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Abstract

Coplanar waveguides (CPWs) are fundamental components of radio frequency and microwave
circuits used for a variety of applications in telecommunications, radar systems and wireless
communications. There is a need for low-cost and easily accessible manufacturing techniques that
enable the fabrication of CPWs using commercial materials and equipment, thus reducing
production costs and facilitating easy access to these versatile transmission lines. In this paper, we
present CPWs on alumina substrates fabricated with an extrusion printing process based on
low-cost commercial dispensing equipment and a commercial silver ink. For a 4 mm long CPW, we
observe an insertion loss below 1 dB and a return loss better than 10 dB for the frequency range

from 40 MHz to 33.8 GHz.

1. Introduction

High speed optical data communication is the back-
bone of today’s data-driven society and economy. It
is based on fibre optic cables for signal transmission
and photonic integrated circuits (PIC) for optical sig-
nal processing. While silicon photonics enables a high
integration density, an integration challenge often
arises when electro-optic devices (e.g. laser diodes)
and electronics (e.g. drivers, amplifiers) have to be
packaged with a silicon photonics chip.

Jacob et al outline four types of PIC integration
strategies [1]:

In the hybrid integration strategy, the laser, the
silicon photonics chip and the electronics chip are
separately manufactured and subsequently packaged.
In heterogeneous integration the laser and the silicon
photonics chip are fabricated together (e.g. by III-V
chiplet bonding) and the electronics chip is copack-
aged. Monolithic integration means that the photon-
ics and electronics chips are fabricated together on the
same wafer and the laser is copackaged. The highest

© 2025 The Author(s). Published by IOP Publishing Ltd

and most challenging level is fully monolithic integ-
ration where all components are fabricated together
and the subsequent packaging effort is minimised.

The hybrid integration strategy provides the
highest flexibility, as the most mature process tech-
nologies can be selected for the respective subsystems
(laser, silicon photonics, etc). The price for this flexib-
ility is however an increased packaging effort based on
multi-chip flip-chip packages or interposers. To date
this is the integration strategy pursued in most silicon
photonics foundries [1].

O’Brien et al [2] give an overview of PIC
packaging technologies. With respect to electrical
packaging they introduce ceramic interposers to
fan out radio frequency (RF) transmission lines
from photonic devices to larger pitched printed cir-
cuit boards (PCB) that ultimately terminate in RF
connectors.

Ceramic materials have a high dielectric con-
stant, which is advantageous for RF and microwave
circuits. A higher dielectric constant allows for
reduced dimensions of RF trans-mission lines and
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components, leading to smaller and more compact
designs [3]. Further, alumina demonstrates the abil-
ity to endure extreme temperatures and moisture and
is also an inert and vacuum-compatible material [4].

To fan out RF transmission lines coplanar wave-
guides (CPWs) have the advantages over conven-
tional microstrip lines that, due to high design
freedoms, they are easier to realise for a desired line
impedance [5], that they enable simple connection
of external shunt elements (such as active compon-
ents) as well as the creation of series and shunt
capacitances [6], and show lower dispersion [7]. In
addition, a size reduction of CPWs is possible without
constraints, as the characteristic impedance depends
only on the ratio between the width of the signal
line and the distance between the signal and ground
strips. Furthermore, the CPW line enables shunt ele-
ments to be grounded directly on the PCB trace. This
configuration minimises crosstalk with neighbour-
ing traces and offers lower losses in high-frequency
applications compared to microstrip lines [8]. These
advantages make CPWs ideal for use in integrated
photonic circuits.

Thin-film technology is used to fabricate
CPWs on the ceramic interposer that connect to
the photonic device by through-substrate vias or
wirebonds [9]. Mask based processes for RF wave-
guide fabrication on such interposers have low flex-
ibility wrt design changes. Digital printing processes
offer a flexible technological alternative for fabricat-
ing waveguides for photonic packaging.

A number of process chains based on digital print-
ing processes have been proposed.

The aerosol jet printing (AJP) technology is used
by both Chletsou et al [10] and He et al [11] to
fabricate CPW transmission lines, but with different
substrates and approaches. Chletsou et al use a low-
viscosity silver nanoparticle (NP) ink, Metalon JS-
A221AE, to print CPWs on acrylonitrile butadiene
styrene (ABS) substrates for automotive applications.
The ink is sintered using intense pulsed light (IPL)
Sintering, achieving high-resolution CPWs with sig-
nal line widths as small as 300 ym and gaps between
the signal and ground lines down to 25 um. Line
thicknesses of up to 14 um are realized by mul-
tilayer printing. He et al fabricate CPWs on a single-
crystalline diamond (SCD) substrate, utilizing sil-
ver NP ink and curing the printed lines at 150 °C
for 40 min, followed by 200 °C for 20 min. The
printed CPW is 2.44 mm long, fabricated on a
3.5mm X 3.5 mm X 0.3 mm SCD substrate.

Inkjet printing is utilized in various processes by
[12—14], each exploring its application in fabricat-
ing CPW transmission lines with different materials,
substrates, and post-processing approaches. Kim et al
[12] use silver NP ink on a glass substrate modified
with a fluorocarbon film to create a high-resolution
CPW with a gap of 15 um, thickness over 2 um, and a
signal line width of 100 ym. Lee et al [13] print copper
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NP ink on a Bismaleimide—Triazine (BT) substrate,
with a drop volume of 4 pL per dot, and achieve a
metallic thickness of 5 yum after sintering. Sahu et al
[14], on the other hand, fabricate CPWs on flexible
polyethylene terephthalate substrates, using reel-to-
reel inkjet printing of a copper NP ink as a precursor
and for final waveguide fabrication by electroplating.

Microdispensing is also used in various pro-
cesses for the fabrication of CPWs. Abdin et al
[15] use an nScrypt 3Dn tabletop system to print
the dielectric substrate with ABS filament, followed
by micro-dispensing a 30 pm layer of silver paste.
After thermal curing at 110 °C, IR laser structur-
ing is applied to define the signal and ground line
gaps, achieving precise dimensions for the CPW.
The structural accuracy and RF properties in this
process are primarily determined by the laser struc-
turing rather than the printing process itself. In
contrast, Rojas-Nastrucci et al [16] employs a dif-
ferent approach, where thick-film silver paste is
micro-dispensed, and a picosecond Nd:YAG laser
is used to solidify the edges, creating narrow gaps
between the signal and ground lines (16-20 pm).
This process focuses on enhancing precision in the
slot formation, with the laser machining contribut-
ing significantly to the final structure. On the other
hand, LeBlanc et al [17] explore a micro-dispensing
process with silver NP ink, using polyether-ether-
ketone (PEEK) as substrate. The addition of photonic
curing enhances the electrical conductivity of the
printed CPWs, improving their high-frequency
performance.

Roembhild et al [18] use an XTPL Delta ultrapreci-
sion printer and a high viscosity silver NP ink (XTPL
CL85) to fabricate CPWs on fused silica and Corning
1737 glass substrates by extrusion printing. The ink
is sintered in an oven at 250 °C. The high precision
of the printed waveguide is defined by the combin-
ation of a high viscosity ink, a printing nozzle with
5 pm orifice diameter and a high precision position-
ing system. The small line width achieved with the
fine nozzle however requires to print many paral-
lel overlapping lines to fabricate the CPW signal and
ground conductors. This process yields a signal line
width of 71.4 um, gaps to the ground lines of 9.9 ym
and 9.1 pum respectively but a line height of only
0.4 pm.

In this paper we introduce a low cost, straight-
forward extrusion printing process based on off-the-
shelf dispensing equipment and a commercial high
viscosity screen printing ink to fabricate CPWs. As
the equipment used is already applied in electronic
packaging, e.g. to dispense conductive adhesive, this
process has the potential to be easily integrated into
photonic packaging process chains. We investigate the
RF performance of CPWs produced with this tech-
nique to assess the feasibility of this approach for
high frequency applications. The low-cost approach
introduced in this paper showcases the promise of
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facilitating widespread CPW utilization and advan-
cing innovation in high-frequency electronics.

The organisation of the paper is as follows:
section 2 presents a brief introduction into the the-
ory of CPWs. Section 3 shows results of extrusion
printing experiments for determination of single line
width. Section 4 covers design and simulation of
the CPW structure. Section 5 shows optical inspec-
tion and electrical characterisation of printed CPWs.
Section 6 deals with the discussion of the results and
section 7 offers conclusions and an outlook.

2. Theory of CPWs

A traditional CPW structure on a dielectric sub-
strate consists of a centre strip conductor (signal
line) with semi-infinite ground planes on both sides,
as shown in figure 1. This configuration supports a
quasi-transverse electromagnetic (EM) mode of sig-
nal propagation.

Mlustrated in figure 1 is a CPW featuring a sig-
nal line width (W), a gap between the signal line and
ground line (W), a ground line width (GND), the
substrate height (h), the printed structure height (¢)
the substrate/CPW length (L) and the relative permit-
tivity of the substrate (&;).

The fields in CPW, and thus the EM energy, are
almost equally divided between air and dielectric,
especially when the gap is relatively small compared
to the dielectric’s thickness. This results in an effect-
ive relative permittivity for a CPW [19]:

Ee = Ere
=0.5(e; + 1) {tanh[1.785log (h/ Wg) + 1.75]

+ <ng> [0.04 — 0.7k

A
£0.01(1 —0.1¢,) (0.25 + k)]}
w
Wh = — ]
ere W 2Wg (1)

Equation (1) is accurate to 1.5% for h/Wg > 1
[20].

A good initial approach for analysis and design
is to consider the effective permittivity as (e, + 1)/2.
The characteristic impedance of CPW is given by [6]:

Z = 30m K'(K)

= Ve KB
Where K =+/(1—k)and K’ (k) =K (k).
(2)

K (k) and K (k') are elliptic integrals. Using the
ratio of the elliptic integrals allows the following
simplifications [21]:

21+x/E
1—vk

1
~ —In

<k<0.
IO )o\k\o707 (3)
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Figure 1. Coplanar waveguide.

K'(k) 1 21+\/P
Ky ~ 7 \"1-vK

Equations (1)—(4) are for infinite ground CPW
and used to calculate the gap width (W) between
signal line and ground line for a CPW while the
signal line width (W), substrate height (h), dielec-
tric constant (&,) are known. The conductor thick-
ness is ignored for this calculation. The calculation is
performed with the aim of attaining a characteristic
impedance of 50 ohms.

) 0.707 <k<1. (4)

3. Determination of the single line width

In order to be able to position and move the dis-
pensing equipment (cartridge and dispensing needle)
for the dispensing trials with high precision, it is
mounted on the numerically controlled, four-axis
Cartesian handling platform MIMOSE [22] which
was developed at our institute. For extrusion print-
ing of the screen-printing ink Dyesol DYAG50 with
solid content 75.5% to 85.0%, viscosity of 13 000—
17 000 mPa- s, and resistivity of 5-6 p§2- cm we use the
off-the-shelf dispensing needle Vieweg F561387-1/4
with 110 gm inner diameter. The DYAG50 conduct-
ive silver printing ink is comprised of a mixture of sil-
ver particles and an organometallic silver compound
in an organic medium. The curing temperature of this
ink is 160 °C~180°C. The fabrication process is car-
ried out using a Nordson Ultimus-I dispenser on a
pre-cleaned ceramic substrate. The ceramic substrate,
Rubalit® 708 S with 96% Al,Os3, has a thickness (k)
of 500 pm, dielectric loss factor 0.01 and a dielectric
constant (e;) of 8.3.

After systematic experimentation, we determine
as optimal printing conditions a forward air pressure
of 4.7 bar, a printing speed of 1 mm s~ !, and a needle
stand-off distance of 70 um [23].

The extrusion printing process occurs within an
enclosed compartment, with continuous monitor-
ing of humidity and temperature. After printing one
line for running in the printing process, seven more
lines (figure 2(a)) are printed to find out the average
width of the printed lines. Printing a single line occurs
in a top-to-bottom direction, while the progression
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(2)

Printing directions

(®)

48.3
35.7
23.2

10.6
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23444 29304 35165
L (um) [ x/y-axis scale ratio = 46.5]

-14.6

-27.2

0.0 586.1 172.2 1758.3

Figure 2. Profilometer measurement of line width.

for printing the next line moves from left to right
(figure 2(a)). Subsequently the printed lines are sub-
jected to a heating process in an oven at 170 °C for a
duration of 10 min. This temperature treatment leads
to the desired conductivity of the printed silver tracks.

Confocal optical measurements are performed
using the Sensofar 3D optical profilometer S neox
to determine the width of the printed structures.
SensoVIEW software is used for data analysis.
Figure 2 shows the optical measurement of the prin-
ted lines.

Figure 2 shows the optical measurement of the
printed lines. In figure 2(a) dots of same colour indic-
ate the measured distance between them and meas-
urements are shown in figure 2(b) as a graph. For bet-
ter representation we have used a different scale ratio
in x and y axis in figure 2(b).

Table 1 presents the width variation, including the
mean, standard deviation, and relative standard devi-
ation for 20 points each (M1-M20) along the seven
printed lines over a length of 5 mm.

By examining table 1, it is evident that the major-
ity of the printed lines exhibit an average width ran-
ging from 281 pm to 285 pum. The average line width
18 281.97 pm.

The low standard deviation of the linewidth of a
printed line illustrates the high reproducibility of this
extrusion printing process with off-the-shelf com-
mercial equipment.

This holds in particular as the time pressure dis-
penser controller applied in these experiments already
has a specified pressure tolerance of £ 2% [24].
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4. Design and simulation of the CPW
structure

As the initial printing tests (see section 3) result in an
average line width of the single line of 281.97 yum, a
value of 282 pum is used for the design of the CPW
as the signal line. With the target of an impedance
of 50 ohms and the dielectric constant of our sub-
strate €, = 8.3, the target gap width Wy is calculated
to be 91 um (equations (1)—(4)). The ground line
width (GND) is chosen to be more than 2.5 times the
width of the signal line (W). The printed line thick-
ness is 20 ym. The EM-simulation is performed for
a4 mm long CPW using CST Studio Suite 2024. The
time domain solver is used here, which can obtain the
entire broadband frequency behaviour of the simu-
lated device from a single calculation run.

The S-parameters, commonly referred to as scat-
tering parameters, serve as crucial indicators for
evaluating the signal transmission performance of a
transmission line and depict the input-output rela-
tionships among ports within an electrical system,
indicating the reflection and transmission character-
istics in frequency domain [25]. For a CPW, S11 rep-
resents the input port voltage reflection coefficient,
S22 represents the output port voltage reflection coef-
ficient, S12 represents the reverse voltage gain, and
S21 represents the forward voltage gain [26].

Figure 3 shows the simulation results, with the S11
and S22 parameters represented by blue circles and
magenta dashed lines, and the S21 and S12 paramet-
ers represented by green squares and red dot-dashed
lines, respectively. The S11 and S22 lines overlap due
to the symmetry of the design and the uniformity of
the line, and the same applies to the S21 and S12 lines.

Our initial target was to check the performance of
our printed CPW up to 35 GHz. The above simula-
tion results indicate that a CPW fabricated with these
dimensions show good transmission properties in the
range of 0-35 GHz.

5. Optical and electrical characterisation
of the printed CPWs

Figure 4 illustrates a CPW printed on a ceramic sub-
strate. The patterns we have printed exhibit con-
tinuous and straight edges with a stable boundary.
Extrusion printing takes place from the right to the
left. To achieve a wider ground line width, four par-
allel lines are printed, each spaced 150 pum apart
to ensure effective overlap. The black marks on the
structure are due to probe connection for RF meas-
urements (see below). The image is taken with a
Keyence VHX-770E Microscope.

Figure 5 displays the optical measurements
obtained using the Sensofar 3D optical profilometer
in confocal mode. These measurements are conduc-
ted to determine the height and width of the printed
CPW structure.
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Table 1. Width variation (mean, standard deviation and relative standard deviation) of printed lines.

Measurements Line 1 (um) Line2 (um) Line3 (um) Line4 (um) Line5 (um) Line6 (um) Line 7 (um)
M1 279.54 274.46 303.5 294.82 294.82 294.82 303.5
M2 266.83 259.21 294.82 299.16 290.49 303.5 299.16
M3 277 261.75 290.49 281.82 286.15 299.16 290.49
M4 274.46 279.54 277.48 294.82 286.15 294.82 290.49
M5 284.62 271.92 286.15 281.82 281.82 299.16 294.82
M6 277 271.92 290.49 281.82 291.49 290.49 277.48
M7 289.71 277.00 281.82 273.15 286.15 290.49 277.48
M8 274.46 274.46 273.15 281.82 277.48 290.49 277.48
M9 282.08 261.75 286.15 286.15 290.49 286.15 290.49
M10 279.54 282.08 281.82 290.49 290.49 277.48 281.82
Ml11 292.25 279.54 277.48 277.48 286.15 286.15 286.15
M12 284.62 264.29 277.48 281.82 286.15 273.15 286.15
M13 284.62 271.92 286.15 281.82 277.48 273.15 286.15
M14 289.64 271.54 265.5 277.57 283.6 277.57 307.74
M15 297.33 274.46 268.81 277.48 281.82 273.15 273.15
M16 286.46 271.64 276.58 281.52 286.46 281.52 286.46
M17 292.25 274.46 273.15 277.48 277.48 273.15 268.81
M18 287.16 284.62 281.82 268.81 277.48 273.15 281.82
M19 289.71 287.16 273.15 268.81 277.48 268.81 273.15
M20 284.62 277.00 273.15 281.82 281.82 273.15 268.48
Average (pm) 283.69 273.53 280.95 282.02 284.57 283.97 285.06
Standard deviation 7.41 7.48 9.32 8.01 5.37 10.84 10.90
(pm)

Relative standard 2.61 2.73 3.31 2.84 1.88 3.81 3.87

deviation (%)

arameters (dB)

—6— S11-simulation
~—&— §21-simulation

60§ |- §12-simulation

=65 [ | == == 822-simulation

-70 : . g g * - .
0 5 10 15 20 25 30 35

Frequency (GHz)

Figure 3. Simulation results.

In modelling the CPW structures, rectangular
line profiles are used. However, such rectangular
structures cannot be produced by the extrusion
printing process, resulting in rounded edges (see
figure 5(b)). The CPW is designed to have a gap (W)
of 91 pm between signal and ground line on both
sides. However, the profile measurements illustrate
that due to process tolerances we are unable to achieve
the same gap on both sides of the signal line (see
figure 5).

Table 2 showcases the measurements of ground
line widths (GND 1 and GND 2), gaps (Gap 1 and

Figure 4. Printed CPW on ceramic substrate (top view).

Gap 2), along with signal line width and height. These
measurements are at 16 distinct points along a 4 mm
length of the CPW.

The relative standard deviations of the dimen-
sions deviations observed are below 2.53% for the
printed lines and below 8.54% for the gaps. This
can be attributed to the printing tolerances identified
above. These results again validate the high reprodu-
cibility of the extrusion printing process and thus its
suitability for fabrication of RF waveguides.

For assessing the S-parameters of this CPW, we
used the Anritsu 37397 C vector network analyser
(VNA) covering a frequency range from 40 MHz to
35 GHz. VNA coaxial cables are connected to the
MPI T67A GSG400 ground-signal-ground RF probe,
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L (pm) [ x/y-axis scale ratio =17.23]
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Figure 5. Profilometer measurement of CPW (a) top view (b) width and height measurement.

Table 2. Measurements of ground line widths, gaps, signal line width and signal line height.

Signal line

Signal line

width height
Measure-ments GND1 (pm)  GAP 1 (pm) (pum) GAP2 (um) GND2 (pm) (um)
M1 762.82 65.88 291.11 59.75 746.26 21.27
M2 752.71 66.74 291.06 63.03 745.99 21.02
M3 752.4 65.76 292.5 64.57 742.06 22.36
M4 755.39 68.67 283.64 76.58 740.81 22.31
M5 749.42 62.7 301.56 65.68 743.44 20.96
M6 740.46 74.64 280.66 71.65 719.56 21.16
M7 746.43 77.62 280.66 77.62 736.53 21.68
M8 743.44 74.64 286.63 68.67 731.5 21.59
M9 742.35 76.28 281.68 73.35 730.62 22.10
MI10 734.49 80.61 280.66 74.64 734.49 21.81
MIl1 746.66 74.66 280.74 77.65 737.7 21.50
Mi12 749.42 80.61 274.69 77.62 728.52 21.91
M13 734.49 80.61 280.66 71.65 728.52 21.04
M14 746.6 77.65 280.74 71.67 722.77 20.48
MI15 737.7 77.65 283.73 77.65 731.73 22.23
M16 740.69 77.65 274.77 80.63 725.75 21.80
Average (um) 745.96 73.9 284.09 72.03 734.14 21.57
Standard deviation 7.72 5.96 6.98 6.15 8.16 0.54
(pm)
Relative standard 1.03 8.06 2.45 8.54 1.11 2.53

deviation (%)

which has a pitch size 0of 400 pim, to connect both ends
of the CPW.

The calibration is carried out utilizing the AC5
calibration substrate (GSG-GS-SG). In this calib-
ration process, the SOLT(Short-open-load-through)
method is applied, ensuring precise calibration up
to the extremity of the RF probe. Figure 6 displays

measured results by VNA, with S11 and S22 paramet-
ers represented by red dash and green dot lines(see
figure 6(a)), and S21 and S12 parameters represen-
ted by red dash and green dot lines(see figure 6(b)),
respectively. S11 and S22 curves do not completely
overlap because of non-uniformity of the line. The
same goes for S21 and S12.
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S-parameters (dB)

0 5 10 15 20 25 30 35
Frequency (GHz)

S-parameters (dB)

0 5 10 15 20 25 30 35
Frequency (GHz)

Figure 6. Measured return loss and insertion loss of CPW
(a) return loss, S11, S22 (b) insertion loss, S21, S12.

6. Results and discussion

We have achieved a linewidth of the printed lines with
a low standard deviation, which illustrates the high
reproducibility of this extrusion printing process with
off-the-shelf commercial equipment. The character-
istic impedance of the CPW lines mainly depends
on the signal line width and the gap to the ground
line. Variations in the signal line width and in the
gap along the line cause impedance variation which
results in more reflections along the line [27]. The
characteristic impedance for the printed CPW depic-
ted in figure 4 is 46.9 ohms, determined with the
equations (1)—(4) using average values of the geomet-
rical parameters presented in table 2.

The deviation from the 50 ohms characteristic
impedance is due to differences in signal line width
and gap between designed (see section 4) and printed
CPW (see section 5).

Figure 7 demonstrates the comparison between
measured S-parameters and simulated S-parameters
(for averaged parameters from table 2). Figure 7(a)
shows the S11 and S22 in dB vs frequency in GHz and
figure 7(b) shows the S21 and S12 in dB vs frequency
in GHz. In figures 7(a) and (b) a shift between meas-
urements and simulations is observable.
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Figure 7. Measured and simulated insertion loss and return
loss of CPW (a) return loss, S11, S22 (b) insertion loss, S21,
S12.

The reason for this shift is, because the printed
signal and ground lines exhibit non-uniform width
along their length, accompanied by a significant vari-
ation in the gap dimensions along the entire span (see
table 2) and also a non-rectangular shape of the prin-
ted lines. Using a CAD representation based on meas-
urement data of manufactured CPWs in modelling
will help to create a geometrical representation that
more closely matches the printed structures. This will
reduce the deviation between measured and simu-
lated results. The substrate loss and material loss also
contribute to the deviation between the measured and
simulated results.

Another reason for the variation in the curves of
S11and S22 in the measured S-parameters arises from
the asymmetry in the transmission line, attributed to
tolerances of the printing process [28].

The measurements of the 4 mm CPW sample
show a good RF performance up to 33.8 GHz, where
insertion loss is less than or close to 1 dB, while return
loss is better than 10 dB. The peak value of S21 is close
to 0 dB. From figure 7, it is evident that at frequencies
of 10 GHz and 33.8 GHz, the measured S21 values
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Table 3. Comparison with other printed CPWs.
Insertion loss Insertion loss Dimen-sions
(dBmm™}) (dBmm™!) @ (WIW,/t)
Paper @10 GHz 33.8 GHz Process steps (pm) Sub-strate Ink
This work 0.08 0.21 1) DP-SP 281/74/22 Ceramic Ag
2) TS NP
paste
[11] 0.075 0.175 1) AJP-MP 217/70/3 SCD Ag
2) TS NP
ink
[10] 0.24 0.52 1) AJP-MP 300/25/12 ABS Ag
2) IPL sintering NP
ink
[12] 0.2 0.42 1) Photo-lithography 100/15/2 Glass wafer ~ Ag
NP
2) IP-MP ink
3) TS
[13] 0.14 NA 1) IP 25/75/5 BT Cu
3) TS NP
ink
[17] 0.075 0.25 1) DP 550/150/NA  PEEK Ag
2) TS paste

(TS = Thermal sintering, BT = Bismaleimide-Triazine, IP = Inkjet printing, IPL = Intense Pulse Light, DP = Dispensing,
NP = Nanoparticle, PEEK = Poly-ether-ether-ketone, SCD= Single crystal diamond, MP= Multi pass, SP = Single pass).

are —0.32 dB and —0.85 dB, resulting in an observed
average loss per millimeter of 0.08 dB mm~' and
0.21 dB mm—}, respectively. In comparison, the sim-
ulated S21 values at these frequencies are —0.14 dB
and —1.01 dB, leading to simulated average loss values
of 0.035 dB mm ™! and 0.25 dB mm ™!, respectively.
The difference between the simulated and measured
average loss per millimeter at these two frequencies is
0.045 dB mm~! and 0.04 dB mm~".

Table 3 compares this work with CPWs manu-
factured with different processes, different inks on
different substrates from the literature. Due to lim-
ited data availability, some of the insertion loss values
are approximate, extracted from graphs provided in
the literature. The insertion loss values in this work
(0.08 dB mm™! at 10 GHz and 0.21 dB mm ™! at
33.8 GHz) are close to some of the referenced works,
particularly [11] and [17]. At 10 GHz, this work out-
performs the results of [ 10, 12] and [13]. At 33.8 GHz,
this work (0.21 dB mm™!) surpasses the results of
[10] and [12].

Additionally, the single-pass dispensing method
used in this work, combined with thermal sinter-
ing, offers a simple and fast process compared to
more complex process chains, such as AJP and inkjet
printing [10, 11, 13] and even photolithography [12].

The focus of this work is on the application of
readily available, commercial equipment in the fab-
rication of CPWs. This achieves high-cost efficiency

and process simplicity, enabling competitive per-
formance at both 10 GHz and 33.8 GHz. The ultra-
high resolution and precision, which are sometimes
achieved by complex high precision multi-pass print-
ing or photolithography methods, are not attained by
the presented method.

7. Conclusions and outlook

System integration of PICs requires fabrication of RF
waveguides ranging from millimeter scale connect-
ors to transmission lines several hundred micromet-
ers wide to interface a silicon photonics chip. The
main objective of this study is to evaluate the poten-
tial of extrusion printing with off-the-shelf dispens-
ing equipment on an alumina substrate using con-
ductive silver screen printing ink for fabrication of
CPW RF transmission lines. Initial extrusion print-
ing tests indicated that lines with a width of about
280 pm can be reproducibly printed with good edge
quality. This dimension was used as signal line width
for designing a CPW by means of modelling and sim-
ulation. The simulation yielded a CPW design with
good transmission performance up to about 35 GHz.
This design was printed with the extrusion printing
process and dimensionally and electrically character-
ised. The dimensional characterisation showed low
tolerances with respect to signal line width and signal
to ground line gap width which is an indication of the
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high reproducibility of the extrusion printing process.
The electrical characterisation of the printed samples
showed good RF transmission up to 33.8 GHz, which
is in good agreement with the simulation results.

The comparison of insertion loss values with
other works from literature also shows that extrusion
printing with off-the-shelf dispensing equipment is
suitable as a cost-effective additive digital manufac-
turing process for RF transmission lines. The next
steps involve optimizing the process and equipment
for CPWs designed for higher frequencies by using
dispenser needles with smaller diameters in com-
bination with lower viscosity paste and substrates
with better surface quality. Moreover, it is also worth
investigating whether it will be possible to print on
different substrates without significant degradation
of the shape and RF properties of the printed CPWs.

Furthermore, a more realistic CAD model of the
printed CPW based on measurement data will be
implemented for simulation, aiming to obtain results
that more closely match the measured data and thus
allow a model-based waveguide and fabrication pro-
cess design.
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