
Albrecht, T. Grotjohn, and J. Papapolymerou, “A monolithic RF lowpass
filter on diamond via additive manufacturing,” in 2020 USNC-URSI
Radio Science Meeting (Joint with AP-S Symposium), 2020

J. Hester, E. Nguyen, J. Tice and V. Radisic, A novel
3D-printing-enabled “roller coaster” transmission line,” 2017 IEEE
International Symposium on Antennas and Propagation and USNC/URSI
National Radio Science Meeting, San Diego, CA, USA, 2017, pp.
2639-2640, doi: 10.1109/APUSNCURSINRSM.2017.8073362.

D. Pozar, Microwave Engineering, 4th Edition. Wiley, 2011

X.L. Guo, C.W. Sun, Z.H. Bao, C. Xu, G. Zhang, Z.L. Wang, H.H.
Yin, X.F. Zhang, H. Jiang, Tunable low-pass Ka-band MEMS filter
based on Electromagnetic- Bandgap Structure, Sensors and Actuators
A: Physical, Volume 247, 2016, Pages 83-89, ISSN 0924-4247,
https://doi.org/10.1016/j.sna.2016.05.028.

S. Y. Huang and Y. H. Lee, “Compact u-shaped dual planar ebg
microstrip low-pass filter,” IEEE transactions on microwave theory and
techniques, vol. 53, no. 12, pp. 3799-3805, 2005

R. Bahr, B. Tehrani, and M. M. Tentzeris, “Exploring 3-d printing
for new applications: Novel inkjet- and 3-d-printed millimeter-wave
components, interconnects, and systems,” IEEE Microwave Magazine,
vol. 19, no. 1, pp. 57-66, 2018.

F. Cai, Y. -H. Chang, K. Wang, C. Zhang, B. Wang and J.
Papapolymerou, “Low-Loss 3-D Multilayer Transmission Lines and
Interconnects Fabricated by Additive Manufacturing Technologies,” in
IEEE Transactions on Microwave Theory and Techniques, vol. 64, no.
10, pp. 3208-3216, Oct. 2016, doi: 10.1109/TMTT.2016.2601907.

D. Mishra, P. M. Raj, J. Tishler, T. Sun, E. Shipton and R.
Tummala, "Multilayered Ferromagnetic Polymer Composite Structures
for High-Density Power Inductors,” in IEEE Transactions on Magnetics,
vol. 52, no. 11, pp. 1-5, Nov. 2016, Art no. 2800905, doi:
10.1109/TMAG.2016.2589925.

B. Maity, ”Stepped impedance low pass filter using microstrip line
for C-band wireless communication,” 2016 International Conference on
Computer Communication and Informatics (ICCCI), Coimbatore, India,
2016, pp. 1-4, doi: 10.1109/ICCCIL.2016.7480008.

J. Hester, E. Nguyen, R. Shishido, J. Tice, M. Tentzeris, and V. Radisic,
“A fully-3D-printed complementary right/left-handed transmission line
structure,” submitted to 2017 IEEE International Microwave Symp.

M. T. Craton, J. Sorocki, I. Piekarz, S. Gruszczynski, K. Wincza and
J. Papapolymerou, “Realization of Fully 3D Printed W-Band Bandpass
Filters Using Aerosol Jet Printing Technology,” 2018 48th European
Microwave Conference (EuMC), Madrid, Spain, 2018, pp. 1013-1016,
doi: 10.23919/EuMC.2018.8541416.

C. Vong, A. Chevalier, A. Maalouf, J. -F. Rosnarho, J. Ville and
V. Laur, ”3D-Printed Multi-Material Multilayer Wideband Microwave
Absorber,” 2023 IEEE/MTT-S International Microwave Symposium
- IMS 2023, San Diego, CA, USA, 2023, pp. 756-759, doi:
10.1109/IMS37964.2023.10187985.

[17]

[18]

[19]

[20]

[21]

Z. Yuan, T. Zuo, R. R. Zhao, C. Yu, D. Zhang and T. Jiang,
“Design of A Broadband Switched Filter Bank Based on System in
Package Technology,” 2022 IEEE 10th Asia-Pacific Conference on
Antennas and Propagation (APCAP), Xiamen, China, 2022, pp. 1-2, doi:
10.1109/APCAP56600.2022.10069895.

Shuyan Guo, Bao Jun Lei, Wenqi Hu, W. A. Shiroma and A. T.
Ohta, ”A tunable low-pass filter using a liquid-metal reconfigurable
periodic defected ground structure,” 2012 IEEE/MTT-S International
Microwave Symposium Digest, Montreal, QC, Canada, 2012, pp. 1-3,
doi: 10.1109/MWSYM.2012.6259765.

Rosker Eva, Barako Michael, Nguyen Evan, Radisic Vesna, Goorsky
Mark, Tice Jesse. (2022). Fully 3D Printed High Performance Band-Stop
Filters Enabled by Three-Dimensional Design. Flexible and Printed
Electronics. 7. 10.1088/2058-8585/ac825a.

I. Shahid, D. Thalakotuna, D. K. Karmokar, S. J. Mahon and M.
Heimlich, “Periodic Structures for Reconfigurable Filter Design: A
Comprehensive Review,” in IEEE Microwave Magazine, vol. 22, no.
11, pp. 38-51, Nov. 2021, doi: 10.1109/MMM.2021.3102197.

Sturim, N., Hodek, M., Chahal, P.,, Albrecht, J., and
Papapolymerou, J. (2023). High density multi-layer millimeter-wave
packaging and interconnects using aerosol jet  printing.
2023 53rd European Microwave Conference (EuMC).
https://doi.org/10.23919/eumc58039.2023.10290229

8N'SC-614-6724 dated Nov/2024 Unclassified Unlimited Release



