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Abstract— Suspended finite ground coplanar waveguide
(FG-CPW) interconnects, fabricated with laser-enhanced direct
print additive manufacturing (AM), are modeled and charac-
terized in this work. The study focuses on the variation of
characteristic impedance and attenuation with design geometry.
Acrylonitrile butadiene styrene (ABS) is printed with fused
deposition modeling (FDM) to form 10-mm-long suspended
ABS bridges and Dupont CB028 is microdispensed to realize
conductive traces on the ABS bridges. Femtosecond pulsed laser
machining in the ultraviolet range is combined with the AM
to create gaps ranging from 8 to 92 um in width on either
side of a signal line to define the FG-CPW. Three different
suspended interconnects are designed, where the total linewidth
(signal line plus gaps) is kept constant at 300 xm for all designs,
but the aspect ratio (AR) (signal linewidth divided by total
linewidth) is varied. Two multiline thru—reflect-line calibrations
are performed to measure each design: one uses printed calibra-
tion standards and the other employs a commercial calibration
substrate. The attenuation of the interconnects at 30 GHz is
0.28, 0.13, and 0.06 dB/mm for ARs of 0.95, 0.87, and 0.38,
respectively. The laser machining of the gaps results in partial
substrate removal, which increases the characteristic impedance
by approximately 11%. The impact of fabrication tolerances is
examined.

Index Terms—3-D printing, additive manufacturing (AM),
aspect ratio (AR), attenuation, characteristic impedance, fem-
tosecond laser, finite ground coplanar waveguide (FG-CPW),
machining, suspended interconnect, transmission line (TL).

I. INTRODUCTION

WIRELESS communications hardware technologies are
rapidly evolving due to the growing demand for higher
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data rates within compact and low-parasitic packaging. Next-
generation wireless streaming and wireless high-definition
multimedia interfaces require multigigabits per second data
rates [1], [2]. Also, the Internet of Things (IoT) devices
require ubiquitous connectivity between multiple devices in
different environments. Millimeter-wave (mm-wave) wireless
technologies can enable higher data rates with wide channel
bandwidths at an operating frequency of tens to hundreds
of gigahertz [3], [4]. However, as the frequency increases,
the packaging and integration for wireless front-end com-
ponents get more challenging due to increased loss and
parasitic effects. System on package (SoP) is one of the
technologies that can reduce interconnect loss and provide
high-performance communication. This technique enables
direct integration between integrated circuit (IC) dies and other
active and passive components with planar and/or suspended
interconnects [5], [6], [7].

Additive manufacturing (AM) is a flexible way to realize
SoP by creating new packaging solutions for different types
of IC dies and RF components [8], [9], [10], [11], [12],
[13]. Minimizing the loss and controlling the characteris-
tic impedance of the interconnects is especially important
at mm-wave frequencies since wireless transceiver systems
require well-controlled impedance and low loss. Oftentimes,
the employment of AM eliminates the need for wire bonding
and flip-chip bonding, which are the two most common inte-
gration techniques. Wire bonding is a relatively cost-effective
and repeatable process, but at higher frequencies, it introduces
detrimental parasitics and higher losses, thus worsening the
frequency response of the system [14]. The flip-chip method
reduces the parasitic effect by reducing the interconnection
length, but it is sensitive to the coefficient of thermal expansion
(CTE) mismatch between an IC chip, solder bumps, and
interconnects [15]. AM suspended interconnects could be
useful to realize the interconnection between electronics on
a substrate and crossing over an IC, such as a low noise
amplifier, embedded in a cavity [16], [17]. The contribution
of this work is to explore mm-wave planar interconnects for
SoP integration using AM.

Aerosol jet printing (AJP), inkjet printing (IJP), and
microdispensing are the three prominent methods for
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depositing inks and pastes. AJP and IJP have the advantage
of high print resolution compared to microdispensing. On the
other hand, microdispensing can print more materials with a
wider viscosity range from 1 to 10° cP and it can easily be
integrated with fused deposition modeling (FDM). This tech-
nology enables the fabrication of 3-D structures with integrated
electronics in a single automated platform, referred to as direct
print AM (DPAM). It is possible to deposit thermoplastic and
thermoplastic—ceramic composite materials with FDM [18],
whereas conductive, resistive, and dielectric inks or pastes can
be deposited with microdispensing [19]. Integrating a fem-
tosecond laser to DPAM, referred to as laser-enhanced DPAM
(LE-DPAM), mitigates conductor edge roughness effects and
tapered line edges and leads to precise postprocessing ability to
achieve down to 5 um of minimum feature size. Recent studies
show that laser processing solidifies the conductive paste on
the edges of a cutting path and creates a high conductivity
region that significantly enhances the conductivity of treated
conductors [20]. In addition to other AM works, LE-DPAM
has been used to realize lumped passive elements [21], [22],
RF MEMS switches [23], and low-loss packaging [24].

Coplanar waveguide (CPW) is a type of planar transmission
line (TL), which consists of a center conductor and a pair of
semi-finite ground planes on each side of the center conductor.
CPW has been widely employed in RF systems because of
its planar configuration and integration compatibility with
monolithic microwave ICs (MMICs). However, ground planes
can be a challenge for high-density integration due to their
size, undesired parallel plate mode excitation, and radiation
effects, especially for high-frequency applications. A finite
ground coplanar waveguide (FG-CPW), where typically the
ground planes hold approximately twice the width of the center
conductor while being less than 1/8 of the wavelength, can
mitigate both issues [25].

This article outlines the design, LE-DPAM fabrication, and
characterization of suspended interconnects in the form of
coplanar waveguides at microwave and mm-wave frequencies.
A general design procedure for this TL geometry was first
introduced in [23], where its use in a suspended RF switch
structure was described. The contribution of this article is
to detail the FG-CPW design procedure with a focus on
the optimization of its performance with respect to geometry
while considering the fabrication tolerances. This includes
the study of femtosecond laser processing-induced fabrication
tolerances and the variation of characteristic impedance and
attenuation for three design geometries. A variation of +2 um
in gap dimensions and partial substrate removal at the bottom
of the gaps increases the designed characteristic impedances
by approximately 11%. The measured results show that the
attenuation of the interconnects at 30 GHz varies from 0.06 to
0.28 dB/mm as the characteristic impedance decreases from
approximately 104-33 2. To the best of the authors’ knowl-
edge, this is the first detailed demonstration of mm-wave,
suspended TLs that are fabricated using an AM technique.

II. DESIGN AND FABRICATION

Three suspended FG-CPW interconnects with aspect ratios
(ARs) of 0.95, 0.87, and 0.38 are designed at 30 GHz using

TABLE I
DESIGN MATRIX

Design AR w g L Ze  Zo"
(Mm) (um) (mm) Q) Q)

1 0.95 284 8 10 30 33

2 0.87 260 20 10 44 49

3 0.38 116 92 10 93 104
Open 0.87 260 20 1 44 49
Thru 0.87 260 20 2 44 49
Delay 1 0.87 260 20 7.75 44 49
Delay2  0.87 260 20 3.28 44 49
Delay3  0.87 260 20 3.92 44 49

Zo'= with flat substrate; Zo"=with notched substrate. L is
the line length. Finite ground width (FG)=500 um for all
designs.

Fig. 1. Isometric view of the proposed suspended interconnect configuration.

advanced design system (ADS) Controlled Impedance Line
Designer 2020 and Ansys HFSS 2021 R2, as illustrated in
Figs. 1 and 2. The AR is calculated using (1), and the
signal linewidth plus gaps (w + 2 g) is kept constant at
300 um to properly demonstrate the impact of AR variation on
characteristic impedance and attenuation. Fig. 3 demonstrates
how AR influences attenuation across different frequencies.
The design matrix is detailed in Table I with a finite ground
width (FG,,)) and a conductor thickness (¢) of 500 and 20 pm,
respectively, and a 400-um-thick substrate for the suspended
bridges. In Table I, Zof and Zo" refer to a line impedance
that has a flat substrate and a notched substrate, respectively.
Zo" values are higher than Z," due to the notching from
laser machining during the fabrication process, as detailed in
this section

w

AR = .
w +2g

(D

Multiline thru—reflect-line printed calibration standards with
an AR of 0.87 are used in this work. The characteristic
impedance of the calibration standards with this AR becomes
49 Q by taking the substrate notching into account. The
open standard and thru standard lengths are 1 and 2 mm,
respectively. The three delay lines are a quarter wavelength
(A/4) longer than the thru standard at 10, 30, and 45 GHz.
The wavelength is calculated at these three frequencies using
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Fig. 2.  Cross-sectional view of a laser-machined suspended interconnect
with solidified high conductivity region.
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Fig. 3. Simulation of attenuation (dB/mm) versus AR at three frequencies.

Simulations assume CPW lines as shown in Fig. 2 with a 300-um total
linewidth (w + 2 g).

effective permittivity (e.4) as seen in (2) and (3). The resulting
total lengths of the delay lines are 7.75, 3.92, and 3.28 mm

1+e,
b = S _ 6o @)
2
where

& =2.38

c
=— 3)

f\/geff

=5.75 mm at 10 GHz

= 1.92 mm at 30 GHz
and 1.28 mm at 45 GHz.

A2r> >

A digital AM platform, nScrypt 3Dn tabletop 3-D printer
integrated with a Clark MXR Impulse femtosecond laser
as depicted in Fig. 4, was used to realize the 10-mm-long
suspended FG-CPW lines along with the mTRL calibra-
tion standards. This AM platform combines FDM and
microdispensing. Acrylonitrile butadiene styrene (ABS) with
a dielectric constant (¢,) of 2.38 and a loss tangent of
0.0065 measured at 30 GHz [26] was chosen as the
filament-based thermoplastic to fabricate the substrate.

A flip print technique was developed to 3-D print well-
controlled free-standing ABS bridges in a repeatable manner.
This technique was used for the first time in our previous
study [23] to enable the 3-D printing of suspended bridges
of arbitrary dimensions without problems related to bending
or warping. Extruding a 10-mm-long ABS bridge that is a
few millimeters in width over a cavity is challenging because
the bridge tends to sag and take the circular shape of the
ceramic nozzle since there is no support underneath. Our
previous study shows that after a length of 2 mm, the bridges
start sagging in the middle [16]. Using the flip print strategy,

Mirror ’“.7 351nm Femtosecond
T Laser Pulses

Micro-Dispensing
Head

FDM Head

Objective

Objectyve Led

§ -

(b)
Fig. 4. (a) Cross-sectional view illustration of nScrypt 3Dn TableTop printer
with a Clark MXR femtosecond UV laser and (b) photograph of the nScrypt
3Dn printer.
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Fig. 5. Simplified DPAM fabrication process flow of the suspended FG-CPW
line by FDM and microdispensing.

an ABS bridge is extruded as a first layer on the printer stage,
and once the print process is completed, the sample is flipped,
so the ABS bridge becomes the top layer. This process is
illustrated in Fig. 5. This method offers custom design freedom
in two dimensions and achieves ABS bridges with low surface
roughness since they are directly extruded onto the print bed.
In this way, ABS was extruded at 240 °C through a 125-um
inner/175-um outer diameter ceramic nozzle onto a 110 °C
heated print bed. The suspended regions were defined with
two ABS supports, as shown in Fig. 5. The suspended nature
of the lines used here is a consideration for the way they are
fabricated, but due to the thickness of the substrate, it does not
measurably impact the high-frequency electrical performance
of the proposed FG-CPW lines.

Conductive silver paste (Dupont CB028) with an average
thickness of 20 um was microdispensed with a 125-pum
inner/175-pum outer diameter ceramic nozzle onto the ABS
bridges. The silver paste was also dispensed on a nonsus-
pended ABS region to form the mTRL calibration standards.
A curing process was performed to evaporate solvents in the
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conductor paste at 90 °C for 1.5 h, after which the printed
CBO028 silver paste achieved a conductivity of 1.65e6 S/m.

The femtosecond pulsed laser operating at 351-nm wave-
length and 200-kHz repetition rate was characterized and used
to realize the FG-CPW lines by cutting a gap on either side
of the center conductor. A typical line is shown in Fig. 6(a).
To use the laser most effectively, a detailed study of laser
power, machining speed, and a number of passes with a
high-magnification objective lens (15x) was performed. It was
observed that 60-mm/s speed with an average power level
(Pavg) of 60 mW is an optimum condition to achieve well-
controlled geometry, namely, gap width and AR. While the
laser creates the gaps, it also fuses together the silver flakes
of the CB028 in a ~1.5-um region near the gap edges,
as depicted in Figs. 2 and 6(d). These treated CB028 regions
adjacent to the gaps increase the effective conductivity of the
metallization layers significantly. A 3-D EM (Ansys Electronic
Desktop) simulation was performed to extract the effective
conductivity oeg of the printed traces, which represents the
net effect of having a region of high conductivity on the inner
edges of the gaps (treated region) with the rest of the conductor
layer having a lower conductivity (nontreated region). It was
found that the o value increases from 1.65e6 to 5e6 S/m
with the treated regions. This conductivity value for CB028 is
used in all simulations in this work.

The characteristics of the TLs change depending on the
fabrication-related artifacts. In an ideal case, the substrate is
fully intact, and ABS fills the lower half-space underneath the
CBO028. In a realistic scenario, however, there is some removal
of ABS under the gaps because of the laser machining. This
notching is seen in cross-sectional scanning electron micro-
scope (SEM) images, see Fig. 6(g)—(i). The partial removal
of ABS, referred to as cut depth (cuty), gets deeper as the
gap width increases. It is approximately 30, 110, and 170 um
for Designs 1-3, respectively. The change in the depth of the
cut is related to thermal behavior as the cutting distance gets
farther from the thermally conductive CB028 silver paste. For
these three designs, the notching increases the characteristic
impedance by approximately 11% (see Table I) and is thus
important to account for in the simulations. A second artifact
to consider is the variation in gap width due to fabrication
tolerances. As observed from the SEM images, this variation
is approximately +2 pm irrespective of the line dimensions.
The impact of this artifact on attenuation and return loss is
discussed in Section III.

ITII. SIMULATION AND RESULTS

Ansys Electronic Desktop 2021 R2 was used to model
the suspended FG-CPW lines. The measured cutg,, values
from SEM images for each design were considered for the
simulations. Measurements were performed using a Keysight
performance network analyzer (PNA) N55227A with GGB
Industries ground signal ground (GSG) 200-um pitch size RF
probes. Each FG-CPW line was measured using two separate
calibrations for comparison purposes, one with printed mTRL
standards and one using a 50-Q CS-5 calibration substrate
from GGB Industries. Cascade Wincal XE software was used
to calculate the calibration coefficients.

100 pm

(h) (i)

Fig. 6. SEM images of suspended interconnects including (a) CPW over a
2-mm-long cavity (a 10-mm-long line is difficult to capture in a photograph),
(b)—(e) top view of signal lines with gaps at different magnifications, and
(f)—(i) cross-sectional views of different AR CPW lines. The sample was cut
to do cross-sectional imaging and this process left some particles on gaps.

The measured and simulated data are compared in
Figs. 7-9. Two different samples (A and B) for each design
were fabricated and measured to evaluate the repeatability of
the fabrication process and the measurement results obtained
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TABLE II
ATTENUATION COMPARISON AT 30 GHZ
AR Simulation Measurement Mean Standard Deviation
(dB/mm) (dB/mm)
No ABS ABS Printed mTRL CS-5
removal  removal Sample Sample
A B A B
0.95 0.29 0.28 0.28 0.29 0.27 0.3 0.285 0.008
0.87 0.14 0.13 0.13 0.13 0.13 0.14 0.136 0.004
0.38 0.07 0.05 0.06 0.06 0.06 0.06 0.062 0.0014
TABLE III
COMPARISON WITH OTHER WORKS
Ref. Zy(Q) w g o (dB/mm) Process
Thi 33 284 8 0.35at40 GHz  LE-DPAM with 351 nm laser
is
. 49 260 20 0.16 at 40 GHz LE-DPAM with 351 nm laser
wor
104 116 92 0.08 at 40 GHz LE-DPAM with 351 nm laser
[28] 50 29 15 0.7 at 40 GHz AJP on Alumina CPW
[29] 70 160 50 0.23 at 40 GHz AJP on Kapton CPW
[30] 50 NA NA 0.5 at 60 GHz Inkjet on LCP CPW
[9] 50 NA NA 0.5 at 40 GHz Inkjet on polymer CPW
[26] 50 300 20 0.36 at 40 GHz LE-DPAM with 1064 nm
-10 -10
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Fig. 7. Simulation versus measurement results for 10-mm-long suspended  Fig. 8. Simulation versus measurement results for 10-mm-long suspended

969

FG-CPW line with an AR of 0.95.

from both samples were averaged and compared with sim-
ulations for each design. Attenuation was calculated from
the S-parameters using equations from [27]. Measurements

FG-CPW line with an AR of 0.87.

that used the calibration performed with printed standards are
in close agreement with those obtained using the calibration
performed with the GGB CS-5 substrate.
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Fig. 9. Comparison of simulated and measured results for 10-mm-long
suspended FG-CPW line with an AR of 0.38.
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Fig. 10. Simulated and measured attenuation («) and AR versus characteristic
impedance (Zp) at 30 GHz. The simulation data, including simulated AR
calculation, assume the ideal nonnotched FG-CPW lines, as shown in Fig. 2.

An analysis of the measured results and the geometry of
the fabricated samples provides insights into the influence of
the design attributes on the attenuation characteristics. Fig. 10
shows that the attenuation decreases as Z; increases to around
80 €2, and it then levels off. Correspondingly, the attenuation
decreases as AR decreases. The attenuation is 0.28, 0.13, and
0.06 dB/mm at 30 GHz for AR of 0.95, 0.87, and 0.38,
respectively. Table II presents attenuation variation at 30 GHz
due to the fabrication tolerances for samples A and B. The

variation for Design 1 is larger compared to the other two
designs due to the higher AR as shown in Fig. 3 that the atten-
uation of high AR designs is more sensitive to imperfections
in geometry compared to that of low AR designs. Attenuation
variation overall is still less than 0.05 dB/mm for the three
designs at 30 GHz. The gap width tolerance also affects the
characteristic impedance and, thus, the return loss. This may
contribute to the discrepancies between the simulated and
measured §;; data, which are most noticeable for the high
AR design for which the change in Z; is most sensitive to
variations in geometry. However, these discrepancies do not
measurably affect the extracted attenuation values since they
generally occur when Sj; is below —20 dB.

EM simulation-based analyses using HFSS were performed
to determine the complex characteristic impedance of the lines
(Zo" along with their frequency dependence and examine the
impact on the extracted attenuation when the complex value
is used as the reference impedance instead of a real-valued
Zy. This is carried out to confirm the accuracy of using a
constant real value reference impedance during the mTRL
calibration process. The complex characteristic impedances for
Designs 1-3 are 33 — jl1.2, 49 — jO.8, and 104 — jO.6 Q
at 30 GHz. Using 30-GHz data across all the designs, the
imaginary part of Zo" is less than 3.5% of the corresponding
real parts. To assess the impact of the complex impedance
on the extracted attenuation, the simulated 30-GHz HFSS
S-parameter responses were normalized to 50 2 and sub-
sequently renormalized to the complex value and real-part
value of Z,". From these two sets of data, the resulting
difference in the attenuation constant (in Np/m) is less than
0.3%. The difference in the phase constant at 30 GHz across
all designs, determined from simulations that assume either
lossy or lossless materials, is less than 6%, which brings
a slight shift on Sj;. The simulation results also show that
the real part of Z; changes by less than 3.5% across all
cases, with AR = 0.95 being the most frequency-dependent
from 10 to 40 GHz, so it is assumed that Zj is independent of
frequency. Consequently, it is deemed to be sufficient to adopt
only the constant real part of the characteristic impedance for
the mTRL calibration of the measured data presented herein.

To demonstrate the performance achieved using LE-DPAM,
a comparison with other additively manufactured TLs from the
literature is presented. Table III compares different FG-CPW
line attenuations, where Z; represents the measured line
impedance. In [28] and [29], planar CPWs fabricated with
AJP have the signal linewidths of 29 and 160 um. In [26],
a planar CPW is also realized with the method of LE-DPAM
and has a signal width of 300 um. In [9] and [30], CPWs
are printed on dielectric ramps with IJP. The lines realized by
laser micromachining exhibit superior performance due to the
enhanced conductivity achieved through laser machining.

IV. CONCLUSION

This article has presented a thorough study on sus-
pended FG-CPW interconnects that are fabricated using a
laser-enhanced direct print AM (LE-DPAM) approach. These
interconnects provide a possible solution for mm-wave SoP
implementations, such as designs that require signal routing
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across ICs embedded in cavities, and they could also be
co-designed with a fluidics-based thermal management system
for enhancing power handling capability. Using a flip-print
process, interconnects up to 10 mm in length are fabricated
across open cavities. The lines are 300 um wide, with ARs
ranging from 0.95 to 0.38 and corresponding characteristic
impedance varying from 33 to 104 Q2. The measured attenua-
tion at 30 GHz varies from 0.28 to 0.06 dB/mm, exhibiting a
decreasing trend with increasing characteristic impedance.

It is important to study the fundamentals of interconnects
to achieve the desired minimum attenuation and power han-
dling capability for advanced packaging systems at mm-wave
frequencies [31]. In the fabricated structures, the gap width
that is defined by the femtosecond laser machining varies
by £2 um. Laser machining notches the substrate and this
substrate removal gets deeper as the gap width increases.
The notching depth ranges from 30 to 170 um for the
corresponding gap width that changes from 8 to 96 um.
For the lines tested herein, these laser machining tolerances
resulted in less than 0.05-dB/mm variation in TL attenuation
at 30 GHz, whereas an increase in resulting characteristic
impedance of approximately 11% was observed that can be
primarily ascribed to the notching of the substrate. The results
of geometry provide insights into the influence of the design
attributes on the attenuation characteristics.
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