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Abstract

Recent years have seen significant advancements in semiconductor technologies
operating up to the millimeter wave (mmW) and THz frequency ranges. How-
ever, the available bandwidth at these frequencies often remains underutilized
due to a lack of suitable packaging technologies. Printed interconnects are
a promising solution to this bottleneck, as they can maintain a constant line
impedance over the entire interconnect length and hence avoid reflection losses.
Additionally, they are well-suited for prototyping, heterointegration, and offer
good scalability.

This work presents the development of a manufacturing process for prin-
ted mmW interconnects in D-Band (110 - 170 GHz) and above. First, two
topographies—ramp-based and planar—are introduced. Both require distinct
manufacturing processes to create the ramp or fill remaining gaps, which are
carefully developed and optimized. Subsequently, the required minimum feature
size is estimated as a function of the target frequency. With the topographies and
minimum feature size determined, two printing processes are selected: Aerosol
Jet (AJ) and Ultra Precise Dispensing (UPD) printing. Both offer high printing
accuracy, conformal printing capability, and low ink-substrate interaction. Next,
both printing processes are analyzed, optimized, and extended.

AJ printing offers simple conformal printing but requires special attention
to achieve the required high precision feature sizes down to 10 - 20 µm. For
those structures, we find that a high printing speed can lead to deformations
whereas a low printing speed yields a thick layer prone to crack formation.
Therefore, we determine the maximum permissible speed depending on the
feature size. We choose two sintering methods preventing cracks in thick layers
by analyzing the mechanism behind crack formation. Additionally, we greatly
improve homogeneity by developing a new shutter on the fly (SOTF) printing
routine. These developments expand the limits of the AJ printer providing the
required precision and feature size for mmW applications.
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Abstract

The UPD printer intrinsically reaches the required precision but previously
suffered from a labor-intensive workflow for conformal printing. To address
this issue, a program capable of projecting 2D print paths onto a measured
surface is developed. This advancement enables semi-automatic conformal
printing, significantly reducing manual labor. It also allows for printing onto
more complex surface topographies than before. The importance of alignment
for conformal printing is mathematically demonstrated, and methods to enhance
line uniformity are introduced. Additionally, the phenomenon of nozzle drift in
long-duration print jobs is systematically analyzed.

Leveraging the optimized printing processes we fabricate multiple isolated com-
ponent demonstrators. These include an AJ printed transmission line, as well
as AJ and UPD printed ramp-based interconnects for PCB-to-PCB and PCB-
to-MMIC connections. Furthermore, AJ and UPD printed planar interconnects
are manufactured using identical assemblies for direct comparability.

Finally, a UPD printed interconnect enables an active beam-steering antenna
for 6G communication applications, operating in the 220 - 325 GHz range.
The system integrates a power amplifier based on gallium arsenide (GaAs)
technology and an indium phosphide (InP) leaky wave antenna (LWA). It
achieves a measured peak gain of 26 dBi, demonstrating a gain enhancement of
up to 15 dB compared to the standalone LWA.

This work demonstrates that printed interconnects enable mmW systems with
a very large bandwidth and excellent performance. Additionally, printed inter-
connects facilitate rapid prototyping and heterointegration of multiple semi-
conductor technologies.
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Zusammenfassung

In den letzten Jahren konnte der Millimeterwellen- (mmW) und THz-Frequenz-
bereich erschlossen werden, was durch erhebliche Fortschritte in der Halbleiter-
technologie möglich wurde. Allerdings kann die verfügbare Bandbreite bei die-
sen Frequenzen mangels geeigneter Aufbautechnik oft nicht ausgeschöpft wer-
den. Gedruckte Verbindungen sind eine vielversprechende Lösung für diesen
Engpass, da sie eine konstante Leitungsimpedanz über die gesamte Verbindung
aufrechterhalten und somit Reflexionsverluste vermeiden. Außerdem vereinfa-
chen sie Prototypenfertigung und Heterointegration und bieten zusätzlich eine
gute Skalierbarkeit.

In dieser Arbeit wird ein Herstellungsprozess für gedruckte mmW-Verbindungen
im D-Band (110 - 170 GHz) und darüber entwickelt. Als erstes werden zwei
Topografien analysiert - rampenbasiert und planar. Für beide werden die
benötigten Prozesse entwickelt und optimiert, um die Rampe zu fertigen
bzw. um verbleibende Lücken zwischen MMICs zu füllen. Anschließend
wird die erforderliche kleinste Strukturgröße in Abhängigkeit der Betriebs-
frequenz geschätzt. Aus diesen beiden Betrachtungen ergeben sich schließlich
die Anforderungen an die Drucktechnologie, sodass zwei Druckverfahren
ausgewählt werden können. Das sind Aerosol Jet (AJ) Druck und Ultra Precise
Dispensing (UPD) Druck. Beide Technologien bieten eine hohe Genauigkeit,
kleine Strukturgrößen, oberflächenfolgenden Druck sowie eine niedrige Tinte-
Substrat-Interaktion. Beide Druckverfahren werden charakterisiert und in ihrem
Funktionsumfang für Anwendungen in der Hochfrequenztechnik erweitert.

AJ-Druck ermöglicht einfaches oberflächenfolgendes Drucken, erfordert aber
Optimierung, um die erforderlichen Strukturgrößen bis 10 µm zu erreichen. Bei
derart kleinen Strukturen kann eine hohe Druckgeschwindigkeit zu Verformun-
gen führen, während eine niedrige Geschwindigkeit eine hohe Schichtdicke
zur Folge hat, die zur Rissbildung neigt. Daher wird die maximal zulässige
Geschwindigkeit in Abhängigkeit von der kleinsten Strukturgröße bestimmt.
Zusätzlich wird der Mechanismus, der zur Rissbildung führt, vorgestellt und
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Zusammenfassung

basierend darauf zwei Sinterverfahren vorgeschlagen, die Risse vermeiden.
Des Weiteren wird die Homogenität des Druckbilds signifikant verbessert,
indem eine neue Shutter on the Fly (SOTF) Routine programmiert wird.
Diese Entwicklungen erweitern den Funktionsumfang des AJ-Druckers und
ermöglichen die erforderliche Präzision für mmW-Anwendungen.

Der UPD-Drucker erreicht intrinsisch die erforderliche Präzision, litt aber bisher
unter einem arbeitsintensiven Prozess für den oberflächenfolgenden Druck. Um
dieses Problem zu lösen, wurde ein Programm entwickelt, das 2D-Druckpfade
auf eine gemessene Oberfläche projiziert und daraus 3D-Verfahrbefehle gene-
riert. Diese Entwicklung ermöglicht halb automatisches oberflächenfolgendes
Drucken, was den manuellen Arbeitsaufwand erheblich reduziert. Außerdem
lassen sich damit komplexere Oberflächentopografien als bisher bedrucken.
Beim oberflächenfolgenden UPD-Druck ist die korrekte Ausrichtung des Sub-
strats von großer Bedeutung, was mathematisch begründet wird. Auch werden
Methoden zur Verbesserung der Homogenität gedruckter Linien vorgestellt.
Darüber hinaus wird das Phänomen der wandernden Druckdüse bei langen
Druckaufträgen systematisch analysiert.

Mit den derart optimierten Druckprozessen werden mehrere Demonstratoren
einzelner Komponenten hergestellt. Dazu gehören eine AJ gedruckte Mikro-
streifenleitung sowie AJ und UPD gedruckte rampenbasierte Verbindungen für
PCB-zu-PCB und PCB-zu-MMIC Verbindungen. Darüber hinaus werden pla-
nare AJ und UPD gedruckte Verbindungen mit dem gleichen Aufbau hergestellt,
die untereinander vergleichbar sind.

Als finaler Systemdemonstrator wird eine aktive Leckwellenantenne bei 220
bis 325 GHz für die 6G-Kommunikation aufgebaut. Dafür verbindet eine UPD
gedruckte Verbindung einen GaAs-Verstärker und eine InP-Leckwellenantenne.
Der maximal gemessene Antennengewinn ist 26 dBi, was einer Verbesserung
um bis zu 15 dB gegenüber der der Leckwellenantenne alleine entspricht.

Diese Arbeit zeigt, dass gedruckte Verbindungen mmW-Systeme mit einer
enormen Bandbreite und ausgezeichneter Performanz ermöglichen. Des Wei-
teren erleichtern sie die Prototypenfertigung und Heterointegration mehrerer
Halbleitertechnologien, was auf lange Sicht zu kürzeren Entwicklungszyklen
und reduzierten Kosten führen kann.
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1 Introduction

Since the first industrial revolution dating back to the end of the seventeenth
century, the world has witnessed increasingly fast technological advances [Buc].
Our modern society became based on technology to a degree that would have
been unimaginable only a century ago. A significant part of the vital infrastruc-
ture has been equipped with digital sensors and actuators. Communication in
private, and in the professional realm is carried out largely through electronic
devices. The biggest drivers for economic growth have been technological
advances in recent years. It is no coincidence, that eight of the top 10 constituents
of the MSCI World index in November 2024 are either tech companies or have
a strongly technologically driven background [msc]. We hence do not only
profit from the technological advances of the recent decades and centuries,
but we also depend on them. They are indispensable for economic growth
and thereby societal wealth. One of the current hopes for new developments
with a huge impact is industry 4.0. The term has originally been coined by
the German Federal Government at the end of 2011 [OT16] [LWW17] and
nowadays describes the incipient fourth industrial revolution [BRSP21].

Industry 4.0 requires a dense network of sensors within manufacturing facilities
that monitor both internal and external environments [San21]. Those sensors
require high accuracy and need to monitor a wide range of variables. Radar
is a popular technology for those applications due to its contactless and non-
destructive behavior. The demand for increasing precision pushes the operation
frequencies far above 100 GHz to achieve the required bandwidth [GGF+20].
The same effect can be observed for automotive radar systems, where they play a
crucial role in the realization of autonomous vehicles. Safe autonomous systems
need to be able to detect other road users reliably and precisely. This requires
using a high radar bandwidth, which is only available at high frequencies. In
consequence, the operating frequency of automotive radars has experienced a
constant increase [WHM21] and will be lifted to 140 GHz in the next generation
[CJW+13,KHBS13].
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1 Introduction

Industry 4.0 and autonomous vehicles both require significant communication
data rates, which can only be expected to grow in the future. Nevertheless, they
only make a small part of the total global data creation, capture, replication,
and consumption per year. The International Data Corporation (IDC) refers
to this value as the global datasphere and expects a growth to 291 zettabytes
(ZB) in 2027 [Ryd23]. A focus on mobile data can be found in the Mobility
Report by Ericsson. They predict a growth of the global mobile network traffic
to a total of 370 exabyte (EB) per month until the end of 2027 [Eri21]. This
anticipated growth can only be satisfied by new technologies, including 5G and
6G, for which frequencies extending into the sub-THz range are currently being
explored [INA21, RXK+19, MTK+20]. The large absolute bandwidth in this
frequency range promises ultra-high data rates of up to hundreds of gigabits
per second. It is, therefore, seen as a key enabler for applications such as holo-
graphic connectivity, device-to-device communication, hotspot downloading,
and wireless cellular fronthaul/backhaul networks [IR22]. The importance of
the sub-THz frequency range is further punctuated by the establishment of the
first IEEE standard for wireless communication in the range from 252 GHz to
325 GHz, IEEE Std. 802.15.3d [PKH20].

The previous elaborations show, that increased operating frequencies for radar
and communication systems will be crucial for technological and societal
development in the coming years and decades. Fortunately, significant advances
in semiconductor technologies have been made in recent years enabling mmW
and THz monolithic microwave integrated circuits (MMICs) [MYL+15]. One
limiting factor for their widespread application is currently the lack of a suitable
packaging technology. Those technologies connect an integrated circuit to the
surrounding world. Unfortunately, the current options are either performing
poorly (e.g. bond wires) or are very expensive (e.g. split blocks) [Son17].
The international research community is hence working deliberately on new
packaging technologies. One auspicious candidate is printed interconnects.
They are flexible due to their digital nature, promise high performance and
will be relatively cheap. Since they promise to relieve a pressing challenge for
technological growth in the near future, they have been investigated within this
work.

The next section will introduce the vision of printed interconnects and explain
why they promise excellent radio frequency (RF) performance, low cost and
good prototyping capability. We then proceed to a presentation of the state of

2



1.1 Vision

Figure 1.1: Vision of a system with printed RF interconnects: The RF part of the entire system is
zoomed in blue and an MMIC featuring is zoomed in orange. The printed interconnects
extend the CPW probe-pad configuration via a ramp or bridge to the PCB or the adjacent
MMIC. This allows to keep the characteristic impedance constant which yields low
losses over an ultra-broadband frequency range.

the art on new packaging approaches in general and detail the current state of
the art on printed RF interconnects.

1.1 Vision

The most common way to get RF signals in and out of MMICs is through
ground-signal-ground (GSG) probe pads. Those pads are used because they
expose the ground and signal conductors on the same layer and, therefore, can
be contacted with RF probes for measurements. Once the MMICs have been
successfully validated with probe-based measurements, they are embedded into
a system. This means that they are connected to a printed circuit board (PCB) or
directly to another MMIC. Those connections must match the GSG pattern of
the probe pads, which is the case for coplanar waveguide (CPW) transmission
lines (see Chapter 2.1.3.6). Therefore, interconnects can be modeled as CPW
lines. However, the manufacturing processes do not allow arbitrary shaping of
the conductor dimensions, often resulting in an impedance mismatch between
MMIC and interconnect. This mismatch must be compensated with a matching

3
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network, which in turn reduces the operational bandwidth of the interconnect.
This is why a technology that enables interconnects to maintain the charac-
teristic impedance of the probe pads is needed.

Printed interconnects offer exactly this possibility. The ability to print nearly
arbitrary dimensions according system’s need allows for a constant transmission
line impedance over the entire length, matching the MMIC. Our vision for
printed interconnects is shown in Figure 1.1. The manufacturing of the depicted
interconnects can be done in the following steps: First, the MMIC is placed on
the PCB, and a ramp connecting the top of the MMIC and the PCB is created.
Subsequently, the interconnect is printed from the probe pads to the CPW on
the PCB. Alternatively, two MMICs can be connected directly. In either way,
the dimensions of the printed metal are chosen to maintain the characteristic
impedance of the probe pads. This yields high-performance, ultra-broadband
interconnects that eliminate the need for matching networks.

Another advantage of printed interconnects is that the printing paths can easily
be adjusted to compensate for tolerances in earlier manufacturing steps, such as
a misalignment between the PCB and the MMIC. The simplicity of generating
printing paths also enables fast prototyping, which reduces development costs
and time to market.

The goal of this thesis was to perform an evaluation of the performance of
printed interconnects operating above 100 GHz. It should also determine the
constraints arising from the RF and the manufacturing side as well as develop
the requirement manufacturing processes. Therefore, this thesis begins with an
evaluation of the possible topographies for printed interconnects in Chapter 3.
This chapter also includes an estimation of the required minimum feature
size as a function of the maximum operating frequency. Having these basics
established, two printing processes–acAJ and UPD printing–are selected. They
are investigated in terms of performance and constraints in Chapter 4. Both
printers are also enhanced in their capabilities to address the unique challenges
of printed mmW interconnects.

In the subsequent Chapter 5, single-component demonstrators are fabricated
using both printing technologies. They include transmission lines and in-
terconnects in two topographies. Finally, the results from these chapters are
combined for the creation of a larger system demonstrator in Chapter 6. Here, a
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power amplifier and an LWA MMIC operating at 220 - 325 GHz are combined
into an active beam-steering antenna with a UPD printed interconnect.

1.2 State of the Art

As mentioned above, wirebonds typically show a high insertion loss in the
sub-THz range as seen in [DRT+19], where a single wirebond of length 100 µm
connects a 280 GHz to 310 GHz GaAs frequency multiplier MMIC to a quartz
stacked patch antenna. The simulated S-parameters of the wirebond inter-
connect show an insertion loss of 3 to 4 dB. A differential wirebond connects a
246 GHz SiGe BiCMOS BPSK Tx chip to a PCB antenna in [HSEZ24]. The dif-
ferential wirebond interconnect has an insertion loss of less than 6 dB [HSZ22].
Reducing bond wire interconnect losses requires significant modifications of the
standard bonding process as shown in [7]: The distance between the individual
bond wires was fine-tuned with a 3D-printed positioner, and adequate dielectric
encapsulation and a top metal layer were needed to reduce the losses to 1 dB
up to 210 GHz. The other somewhat obvious way of reducing losses is to make
bond wire interconnects extremely short which makes manufacturing more
complicated due to the reduced tolerance. This approach has been investigated
in [PSB+24] where losses of 0.6 dB were found up to 135 GHz for bondwires
over a substrate gap as small as 30 µm.

A technology that resembles bond wires in shape but requires elaborate manu-
facturing facilities and exhibits better performance is presented in [ACHW+21].
The authors manufactured an air-bridge differential interconnect based on spray
coating and laser lithography which connects a 220 GHz to 320 GHz GaAs balun
to a quartz-cavity leaky-wave (LW) feed. The differential interconnect has a low
loss of 0.2 dB, whereas the assembly loss, including the interconnect, balun,
and 730 µm long feed line on quartz, varies between 2.1 dB and 2.7 dB.

Flip Chip is a common interconnect technology for mmW interconnects.
In [KUSP14] an interconnect with a loss below 0.9 dB up to 170 GHz is
presented, but this approach requires a tuned line topography to compensate for
the capacitive effect introduced by the flip-chip overlap section. Therefore, it is
unsuitable for of-the-shelf components. When using only 10 µm large micro-
bumps, flip-chip interconnects operating up to 250 GHz with 1 dB insertion
loss can be made [MSW+15]. The authors of [SDS+17] were able to increase
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the maximum operating frequency with 0.9 dB insertion loss up to 500 GHz
by further reducing the bump height to 2µm, and by carefully designing the
transition.
A common problem shared by all flip-chip assemblies is, that the orientation
of neighboring chips needs to alternate between face-up and face-down. Face-
down orientation can create a thermal bottleneck which makes it inhibitive for
most amplifiers and many other active MMICs. This constraint can result in the
need for interposer chips which add to the manufacturing cost of the assembly
and deteriorate performance. If an MMIC is flip-chip bonded to another MMIC
or PCB with a different coefficient of thermal expansion (CTE), changes in
temperature cause mechanical stress on the assembly which can lead to bond
failure [KC12].

Another popular interconnect technology is embedded wafer level ball grid
array (eWLB). It embeds the MMICs in a molding compound and creates a
lithographically structured fan-out layer [MOB+08]. The authors of [HVH+17]
used this technology to make a waveguide transition with an average insertion
loss of 3.4 dB from 116 - 151 GHz. It can also be used to create antennas directly
in the fanout layer [AFS18] or to create chip to chip or chip to PCB connections.
A chip to CPW on eWLB transition has exhibited a 0.7 dB insertion loss at
50 GHz [1]. The insertion loss of the eWLB to PCB transition was 0.63 dB at
80 GHz. The authors of [ASH+24] created an interconnect between InP and Si
MMICs with a process that resembles eWLB. The interconnect is shaped as a
250 µm long CPW redistribution layer with 3 µm high contact vias. The CPW
interconnect shows an insertion loss of less than 4 dB at 300 GHz.
Similarly to the flip-chip technology, eWLB suffers from poor thermal dissi-
pation. Since it is a mask-based technology, it additionally comes with a high
offset-cost making it unsuitable to prototyping and small batch series.

Furthermore, recent years have seen a significant increase in research on printed
RF interconnects. They offer the potential for connecting mmW and sub-THz
components by printing a short transmission line interconnect, thus avoiding the
inherent parasitic effects of wirebond and flip-chip technologies. Most research
on printed interconnects to date is focused on AJ printing due to its ability to
achieve feature sizes as small as 10 µm [CCW+14b] and its tolerance to minor
surface height variations. However, most work focuses on frequencies below
110 GHz or below 170 GHz. Work on printed interconnects in the sub-THz
range is scarce.
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The suitability of AJ printed silver for mmW applications was demonstrated
in [CCW+14b] by printing a CPW on a liquid crystal polymer substrate with
a measured insertion loss of 0.35 dB/mm at 110 GHz. The same authors addi-
tionally printed the substrate material (Polyimide) in [CCW+16] and measured
a line loss of 0.35 dB/mm at 40 GHz for a stripline. A printed CPW line on
a low temperature cofired ceramic substrate exhibited a loss of 0.6 dB/mm at
200 GHz in [IZZB18].

Additionally, AJ printing has been used to manufacture a W-band bandpass
filter [CSP+18], a wilkinson power divider for 22 - 40 GHz [KHRC+], as well
as a T-junction and a 3-dB branchline coupler operating at 34 GHz and 42 GHz
respectively [PSC+19].

Furthermore, some work on AJ printed MMIC interconnects has been published.
The one presented in [SDC+21] operates up to 16.5 GHz. A fully printed
package that has been characterized up to 20 GHz was presented in [CKA+20].
In their work, both the metallic interconnects structures, and the substrate
material itself have been printed. The work presented in [OAPC19] already
doubles the operating frequency: A cavity-based microstrip interconnect is
printed and shows a loss of 0.2 dB at 40 GHz. A slotline interconnect was
printed and compared to a bond wire interconnect with compensation structures
up to 67 GHz in [RJB+18]. AJ printing reduced the insertion loss by 0.56 dB at
40 GHz compared to wirebonds. Craton et al. presented a fully printed package
including printed bypass capacitors with an average package loss of 1.1 dB
from 75 - 92 GHz, including a 3 mm long transmission line, the interconnect,
and a GSG launching structure in [CACP21]. Furthermore, in [IZZB19], an AJ
printed interconnect between a GaAs MMIC and a low temperature co-fired
ceramic package is shown, demonstrating a return loss of more than 10 dB up
to 210 GHz and an insertion loss of 2 dB at 140 GHz.

Another printed interconnect approach is based on direct-write multi-photon
laser lithography. In [MKH+24], a 274 GHz elevated slot antenna is connected
to an amplifier MMIC by a printed CPW interconnect. To characterize the
interconnect performance, two pieces of transmission lines were connected
with a printed interconnect. It shows a deembedded 3 dB bandwidth of up to
290 GHz or above 330 GHz, depending on the transmission line geometry.

UPD printing is a newer alternative to AJ printing [ŁWW+22]. It is a promising
printing technique for producing mmW interconnects and other passive RF

7



1 Introduction

components, such as transmission lines [18], inductors [23], and capacitors [22].
It can achieve feature sizes as small as 1 µm [WKF+21], which is significantly
smaller than the resolution achievable with AJ printing [CCW+14b]. In [14],
an RF interconnect based on dielectric ramps is printed between a dummy chip
and a glass substrate, which exhibits an insertion loss of 0.65 dB at 160 GHz.
Unlike AJ printing, UPD is a direct-write technology and therefore requires a
precise control of the distance between the printing nozzle and the substrate.
This severely complicates printing onto complex topographies, which are often
found in printed interconnect applications. Hence, UPD printing requires careful
process optimization.
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2.1 Introduction to Radio Frequency Electronics

This section gives an introduction to the basics of RF electronics. First, the most
common quantities are introduced, as well as Maxwell’s equations from which
the mathematical description of a plane wave will be derived. This simple type of
wave propagation will be used to understand basic properties such as the phase
velocity, wavelength, and propagation constant. The theory of transmission lines
together with some of their applications and most common physical realization
will be introduced in 2.1.3. Lastly, scattering parameters will be presented.
Sections 2.1.1 to 2.1.4 can be found in greater detail in [Poz12], [Cha05],
and [MG92]. They also borrow from them.

2.1.1 Maxwell’s Equations

Before exploring Maxwell’s equations, their applications and implications,
some common quantities need to be introduced. Those are the

®𝐸 electric field vector,
®𝐻 magnetic field vector,
®𝐷 electric flux density vector,
®𝐵 magnetic flux density vector,
®𝐽 electric current density,
®𝐼 electric current,
𝜌 free electric charge density,
𝜎 electric conductivity,

9
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𝜇r relative magnetic permeability,
𝜖r relative permittivity,

𝜇0 = 1.25663706127 · 10−6 𝑁
𝐴2 vacuum magnetic permeability,

𝜖0 = 8.8541878188 · 10−12 𝐹
𝑚 vacuum permittivity.

The relation between electric/magnetic fields and flux densities for time- and
space invariant, linear, lossless, and isotropic media are defined as

®𝐷 = 𝜖 ®𝐸 = 𝜖0𝜖r ®𝐸 (2.1a)
®𝐵 = 𝜇 ®𝐻 = 𝜇0𝜇r ®𝐻. (2.1b)

The relation between the electric field and current is described by

®𝐽 = 𝜎 ®𝐸 (2.2)

𝐼 =

∬
𝑆

®𝐽 d®𝑠, (2.3)

where 𝐼 is the current flowing through the surface 𝑆.

Having those quantities and relations defined, it is possible to understand
Maxwell’s equations. They describe the macroscopic interaction of electroma-
gnetic fields. As RF electronics deal with time variant electromagnetic fields,
many of the formulas used in higher abstraction levels are based on the equations
published by Maxwell in 1865 [Max65] and 1873 [Max73]. Therefore, they will
be presented in their basic form within this chapter:

∇ × ®𝐸 = −𝜕 ®𝐵
𝜕𝑡

(2.4)

∇ × ®𝐻 =
𝜕 ®𝐷
𝜕𝑡

+ ®𝐽 (2.5)

∇ · ®𝐷 = 𝜌 (2.6)

∇ · ®𝐵 = 0 (2.7)
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Using Stokes’ theorem, equations 2.4 and 2.5 can be written in integral form:

∮
𝜕𝑆

®𝐸 d®𝑙 = − 𝜕

𝜕𝑡

∬
𝑆

®𝐵 d®𝑠 (2.8)∮
𝜕𝑆

®𝐻 d®𝑙 = 𝜕

𝜕𝑡

∬
𝑆

®𝐷 d®𝑠 +
∬
𝑆

®𝐽𝑑®𝑠 = 𝜕

𝜕𝑡

∬
𝑆

®𝐷 d®𝑠 + 𝐼, (2.9)

where 𝜕𝑆 is a closed contour around the surface 𝑆 and 𝐼 is the total electric
current flowing through 𝑆.

Equations 2.6 and 2.7 can be transformed to the integral form using the
divergence theorem, where 𝜕𝑉 describes the closed surface comprising the
volume 𝑉 , and 𝑄 is the total free charge comprised in 𝑉 :

∯
𝜕𝑉

®𝐷 · d®𝑠 =
∭
𝑉

𝜌 d𝑣 = 𝑄 (2.10)∯
𝜕𝑉

®𝐵 · d®𝑠 = 0 (2.11)

When dealing with time harmonic signals, it is possible to further simplify
Maxwell’s equations. In this case, fields can be written as complex vectors with
ej 𝜔𝑡 for the harmonic time dependence. The absolute value of the field vector
describes the magnitude of the field and the phase 𝜑0 of the vector equals the
phase of the field at 𝑡 = 0. The complete complex notation for an electric field
in 𝑥-direction is for example

𝐸x (𝑥, 𝑦, 𝑧, 𝑡) = 𝐸̂x · 𝐴(𝑥, 𝑦, 𝑧) · ej 𝜑0x · ej 𝜔𝑡 (2.12)

= 𝐸x (𝑥, 𝑦, 𝑧) · ej 𝜔𝑡 , (2.13)

where 𝐸̂x is the amplitude of the electric field, 𝐴(𝑥, 𝑦, 𝑧) is a complex function
describing how the field changes in space, and 𝐸x is the complex electric field
in x-direction. For simplicity, ej 𝜔𝑡 is commonly omitted.
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The physical fields can be calculated taking the real part of the complex fields
such as ®E = Re{ ®𝐸 · ej 𝜔𝑡 }, meaning for the field in x direction that

Ex (𝑥, 𝑦, 𝑧) = Re{𝐸x (𝑥, 𝑦, 𝑧) · ej 𝜔𝑡 } (2.14)

= Re{𝐸̂x · 𝐴(𝑥, 𝑦, 𝑧) · ej 𝜑0x · ej 𝜔𝑡 } (2.15)
= 𝐸̂x Re{𝐴(𝑥, 𝑦, 𝑧)} cos(𝜑0x + 𝜔𝑡). (2.16)

In many cases, the time differential of a field needs to be calculated such as in
Maxwell’s equations 2.4 and 2.5. In the time harmonic case, the time differential
can be resolved to

𝜕

𝜕𝑡
= j𝜔. (2.17)

With equation 2.17, Maxwell’s equations 2.4 and 2.5 can be simplified for
harmonic signals to

∇ × ®𝐸 = − j𝜔 ®𝐵 (2.18)

∇ × ®𝐻 = j𝜔 ®𝐷 + ®𝐽. (2.19)

2.1.2 Plane Waves

In RF electronics, many problems deal with electromagnetic waves. As the
simplest form of such a wave is the plane wave, it will be discussed in this
chapter. This allows to introduce concepts such as phase velocity, propagation
constant, and wave impedance for a simple example. The gained understanding
will be necessary to understand the more complex transmission line types
presented in Section 2.1.3. The mathematical deduction of the equations for
plane waves can be done using Maxwell’s equations as given in 2.4 to 2.7.
A source- and current-free, linear, isotropic, homogeneous, and time invariant
medium will be assumed, so we can write the equations as:
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∇ × ®𝐸 = −𝜕 ®𝐵
𝜕𝑡

= −𝜇 𝜕
®𝐻

𝜕𝑡
(2.20a)

∇ × ®𝐻 =
𝜕 ®𝐷
𝜕𝑡

+ ®𝐽 =
𝜕 ®𝐷
𝜕𝑡

= 𝜖
𝜕 ®𝐸
𝜕𝑡

. (2.20b)

Taking the curl of 2.20a and inserting 2.20b into 2.20a gives

∇ × ∇ × ®𝐸 = ∇ ×
(
−𝜇 𝜕

®𝐻
𝜕𝑡

)
(2.21)

= −𝜇 𝜕

𝜕𝑡
∇ × ®𝐻 (2.22)

= −𝜇𝜖 𝜕
2 ®𝐸
𝜕𝑡2

. (2.23)

Using the vector identity ∇ ×∇ × ®𝐴 = ∇(∇ ®𝐴) −Δ ®𝐴, the above equation can be
further simplified into

Δ ®𝐸 − 𝜇𝜖
𝜕2 ®𝐸
𝜕𝑡2

= 0, (2.24)

because ∇(∇ · ®𝐸) = 0 as ∇ · ®𝐸 = 0 in a source-free, homogeneous medium.

Equation 2.24 is called the wave equation. In 1886 Heinrich Hertz experimen-
tally proved the existence of electromagnetic waves as described by the wave
equation at the Karlsruhe Institute of Technology (KIT). A similar equation for
®𝐻 can be derived using the same approach

Δ ®𝐻 − 𝜇𝜖
𝜕2 ®𝐻
𝜕𝑡2

= 0. (2.25)
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For harmonic signals, equations 2.24 and 2.25 can be further simplified using
2.17:

Δ ®𝐸 + 𝜔2𝜇𝜖 ®𝐸 = 0 (2.26)

Δ ®𝐻 + 𝜔2𝜇𝜖 ®𝐻 = 0 (2.27)

It is of use for the further processing of those equations to introduce a propa-
gation constant 𝑘 = 𝜔

√
𝜇𝜖 . In literature, it also is referred to as wave number

or phase constant.

To solve the differential equations above, a plane wave will be assumed for
simplicity. The fields of a plane wave only depend on one coordinate. Within
this section, we will assume that the wave propagates in 𝑧-direction, and that
the electric field only exists in 𝑥-direction. Consequently, it is independent on
𝑥 and 𝑦. In this case, equation 2.26 can be simplified to

𝜕2𝐸x

𝜕𝑧2 + 𝜔2𝜇𝜖𝐸x =
𝜕2𝐸x

𝜕𝑧2 + 𝑘2𝐸x = 0 (2.28)

as 𝜕/𝜕𝑥 = 𝜕/𝜕𝑦 = 𝐸y = 𝐸z = 0.

This is a differential equation with the solution

𝐸x (𝑧) = 𝐸+
x e− j 𝑘𝑧 +𝐸−

x e+ j 𝑘𝑧 . (2.29)

To include the time dependence, the entire equation is multiplied with ej 𝜔𝑡 ,
resulting in

𝐸x (𝑧, 𝑡) = 𝐸+
x ej(𝜔𝑡−𝑘𝑧) + 𝐸−

x ej(𝜔𝑡+𝑘𝑧) . (2.30)

To derive the magnetic field of the wave from the already known electric field,
Maxwell’s curl equation 2.20a can be used:

− j𝜔𝜇𝐻y =
𝜕𝐸x
𝜕𝑧

= − j 𝑘𝐸+
x ej(𝜔𝑡−𝑘𝑧) + j 𝑘𝐸−

x e 𝑗 (𝜔𝑡+𝑘𝑧) (2.31)

𝐻y =
𝑘

𝜔𝜇

(
𝐸+

x ej(𝜔𝑡−𝑘𝑧) −𝐸−
x ej(𝜔𝑡+𝑘𝑧)

)
(2.32)

=
1
𝜂

(
𝐸+

x ej(𝜔𝑡−𝑘𝑧) −𝐸−
x ej(𝜔𝑡+𝑘𝑧)

)
(2.33)
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with 𝜂 = 𝜔𝜇/𝑘 =
√︁
𝜇/𝜖 being the intrinsic impedance of the medium. In plane

waves it describes the relation between ®𝐸 and ®𝐻 fields. Since it has the same
unit as an impedance, it is also called the wave impedance. It is of interest
that the ®𝐸 and ®𝐻 fields are orthogonal to each other and to the direction of
propagation. This behavior is called a transverse electromagnetic (TEM) wave.

Besides the propagation constant, the phase velocity is a basic property of
electromagnetic waves both in free space and in transmission lines. It is defined
as the speed with which a point of constant phase is traveling through space.
A point of constant phase for the wave traveling in positive 𝑧-direction has to
satisfy the equation 𝜔𝑡 − 𝑘𝑧 = 𝜑 with 𝜑 an arbitrary but fix phase. Since the
phase is fixed, it needs to be zero when derived by the time so that the phase
velocity 𝑣p can be deduced as

𝜕 (𝜔𝑡 − 𝑘𝑧)
𝜕𝑡

=
𝜕𝜑

𝜕𝑡
= 0 (2.34)

𝜔 − 𝑘
𝜕𝑧

𝜕𝑡
= 0 (2.35)

𝑣p =
𝜕𝑧

𝜕𝑡
=

𝜔

𝑘
. (2.36)

For a wave propagating in empty space,

𝑣p =
𝜔

𝑘
=

𝜔

𝜔
√
𝜇0𝜖0

=
1√
𝜇0𝜖0

= 2.988 × 108 m/s = c0 (2.37)

where c0 is the speed of light in vacuum.

The distance between two consecutive points of the same phase in the propa-
gation direction of the wave is called wavelength. It can be calculated as follows:

(𝜔𝑡 − 𝑘𝑧) − (𝜔𝑡 − 𝑘 (𝑧 + 𝜆)) = 2𝜋 (2.38)

𝜆 =
2𝜋
𝑘

=
2𝜋𝑣p

2𝜋 𝑓
=

𝑣p

𝑓
(2.39)

In a lossy medium, 𝑘 is replaced by the complex propagation constant

𝛾 = j𝜔√𝜇𝜖 = j𝜔
√︁
𝜇𝜖 ′ (1 − j tan 𝛿e), (2.40)
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where 𝛼 is the attenuation constant, 𝛽 as the phase constant, and 𝜖 is the
complex permittivity. The complex permittivity is used to describe losses in the
medium and defined as 𝜖 = 𝜖 ′ − j 𝜖 ′′. The imaginary part accounts for losses
caused by damping of vibrating dipole moments. Losses due to Ohm’s law are
indistinguishable from dielectric ones. Therefore, it is possible to include the
total losses in the complex permittivity as 𝜖 = 𝜖 ′ (1 − j tan 𝛿e) with

tan(𝛿e) = 𝜔𝜖 ′′ + 𝜎

𝜔𝜖 ′
. (2.41)

A more detailed description with deductions of the formulas for plane waves in
lossy media is presented in [Poz12] in chapters 1.3 and 1.4.

2.1.3 Transmission Lines

In low frequency electronics, calculations are usually not done using electric
and magnetic fields or waves but using lumped components. This approach
is valid because the lengths of the conductors are small in comparison to the
wavelength. In RF electronics, however, more complex approximations are
necessary in order to consider the substantially smaller wavelengths. Because
of those, the current and voltage amplitude and phase are not constant over the
length of a conductor. On the contrary, it is possible that the conductor length
is a considerable part of the wavelength to multiple wavelengths. Nonetheless,
it is desirable to use circuit theory to analyze circuits instead of waves. This is
made possible by transmission line theory.

2.1.3.1 Ideal Transmission Line

As mentioned above, the challenge in RF electronics is that voltage and current
vary over the length of a transmission line which makes it impossible to
apply standard circuit analysis. But making a hypothetical transmission line
segment infinitesimally small results in a quasi constant voltage and current
over the segment. An infinitesimally small transmission line section can hence
be analyzed with standard circuit theory. This approach is applied to the
transmission line shown in Figure 2.1. The lumped components used to describe
the transmission line segment in 2.1b have the following meaning:
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Δ𝑧

𝑖(𝑧, 𝑡)

𝑣(𝑧, 𝑡)

𝑖(𝑧 + Δ𝑧, 𝑡)

𝑣(𝑧 + Δ𝑧, 𝑡)

𝑧

(a) Voltage and current definitions for a transmission line.

Δ𝑧

𝑖(𝑧, 𝑡) 𝑅′Δ𝑧 𝐿′Δ𝑧 𝑖(𝑧 + Δ𝑧, 𝑡)

𝑣(𝑧, 𝑡) 𝑣(𝑧 + Δ𝑧, 𝑡)𝐺′Δ𝑧 𝐶′Δ𝑧

(b) Lumped element equivalent circuit for a transmission line.

Figure 2.1: Definitions relevant for transmission line theory.

𝑅′ series resistance per unit length, in W/m
𝐿′ series inductance per unit length, in H/m
𝐺′ shunt conductance per unit length, in S/m
𝐶′ shunt capacitance per unit length, in F/m

Using Kirchhoff’s equations for voltages and currents yields

𝑣(𝑧, 𝑡) − 𝑣(𝑧 + Δ𝑧, 𝑡) − 𝑅′Δ𝑧𝑖(𝑧, 𝑡) − 𝐿′Δ𝑧
𝜕𝑖(𝑧, 𝑡)
𝜕𝑡

= 0 (2.42)

𝑖(𝑧, 𝑡) − 𝑖(𝑧 + Δ𝑧, 𝑡) − 𝐺′Δ𝑧𝑣(𝑧 + Δ𝑧, 𝑡) − 𝐶′Δ𝑧
𝜕𝑣(𝑧 + Δ𝑧, 𝑡)

𝜕𝑡
= 0. (2.43)

17



2 Theory

Equations 2.42 and 2.43 can be divided by Δ𝑧. For the limit Δ𝑧 → 0 they
become

𝜕𝑣(𝑧, 𝑡)
𝜕𝑧

= −𝑅′𝑖(𝑧, 𝑡) − 𝐿′ 𝜕𝑖(𝑧, 𝑡)
𝜕𝑡

(2.44)

𝜕𝑖(𝑧, 𝑡)
𝜕𝑧

= −𝐺′𝑣(𝑧, 𝑡) − 𝐶′ 𝜕𝑣(𝑧, 𝑡)
𝜕𝑡

. (2.45)

These are the telegrapher equations that describe the transmission line in
the time domain. For harmonic sinusoidal voltages and currents, they can be
simplified to

d𝑉 (𝑧)
d𝑧

= −(𝑅′ + j𝜔𝐿′)𝐼 (𝑧) (2.46)

d𝐼 (𝑧)
d𝑧

= −(𝐺′ + j𝜔𝐶′)𝑉 (𝑧). (2.47)

Differentiating equations 2.46 and 2.47 with respect to 𝑧 and inserting them
into each other yields

d2𝑉 (𝑧)
d𝑧2 − (j𝜔𝐿′ + 𝑅′) (j𝜔𝐶′ + 𝐺′)𝑉 (𝑧) = 0 (2.48)

d2𝐼 (𝑧)
d𝑧2 − (j𝜔𝐿′ + 𝑅′) (j𝜔𝐶′ + 𝐺′)𝐼 (𝑧) = 0. (2.49)

It is helpful to define

𝛾 = 𝛼 + j 𝛽 =
√︁
(j𝜔𝐿′ + 𝑅′) (j𝜔𝐶′ + 𝐺′) (2.50)

as the complex propagation constant. With this simplification, the solutions for
the differential equations 2.48 and 2.49 are

𝑉 (𝑧) = 𝑉+
0 e−𝛾𝑧 +𝑉−

0 e𝛾𝑧 (2.51)
𝐼 (𝑧) = 𝐼+0 e−𝛾𝑧 +𝐼−0 e𝛾𝑧 . (2.52)

Note the similarity to the propagation of a plane wave in equation 2.29. With
the same reasoning as for plane waves, it follows that 𝑒−𝛾𝑧 represents a wave
traveling in positive 𝑧-direction and that 𝑒𝛾𝑧 describes one traveling in the
opposite direction.
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To calculate the current for a known voltage, one can insert equation 2.51 into
2.46:

𝐼 (𝑧) = 𝛾

j𝜔𝐿′ + 𝑅′
(
𝑉+

0 e−𝛾𝑧 −𝑉−
0 e𝛾𝑧

)
. (2.53)

Knowing both the voltage and the current on the transmission line, their ratio
can be calculated. It is referred to by 𝑍0 and denominated the characteristic
impedance. Its definition is

𝑍0 =
𝑉+

0
𝐼+0

= −𝑉
−
0
𝐼−0

. (2.54)

The characteristic impedance of a transmission line can be calculated as

𝑍0 =

√︄
j𝜔𝐿′ + 𝑅′

j𝜔𝐶′ + 𝐺′ . (2.55)

2.1.3.2 Lossless Transmission Line

Calculating with lossy transmission lines is generally more complex than
assuming the lossless case. Therefore, it is often of interest to start analyses
by observing the lossless case and potentially incorporate losses in a later
stage. Especially for good conductors with a low surface roughness and for
dielectrics with low losses, the lossless case is close enough to reality for many
applications.

The losses in a transmission line are introduced by the finite conductivity of the
conductors and by the dielectric losses in a medium. Mathematically, they are
represented by 𝑅′ and 𝐺′ respectively. In a lossless transmission line, both of
them vanish. Consequently, equations 2.50 and 2.54 simplify to

𝛾 = j𝜔
√
𝐿′𝐶′ (2.56)

𝑍0 =

√︂
𝐿′

𝐶′ (2.57)

It can be seen that the propagation constant is completely imaginary for a lossless
transmission line or that 𝛼 = 0. Additionally, 𝑍0 becomes a real number for a
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𝑉 (𝑧), 𝐼 (𝑧)

𝑍0, 𝛽

𝐼L

𝑍L𝑉L

𝑧

−𝑙 0

Figure 2.2: Terminated transmission line.

lossless transmission line. Voltage and current on the line can then be written
as

𝑉 (𝑧) = 𝑉+
0 e− j 𝛽𝑧 +𝑉−

0 ej 𝛽𝑧 (2.58)

𝐼 (𝑧) = 𝑉+
0
𝑍0

e− j 𝛽𝑧 −𝑉
−
0
𝑍0

ej 𝛽𝑧 . (2.59)

2.1.3.3 Terminated Transmission Line

Equations 2.54 and 2.57 describe how voltages and currents depend on each
other on a transmission line. For a terminated line as shown in Figure 2.2,
another constraint exists. At 𝑧 = 0, where the load impedance is connected,
Ohm’s law requires that

𝑍L =
𝑉 (0)
𝐼 (0) =

𝑉+
0 +𝑉−

0
𝐼+0 − 𝐼−0

. (2.60)

In many cases it is only possible to satisfy this equation when 𝐼−0 ≠ 0, meaning
that a part of the energy transported to the load is reflected. The ratio of the
incident and reflected part of a wave is described by the reflection coefficient

Γ =
𝑉−

0
𝑉+

0
= − 𝐼−0

𝐼+0
. (2.61)
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With the use of 2.61, equation 2.60 can be written as

𝑍L =
(1 + Γ)𝑉+

0
(1 − Γ)𝐼+0

=
1 + Γ

1 − Γ
𝑍0. (2.62)

Solving for Γ yields

Γ =
𝑍L − 𝑍0
𝑍L + 𝑍0

. (2.63)

When 𝑍L ≠ 𝑍0, the reflection coefficient will be different from zero. This
is called a mismatch and a part of the energy will be reflected at the load.
Therefore, a standing wave forms on the line and the voltage and current
amplitude distribution is not constant. Consequently, the impedance seen at
the input of the transmission line also varies with the length 𝑙 of the line. At the
point −𝑙, as seen in Figure 2.2, the input impedance can be calculated as

𝑍in =
𝑉 (−𝑙)
𝐼 (−𝑙) =

𝑉+
0

(
ej 𝛽𝑙 +Γ e− j 𝛽𝑙 )

𝑉+
0

(
ej 𝛽𝑙 −Γ e− j 𝛽𝑙 ) 𝑍0 =

1 + Γ e−2 j 𝛽𝑙

1 − Γ e−2 j 𝛽𝑙 . (2.64)

A form that is often easier to use can be found by inserting 2.63 for Γ.

𝑍in = 𝑍0
(𝑍L + 𝑍0) ej 𝛽𝑙 +(𝑍L − 𝑍0) e− j 𝛽𝑙

(𝑍L + 𝑍0) ej 𝛽𝑙 −(𝑍L − 𝑍0) e− j 𝛽𝑙 = 𝑍0
𝑍L + j 𝑍0 tan(𝛽𝑙)
𝑍0 + j 𝑍L tan(𝛽𝑙) (2.65)

Special cases arise for an open or shorted transmission line. For the first one
𝑍L → ∞ and 2.65 simplifies to

𝑍in = − j 𝑍0 cot 𝛽𝑙. (2.66)

For the latter case of a shorted transmission line, the input resistance can be
given as

𝑍in = j 𝑍0 tan 𝛽𝑙. (2.67)
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Figure 2.3: Quarter wave transformer

𝑍0 𝑍1

𝑇

Γ

Figure 2.4: Reflection and transmission between two mismatched transmission lines

2.1.3.4 Quarter Wave Transformer

An especially interesting case of a terminated transmission line arises for a
length of 𝜆/4, because it can be used as an impedance transformer. Such a
circuit is shown in Figure 2.3.

The input impedance of a quarter wave transformer can be calculated using
equation 2.65 as

𝑍in = 𝑍0
𝑍L + j 𝑍0 tan(𝛽 · 𝜆/4)
𝑍0 + j 𝑍L tan(𝛽 · 𝜆/4) = 𝑍0

𝑍L + j 𝑍0 tan(𝜋/2)
𝑍0 + j 𝑍L tan(𝜋/2) =

𝑍2
0

𝑍L
. (2.68)

A quarterwave transformer is commonly used to achieve impedance matching.
On the downside, equation 2.68 is only valid if the line length is close to 𝜆/4.
Id est, the matching only works for a limited frequency range and is hence not
suitable for broadband circuits.
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2.1.3.5 Mismatched Transmission Lines

When two transmission lines with different line impedances are connected, a
part of the incident wave is reflected and a part is transmitted. This is typically
the case for RF interconnects where the transmission line type additionally
changes, and it is near impossible to keep the characteristic impedance perfectly
constant. The case of two mismatched transmission lines is shown in Figure 2.4.
The reflection coefficient Γ and the transmission coefficient 𝑇 can be calculated
as

Γ =
𝑍1 − 𝑍0
𝑍1 + 𝑍0

(2.69)

𝑇 =
2𝑍1

𝑍1 + 𝑍0
. (2.70)

2.1.3.6 Realization of Transmission Lines

Transmission lines can have various forms and field distributions. Which line
type to chose depends on the problem at hand. A microstrip line is easy to realize
in a standard PCB production process and therefore cheap. It cannot transport
high power though. For high power and low-loss applications, a waveguide is the
better choice. CPW lines are commonly found on PCBs and MMICs since their
field configuration matches the field configuration of most RF measurement
probes. However, CPW lines are prone to higher order modes and show higher
losses, so many applications will require a transition to a different kind of
transmission line. Figure 2.5 shows the physical appearance of the transmission
line types mentioned above with their most important design parameters. More
details can be found in [GGB79] and [Poz12].

2.1.4 Scattering Parameters

Electromagnetic fields, as well as currents and voltages are a somewhat bulky
and often complicated way to describe the behavior of mmW circuits. This is
why microwave networks are most often described using scattering parameters.
They define the ratio of the incident and reflected power at a port as well as
the ratio of the incident power and the power transmitted to another port. Since
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Figure 2.5: Common transmission line types.
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Figure 2.6: N-Port with incoming and reflected power waves.

most microwave circuits have more than one port, S-parameters are usually
given in the form of a matrix. An arbitrary N-Port is shown in Figure 2.6. At
each port, one so-called power wave enters the port (𝑎1 – 𝑎𝑁 ) and one power
wave exits the port (𝑏1 – 𝑏𝑁 ). The entering and exiting power waves are related
through the S-parameter matrix:

𝑏1

𝑏2

𝑏3

.

.

.

𝑏𝑁


=



𝑠11 𝑠12 𝑠13 . . . 𝑠1𝑁

𝑠21 𝑠22 𝑠23 . . . 𝑠2𝑁

𝑠31 𝑠32 𝑠33 . . . 𝑠3𝑁

. . . . . . .

. . . . . . .

. . . . . . .

𝑠𝑁1 𝑠𝑁2 𝑠𝑁3 . . . 𝑠𝑁𝑁


·



𝑎1

𝑎2

𝑎3

.

.

.

𝑎𝑁


(2.71)

The unit of the power waves is
√
𝑊 . This means that they behave more like

voltages and currents than like powers - despite their name. It also means that
the correct conversion factor for S-parameters to decibel is 20:
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𝑆dB = 20 log10 (𝑆lin) (2.72)

The diagonal elements of a S-parameter matrix, 𝑠11, 𝑠22 to 𝑠𝑁𝑁 , describe the
input reflection at the corresponding ports, while a parameter 𝑠𝑖 𝑗 describes the
path from port j to port i.

A microwave network is called reciprocal if the describing S-parameter matrix
fulfills the condition

[𝑆] = [𝑆]𝑡 . (2.73)

If a microwave network is lossless, its S-parameter matrix fulfills the condition

[𝑆]𝑡 [𝑆]∗ = [𝑈] , (2.74)

where [𝑈] is the unitary matrix. This is equal to demanding that the sum of the
squared absolute values of each element of a row shall be one:

𝑁∑︁
𝑘=1

|𝑠𝑖𝑘 |2 = 1, ∀𝑖 ∈ N, 1 ≤ 𝑖 ≤ 𝑁, (2.75)

where 𝑖 is an arbitrary row of the matrix.

2.2 Liquid-Solid Interaction

Beside the discussion of electromagnetic basics in the chapter above, it is also
important to introduce some material science basics for this work. The behavior
of printed materials is fundamentally influenced by surface interactions. Simi-
larly, the filling of small gaps depends on capillary action, as will be discussed
later. Therefore, the physical concepts of contact angle and capillary action will
be introduced in this section.
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Figure 2.7: Contact angle between a solid and a liquid.

2.2.1 Contact Angle

When a droplet of a liquid is dispensed onto a solid, it will spread or contract
until it reaches an equilibrium. In this state, the angle formed between solid and
liquid where they meet is called contact angle. It depends on the medium above
the surface and the liquid as well as the nature of the liquid and solid in contact.
It changes with the surface tension of the liquid and hence with its temperature
and purity. The Young equation describes the contact angle as

cosΘ =
𝜎S − 𝜎LS

𝜎L
, (2.76)

where Θ is the contact angle, 𝜎S is the surface energy of the solid, 𝜎LS is
the solid-liquid interfacial energy, and 𝜎L is the surface tension of the liquid
[van08]. Fig. 2.7 depicts the relation of those quantities. For a contact angle
between 0 and 90°, the liquid tends to spread over the solid, which is typically
referred to as good wettability. Low wettability is attested for a contact angle
between 90° and 180°. In this regime, the term dewetting is also commonly
used to describe a liquid contracting into a near-spherical shape which exhibits
poor adhesion to the substrate. In the case of water as liquid, this regime is
called hydrophobic. It can e.g. be observed on water-repellent cloth or Teflon
frying pans. When it comes to printing, poor wettability is a problem since it
reduces the adhesion of the printed ink to the substrate. However, wettability
can be improved by increasing the surface energy and hence decreasing the
contact angle. A common way to achieve this is oxygen plasma treatment
before printing: During oxygen plasma treatment of a nonpolar material such as
polytetrafluoroethylene (PTFE), hydrogen atoms in the surface of the material
are replaced by oxygen atoms. They have free valence electrons allowing the
ink to bond to the surface and additionally increase the polarity of the substrate.
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An additional advantage of oxygen plasma treatment is that organic residues on
the surface are broken up into smaller, volatile compounds, thereby cleaning
the surface.

2.2.2 Capillary Action

Capillary action describes the propagation of a liquid in a narrow space without
the application of an external force. This is most commonly observed in a thin
tube such as a straw. For a vertical tube, the resulting height of a liquid column
can be calculated according to Jurin’s law [Bat00]:

ℎ =
2𝜎L cosΘ

𝜌𝑔𝑟
, (2.77)

where ℎ is the height of the column, 𝜌 is the density of the liquid, 𝑔 is the
local acceleration due to gravity, and 𝑟 is the radius of the tube. According
to the previous section, 𝜎L is the surface tension of the liquid and Θ is the
contact angle. From the term cosΘ above the fraction follows, that the column
height increases for a low contact angle which means for good wetting behavior
between liquid and solid. This is to be expected since a low contact angle
typically means that the liquid spreads wider over the solid. In consequence,
oxygen plasma treatment would increase the height of the column due to the
decreased contact angle.

2.3 Utilized Machines

An important part of the work done for this dissertation was the optimization of
printing processes to render them suitable for RF applications. Therefore, the
two printers investigated will be presented within this section. Additionally, sur-
face measurement techniques played a crucial role in the process optimization,
which is why the operating principle of a white light interferometer (WLI) will
be presented as well.
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Figure 2.8: Photo of the Aerosol Jet printer used in this work including the control screen.

2.3.1 Aerosol Jet Printer

Aerosol Jet printing is a contactless additive manufacturing technique, that
allows printing structures down to 10µm minimum feature size [CCW+14b].
The raw material needs to be presented as an ink with a viscosity between 1 and
1000 cp. This ink is atomized into an aerosol, which is picked up by a nitrogen
gas stream and subsequently filtered to achieve a homogeneous droplet size of
approximately 5 µm. To avoid drying the ink in the reservoir, the nitrogen stream
is led through a bubbler before coming in contact with the ink, allowing it to be
already saturated with the ink’s solvents. The filtered aerosol is transported to
the printing nozzle. This gas stream is called the atomizer flow. In the nozzle,
a sheath gas stream is separately supplied and wrapped around the atomizer
flow. This results in a focusing effect and shields the nozzle from the droplets
at the same time, thus preventing nozzle clogging. This gas stream is called the
sheath flow. The dimension of the nozzle, as well as the ratio of the atomizer
to sheath flow rate primarily influence the printed line width. Figure 2.9a gives
an overview of the working principle and of the most important gas streams.
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Interrupting the deposition of ink droplets onto the substrate is done using a
shutter. The AJ5X printer by Optomec as seen in Figure 2.8, which has been used
in this work has two different shutter mechanisms. The first option is to interrupt
the gas stream exiting the nozzle with a mechanical shutter, see Figure 2.9b.
This mechanism consists of a spoon that is moved between nozzle and substrate
and thereby interrupts the ink deposition. It has an extremely fast response time
of approximately 5 ms but comes with the disadvantage that the spoon can fill up
and cause ink splashes. The second shutter mechanism, depicted in Figure 2.9c,
is called the divert/boost shutter. The idea behind it is to suck the aerosol out of
the printing nozzle and replace it with dry nitrogen. The latter is necessary to
keep the nozzle pressure constant and avoid turbulences. The atomizer stream
is led out of the nozzle into a filter and a new stream called boost replaces it in
the nozzle. To prevent any leakage from the original atomizer stream out of the
nozzle, a part of the newly introduced boost flow is moving upwards through
the nozzle and leaves it together with the atomizer flow. This creates a material
movement in the opposite direction of the atomizer flow and effectively prevents
any leakage. The obvious advantage of the divert/boost shutter is that there is
no spoon that could fill up and cause splashes. Additionally, this mechanism
does not require mechanical parts between nozzle and substrate allowing a
lower nozzle-to-substrate distance, which typically reduces overspray. On the
downside, the response time is significantly slower, around 100 ms.

The explanation above borrows from [5]. A detailed explanation of the working
principle of AJ printers is given in [WSKH19], and Secor describes in [Sec18]
how the atomizer and sheath gas streams influence the line geometry based on
fluid dynamics. A thorough investigation of overspray is presented in [FRR21].
Mahajan et al. [MFF13] published an excellent experimental investigation on the
influence of the ratio of atomizer to sheath flow, and of the printing speed. The
findings presented in those references have been applied in the work presented
here but are not necessary to understand it. They will therefore not be discussed
in the following.

The great advantages of AJ printing are the fast printing speed, the versatility in
terms of printed materials, and the ability to print onto complex surfaces. Since
the standoff distance between nozzle and substrate is 2 - 5 mm, minor variations
in substrate height do not influence the print. If more complex surfaces need
to be printed on, it is even possible to equip the printer with two additional
rotational axes for conformal printing.
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(a) (b) (c)

Figure 2.9: (a) Working principle of an AJ printer. (b) The ink deposition can be interrupted with a
mechanical shutter. (c) Alternatively, the ink deposition can be interrupted by using the
divert and boost gas streams. The boost stream ensures that the pressure in the nozzle
stays constant while the divert stream leads the aerosol out of the nozzle into a filter.
Figure reprinted from [5].

2.3.2 XTPL Delta Printing System

XTPL coined the term Ultra Precise Dispensing (UPD) referring to the techno-
logy utilized in their Delta printing system. The terms UPD printer, and Delta
printer can be used interchangeably. They all refer to the same highly precise
direct write printing system. It utilizes highly viscous inks extruded at a pressure
up to 10 bar through a glass nozzle with an opening diameter between 1.5 µm
and 20 µm, while nozzle sizes up to 5µm are the most common. The system
is connected via a passive pressure amplifier to a typical compressed air or
nitrogen supply line. Amplification of the pressure is necessary to achieve the
required specifications of the Delta Printing System. It triples the supply line
pressure into a buffering tank followed by a pressure controller setting the input
pressure to the actual printing system to 10 bar. The next element in the system
chain is an electronic pressure controller. It is connected to the control computer
and sets the pressure applied to the ink during every step of the printing process.
Finally, the fine-tuned pressure reaches the ink reservoir (silver in Figures 2.10
and 2.11) which is directly connected to the printing nozzle. The ink reservoir
is clipped to a holder which is connected to precise x-, y-, and z-axes.

The most commonly used ink on this printing system is the silver nanoparticle
ink CL85 by XTPL. It contains an unusually high solid content (82 wt. %) and
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Figure 2.10: Schematic drawing of the UPD printing nozzle. The coordinate system defines the
axes according to the motion system of the printer. Reprinted from [6].

therefore exhibits thixotropic behavior. This means that it has a lower viscosity
when extruded through the narrow nozzle opening due to the applied shear force.
Once extruded and in standstill, the viscosity is high again (> 100.000 cP). The
thixotropic behavior allows creating higher aspect ratios than possible with less
viscous inks in one pass.

The system is connected to a control computer which runs a terminal-like
environment in which custom scripts in a proprietary programming language
can be executed. This language supports variables, control loops, and subrou-
tines. It also provides access to all relevant physical actions of the machine
including the applied pressure and axis movement. A special atomic command
’veclineramp’ combines pressure and motion control. It describes a linear
movement with specified acceleration and deceleration distances together with
the printing velocity and pressure. In this way, the slow rise and fall of the applied
pressure in the beginning and end of each line segment can be compensated by
the acceleration and deceleration distances. This allows for more homogeneous
lines as further elaborated in section 4.2.7.

The nozzle and the substrate need to be constantly in very close proximity
(≤ 1𝜇m) or in touch during the printing process. Exceeding this distance causes
interrupted lines. Since the nozzle is made of very thin glass, it is slightly flexible
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Figure 2.11: Photo of the Delta printing system utilized in this work.

and can be bent several micrometers. This means that it is possible to move the
nozzle down by roughly 10µm below the point of contact without breaking it.
This intrinsic flexibility of the system allows compensating for minor variations
in substrate height. Nonetheless, excessively bending the nozzle decreases the
accuracy of the printed structures and increases the risk of breakage. Therefore,
it is good practice to keep the initial overtravel below 3µm. This means that
variations of ±3 µm in substrate height can be compensated by the nozzle.
Variations above this value need to be included in the programmed movements.
The capability of the nozzle to compensate for substrate height variation through
its intrinsic flexibility will be called “nozzle slack” in this work.

2.3.3 White Light Interferometer

White light interferometry is a non-contact method for large-area surface
measurements. It is based on a Michelson interferometer in which a beam of
light is split into two beams by a semi-transparent mirror. One beam is directed
onto a reference mirror and the other one onto the sample surface. When the
reflections of both beams are superimposed, interference occurs. However, the
prerequisite is that the path lengths are approximately equal and the difference
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in length is less than half of the coherence length [BWC13]. The maximum
constructive interference is achieved when the two path lengths are exactly the
same.

The use of white light is an important feature of this method. Due to the wide
spectrum of white light, interference only occurs for nearly equal path lengths
and a confusion of the order is not possible. Additionally, small changes in
surface height strongly impact the interference enabling measurements of small
changes.

In the Bruker Contour GT-X utilized in this work, the surface to measure is
moved with respect to the lens and the interference is recorded with a camera
sensor at each position. Subsequently, the height at each pixel can be computed.
A surface larger than the field of view can be measured in a stitching process
enabled by the automated x- and y-axes of the sample holder.
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Before developing RF interconnects or optimizing printing technologies, it
is essential to identify the requirements and constraints of the systems to
be developed. This chapter investigates potential topographies for additively
manufactured RF interconnects, analyzing their advantages and limitations.
Actual system designs to be manufactured and measured, necessitate a co-
design approach that combines manufacturing processes and system-level re-
quirements. This is done in chapters 5 and 6. However, an initial abstract analysis
is valuable for establishing target parameters for process optimization, including
desirable minimum feature and gap sizes, as well as topographical constraints
such as the ramp steepness.

This chapter begins by evaluating two topographies and concludes with an
overview of the relationship between dimensions and performance of CPW
lines. The findings provide insights into the minimum feature sizes likely to be
required for optimal performance at a specific frequency range.

3.1 Topography

When it comes to possible topographies for additively manufactured MMIC
to PCB interconnects, two approaches directly come to mind: a ramp based
version where an MMIC is placed on top of a PCB and ramps provide a smooth
transition from the MMIC to the PCB. Secondly, the MMIC and PCB could be
placed in such a way that they are on the same height, e.g. by placing the MMIC
in a cavity within the PCB or by placing MMIC and PCB on a submount. Both
approaches will be discussed in the following sections.
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Figure 3.1: Ramp based interconnect design: The MMIC can be placed on top of a PCB and a ramp
enables a smooth transition from the top of the PCB to the top of the MMIC.

3.1.1 Ramp-Based Interconnects

The eponymous feature of this topography is the existence of ramps in an
interconnect. Those are always necessary when the height of one end of the
interconnect does not match the height of the other end. This situation commonly
arises when a MMIC is mounted on a PCB, as illustrated in Figure 3.1. This
approach offers several advantages, primarily its simplicity and compatibility
with standard, cost-effective processes. The MMIC can be placed directly on
the PCB without requiring cavities, allowing both MMIC placement and PCB
fabrication to utilize well-established manufacturing methods. Furthermore,
existing RF PCB designs intended for bond wire interconnects can be adapted
to printed interconnects with a modest redesign effort.

Ramp-based interconnects are also attractive in scenarios requiring stacked
MMICs, i.e. in applications demanding extremely high integration densities.

Besides these advantages, ramp-based interconnects also have inherent limi-
tations. The additional length required to bridge height differences increases
losses, as losses scale with interconnect length. Furthermore, fabricating the
ramps introduces an additional manufacturing step, increasing both complexity
and potential tolerances. Finally, thermal management for active MMICs can
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(a) overview (b) cut view

Figure 3.2: Cavity based interconnect design: The MMIC is placed in a cavity in the PCB. The
remaining gap between the PCB and the MMIC is filled with a polymer (green) and
finally the interconnect is printed between MMIC and PCB. b) reprinted from [16].

be challenging in this topography. Thermal vias may be required beneath the
MMIC to dissipate heat, which can create a thermal bottleneck. However, this
issue is not unique to ramp-based, printed interconnects and is commonly
encountered in other packaging methods, such as bond wires and flip-chip
technologies.

3.1.2 Planar Interconnects

To mitigate the intrinsic losses introduced by the length of the ramp, an
alternative approach is based on eliminating the height difference altogether.
For MMIC to PCB interconnects, this can be achieved by incorporating a cavity
into the PCB to house the MMIC, ensuring both components are at the same
height, as illustrated in Figure 3.2. When the cavity dimensions closely match
the size of the MMIC, the printed interconnect and therefore the losses are as
low as possible.

However, this design introduces several challenges. The fabrication of cavities
in the PCB requires non-standard and potentially expensive manufacturing
processes. Additionally, precise positioning of the MMIC within the cavity is
critical, further increasing complexity. Another complication arises from the
need to fill the gap between the MMIC and the PCB to provide a continuous
substrate for subsequent printing. The smaller the gap, the more difficult it
becomes to fill. Another critical consideration is thermal management.
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Figure 3.3: Submount-based interconnect design. Two MMICs on the left and right are placed on a
submount (brown). The remaining gap is filled with a polymer (vertical blue structure)
and the interconnect (silver) is printed over the levelled structure.

Despite these challenges, cavity-based interconnects offer significant advanta-
ges. Thermal management can be improved if the design is done right. A PCB
cavity can floor at a lower metal layer or go all the way through the PCB so that
the MMIC is directly connected to a (metal) back-plane below the PCB. In both
cases, thermal conductivity to the heat-sink is improved. However, if the cavity
floors on the PCB dielectric, thermal management could also be aggravated.

Alternatively, MMIC and PCB can be placed on a submount providing the
leveling functionality. Submounts are typically CNC-machined and made of
metal. They eliminate the need for cavities but introduced a new component in
the assembly and therefore increases production cost. However, surmounts are
commonly used in high-performance RF applications, offer excellent thermal
management, and enable a direct transition into a waveguide. Submounts also
enable MMIC to MMIC interconnects between MMICs featuring different
semiconductor systems and different heights. They thereby are an excellent
choice for heterointegration.

A submount-based interconnect is depicted in Figure 3.3. In this design, two
MMICs of different height are connected by a printed interconnect.
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3.2 Minimum Feature Size

Most RF interconnects exhibit a field configuration similar to that of CPW
lines. This is because RF measurement contact pads need the signal and
ground contacts in one plane to enable contacting by measurement probes.
Consequently, interconnect technologies such as bond wire, flip-chip, and
printed interconnects usually follow a GSG pattern, resembling the conductor
configuration of CPW lines. As a result, analyzing the performance of CPW
lines with varying geometries across different frequencies provides valuable
insights into the minimum feature sizes required for printed interconnects.

Figure 2.5b illustrates the key dimensions of a grounded coplanar waveguide.
By removing the ground plane and increasing the substrate height, this confi-
guration becomes a standard CPW line. A unique property of CPW lines is the
possibility to set the wave impedance through the conductor width (𝑊) and the
gap size (𝑆). An infinite number of combinations yields the same impedance.
This makes it worthwhile to evaluate how different combinations with the same
characteristic impedance affect performance across the frequency spectrum.

To this end, simulations were conducted for a grounded CPW line on a 250 µm-
thick alumina substrate (𝜖r = 9.9) with a 4µm gold metallization (𝜎 =

4.561×107 S/m, 𝑅a = 0). The dimensions were selected to yield a characteristic
impedance of 50W according to ADS LineCalc, with the gap size 𝑆 swept from
10 - 40 µm. As demonstrated in [STH03,ZH06], the effective permittivity of the
CPW line exhibits a frequency dependence which has also been found here, see
Figure 3.4a. This frequency dependence impacts the characteristic impedance
in return.

However, a more drastic impact on losses can be found by observing the energy
radiated by the CPW transmission lines. Figure 3.4b shows that more power
is radiated at higher frequencies and that this loss mechanism is severely
aggravated by larger structure sizes. A combination of all loss mechanisms
can be found by evaluating the insertion loss of the transmission lines. For a
length of 1 mm, the simulated losses of CPW lines with different dimensions
forming a 50W characteristic impedance are shown in Figure 3.4c. If a maximum
acceptable loss of 1.5 dB/mm is chosen, a maximum operating frequency can be
determined for each transmission line. They have been summarized in table 3.1.
However, the maximum operating frequencies in this table are only indicators:
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Figure 3.4: The performance of a CPW line degrades at higher frequencies. The plots above show
simulated values for a 1 mm long grounded CPW on a 250µm thick Alumina substrate
with 4µm gold cladding. Different dimensions have been investigated that maintain a
50W characteristic impedance. The conductor width corresponding to the conductor
spacing given in the legends are shown in Tab. 3.1.
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CPW S CPW W Maximum frequency with loss below 1.5 dB
40 µm 69 µm 131 GHz
30 µm 51 µm 198 GHz
20 µm 31 µm 262 GHz
10 µm 12 µm 293 GHz

Table 3.1: Maximum operating frequency for the CPW lines with varying dimensions shown
in Fig. 3.4. All lines are designed for 50W characteristic impedance. The maximum
operating frequency has been chosen as the frequency at which the loss per millimeter
reaches 1.5 dB.

For any real application, they depend on the materials used, the thickness
and conductivity of the conductor as well as the actual dimensions of the
transmission line. The trends observed above are independent of those properties
but their severity and therefore the maximum operating frequency depends on
them.

Nevertheless, these results provide useful guidance for determining desirable
minimum feature sizes in the manufacturing process of printed interconnects,
given a target operating frequency. Based on the observations above, a minimum
feature size of approximately 20µm, or at least 30 µm, is likely required
for operation in D-band (110 - 170 GHz). For H-band interconnects (220 -
330 GHz), achieving minimum feature sizes as small as 10 µm would provide
an important performance improvement.

It is of interest to apply those findings to the two printing technologies employed
in this work: AJ printing can reliably create a minimum gap size of 20 µm and
therefore is best used up to D-Band. UPD printing however is capable of
manufacturing feature and gap sizes down to 1 µm and can do so with a certain
ease to 5µm. Therefore, it promises high-performance printed interconnects all
the way to H-Band. The following chapter 4 will continue by presenting more
constraints introduced by both printing technologies and show how to push
them to their limits and beyond.
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4 Improving Printer Accuracy:
Modifications and Limitations

As discussed in Chapter 3, printed mmW interconnects benefit significantly
from structure sizes down to 10 - 20µm. Achieving such precision necessitates
pushing the capabilities of the Aerosol Jet printer to its limits. Therefore, a
careful investigation is required to fine-tune the process parameters for optimal
printing performance. This chapter explores the constraints imposed by the
physical behavior of the printer on line geometry and structure size and provides
strategies to utilize the printer for high-precision applications.

In the case of the UPD printer, as outlined in Section 3.1, compensating for
height differences between components, such as MMICs and PCBs, is often
essential. This is particularly true for ramp-based topographies or cavity-based
approaches where the filler material may not achieve a perfectly level surface.
Out of the box, the UPD printer supports only manually taught surfaces or planar
surfaces for printing. Consequently, developing a process to enable printing
on complex surfaces without manual teaching was necessary. Furthermore,
this chapter investigates the approximation of printing paths and strategies for
compensating for acceleration and deceleration effects during nozzle movement,
as detailed in Section 4.2.

4.1 Aerosol Jet Printing

Aerosol Jet printing offers numerous desirable features, including the ability
to achieve structure sizes as small as 10 µm while maintaining a nozzle-to-
substrate distance of 2 - 5 mm. This flexibility makes the process indifferent
to minor variations in substrate height, enabling seamless printing on ramps
and planar surfaces alike. Additionally, the printer supports a wide range of
materials with viscosities between 1 and 1000 cP, enhancing its versatility.
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4 Improving Printer Accuracy: Modifications and Limitations

The following considerations and optimizations have been made for the Optomec
AJ5X printer available in our cleanroom. This model also integrates advanced
features such as laser sintering, UV curing, and the option to install a 5-axis
unit for printing on complex surface geometries. With printing speeds of up to
10 mm/s, and in some cases even 20 mm/s, combined with line widths ranging
from 10 - 500 µm, an Aerosol Jet printer ensures rapid production and low
manufacturing costs.

However, understanding the printer’s limitations and the impact of process
parameters such as printing speed and shutter mechanisms on the resulting
structures is critical, particularly when targeting feature sizes suitable for mmW
applications. The following sections investigate the physical behavior of the
printer, identify potential challenges in achieving very small structures, and
propose solutions to address these issues.

Chapter 4.1 has been previously published in [5]. Text, structure, images, tables,
presentation, and content can show modifications here. The author of this
thesis contributed the ideas, observations, measurements, and work presented in
Chapters 4.1.1, 4.1.2, and 4.1.3. Florian Häslich proposed that crack formation
is caused by drying colloidal films and provided the theoretical background
in chapter 4.1.4. Robert Huber contributed his expertise in AJ printing and
served as an intellectual sparring partner. Akanksha Bhutani, Uli Lemmer, and
Thomas Zwick provided guidance and feedback on the original publication.

4.1.1 Printing Speed Influence on Path Accuracy

Secor [Sec18] and Mahajan et al. [MFF13] have demonstrated in their work,
that the printing speed mainly affects the print thickness and not the line width.
They have also included comprehensive theoretical explanations. When printing
very small-scale structures with high precision, the printing speed exhibits
another influence. In this regime, single-digit micron deviations from the
desired printing path become relevant and potentially intolerable. Unfortunately,
printing small structures at a high speed causes visible deformations. To
demonstrate this behavior, we printed a simple rectangular pattern with speeds
from 0.5 mm/s to 7 mm/s and varied the side length from 100 µm to 400 µm.
The pattern and its deformation can be seen in Figure 4.1e: The actually printed
dimension of the rectangle is reduced over the desired value. We call this error
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(a) 0.5 mm/s (b) 2.5 mm/s (c) 3.5 mm/s (d) 7 mm/s

(e) Error types
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Figure 4.1: Selecting a too high printing speed can cause deformations in small structures. Printed
paths and their deformation for printing speeds 0.5 mm/s, 2.5 mm/s, 3.5 mm/s, 7 mm/s
are shown in a, b, c and d, respectively. Figure (e) illustrates the types of errors to
be expected. The dotted blue line is the programmed print path, the black line is the
actually observed print path and the dashed red line is a rectangular approximation of
the observed path. We call 𝑑 − 𝑑′ the dimensional shrinkage and c the corner deviation.
Figure (f) shows measurements of both errors dependent on the printing speed and on
the side length 𝑑 of a rectangular pattern. Solid lines depict the corner deviation and
dashed lines show the dimensional shrinkage. Figure reprinted from [5].

𝑑 − 𝑑′ the dimensional shrinkage. Additionally, some corners become rounded.
This is called the corner deviation within this thesis. Note that dimensional
shrinkage only occurs for the axis that is performing a forth and back movement.
In the example displayed here, this is the y-axis. The dimensional shrinkage
can hence be seen in the height of the rectangular pattern. If the pattern was
rotated by 90°, the x-axis would perform a forth and back movement resulting
in a dimensional shrinkage between the left and right lines of the pattern. We
measured the dimensional shrinkage for various target side lengths and show it
as dashed lines in figure 4.1f. The solid lines describe the corner deformation
as defined in figure 4.1e. It can be seen that the errors become negligible for
dimensions exceeding 400 µm and that structure sizes of 100 µm and below
require printing speeds as low as 0.5 mm/s to keep the errors at bay. This
limitation means that the printing speed cannot be used as a variable to control
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(a) 1st printed structure using
divert/boost shutter

(b) 5th printed structure using
divert/boost shutter

(c) Using the mechanical shutter
only

Figure 4.2: The divert/boost shutter causes changing printing behavior over time in the beginning
of a printout after a prolonged non-printing period, as seen in (a) and (b). Using
the mechanical shutter solves this problem but causes excessive material buildup in
the beginning of a print path due to the very fast reaction time and limited printer
acceleration. This behavior is shown in subfigure (c) where the left and center structure
show a bulge on the top left, and the right structure shows a bulge in the top right corner.
Those are the respective start points of the printing paths. Figure reprinted from [5].

the material thickness for ultra-small structures. Instead, the atomizer flow rate,
aerosol density, and ink composition have to be utilized for this purpose.

4.1.2 Divert/Boost Shutter and Incremental Deposition
Rate

We have discussed in the previous section that very small structures require
a low printing speed to maintain a high dimensional accuracy. Thicker layers
are the necessary result of slow printing speeds. We will discuss in section
4.1.4 that a high layer thickness can lead to crack formation during drying
caused by the surface tension of the evaporating solvent. Therefore, it is often
desirable to limit the mass output by selecting a very low atomizer flow rate
between 6-15 standard cubic centimeters per minute (SCCM). In this case,
the divert/boost shutter has a noticeable influence on the printed material. To
demonstrate this behavior, we turned the divert/boost shutter off for multiple
minutes, and then printed the same test structure five times directly after each
other. The result is shown in Figure 4.2. Figure 4.2a shows the first printout
after staying idle and Figure 4.2b shows the fifth printout. The fifth printout
is clearly more homogeneous than the first one which means that the printing
behavior is not constant directly after turning the divert/boost shutter off for
a prolonged time. Unfortunately, turning the shutter off for multiple minutes
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cannot be avoided in many situations because substrates need to be placed,
alignment markers need to be found, and so on. Small structures often have a
short printing time so that a significant percentage of the print is performed in
the phase of non-constant printing behavior, which reduces the reproducibility
of the results. A possible solution could be to define a dumpsite that the printer
goes to before every printout. A more reliable and consistent solution would be
to reduce the use of the divert/boost shutter and combine it with the mechanical
shutter: The divert/boost shutter is only used for prolonged non-printing periods
to prevent the mechanical shutter spoon from filling up. Shortly before the print
starts and during the print, only the mechanical shutter is used to avoid the
influence of the divert/boost shutter. This approach has been used for the print
in figure 4.2c. The influence from the divert/boost shutter has effectively been
removed, but another aggravating effect can be observed: The response time of
the mechanical shutter is extremely fast - between 2 - 5 ms - which makes the
acceleration of the printer visible. In the positions where the printing paths start
(the corners in the above figure) an excessive material buildup can be observed
because the mass output is constant but the velocity is not. The remedy for this
problem is using shutter on the fly, which will be discussed in the next section.

4.1.3 Shutter On The Fly - Debugging the Printer

Shutter on the fly is a special option for the printing path creation offered by
Optomec for its AJ printers. The idea is shown in figure 4.3c: The movement
starts with the shutter closed and it is only opened when the printhead is
already accelerated to the desired printing speed. In the same way, the shutter
is turned off again while the printer is still moving at the desired speed and
the deceleration is done in a non-printing movement. This approach allows
removing acceleration and deceleration effects from the printed lines. There are
two crucial requirements for this mode of operations: First, that the on/off timing
of the shutter is well known. Second, that it is constant. Both are required to
calculate the positions at which the shutter needs to be operated. Unfortunately,
the default code produces the result shown in figure 4.3a in the top: there are
long lead-in lines attached to the desired structures, which indicates that the
calculation of the shutter open position is flawed. By performing a series of
tests, we were able to exclude the shutter timing and the assumed values for
the acceleration and jerk of the printer as culprits and found an imprecision in
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(a) (b)

(c)

(d)

(e)

Figure 4.3: (a) A non-optimized shutter on the fly calculation routine causes long lead-in lines (top)
in the SOTF test structure (bottom), which is composed of four individually printed
lines forming a square and one base line. (b) The optimized SOTF subroutine code
eliminates the undesired lead-in lines completely. (c) Schematic working principle of
SOTF. The movement starts at the purple position. When the printer reaches the orange
ßhutter open"position, it is moving already at the desired printing speed and opens
the shutter. Due to the shutter open time, the printed line only starts 𝐷Son later. (d)
Positioning the spoon too far to the back of the printer causes undesired ink splashes
at the line ends. The spoon moves towards the upper end of the image to open. (e)
Correctly positioning the spoon eliminates them. Figure reprinted from [5].
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the SOTF calculation subroutine as the error source. This subroutine calculates
the position where the shutter needs to be turned on and the position where the
movement starts in dependence of the desired printing velocity and the first line
to be printed. We implemented an improved SOTF calculation subroutine, that
reduces the complexity of the calculations and is more error resistant since we
only require approximate knowledge of the printer acceleration and jerk. We
ensure that the distance 𝐷acc is long enough for the printer to be moving at
the desired printing velocity at the shutter open position. The distance of this
position to the first printed point, 𝐷Son, can then be calculated with a simple
motion equation:

𝐷acc = 0.5 · 𝑎 · 𝑣print/ 𝑗 + 0.5 · 𝑣2
print/𝑎 (4.1)

𝐷Son = 𝑣print · 𝑡Son, (4.2)

where 𝑎 is the acceleration, and 𝑗 is the jerk of the printer, 𝑣print is the desired
printing velocity, and 𝑡Son is the opening time of the shutter. Taking into account
the angle of the first printed line, the x and y coordinates of the start point of
the movement and of the actuation point of the shutter can be calculated. The
resulting code for the ACS motion controller used in the AJ5X printer is given
in the appendix. Note that only the code for the calculation of the start point
is shown there, because the calculation of the shutter-off point has not been
changed and this part of the code is proprietary to Optomec. We found through
experiments that acceleration distances below 300 µm always cause defects
even though they should theoretically be sufficient for a very low printing
speed. This might be caused by higher order derivatives of the position that
are not accounted for in the calculation or by delays stemming from the motion
controller. However, it is simple to avoid this problem with an if-clause that
ensures a minimum acceleration distance.

We ran thorough tests of our code using the mechanical shutter and the test
structure shown in figure 4.3a in the bottom. The square is composed of four
individually printed lines which allows seeing any deficiency of the SOTF
routine in the corners where the lines would either not touch or form a cross if
anything was off. We then swept the printing speed over a range from 1 mm/s to
15 mm/s and found the improved SOTF calculation subroutine to work perfectly
for the entire range as can be seen in figure 4.3b. This figure shows a zoom into
the corner where both lines start. It can be seen that there is neither a gap nor a
cross for any tested speed.
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(a) Silver ink sintered on a non-
preheated hotplate

(b) Sintering on a preheated
hotplate can avoid cracks

(c) Photonic sintering can avoid
cracks as well

Figure 4.4: Three printed silver surfaces. The crack formation in (a) is caused by drying the ink
before sintering it as it happens when using a non-preheated hotplate. Using a preheated
hotplate or photonic sintering can avoid this effect. Reprinted from [5].

There is one more source of error when using SOTF with the mechanical
shutter: The movement of the mechanical shutter is very fast and the system is
designed in a way that allows minor vibrations. This means that the spoon must
not be centered around the printing nozzle but placed more towards the front
of the printer in the off-position. This placement avoids a short reopening of
the shutter because of vibrations when the shutter is turned off. The effect of an
improperly placed spoon is depicted in figure 4.3d and the correct placement is
shown in figure 4.3e. This consideration is only relevant for very small printed
features and could be ignored for wide lines since the distance and size of this
effect would be insignificant compared to the line width.

4.1.4 Crack Formation and Prevention

A common defect for printed silver is the formation of cracks within the
printed structures. Most often, those cracks are detected after the sintering step.
However, they are often not caused by the actual sintering but by the previous
drying of the ink. The mechanics of this defect will be briefly described in
the following together which adequate countermeasures. During evaporation-
based drying of colloidal films, a drying front can be observed that moves from
the edges to the center. This process causes a buildup of capillary pressure
which puts a tensile stress oriented orthogonally to the drying front on the
film. It is relieved through cracks, that can be frequently observed in drying
processes [TR05]. Those defects only occur in films with a height above a
critical thickness, that depends on particle size, rigidity and packing [ST07]. The
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commonly used silver nanoparticle inks form a colloidal film after printing and
before sintering. If the printed structures exceed a critical thickness, capillary
pressure buildup during evaporation-based drying causes cracks in AJ printed
silver [DGH+19]. Since nanoparticles are by definition very small (around
35 nm for Novacentrix JS-A221AE, the ink used for AJ printing in this work),
the critical thickness is small as well and can be exceeded during printing.
It was shown in the section about the printing speed that ultra-fine features
require a slow printing speed which results in a higher material thickness. This
can make it impossible to stay below the critical thickness for some applications
which causes cracks if the film is allowed to dry completely before sintering.
If sintering starts before the film is fully dried on the other hand, sintering
necks emerge that increase the particle to particle bonding significantly above
the previously predominant van der Waals force. They can resist the capillary
pressure and thereby prevent cracks.

We want to point out two common causes for drying and hence cracks in AJ
printing. One stems directly from the creation of the printing paths: In many
scenarios it is tempting to start a job and perform other tasks while the printer
is running, especially since large prints with fine features require a low printing
speed and hence consume a considerable amount of time. In the end of a
print, the printer stays in the last position and turns off the divert/boost shutter.
Consequently, a constant stream of dry nitrogen leaves the nozzle, flows over
the printed structure and dries it. Adding a movement command to the end of
the printing script file that moves the printhead away from the printout solves
this problem.

The second relevant mechanism appears when the prints are thermally sintered
in a non-preheated oven or hotplate. Before a sufficiently high temperature
for the formation of sintering necks is reached, the solvent left in the ink
can evaporate and the printout dries. Using a preheated oven or hotplate can
solve this issue. The same is true for photonic sintering, e.g. in a Novacentrix
PulseForge machine. Figure 4.4 shows cracks caused by sintering on a non-
preheated hotplate and the exact same structure sintered on a preheated hotplate
and in a Novacentrix PulseForge 1200 photonic sintering machine. Both of them
effectively avoid cracks.

The observations made in this section are heavily dependent on the utilized
ink. The physical principle of crack formation in drying colloidal films is not,
however. The ink only influences the critical thickness. We have presented two
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approaches, that can work for many applications but that don’t claim generality.
Every material and project requires its idiosyncratic solutions, but it can be very
helpful to understand the processes leading to cracks. Despite one’s intuition,
cracks can also be formed while the ink is drying and not only during the
sintering step because of a CTE mismatch. Knowledge of possible sources of
the observed defects, allows finding adequate solutions to them.

4.1.5 Summary on AJ Process Considerations and
Improvements

Printing features below 200 µm and down to 10µm with an accuracy better than
20 µm means pushing an AJ printer to its limits. Considerations and effects
become important that can be neglected in other regimes of operation. We
showed that the printing speed needs to be chosen according to the geometrical
accuracy requirement of the design. Unlike for printing large structures, the
printing speed cannot be used to control the print thickness. This is why a very
low atomizer gas flow, low aerosol density, and cautious ink composition need
to be used to limit the material thickness.

We demonstrated that the divert/boost shutter can cause a non-constant printing
behavior after a significant off-time. Using the mechanical shutter and SOTF
is an excellent remedy for many problems, because it removes the influence of
the divert/boost shutter and any acceleration effects. We improved the SOTF
calculation subroutine and included a thorough test over a wide range of printing
speeds which shows that our calculation approach is indeed robust and yields
an extremely high precision. We also discussed the importance of the shutter
spoon placement to avoid satellite lines.

Finally, we showed that drying the ink can cause cracks and suggested two
alternative sintering procedures that can avoid them. Altogether, we presented
a wide range of potential pitfalls for printing ultra-small and highly precise
structures with an AJ printer. For each of those potential difficulties we presented
a solution. We summarized the considerations that need to be kept in mind for
ultra-fine feature and highly precise AJ printing in the flow-chart in figure 4.5.
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Figure 4.5: We suggest following this flow-chart to develop a process for ultra-fine feature AJ
printing: Start with the printing speed, select the shutter mechanism, potentially fix
the sintering or curing process and finally fine-tune the printing parameters. Figure
reprinted from [5].
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4.2 UPD Printing

Many challenges associated with AJ printing are inherently solved in UPD
printing. For example, printing is typically performed at velocities between
0.01 - 0.2 mm/s, which naturally avoids path deformations caused by rapid
movements. Additionally, UPD printing does not produce overspray, making it
easier to print small gaps without risking short circuits. The slow response time
of the applied pressure (in the order of seconds) eliminates the need for shutter-
on-the-fly mechanisms. However, this slow pressure adjustment introduces new
considerations necessary to prevent material buildup, which will be discussed
in the following sections.

The most significant challenge in UPD printing arises from the requirement that
the nozzle must remain in constant contact with the substrate. For substrates that
are not perfectly flat - such as those used in ramp-based topographies for printed
interconnects - the printing paths must precisely accommodate the surface
geometry. Out of the box, this capability is limited to manually teaching the
surface profile, a labor-intensive process that is impractical for larger production
volumes. To address this limitation, an automated 3D printing path creation
method has been developed, which will be detailed in the following sections.

Additionally, this section will discuss other challenges unique to UPD printing,
particularly those encountered when striving for maximum precision. They
comprise material buildup due to slowly changing pressure, nozzle drift, and
alignment precision.

Chapter 4.2 has been previously published in [6]. Text, structure, images, tables,
presentation, and content can show modifications here. The author of this
thesis contributed the idea of using a custom program to project 2D paths
onto measured profiles or surfaces for 3D-printing path generation. The initial
projection program was developed by Jonathan Wendel during his bachelor’s
thesis, which was supervised by Georg Gramlich and Martin Roemhild. It was
subsequently modified and further improved by Georg Gramlich in cooperation
with Lilli Weiss, who conducted extensive testing. The leveling procedure
detailed in Chapters 4.2.2 and 4.2.4 was developed by Georg Gramlich and Liili
Weiss during her bachelor’s thesis. The analysis of different projection methods
and line homogeneity presented in chapter 4.2.1 and 4.2.7 was carried out by
Georg Gramlich, while Martin Roemhild contributed the idea of approximating
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lines using segments of constant length. Martin Roemhild was the first to
observe nozzle drift, and Georg Gramlich conducted the systematic analysis of
this phenomenon presented in chapter 4.2.6. The importance of alignment and
its mathematical formulation, as presented in chapter 4.2.4, was developed by
Georg Gramlich, who also fabricated the demonstrators shown in Chapter 4.2.5.
Holger Baur provided valuable expertise in printing and microelectronic manu-
facturing techniques. Norbert Fruehauf, Akanksha Bhutani, and Thomas Zwick
offered guidance and feedback on the original publication.

4.2.1 Semi-Automatic Conformal Printing by Path
Projection

One has to choose between two fundamentally different approaches when
developing conformal printing with a direct write system. One option is to
measure the surface height in situ and modify the printing paths within the
printer during the printing process. In this case, the surface geometry can either
be measured prior to printing (e.g. leveling procedures in modern FDM 3D-
printers or the manually scripted approaches for conformal UPD printing) or
it can be measured continuously during the printing process itself. Both of
those options require a sensor within the printer. Since such a sensor is not
available in our printer, and we wanted to develop a versatile approach that
does not require complicated and expensive hardware modifications, we opted
for another possibility: measuring the surface outside the printer, projecting
the printing paths onto it and creating 3D-printing paths to be loaded into
the printer. This option has the outstanding advantage to leverage pre-existing
surface measurement equipment available in many labs and not to require any
additional investment. The obvious drawback is, that good alignment is required
as we will discuss in section 4.2.4.

Since the UPD printer is only capable of printing straight lines, each surface
needs to be approximated by linear segments, which can be done in multiple
ways. Figure 4.6 shows the three options for the approximation for which we
will discuss the drawbacks and advantages. All projection algorithms should
take care of edge prevention and leave long flat lines untouched, which can be
achieved through additional checks. The graphics in figure 4.6 are all created
under the assumption that those additional precautions are taken.
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4 Improving Printer Accuracy: Modifications and Limitations

(a) equidistant intervals in height (b) constant segment length

(c) maximum line length while not exceeding
a specified maximum distance between the
approximated line and the real geometry

Figure 4.6: Multiple approaches to approximating a complex surface with linear segments. Dots
depict the end of each segment and hence also show the locations at which printed lines
will more likely show bulges.

The first option to approximate a complex surface profile by linear segments
is shown in figure 4.6a. A new point is inserted every time the height of the
surface changes by a specified amount. This approach is somewhat intuitive for
the UPD printing system because it allows to always change the height of the
nozzle once the nozzle slack has been reached exhausted. The downsides of this
approach are the creation of many short segments which means longer printing
times, and a high volatility in segment length dependent on the incline of the
substrate, which can lead to less homogeneous line geometries.

Secondly, the surface can be approximated by segments of a constant length as
shown in figure 4.6a. The advantage over the previous length lies in the constant
segment length with makes it easier to optimize the printing parameters for a
uniform line geometry. On the downside, the segment length has to be chosen
small enough to approximate the real geometry sufficiently well which means
using a short segment length in most applications which in turn means a long
printing time.
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Figure 4.7: This flow chart illustrates the necessary steps to print onto a complex surface topography
with the semi-automatic projection approach presented developed in this work. Some
steps are optional: Alignment to a reference surface only needs to be checked
sporadically, and the dry run without pressure applied can be omitted for rather simple
surfaces or less important samples. Figure reprinted from [6].

The last option presented here is also the most complex one. The surface is
approximated with the lowest number of segments possible while not exceeding
a maximum height difference between the approximated surface and the real
surface, see figure 4.6c. This allows to stay within the nozzle slack while
significantly reducing the printing time. Since fewer segments are needed,
many of them also become long enough to utilize the veclineramp command
which increases the line uniformity, see chapter 2.3.2 for an explanation of this
command. On the other hand, this means that some segments might be too short
to use the veclineramp command which will require additional care to ensure
homogeneous lines.

4.2.2 Conformal Printing Workflow

This section elaborates on the required workflow for semi-automatic conformal
printing onto complex surfaces with the approach presented above. Alignment
between the measured sample surface and the sample in the printer needs to be
excellent as will be discussed in chapter 4.2.4. Rotational misalignment around
the x- and y-axes can be avoided by leveling the WLI and printer to the same
reference substrate. In other words, levelling the WLI and the printer to the
same flat surface ensures, that all surface tilts, steps, etc. in the measurement
data will also be found on the sample surface in the printer. A simple glass slide
or even a silicon wafer does an excellent job as reference surface. Once the
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4 Improving Printer Accuracy: Modifications and Limitations

WLI has been leveled, the sample surface can be measured, potentially using
x,y-stitching for print areas exceeding the field of view. Since the WLI has been
leveled to a reference substrate, it is crucial not to perform any digital levelling
steps in the post-processing of the measurement data.

The measurement data needs to be exported into a .sdf file format which then
can be loaded into the projection program developed within this work. The
2D printing paths are designed in AutoCAD and imported into the projection
program as a .dxf file. It is crucial to know the precise location where the origin
of the printing paths in the .dxf file is to be placed on the measured surface.
This location can be measured e.g. in Vision64 for Bruker WLIs and needs to
be entered into the projection program. This program also allows to correct for
a rotational misalignment between printing paths in the .dxf file and measured
surface by virtually rotating the surface around the z-axis. Once the projection
algorithm has been chosen, the printing paths can be projected onto the surface
and a printfile can be exported.

Next, the printer needs to be levelled to the same reference surface used for the
WLI before loading the sample. Once the nozzle has been visually aligned to the
origin of the print paths, the printfile can be loaded and the print can be started.
However, it can be wise to check the correct alignment by shutting off the output
of the pressure amplifier, releasing the pressure in the tubing connecting the
pressure amplifier to the printer, and starting the print with no input pressure.
In this way, the nozzle movement across the surface can be observed without
ink deposition and the correct alignment can be verified. The explanation of the
suggested workflow has been summarized in Fig. 4.7.

4.2.3 Conformal Printing Execution Time

The most important metrics for the projection algorithms presented in section
4.2.1 are how many points are needed to map the printing paths to the surface,
the printing time, and the smoothness of the resulting prints. To evaluate the
first two metrics, we have created two ideal surface files and projected printing
paths onto them. The first surface is a linear ramp of 100 µm height and length,
resulting in a slope of 45°. The second one is the first half of a sinus curve
spanning over a length of 200 µm with a height of 100 µm. Both profiles start
and end with a 50 µm long flat segment. The yz-profiles of the printing paths are
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shown in table 4.1. The shown paths are printed as five parallel lines forming
a 200µm wide surface. The projected printing paths onto the ramp-shaped
surface as displayed in our projection program is shown in figure 4.8. The
printing times in table 4.1 have been measured by running the generated scripts
in the printer without a nozzle connected. The lineramp command has been
used with a 10µm ramp up and a 40 µm ramp down distance. All lines with
a length of 5µm or less were printed without the lineramp command. The
segment length for the equidistant segment projection method was 5 µm which
means that this projection did not utilize the lineramp command at all. The z
step height as well as the maximum allowed distance between the projected
path and the real geometry have been set to 1 µm.

Table 4.1: Evaluation of the three discussed projection algorithms. Two artificial surfaces have
been used to evaluate the number of points required to map the printing paths to the
surface and to measure the printing time. The printing paths consist of five parallel lines
spanning from the beginning to the end of the profiles shown in the second line. Table
reprinted from [6].

Projection method Number of points Printing time / s

Equidistant height 510 760 197 298
Constant segments 245 395 108 174
Longest segments 20 350 56 197

Table 4.1 shows that the equidistant height projection method is the least
favorable one. It requires the longest printing time and the largest number
of points. The other two algorithms show a similar performance and the choice
has to be made based on knowledge of the surface topography to be printed
on: If the surface can be approximated by long segments (80µm and above),
the longest segments method yields high uniformity and the shortest printing
time. This is the case for the ramp shaped surface in the table. However, if the
approximation requires many short segments, as for the sinusoidal surface in
the table, the constant segments method will achieve higher uniformity and a
similar or lower printing time.
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Figure 4.8: The projected printing paths on the ideal ramp shaped surface utilized in the analysis
of the projection algorithms as shown in table 4.1. Reprinted from [6].

4.2.4 Importance of Alignment for Conformal Printing

In most printing systems, the importance of alignment is evident. Misalignment
leads to a shift in the deposited structure and can cause functional defects. In
conformal printing with the UPD system, alignment plays an even more critical
role. If the surface to be printed on is shifted, tilted, or rotated relative to the 3D
printing paths, the nozzle may either crash into the substrate or lose contact. In
the first case, the nozzle can be damaged. In the second case, ink deposition is
interrupted. Both scenarios result in a defective printout.

In this section, we investigate the precision required for alignment depending
on the surface to be printed on.

The first important consideration is the acceptable height deviation along the
z-axis. In Chapter 2.3.2, we discussed that the nozzle is made of very thin glass
and therefore is slightly flexible. The z-axis can be lowered by approximately
10 µm beyond the point of contact without damaging the nozzle. This is referred
to as overtravel. However, excessive bending of the nozzle reduces the accuracy
of the printed structures and increases the risk of breakage. To mitigate this, it
is good practice to keep the initial overtravel below 3 µm. Since ink deposition
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(a) Shifting misalignment (b) Tilting misalignment

Figure 4.9: Misalignment mechanisms for conformal printing. The orange line depicts the surface
that has been measured, that the printing path is projected on, and therefore the path that
the nozzle follows. The blue face represents the surface actually found in the printer.
a) shows misalignment by shifting, while b) shows a tilting misalignment. Reprinted
from [6].

remains continuous up to a substrate-to-nozzle distance of 1 µm, deviations
of up to ±4 µm between the 3D printing path and the actual substrate can be
tolerated when using 3 µm overtravel.

Having established the maximum tolerable z-height inaccuracy, we now examine
different types of misalignment. First, the print paths may be shifted along any
axis relative to the surface. Second, the surface in the printer may be tilted
along the x- or y-axis. Third, the surface may be rotated around the z-axis.
Rotational misalignment can typically be avoided, as the stage can be rotated,
and since most structures have sufficiently discernible features for precise
rotational alignment. For this reason, we focus on shifted and tilted surfaces in
this section.

To facilitate understanding and visualization, we assume a ramp-shaped surface
along the y-axis that is independent of the x-axis. This is shown in figure 4.9
where the measured surface and the corresponding printing paths are orange,
while the actual (shifted or tilted) surface is represented by the blue face.
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Shifting the print paths relative to the surface in the printer can easily occur
if the print job’s starting point is not carefully chosen. A shift in the z-
direction is straightforward: any micrometer misalignment directly translates
to a micrometer displacement between the print path and the real surface.
Misalignment in the x- and y-directions, however, presents a more complex
issue.

Figure 4.9a illustrates the effect of a misplaced starting point by a distance of
Δ𝑦 when the surface inclination is 𝛼. The resulting displacement Δ𝑧 can be
calculated as:

Δ𝑧 = Δ𝑦 · tan(𝛼). (4.3)

As expected, a larger misalignment leads to a greater distance between the
nozzle and the surface. Additionally, the equation shows that misalignment
becomes more critical as the surface inclination increases. When the maxi-
mum inclination of the surface to be printed on is 45°, for example, a 3µm
misalignment leads to a maximum z-misalignment of 3 µm.

The second type of misalignment worth investigating is a tilted surface. Figu-
re 4.9b depicts a ramp along the y-axis where the surface is tilted around the
x-axis. Again, the measured surface and hence the print paths are displayed in
orange, while the actual surface in the printer is shown as a blue face.

In the measurement data, the surface is at a zero z-height at 𝑦0, and the
inclination is 𝛼. The additional tilt around the x-axis is given by Δ𝛼 so that the
inclination of the actual surface is 𝛼′ = 𝛼 +Δ𝛼. When printing at a distance 𝑦p
from the starting point, the additional compression of the nozzle is:

Δ𝑧 =𝑦p · [tan(𝛼 + Δ𝛼) − tan(𝛼)]
+ 𝑦0 tan(𝛼) · [1 − cos(Δ𝛼) − tan(𝛼 + Δ𝛼) sin(Δ𝛼)] .

(4.4)

Since the tilt Δ𝛼 is typically small, the small-angle approximation can be
applied, simplifying the equation to:
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Δ𝑧 =𝑦p · [tan(𝛼 + Δ𝛼) − tan(𝛼)]
− 𝑦0Δ𝛼 tan(𝛼) tan(𝛼 + Δ𝛼). (4.5)

The above equation shows that the deviation worsens for steeper surfaces. It is
also aggravated when printing farther from the start point (𝑦p) and when the
slope is positioned farther from the start point (𝑦0).

From our experience, it is typically possible to keep misalignment in the x-
and y-directions within ±3 µm. Since the maximum slope to be printed on is
known from the measured surface data, equation 4.3 can be used to calculate
the maximum expected height deviation from x,y-misalignment and, therefore,
the remaining nozzle slack. Subsequently, the maximum permissible tilt can be
determined with equation 4.5.

In Chapter 4.2.2, we introduced an approach for eliminating tilts by leveling
both, the surface measurement equipment (e.g., WLI), and the printer to the
same reference surface. By following this method, we have consistently achieved
tilt values (Δ𝛼) too small to detect, enabling us to print onto steeper surfaces
since only shifting misalignment needs to be considered.

4.2.5 Semi-Automatic Conformal Printing Demonstrators

We have manufactured some demonstrators showing the capabilities of our
semi-automatic conformal micro-metal printing approach. We used two diffe-
rent substrates to print on: The first one is a glue line dispensed on a glass slide.
It has a width of 540 µm and a height of 43 µm. The slope is hence small and
alignment easy as we discussed in section 4.2.4. We printed a 100µm mesh
over this line and a 200µm scale bar next to it as seen in figure 4.10a. The
second substrate we used is 𝜇SLA printed by horizon microtechnologies. It
shows a cylindrical pyramid with a total height of 43µm and near vertical 5 µm
steps. Those steps make excellent alignment crucial. We have printed a star over
this pyramid to demonstrate that printing in any direction is possible with our
approach to conformal printing. It also shows that the surface to be printed on
does not need to show uniformity in any dimension since we project the printing
paths on a full 3D surface measurement.
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(a) Printed silver mesh over a glue line with a printed
200µm scale bar. The height of the glue line is
43µm. Reprinted from [6].

(b) Star printed over a circular pyramid with a height
of 47µm. The vertical steps make alignment
crucial for this print. Reprinted from [6].

(c) An application example: A printed radio frequency interconnect between
two monolithic microwave integrated circuits on a complex surface
topology. Reprinted from [6].

Another demonstration of the power of the semi-automatic conformal printing
approach presented here comes from our own applications: We have put it to
use to print a radio frequency interconnect between two monolithic microwave
integrated circuits with a complex topology. This application can be seen in
figure 4.10c. It can be seen, that the center conductor becomes significantly
wider after approximately one third of the length. This is intentional behavior
to compensate for changes in the dielectric properties of the material below the
interconnect and shows the excellent alignment of the printed structure.

4.2.6 Nozzle Drift

During long print jobs on the UPD printer, nozzle drift can sometimes be obser-
ved. This phenomenon becomes apparent when the print-head is commanded
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(a) (b)

Figure 4.11: Structures printed during a long term stability test. The inner part of the structure
is printed in the beginning of each iteration. Two adjacent completing lines are then
separated by a 5 min jog motion, making it possible to observe the nozzle drift over
time and distance. a) shows little drift while b) shows a significant nozzle drift in
x-direction, as visible from the misalignment of the original and continued vertical
line segments. Reprinted from [6].

to return to the starting position after completing a print job and is found
to be misplaced. Nozzle drift can occur along all axes and directly impacts
the accuracy of printed structures. To systematically investigate this effect, we
developed an experimental procedure to analyze and quantify nozzle drift.

Experimental Setup

The experiment begins by printing a set of equidistant L-shaped alignment pat-
terns directly after each other. Since these structures are printed consecutively,
the drift between them is assumed to be minimal. After printing this initial
reference pattern, the printer undergoes a series of non-printing jog movements
or idles for 5 min before resuming the print job by extending one vertical and
one horizontal line from the previously printed pattern. Nozzle drift is made
visible by misalignment between the original and the extended line segments.
This process is repeated until all alignment patterns are completed.
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By measuring the offset between the original and extended lines, the drift in the
x- and y-directions can be quantified, while the drift in the z-direction is directly
measured using the printer’s built-in substrate detection routine. A completed
pattern with minimal nozzle drift is shown in Fig. 4.11a while Fig. 4.11b exhibits
severe nozzle drift in x-direction. In this experiment, the jog/idle period was
5 min and a total of 25 alignment structures was printed, resulting in a print
time of approximately 2 h per structure.

A total of 12 test structures were fabricated, with three successive structures
undergoing the same 5 min jog movement between adjacent L-patterns. Since
it also takes time to print the initial patterns, the continued line segments,
performing the z-detection, and since the nozzle was rinsed for 30 s before
continuing a pattern, the total time per test structure was approximately 8 h.
The total runtime of the experiment and hence the time over which nozzle drift
has been analyzed was 32 h and 16 min.

The following jog movements were investigated:

1. A diagonal back-and-forth movement of 50 mm in x and y and 10 mm in
z,

2. The same movement pattern as above but with all distances scaled by a
factor of 0.01,

3. No movement at all but an idle wait time of 5 min,

4. A movement pattern corresponding to filling a 100µm-long pad in y-
direction with lines spaced at a pitch of 3 µm.

Each jog movement was repeated until 5 min had elapsed. Following each
jog section, the nozzle was rinsed for 30 s. To track all movements made
by the nozzle including rinsing etc., the movement commands (vecmoveto,
moveby, moveto) were modified to log the traveled distance. Before extending
an alignment structure, the total displacement along each axis and the elapsed
time were recorded. This approach allowed for an evaluation of nozzle drift as
a function of both time and distance moved.
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Figure 4.12: Measured nozzle drift in the UPD printer during a long term test. Jog movements are
differentiated by color saturation while axes are color-coded according to the legend in
a). The plots show that nozzle drift is time-dependent rather than distance-dependent,
but no pattern with predictive capacity is discernible. b) and c) show the nozzle drift
for each of the 12 sequentially printed structures individually, while a) shows the
integrated drift over the entire duration of the experiment. Reprinted from [6].
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Results and Analysis

Figure 4.12b presents the measured nozzle drift as a function of the distance
moved along each axis. Each dataset corresponds to one of the 12 structures,
and the different jog movements are visually differentiated by decreasing color
saturation in the same order they are introduced above. The axes are color-
coded. The results indicate that reducing the total movement distance does not
influence nozzle drift; instead, the displacement is condensed into a shorter
movement range. This suggests that nozzle drift is primarily time-dependent
rather than distance-dependent.

This hypothesis is further supported by Fig. 4.12c, which plots nozzle drift in
the x-direction as a function of elapsed time. Each dataset corresponds to one
of the 12 structures, with the same color and saturation-coding as above. The
data confirms that nozzle drift is a continuous process over time, but no clear
pattern or periodicity is observed. Additionally, the type of jog movement does
not appear to influence the drift behavior.

Figure 4.12a shows the cumulative nozzle drift over time. Since all 12 struc-
tures were printed consecutively, nozzle drift can be integrated over all of
them providing a long-term evaluation of the process. There is no apparent
correlation between jog movement type (indicated by color saturation) and drift
further reinforcing the conclusion that drift is primarily time-driven rather than
movement-dependent. However, no clear regularity or predictive pattern for
nozzle drift can be discerned.

One possible explanation for this behavior is a sensitivity of the system to
minor fluctuations in ambient temperature. While the UPD printer is situated
in an air-conditioned cleanroom environment, minor temperature changes can
occur depending on the equipment running and the number of people present.
However, we are currently unable to conclusively determine the root cause of
nozzle drift.

This study has experimentally confirmed the existence of nozzle drift in long
UPD print jobs. The results demonstrate that nozzle drift is primarily a function
of time rather than motion. As a result, nozzle drift is unlikely to be a significant
issue for short-duration print jobs. However, for long-duration print jobs where
high accuracy is required, implementing a manual realignment step may be
necessary to ensure precision.

68



4.2 UPD Printing

(a) no lineramp (b) lineramp (c) 5µm segments

Figure 4.13: Printing the same structure with and without lineramp. The Ω-shaped structure has
100µm long segments and the vertical line is printed with multiple 100µm long
segments which end at the corners of the adjacent Ω-structure. The rightmost structure
is printed without lineramp but by splitting all lines in 5µm long segments, which also
significantly increases line uniformity. Reprinted from [6].

4.2.7 Line Uniformity

Depending on the application, it is crucial that the printed lines are as uniform
as possible. When structures are printed with multiple segments, the connecting
points of those segments typically show the largest deviation from a uniform
line. Since conformal prints are composed of many segments, special care
needs to be taken to achieve uniform lines. We have analyzed three different
approaches within this work: Standard printing with no special care, see figure
4.13a, printing with the lineramp command as discussed in section 2.3.2, see
figure 4.13b, and dissecting every line in 5µm long segments, see figure 4.13c.
The latter approach acknowledges that it is impossible to completely eliminate
bulges at the end of a segment and places them close enough together that the
entire line is made of bulges and hence uniform.

We measured the line widths as well as the bulges at the connecting points of
the individual segments of the vertical line to analyze the uniformity of the
lines. When no special care is taken, i.e. no lineramp is used, the line width
can increase by up to 40 % at segment ends. Utilizing lineramp decreases this
value significantly to 15 %. Splitting the line in many 5 µm long segments
further improves uniformity and the maximum deviation from the average line
thickness we found was only 7 %. But this increased uniformity comes at the
cost of a wider line. We partially compensated for this by lowering the printing
pressure from 9000 mbar to 6500 mbar but still found the line width to increase
from 6.8 µm to 8 µm.
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In conclusion, we suggest using lineramp for thinner lines and for a potentially
shorter printing time. If line uniformity is of utmost importance, we recommend
splitting all lines in 5 µm long segments. This approach may become obsolete
if a printer is equipped with a motion controller and multiple segments can be
printed without stopping the movement in between.

4.2.8 Summary on UPD Process Considerations and
Improvements

In Chapter 3.1, we observed that ramp-based interconnects are attractive when
switching from bond-wire-based packages to printed interconnects, as they
require minimal design modifications. Even planar interconnects often involve
some degree of surface steps, since achieving a perfectly level gap or cavity
fill is extremely challenging. As a result, the UPD printer must be capable of
printing onto non-planar surfaces.

Previous approaches typically relied heavily on user intervention, requiring the
operator to manually teach the surface. The work presented in this chapter
significantly reduces the labor involved and enables printing on nearly arbitrary
topographies. Our method is based on surface measurement and automatically
projects print paths onto it, eliminating the manual teaching step.

We have highlighted the importance of alignment for conformal UPD printing
and examined how different projection methods influence printing time. Addi-
tionally, we introduced the concept of nozzle drift and demonstrated how it can
affect print accuracy in long-duration jobs. Furthermore, we have shown how
the uniformity of printed lines can be improved.

In summary, we have significantly extended the capabilities of the UPD printing
technology and developed the necessary tools for its application in mmW
electronics. The conformal printing process we developed is summarized in
the flowchart shown in Figure 4.7.
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Demonstrators

Before implementing printed interconnects at the system level, it is prudent to
thoroughly investigate their performance. A logical first step in this process is to
measure the performance of printed transmission lines, providing a fundamental
understanding of the losses to be expected.

This chapter begins with an AJ-printed transmission line and a detailed ana-
lysis of the origins of the measured losses. The results demonstrate excellent
performance in the D-band.

Subsequently, the two interconnect topographies introduced in Chapter 3.1 will
be examined. Section 5.2 focuses on the ramp-based topography, presenting
interconnects fabricated using both UPD and AJ printing. Section 5.3 follows
with an investigation of cavity-based interconnects produced through both
printing technologies.

Each interconnect section begins with an overview of the required technologies
and the processes developed for assembling the demonstrators. They provide
a comprehensive understanding of the manufacturing techniques necessary for
printed interconnects. Since a multitude of challenges had to be solved, the
approaches presented in those sections were crucial to the success of this work.

5.1 Aerosol Jet Printed Transmission Lines

The first step in evaluating the performance of printing processes for mmW
applications should be to measure the performance of printed transmission
lines in the target frequency range. Therefore, this section presents AJ printed
microstrip (MS) transmission lines on a polyimide (PI) substrate. They have
been characterized in D-Band using a Thru-Reflect-Line (TRL) calibration
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to de-embed the probe pad to MS transition. The process optimizations and
solutions developed for printing mmW transition lines will be presented in this
section. It also provides a detailed analysis of the physical properties of the
printed line including its profile, conductivity, and roughness which are used to
discuss the origin of the measured losses.

The work presented in chapter 5.1 has been previously published in [15] in
the Proceedings of the 51st European Microwave Conference (EuMC). Text,
structure, images, tables, presentation, and content can show modifications
here. The design, manufacturing, and measurements were conducted by Georg
Gramlich. Joachim Hebeler and Christian Bohn provided feedback on the
simulations and measurements. They also introduced the author to probe-based
RF measurements. Uli Lemmer and Thomas Zwick provided guidance and
feedback on the original publication.

5.1.1 Design

The stackup used in this investigation consists of a solid brass ground plane,
a 100µm PI dielectric layer, and a 7.7µm-thick printed silver top layer. The
transmission line was designed for a standard 50W impedance, corresponding
to a width of 220 µm in this configuration. The probe pad employs a vialess
ground transition due to the limitations of AJ printing, which does not sup-
port via fabrication without integrating additional processes. To maximize the
bandwidth of the transition, butterfly-shaped ground pads were implemented.

The dimensions of the probe pad and the CPW to MS transition were optimized
to minimize reflection loss when used with GGB Picoprobes. During this
optimization, a minimum gap width of 20µm was maintained to prevent short
circuits caused by overspray during AJ printing. The resulting design of the
probe pad and the CPW-to-MS transition is shown in Fig. 5.1. A continuous
ground plane was employed in the design, and all simulations were conducted
using CST Microwave Studio.

The research question in this section is to determine the losses per millimeter
of an AJ printed transmission line. Therefore, a custom multiline TRL (mTRL)
calibration was printed, allowing to remove the influence of the probe con-
tacts and of the CPW-to-MS transition from the measurements. The mTRL
calibration includes an open, a thru, and three lines with lengths of 289 µm,
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5.1 Aerosol Jet Printed Transmission Lines

Figure 5.1: Structure of the probe pad and the CPW to MS transition. Dimensions: W1 = 78.8µm,
W2 = 220µm, W3 = 53µm, W4 = 321µm, L1 = 48µm, L2 = 102.5µm, L3 = 166µm,
D = 20µm. Reprinted from [15].

316 µm, and 359µm. To ensure monomodal propagation at its end, as required
for accurate mTRL calculations [DJM02,WMD91], the launcher was designed
to be 1000µm long. Additionally, a 1 mm-long line was fabricated to accurately
measure losses per millimeter, avoiding potential errors caused by upscaling
measurement imprecision.

5.1.2 Manufacturing

A 1 mm-thick brass sheet was used as the ground plane. The sheet was cut
into 20 mm x 20 mm pieces, onto which a thin layer of Duralco 4460 glue
(purchased from Polytec) was spin-coated. This adhesive securely bonded a
100 µm-thick PI film to the brass sheet. Duralco 4460 was specifically chosen
for its high-temperature stability (315 °C), ensuring that thermal sintering does
not degrade the adhesive and that it does not limit the temperature tolerance of
the final device.
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Figure 5.2: Aerosol Jet printed probe pad with broadband vialess ground transitions for D-Band.
Reprinted from [15].

The conductive top layer was fabricated using the Optomec AJ 5X aerosol jet
printer in a cleanroom environment. Since only planar structures were required,
the printer was configured in a 3-axis setup. We selected JS-A221AE silver
nanoparticle ink by Novacentrix due to its ability to achieve fine features, high
aspect ratios, and low surface roughness, while also being water-based. To
ensure homogenous surfaces, the ink was diluted in a 1:2 ratio by volume with
deionized water. The bubbler was filled with DI water, and no gas bypass was
used. All printing and printing path design parameters are detailed in Table 5.1.

To minimize disturbances in regions with the highest current and field densi-
ties—such as the borders of the printed structures—a perimeter fill pattern was
used. Additionally, the starting point of the printing pattern was placed far from
the probe contacts to avoid irregularities. The printing speed was deliberately
kept very low due to the small feature sizes and sharp edges required. Speeds
exceeding 1 mm/s noticeably reduced geometric precision due to mass inertia
effects.

Substrate adhesion on the PI film was found poor without pretreatment. Activa-
tion in an oxygen plasma for three minutes significantly improved adhesion and
has been implemented as pretreatment step. Another challenge encountered
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5.1 Aerosol Jet Printed Transmission Lines

Table 5.1: Aerosol jet printing parameters for the microstrip line on polyimide. Reprinted from [15].

Sheath 18 SCCM
Atomizer 9 SCCM
UA power 350 mA

UA temperature 26 °C
Ink volume 3 mL

Printing speed 0.5 mm/s
Line width 17 µm
Line pitch 9 µm

during process development was crack formation in the printed structures,
attributed to the high thickness (7.7 µm) resulting from the slow printing speed.
This issue was resolved by implementing flash sintering instead of conventional
thermal sintering. The samples were processed directly after printing in a
Novacentrix PulseForge 1200 system without prior drying. The theoretical
foundation for this behavior has been presented in chapter 4.1.4.

5.1.3 Measurement Equipment and Procedures

All RF measurements were conducted using a Keysight PNA-X network ana-
lyzer equipped with OML frequency extenders for the 110 - 170 GHz range
and Model 170 Picoprobes by GGB. The Model 170 Picoprobes were chosen
for their individually suspended contacts, which can compensate for a minor
unevenness arising from the manufacturing process.

A two-tier calibration approach was employed to evaluate the transmission
line parameters: an initial calibration on a CS-15 impedance standard substrate
for on-wafer measurements, followed by the mTRL calibration algorithm as a
second tier. The second tier calibration allowed to remove the influence of the
probe contact and of the CPW-to-MS transition from the measurements.

The surface roughness of the printed transmission lines was measured using
a Bruker Contour GT-K WLI with a 20x magnification lens. Surface rough-
ness is a critical parameter at mmW frequencies, as it directly contributes to
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losses [GH15]. The microstrip line profile was also extracted from the WLI
measurements.

The high thickness of the metal film produced by the printing process rendered
standard four-point probe sheet resistance measurements impractical. A thick
film results in very low measured resistivity, with the measurement accuracy
severely impacted by noise. To address this, a thin line with four contact pads
was printed specifically for a four-point measurement. This approach increases
the measured resistivity while eliminating the influence of contact resistance
and measurement cable resistance. The conductor cross-section, required for
calculating the specific resistivity, was measured using a WLI.

5.1.4 Results and Discussion

In this chapter, the primary focus is on estimating the performance of the printed
microstrip line. Insertion loss is the most relevant parameter derived from the
RF measurements. Figure 5.3 shows the measured insertion loss of the printed
1 mm line prior to the second-tier calibration. That means that the measurement
includes the actual 1 mm line segment, as well as the probe contact, the
CPW-to-MS transition and the 1 mm long launcher at both sides. Contrary
to the typical behavior of a transmission line, the insertion loss decreases with
increased frequency. This ostensible anomaly can be attributed to the influence
of the probe pads, which feature a vialess CPW-to-microstrip transition. This
transition relies on capacitive coupling, which improves at higher frequencies
and compensates for the increased line loss.

The influence of the CPW-to-MS transition and the line loss can be separated
with a second-tier mTRL calibration. After this calibration, the reference plane
is located at the midpoint of the thru standard, corresponding to the endpoints
of the measured transmission line. Since the line length was designed to be
1 mm, the insertion loss after mTRL calibration directly represents the line loss
per millimeter. It is shown in Fig. 5.4.

Comparing the measurements before and after second tier calibration allows
estimating the performance of the CPW-to-MS transition. The insertion loss
for a single transition is approximately 0.5 dB at 110 GHz. As expected, the
performance improves for higher frequencies.
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Figure 5.3: Insertion loss of a 1 mm long AJ printed microstrip line without second tier TRL
calibration. Reprinted from [15].

Figure 5.4 shows a transmission line loss of 0.12 dB/mm at 110 GHz, and
a maximum loss of 0.36 dB/mm in D-band for the AJ printed microstip line.
Understanding the loss mechanisms behind the measurement is crucial for future
optimizations. They can be investigated through simulations, where different
loss mechanisms are successively introduced. The primary contributors are
dielectric losses in the substrate, ohmic losses in the conductors, and conductor
surface roughness. In this work, the top and bottom layers must be analyzed
separately, as they differ in material composition.

To accurately model the transmission line geometry, the printed MS line was
measured with a WLI. The cross-sectional profile, shown in Fig. 5.5, shows
a thickness of 7.7 µm and slightly inclined sidewalls. Defining the start and
endpoint of the line at half the thickness gives a line width of 210 µm.

A series of simulations was conducted, incorporating the measured line width
and sidewall slope. These simulations are shown in Fig. 5.4 alongside the
measured data. The pale purple baseline is a lossless simulation and an increased
color saturation indicates successively introduced loss mechanisms.
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Figure 5.4: Insertion loss of a 1 mm long printed microstrip line after second tier calibration (green)
and simulation of such a line with successively introduced losses (purple). Reprinted
from [15].

The lossless simulation accounts only for radiation losses. In the next step,
dielectric losses were introduced, resulting in an additional 0.06 dB loss at
the center frequency of 140 GHz. Subsequently, bottom conductor losses were
included, modeled with a conductivity of 𝜎 = 1.59 × 107 S/m and a measured
surface roughness of 𝑅𝑞 = 135 nm. These losses contributed only 0.03 dB at
the center frequency. Finally, top conductor losses, attributed to the printed
silver, were introduced. They were the most significant, accounting for 0.15 dB
at 140 GHz.

Supplementary simulations indicated that the effect of surface roughness on
the top conductor are negligible, as the measured roughness was 𝑅𝑞 = 91 nm,
which is 2-3 times better than typical laminated substrates used for RF app-
lications. However, the conductivity of the printed silver was measured to be
9.593 × 105 S/m. This is only 1/66 the conductivity of bulk silver, making it
the primary contributor to losses. Therefore, any attempt to reduce the losses
must focus on improving the conductivity of printed silver.
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5.1 Aerosol Jet Printed Transmission Lines

Table 5.2 provides a comparison of the AJ printed microstrip line with values
reported in the literature, and with simulations. The performance we measured
closely aligns with that of AJ printed MS lines on liquid crystal polymer (LCP)
substrates reported in [CCW+14a].

When compared to a microstrip line on LCP fabricated using a lithographic
process [KUP13], our results demonstrate that aerosol jet printing is a viable
competitor to lithography in the D-band. For additional context, the table also
includes simulated losses for a microstrip line on PI made of copper (Cu) with
a surface roughness of 𝑅q = 300 nm, a common value for RF substrates.

5.1.5 Summary on Aerosol Jet Printed Transmission Lines

This subchapter analyzed the performance of AJ printed transmission lines. It
included a detailed analysis of the origins of the measured losses, providing
insight for possible optimizations. To this end, microstrip transmission lines and
probe pads with a vialess CPW-to-MS transition were printed on a PI substrate.
By applying an mTRL calibration, we de-embedded the probe contact and
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Figure 5.5: Profile of a printed microstrip line, measured with a WLI. Reprinted from [15].
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Table 5.2: Comparison of microstrip line losses in D-Band reported for different technologies.
Reprinted from [15].

Ref. Process min loss in dB/mm max loss in db/mm
This AJ on PI 0.12 0.36

[CCW+14a] AJ on LCP 0.35 0.51
[KUP13] Lithography on LCP 0.1775 0.331

Simulated AJ on PI 0.23 0.31
Simulated Cu on PI 0.14 0.21

the probe pad to microstrip transition. This enabled us to calculate the pure
transmission line loss. They were measured to be as low as 0.12 dB/mm at
110 GHz, with a maximum loss of 0.36 dB/mm observed in D-band.

A comprehensive characterization of the printed lines was conducted, including
assessments of surface roughness, and conductivity. Using this data in simulati-
ons, we identified the resistivity of the printed silver as the primary contributor
to the line losses.

The findings in this chapter clearly show that AJ printing is suitable for mmW
applications since the losses of printed transmission lines are sufficiently low.
They also indicate room for improvement by utilizing inks or sintering processes
that yield a higher conductivity.

5.2 Ramp-Based Interconnects

As discussed in chapter 3.1, ramp-based interconnects come with the great
advantage of being compatible with well established manufacturing techni-
ques. Additionally, they allow an easy transition from bond wires to printed
interconnects for improved performance without the need for major design
changes. Therefore, chapter 5.2 investigates the performance of ramp-based
interconnects, both manufactured by AJ and UPD printing.
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5.2.1 Technology Development

Some process steps in the manufacturing of ramp-based interconnects are
independent of the printing technology utilized. Those steps will be presented
within this section. The most important step certainly is the creation of the ramp
to be printed on. The technological development for this step includes the actual
dispensing of the ramp, but also the selection of the ramp material, as well as
the pre- and post-treatment.

The ramps for printed interconnects should be easy and quick to manufacture
for them not to introduce unreasonable cost in the manufacturing process. They
also have to avoid any gaps between the ramp and the conductors to allow
the creation of continuous printed structure. Therefore, it is not possible to
use premade ramps and simply place them next to the MMIC. This approach
would always cause a small gap between the components which would lead to
discontinuities in the printed silver and hence to poor electrical performance.

Dispensing ramps directly onto the MMICs and PCBs to be connected, is an
easy and fast way to create ramps that avoid gaps between the components they
connect. Dispensing can be done with standard equipment. It is even possible
to equip the UPD printer with an adapter for standard dispensing cartridges and
nozzles. This allows to benefit from the precision of the printer while using
off-the-shelf materials and therefore reduce costs.

As ramp materials, adhesives are a good choice. They are tailored to dispensing
techniques, show good adhesion to the commonly used materials and can be
cured with relative ease. Multiple technical adhesives have been analyzed for
their suitability for dispensed ramps. They vary in their curing method (thermal
vs. UV) and their viscosity. All of them are optically transparent and can be
dispensed with standard equipment. The following paragraphs will present an
analysis of desirable and problematic properties technical adhesives can exhibit
for ramp dispensing. To illustrate those properties, all adhesives have been
mixed with green pigments for better visibility. They have then been used to
create a ramp between two pieces of Rogers CLTE-MW PCB placed on top of
each other. Each of those PCBs features a CPW transmission line. The setup is
the same as in chapter 5.2.2 where the performance of an AJ printed ramp-based
interconnect has been investigated. To make the behavior of the adhesive more
easily visible, all images of the dispensed ramps have been post-processed so
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that only the green color of the glue remains saturated whereas all other colors
have been converted to grayscale. Those photos are shown in Fig. 5.6.

One of the most important requirements for the ramp material is its tempe-
rature stability. It needs to withstand temperatures up to 250 °C for 10 min to
allow thermal sintering of the printed interconnects. The continuous operating
temperature however is allowed to be significantly lower. All tested adhesives
satisfy this criterion.

Another important factor to consider is the viscosity of the adhesive. A low
viscosity comes with the advantage of easy dispensing and compatibility with
AJ printing as an alternative dispensing technology. Therefore, the UV curable
adhesive NEA 121 by Norland has been tested for its performance as ramp
material. While dispensing is possible with both technologies, it comes with
a severe downside: Due to the low viscosity, it can quickly spread over large
surfaces. Especially the copper cladding of a Rogers substrate with a typical
surface roughness of 300 nm is often covered by a thin adhesive layer. This thin
layer acts as an electric insulator severely degrading the performance of printed
interconnects. A possible remedy is the introduction of a glue scrubbing step
after ramp dispensing. This step is enabled by the ProtoLaser R4 by LPKF
which is set to low power and ablates material from the CPW segments. It
effectively removes the glue layer and the topmost part of the copper cladding.
This approach has successfully been utilized for the AJ printed ramp based
interconnects presented in section 5.2.2. Fig. 5.9 shows the signs of the glue
scrubbing process: Vertical lines caused by the laser are visible on the copper
left and right to the printed interconnect.

While glue scrubbing solves the issue of glue spreading over conductors, it
also introduces an additional processing step. Therefore, it is desirable to find
an alternative adhesive that does not form an insulating layer from the start.
The effects that caused the problem is the contact angle of the adhesive on the
substrate material in combination with the low viscosity enabling fast spreading.
Therefore, two approaches to mitigate the undesired spreading are possible:
The contact angle can be tuned, or the viscosity can be increased to slow
down the spreading process sufficiently so that the adhesive can be fully cured
before it has spread. Tuning the contact angle is significantly more complicated
since it depends on adhesive and substrate and needs to be adapted for every
combination anew. Choosing an adhesive with a higher viscosity, however,
presents a more versatile solution since it is mostly independent of the substrate.
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5.2 Ramp-Based Interconnects

(a) Glue before curing (EP501 in this photo). A similar
shape is seen for all adhesives tested before curing.

(b) EP501 after curing.

(c) NEA 121 after curing. (d) NEA 123M after curing.

Figure 5.6: Investigation of multiple adhesives for ramp dispensing. All adhesives have been mixed
with green pigments for better visibility. EP501 spreads widely during the thermal
curing process while both UV curable adhesives maintain their shape. NEA 123M
exhibits the best final shape since excessive spreading is reduced by the higher viscosity
compared to NEA 121.
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The thermally curing one-component epoxy adhesive EP501 by polytec has
been chosen as a candidate. It has a viscosity of 13 000 cP and can withstand
a short time operating temperature of up to 275 °C. It is cured for 10 min at
150 °C and compatible with standard dispensing equipment. As expected, it can
be dispensed without undesired spreading as seen in Fig. 5.6a, which shows the
dispensed ramp before curing. However, while the glue is heated up for curing,
its viscosity decreases significantly before curing starts. This enables it once
again to spread in an undesired way as seen in Fig. 5.6b, which shows the same
ramp after curing. It can be seen that no ramp is present any more but that the
adhesive has spread all over the substrate.

The problem of EP501 is the temporary low viscosity during thermal curing.
Therefore, an alternative which does not exhibit this temporary low viscosity is
required. It can be found by once again utilizing a UV curable adhesive: Norland
offers a UV curable adhesive NEA 123M with a viscosity of 12 000-15 000 cP
and a continuous operating temperature of 150 °C which also withstands the
required temperature for sintering for a short time. Additionally, it comes with
a latent heat catalyst, which allows to thermally cure it in places inaccessible
to UV light. Fig. 5.6d shows a ramp dispensed with NEA 123M after curing. It
is visible, that no excessive spreading took place and that the ramp exhibits the
desired shape.

One final issue had to be resolved for the processes involving UPD printing.
Printing onto a ramp requires a measurement of the surface topology. However,
a white light interferometer requires light reflected from the surface into the
lens. All previously investigated adhesives are optically transparent, however.
Therefore, they are mixed with Alumina powder with 40 nm particle size in a
weight ratio of 1 part alumina powder to 10 parts adhesive whenever optical
measurements are necessary. Alumina withstands high temperatures and the
small particles color the adhesive and reflect light back into the lens of a WLI.
They therefore enable optical measurements of the ramp surface. This approach
has been employed in section 5.2.3.

5.2.2 AJ Printed Ramp-Based Interconnects

This section investigates the performance of ramp-based AJ printed inter-
connects. To this end, two pieces or 80µm thick Rogers CLTE-MW RF-PCBs
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Figure 5.7: Simulation model of the printed interconnect. The dimensions are specified in Table
5.3. Figure reprinted from [17].

with 8 µm copper cladding have been placed on top of each other. Each of
those PCBs features a CPW line. This substrate material has been chosen for its
good performance at mmW frequencies. Its permittivity is approximately 2.96
at 10 GHz and the dissipation factor is 0.0015 at the same frequency.

A ramp has been dispensed onto the assembled PCBs, providing a smooth height
transition between them. It has a length of 200µm and a height of 80 µm. In
the last step, the actual interconnect has been AJ printed onto this assembly.
This approach enables the precise characterization of the interconnect itself.
A drawing of the assembly is shown in Figure 5.7. The interconnect has been
characterized up to D-Band.

The work in chapter 5.2.2 have been previously published in [17] in the
Proceedings of the 2025 German Microwave Conference (GeMiC). Text, struc-
ture, images, tables, presentation, and content can show modifications here.
Design, simulation, manufacturing, measurement, and analysis was done by
Georg Gramlich. Uli Lemmer, Thomas Zwick, and Akanksha Bhutani provided
guidance and feedback to the original publication.
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Figure 5.8: Initial CST simulation of the printed interconnect. Figure reprinted from [17].

5.2.2.1 Design

The assembly has been modeled in CST Microwave Studio as depicted in Figu-
re 5.7. The figure shows, that both PCBs share the same ground plane and are
attached to each other with a thin glue layer (blue). Since the effective substrate
height changes for both transmission line segments, they were designed with
slightly different dimensions, which results in a tapered interconnect (silver).
This allows to keep the characteristic impedance constant at 50W over the entire
assembly. The dimensions of the CPW lines are shown in Table 5.3.

Figure 5.8 shows the insertion and reflection loss of the printed interconnect
simulated in CST Microwave studio. The simulation includes dielectric and
ohmic losses. Since the conductivity of printed silver is typically poor, a
conductivity of 10 % of the bulk conductivity has been assumed (resulting in
6.3012 × 106 S/m). The simulated insertion loss is below 1 dB from 2 - 170 GHz
with an input matching better than 18 dB in this frequency range.
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Table 5.3: Design parameters of the AJ printed ramp-based interconnect. The descriptors are shown
in Figure 5.7. Reprinted from [17].

tw ts tl bw bs bl

129 µm 20 µm 500 µm 86 µm 20 µm 500 µm

Figure 5.9: Photo of the AJ printed interconnect. Figure reprinted from [17].

5.2.2.2 Manufacturing

The two PCBs were fabricated using a ProtoLaser R4 by LPKF. This is a
picosecond laser, capable of cold ablation which can manufacture structure
sizes as small as 20 µm. Additionally, it is possible to cut the PCB in the same
process as structuring the metal layer and thus to minimize misalignment errors.
Due to the small size of the PCBs, they were attached to a glass carrier using
Crystalbond 509 for processing. This prevented them from being drawn into
the exhaust of the ProtoLaser by its air purge.
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The assembly of the two PCBs was done using the advanced automatic sub-
micron bonder FINEPLACER® femto 2 by FINETECH. A single-component
epoxy adhesive, EP501 from Polytec, was automatically dispensed onto the
bottom PCB, and the top PCB was precisely placed using the bonder’s built-in
pattern recognition software. Prior to creating the ramps, the substrates needed
to be treated in an oxygen plasma for 3 min to improve wetting behavior on the
PTFE based substrate. Afterward, the UV-curable adhesive NEA121 (𝜖r = 3.0
and tan 𝛿e = 0.031 at 110 GHz [19]) from Norland was dispensed to form the
ramp structure. The low viscosity of this adhesive, combined with its contact
angle on the copper layer of the CLTE-MW substrate, caused it to spread over
the copper during dispensing. The resulting thin glue layer on the metal acted
as an insulator, severely degrading the performance of any subsequently printed
interconnects. To address this issue, the glue scrubbing process presented in
chapter 5.2.1 was applied, which effectively solved the problem.

Once this assembly was prepared, the interconnects were printed. Since the
minimum gap size from the simulation was 20 µm (see Table 5.3), a 100µm
nozzle, and the ultrasonic atomizer were employed. It was loaded with 3 mL of
JS-A221AE silver nanoparticle ink from Novacentrix, diluted with pure water
at a 1:2 volume ratio. To prevent rapid ink drying, 5 vol% of triethylene glycol
monomethyl ether (TGME) was added to the mixture.

The printing parameters for the AJ printer, along with the design parameters
used for the printing paths, are summarized in Table 5.4. To mitigate material
buildup at the start and end of the printed lines and to eliminate inconsistencies
caused by the divert/boost shutter mechanism, SOTF with the mechanical
shutter was used. This selection is based on the considerations discussed in
chapter 4.1 and the debugged version of the SOTF algorithm presented there
was employed.

Prior to printing, the substrates underwent oxygen plasma treatment for 3 min.
Thermal sintering was performed on a preheated hotplate at 200 °C for 10 min
directly after printing.

The final assembly can be seen in Figure 5.9. It shows that the alignment of
both PCBs is excellent. It also shows that the AJ-printed interconnect exhibits
the same taper as the CST design shown in Figure 5.7.
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Table 5.4: Aerosol jet printing parameters. Table reprinted from [17].

Sheath 20 SCCM
Atomizer 5 SCCM
UA power 400 mA

UA temperature 24 °C
Ink volume 3 mL

Printing speed 2 mm/s
Line width 16 µm
Line pitch 10 µm

5.2.2.3 Results and Discussion

All D-Band measurements in this chapter were performed on a Keysight
PNA-X with OML frequency extenders for 110 to 170 GHz and Model 170
Picoprobes by GGB. The setup was calibrated with an Line-Reflect-Reflect-
Match (LRRM) calibration on a CS-15 impedance standard substrate for on-
wafer measurements. Measurements from DC to 125 GHz were performed with
Keysight N5295A frequency extender modules and Titan 110 probes by MPI. A
Short-Open-Line-Thru (SOLT) calibration on a AC2-2 RF calibration substrate
was used.

Figure 5.11 shows the measured insertion loss of the printed interconnect as
a red curve. A deviation from the original CST simulation, represented by the
dark green dashed curve, is evident. To investigate the source of this deviation,
the actual dimensions of the fabricated interconnect and PCB were measured
using a microscope and a WLI. Figure 5.10 shows the WLI measurement and
Table 5.5 shows the deviation between target values and measured dimensions.
An interesting observation from this comparison is, that the printing process
(maximum deviation of 9µm) is significantly more accurate than the PCB
manufacturing process (maximum deviation 14µm). The measurements were
integrated into the simulation model, resulting in the blue dashed curve in
Figure 5.11.
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Figure 5.10: White light interferometer measurement of the printed interconnect. Reprinted from
[17].
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Figure 5.11: Insertion losses of the printed interconnect and both PCBs. Comparison of
measurement and simulations. Incorporating the actually manufactured dimensions
into the simulation yields good agreement between measurement and simulation.
Figure reprinted from [17].
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Table 5.5: Manufacturing tolerance in µm: Positive values mean a larger structure has been
manufactured than designed and vice versa. w is the width of the CPW center conductor
and s is the spacing between the CPW conductors. Table reprinted from [17].

Top Bottom
PCB print PCB print

w s w s w s w s
+9 µm -8 µm -1 µm 0 µm +14 µm -8 µm +9 µm 0 µm
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Figure 5.12: Matching of the printed interconnect. Comparison of measurement and simulations.
Figure reprinted from [17].

Note that the measurement and simulations contain both the interconnect and
the 0.5 mm long feeding lines at both ends. Consequently, the losses attributed
solely to the interconnect are expected to be slightly lower than the measured
and simulated values.

The input matching for the measurement and the simulations is presented in
Figure 5.12. In this plot, good agreement is observed between the measurement
and the simulations with the realized dimensions of the printed interconnect.
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Figure 5.13: A thin oxide layer forms on the copper of the PCB forming a capacitor between
probe tip and transmission line. This results in high losses and poor matching at low
frequencies. Removing the copper layer by short immersion in a solution of citric acid
drastically increases performance at low frequencies. The measurement in D-Band
has been taken without any pre-treatment since the influence of the oxide layer is
negligible at high frequencies.

An interesting observation can be made through the analysis of Fig. 5.13. The in-
terconnect has originally been designed with a focus on D-Band. Therefore, the
D-Band measurement has been taken first. The DC to 125 GHz measurements
have been taken with a delay of 18 months. During this timeframe, the assembly
was stored in air in a non-air-conditioned office in southern Germany. It was
exposed to the typical swings in ambient temperature and humidity. This caused
the copper cladding of the Rogers PCB to develop an oxide layer. Apparently
this layer was thick enough that the RF probe could not penetrate it. Therefore,
energy is coupled capacitively from the probe into the CPW line with no DC
connection. This results in the poor performance at low frequencies observed in
the orange curve in Fig. 5.13. Briefly immersing the assembly in citric acid or
hydrochloric acid removes this oxide layer and yields the measurement shown
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in red. Comparing both curves shows that the oxide layer becomes negligible
above 50 GHz.

Another observation made from Fig. 5.13 is the poor alignment of the upper end
of the DC-125 GHz and the lower end of the D-Band measurements. At 110 GHz
the difference is 0.29 dB. This difference is most likely caused by the degradation
of the printed interconnect over time since the lower band measurements were
taken 18 months later. The difference increases up to 125 GHz, however, the
measurement in the lower band is not reliable at those frequencies since the
probes used are only qualified for operation to 110 GHz. While the observations
presented are by no means a quantitative analysis, they indicate longevity of
printed interconnects while also pointing to a performance degradation over
time.

The printed interconnect exhibits a return loss of better than 10 dB from DC
to 153 GHz and better than 8 dB in the entire measured range from DC to
170 GHz. Within the entire spectrum, the insertion loss of the assembly ranges
between 0.31 dB and 1.43 dB, confirming the suitability of AJ printing for
ultra-broadband interconnects from DC up to D-Band.

5.2.2.4 Summary on Aerosol Jet Printed Ramp-Based Interconnects

In this chapter, the performance of AJ printed ramp-based interconnects has
been investigated. An assembly made of two RF-PCBs placed on top of each
other was used. The ramp connecting them was 200 µm long and 80 µm high.

The realized AJ printed interconnect exhibits a return loss better than 10 dB
from DC to 153 GHz and better than 8 dB up to 170 GHz. Within the entire
measured frequency range, the insertion loss of the assembly is between 0.31 dB
and 1.43 dB. It could be shown that AJ printing can produce interconnects with
excellent performance and a large bandwidth from DC into D-Band.
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5.2.3 UPD Printed Ramp-Based Interconnects

For the investigation of UPD printed ramp-based interconnects, a different
approach has been chosen than for the AJ printed version in chapter 5.2.2. This
is because at the time of the investigation, MMICs featuring a lossy thru line
were available. Printing interconnects between a PCB and an MMIC allowed
to get a better grasp on the performance in later systems, that would also
incorporate MMICs.

This chapter describes the process of fabricating a printed interconnect between
a RF-PCB and an optical modulator MMIC operating from DC to 110 GHz. The
MMIC is a proprietary development of SilOriX and is produced on a 700µm
thick silicon wafer. The substrate used is Rogers RO3006, which has a relative
permittivity of 𝜖r = 6.5. The optical modulator MMIC has only been used
as a lossy thru line in this work, since the main interest lies in characterizing
the printed interconnect. The printed interconnect has been characterized up
to 170 GHz. Additionally, this chapter contains an analysis of an unexpected,
lower cutoff frequency of the printed interconnect which traces it back to the
chip technology.

The work presented in chapter 5.2.3 have been published in [20]. Text, struc-
ture, images, tables, presentation, and content can show modifications here.
Georg Gramlich proposed the topography of the assembly, conducted the RF
measurements, and provided constant feedback. Manufacturing was carried out
by Lilli Weiss during her bachelor’s thesis under the supervision of Georg
Gramlich and Luca Valenziano. Martin Roemhild and Holger Baur contributed
to the development of the projection program, as described in chapter 4.2.
Adrian Schwarzenberger, Carsten Eschenbaum, and Christian Koos provided
the MMIC and its simulation model. Norbert Fruehauf, Thomas Zwick, and
Akanksha Bhutani provided guidance and feedback on the original publication.

5.2.3.1 Design

The chosen topography for the MMIC-to-PCB interconnect is depicted in
Figure 5.14. Due to the MMIC height of 700µm, placing the MMIC on top of
the PCB would have resulted in extremely long and hence lossy interconnects.
Therefore, a combination of a cavity and a ramp is employed: The 250µm thick
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Figure 5.14: Cross-section of the interconnect topography. The MMIC is placed in a cavity in the
PCB (beige) and submount (yellow). The remaining gap is then filled with a polymer
(blue). Figure reprinted from [20]. © 2025 IEEE.

PCB is attached to a metal carrier extending the ground plane. Subsequently, a
cavity is laser-processed into the PCB and the carrier. The MMIC is then placed
in the cavity leaving a 100µm height difference between the MMIC and PCB
top. This allows a better comparison to chapter 5.2.2. The cross-section of this
topography is shown in Figure 5.14.

The interconnect was then designed to maintain a 50W impedance over the gap.
Therefore, it was necessary to include a jump in the line geometry at the end
of the PCB. The resulting dimensions are labeled in Figure 5.15 and detailed
in Table 5.6. The optimization and simulation of the interconnect was carried
out in CST Microwave Studio. The return loss of the simulated interconnect is
shown in Figure 5.18.

Table 5.6: Design parameters of the UPD printed ramp-based interconnect. The descriptors are
shown in Figure 5.15.

tw ts bwg bsg bw bs

65 µm 30 µm 105 µm 25 µm 75 µm 40 µm
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Figure 5.15: Dimensions of the printed interconnect.

5.2.3.2 Manufacturing

Manufacturing the package requires seven steps: attaching the PCB to the
subcarrier, laser-structuring PCB and cavity, placing the MMIC in the cavity,
dispensing the ramp, adhesive scrubbing as described in chapter 5.2.1, and
finally printing the interconnect. These steps are detailed below.

First, the unstructured PCB is bonded to the subcarrier using AFT402 die
attach foil from Furukawa Electric, chosen for its high conductivity and ability
to ensure uniform attachment. Waviness caused by uneven adhesive layers is
completely avoided. Structuring the PCB and cavity is done with a ProtoLaser
R4 by LPKF. It can create the cavity and structure the PCB top layer at the
same time, eliminating misalignment.

The MMIC must be placed into the cavity with high precision, requiring a top-to-
top alignment. We achieved excellent alignment accuracy using the advanced
automatic sub-micron bonder FINEPLACER® femto 2 by FINETECH. This
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machine has multiple capabilities necessary for our process, including automatic
dispensing of glue into the cavity (EP501 by polytec). Since the chips are picked
from a vacuum release gel pak, an additional alignment step is required for top-
to-top alignment: The residual adhesion of vacuum release gel paks can cause
the chip to shift on the tool tip during pickup reducing alignment accuracy.
To mitigate this problem, the MMIC is placed on a transfer station and picked
up at a precisely controlled position. Afterward, the position of the MMIC on
the tool tip is known, allowing for accurate placement in the cavity. Excellent
parallelism between the MMIC and the PCB surface is achieved through the
gimbal functionality of the tool tip.

Following MMIC placement, the ramp is dispensed using the UPD system.
NEA 123M UV adhesive from Norland is used, mixed with 40 nm alumina
powder in a 10:1 weight ratio. This adhesive was selected for its dual UV and
thermal curing capabilities, essential for complete curing within the cavity’s
deep slots. Alumina particles have been added to the adhesive to improve
visibility under a WLI, as explained in chapter 5.2.1. The high viscosity of
NEA 123M (12000 - 15000 cP) decreases the spreading of the glue onto the
PCB metal, it cannot be completely avoided, however. Therefore, the previously
introduced glue scrubbing process has been employed.

Finally, the interconnect is printed onto the ramp using the UPD printer,
equipped with a 5µm nozzle. Since the interconnect had to be printed onto
a ramp, our program for 3D printing path creation, presented in chapter 4.2, has
been used. The fabricated interconnect can be seen in Fig. 5.16.

5.2.3.3 Results and Discussion

The RF measurements were conducted using a Keysight PNA-X network ana-
lyzer, complemented by OML frequency extension modules. GGB Picoprobes,
with 100µm pitch were employed for the measurements across the entire
spectrum. For DC to 110 GHz, calibration was achieved through an LRRM
procedure on a CS-5 impedance standard substrate (ISS). For measurements in
D-Band, an LRRM calibration was performed on a CS-15 ISS.

In order to determine the loss stemming from a single printed interconnect,
it was fabricated on only one side of the MMIC as seen in Figure 5.14. This
design choice facilitated de-embedding the MMIC. The reflection loss at the
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Figure 5.16: UPD printed interconnect between the PCB and an optical modulator MMIC. Figure
reprinted from [20]. © 2025 IEEE.

side of the PCB of this assembly is presented in Fig. 5.17. It shows a return loss
below 11.8 dB from 300 MHz to 170 GHz.

To evaluate the performance of the interconnect, the loss measured for the
MMIC alone was removed from the loss measured for the entire assembly. This
was achieved by calculating the decibel difference between the total assembly
measurement and that of the MMIC alone. The result is shown in Figure 5.18,
where the red curve represents the interconnect alone.

For a direct comparison with simulation outcomes, the assembly shown in
Figure 5.14 was cut off immediately after the probe pads in CST. This new
simulation considered only the components that remain after de-embedding:
the CPW transmission line on the PCB, the printed interconnect, and the
probe pads. The simulation results for this model are represented by the green
curve in the plot. A notable discrepancy between simulation and measurement
becomes apparent above 90 GHz, a difference possibly caused by manufacturing
tolerances.
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Figure 5.17: Return loss measurement of the MMIC alone and of the entire package. Figure
reprinted from [20]. © 2025 IEEE.

To explore the origin of the difference between simulation and measurement, the
actual geometrical dimensions of the printed interconnect were measured and
incorporated into the simulation. This yields the orange curve in Figure 5.18.
It shows a significantly improved agreement between measurement and simu-
lation. Table 5.7 shows the deviation of the realized dimensions to the design
dimensions. It is visible, that there is room for improvement. The UPD system
is capable of printing with higher accuracy than achieved in this investigation
and harvesting this potential could yield improved RF performance as indicated
in Figure 5.18.

An intriguing aspect of the measured data is the observation that the package
exhibits lower losses than the MMIC alone below 30 GHz, resulting in an
ostensible gain in Fig. 5.18. This phenomenon, seemingly contravening physical
principles, has been consistently observed across numerous measurements and
is believed not to result from measurement inaccuracies alone. It is hypothesized
that the coupling efficiency between the probe and the PCB is superior to that
between the probe and the MMIC. This hypothesis is plausible given that the
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Table 5.7: Manufacturing tolerance of the UPD printed interconnect. Positive values mean that a
larger dimension was realized than designed and vice versa. The descriptors are shown
in Figure 5.15.
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Figure 5.18: Loss of the printed interconnect. The measured loss has been calculated by subtracting
the insertion loss measurement of the MMIC alone from that of the entire package.
The values above zero for low frequencies can be explained by better coupling of
the electromagnetic wave from the probe into the Rogers PCB (package) than into the
MMIC due to the lower permittivity of the PCB. They are a systematic and unavoidable
measurement error.
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relative permittivity of the PCB (𝜖r = 6.5) is closer to that of air compared
to the permittivity of silicon (𝜖r = 11.9) of the MMIC. The wave propagation
occurs in air within the probe tips in the utilized air coplanar waveguide probe
resulting in a less dramatic increase in permittivity and hence in better coupling
when probing onto Rogers compared to probing the MMIC. If wave coupling
into the PCB is more efficient than into the MMIC, an ostensible gain upon
probing the PCB is anticipated. This perceived gain is eventually offset by the
increasing losses at higher frequencies. It is important to understand that the
“gain” observed in Figure 5.18 does not signify a physical gain; rather, it arises
from the better coupling efficiency from the probe into the PCB than into the
MMIC.

Another point of interest is, that the transmission of the package experiences
a steep drop below 1.6 GHz. This behavior can be explained by the aluminum
probe pads of the MMIC: Aluminum is prone to rapid oxidation upon exposure
to air, resulting in the formation of a thin, non-conductive oxide layer. When
silver is printed onto this oxide layer, a small capacitor is created. The influence
of this unwanted capacitor diminishes at higher frequencies. It effectively acts
as a high-pass filter.

Taking all the above considerations into account, it can be concluded that the
UPD printed interconnect demonstrates a loss of less than 1 dB across the
frequency range from 1.6 GHz to 110 GHz, with the input matching exceeding
13 dB within this spectrum. Beyond 110 GHz, the losses increase significantly,
reaching a maximum of 3 dB at 165 GHz, while the reflection loss remains
better than 12 dB.

5.2.3.4 Summary on UPD Printed Ramp-Based Interconnects

This chapter explored the performance of UPD printed ramp-based inter-
connects. A more complex package involving a submount, a cavity, an MMIC
and Rogers PCB was created. The interconnect was printed between a CPW
segment on the PCB and the MMIC.

The insertion loss of the interconnect alone was determined and found to be
below 1 dB from 1.6 GHz to 110 GHz. The reflection loss was better than
13 dB within this range. Additionally, the interconnect was characterized up
to 170 GHz, where it exhibits significantly higher losses, up to 3 dB. Below
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1.6 GHz, the interconnect demonstrates high-pass filter characteristics, caused
by an oxide layer forming on the aluminum probe pads of the MMIC.

The interconnect presented in this chapter shows good performance in the
target frequency range of up to 110 GHz. An increased operational bandwidth
could likely be achieved by an improved system design but was not required
here, because the maximum operating frequency of the employed MMIC was
110 GHz.
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5.3 Planar Interconnects

As discussed in chapter 3.1, planar interconnects promise lower losses due to
the intrinsically shorter interconnect length. They also enable better thermal
management for active MMICs when a submount is used. Therefore, chapter
5.3 investigates the performance of planar interconnects, both manufactured by
AJ and UPD printing.

Unlike the chapter on ramp-based interconnects, the same overall assembly has
been chosen. The only difference is the printing system that has been employed
for the interconnect. Therefore, this chapter starts by presenting the technology
developed for planar interconnects. Then, the demonstrator design and the
manufacturing of the demonstrator system except for the printing step will be
detailed. Subsequently, the manufacturing, as well as the measurement results
and their discussion will be detailed separately for the AJ and UPD printed
interconnects.

The contents of chapter 5.3 have previously been published in [16] and [18]. The
contents of [16] have been published in the Proceedings of the 52nd European
Microwave Conference (EuMC). Text, structure, images, tables, presentation,
and content can show modifications, restructuring, and extensions here. The
technology development described in chapter 5.3.1 was conducted by Georg
Gramlich and has not been previously published. He also performed the design,
simulation, manufacturing, measurement, and analysis of the work presented in
this chapter. Robert Huber contributed his expertise in AJ printing and served
as an intellectual sparring partner. Martin Roemhild and Holger Baur provided
their expertise in UPD printing. Norbert Fruehauf, Uli Lemmer, Akanksha
Bhutani, and Thomas Zwick provided guidance and feedback on the original
publications.

5.3.1 Technology Development

In this chapter the design possibilities for interconnects without ramps will be
elaborated. Subsequently, the required processes to manufacture those inter-
connects will be presented.
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(a) 2 min 20 s

(b) 10 min 20 s

(c) 30 min 0 s

Figure 5.19: Temporal propagation of the technical adhesive NEA 123M in the 11µm wide gap
between two MMICs. No pretreatment has been applied to the MMICs. The glue has
been mixed with green color pigments and all other colors have been desaturated for
improved visibility.
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(a) 1 min 0 s

(b) 4 min 0 s

(c) 8 min 0 s

Figure 5.20: Temporal propagation of the technical adhesive NEA 123M in the 11µm wide gap
between two MMICs. The MMICs underwent a 3 min pretreatment in an oxygen
plasma. The glue has been mixed with green color pigments and all other colors have
been desaturated for improved visibility. Compared to the case with no pretreatment
(see Fig 5.19), the glue spreads significantly faster.
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Figure 5.21: Propagation of glue in a 11µm wide gap between two InP MMICs with and without
oxygen plasma pretreatment. This plot corresponds to the images shown in Fig. 5.19
and 5.20. It can be seen that plasma pretreatment significantly reduces the required
time to fill the 2754µm long gap.

Planar interconnects require vertical alignment of the MMICs and PCBs to be
connected. As discussed in chapter 3.1.2 this can either be achieved by placing
everything on a precisely machined submount or by placing the MMIC in a
cavity in the PCB. Both can be created either with CNC machining or by laser
ablation. In this work, laser ablation with the ProtoLaser R4 by LPKF has been
used for cavities (this chapter) and CNC machining for submounts (chapter 6).

The most important and most difficult challenge however is the filling of the
gap between the two components. This gap with a filler is shown in Figures 3.2
and 3.3 in chapter 3.1. The smaller the gap, the shorter the interconnect will be
and the lower the packaging losses will be. Therefore, it is desirable to keep the
gap width in the range of tens of micrometers, preferably as small as 10 - 30 µm
as we will see in chapters 5.3.4.2 and 5.3.5.2. The smallest standard dispenser
needles have an inner diameter of 100 µm [Cor24], making them too large to
dispense into the gaps. Utilizing specialized needles such as the 5µm and 10 µm
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nozzles from XTPL could be a solution but would incur unreasonable expenses
due to the high price for a single nozzle. Therefore, a different approach was
developed within this work.

The novel approach suggested in this work is to utilize capillary action to fill
the small gaps. If an adhesive with a sufficiently low viscosity is employed,
and the contact angle between adhesive and MMIC is sufficiently low, a small
droplet of glue can be dispensed to the end of the gap. It will then automatically
be drawn into the gap by capillary action, see chapter 2.2.2. However, this
process requires some attention: Fig. 5.19 shows two InP MMICs placed with
a distance of 11µm. A droplet of NEA 123M has been dispensed next to the
gap. The glue has been mixed with green color pigments and all colors except
green have been converted to grayscale in the images for better visibility of
the adhesive. The figure shows a time series of the glue propagating into the
gap. Even after 30 min, the 2754µm long gap has not been filled completely.
Therefore, it is desirable to speed up the propagation of the adhesive in the
gap and ensure it propagates all the way through it. According to equation
2.77, the length of the gap filled can be increased by decreasing the contact
angle, which in turn can be achieved by increasing the surface energy of the
solid according to equation 2.76. Pretreatment in oxygen plasma increases the
surface energy and is expected to increase the length through which the liquid
propagates as well as the speed at which it does so. Fig. 5.20 shows the time
series if the MMICs undergo an oxygen plasma pretreatment for 3 min prior to
dispensing the adhesive. It can be seen that the adhesive spreads significantly
faster. Fig 5.21 plots the length which the adhesive has propagated over time with
and without pretreatment. It is clearly visible, that oxygen plasma pretreatment
cuts the required time by more than a factor of two. It follows, that the filling
of a gap between two MMICs or between an MMIC and a PCB by capillary
action strongly benefits from oxygen plasma pretreatment.

5.3.2 Design

To investigate the performance of planar printed interconnects, a simplified
assembly has been chosen. Instead of placing two components next to each
other and filling the remaining gap, a single alumina substrate was structured
to feature two CPW segments divided by a gap. This is possible because the
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ProtoLaser R4 used to structure the metal layer can also structure the alumina
substrate itself.

A 625µm thick alumina substrate with a single side gold cladding of 4 µm
thickness has been chosen for this assembly. The CPW lines have been designed
for a characteristic impedance of 50W. The minimum gap size that can be
created with the ProtoLaser R4 is 20µm. Therefore, 20µm conductor spacing
has been chosen which requires a center conductor width of 32 µm. The ground
conductors are 80 µm wide. Each CPW segment is 1 mm long.

To be able to deembed the interconnect from the transmission lines and precisely
determine its performance, a custom TRL calibration has been manufactured.
The Thru standard is 2 mm long, which mathematically removes exactly the
feeding lines to the printed interconnects from the measurements.

The smallest width of the gap is 20 µm in accordance with the limits of the laser
system. Wider gaps have been manufactured as well to investigate how the gap
width influences the interconnect performance.

The contents of this chapter 5.3.2 have previously been published in [16, 18].
This chapter borrows from those two publications.

5.3.3 Manufacturing

Since an alumina substrate with gold cladding has been used for the investigation
of planar printed interconnects, special process for the substrate structuring are
required. We used the LPKF ProtoLaser R4 to structure the substrate. Besides
structuring gold with a single-digit µm precision, it can also be used to structure
the alumina substrate itself. In consequence, the transmission lines and the gaps
could be created in a single process, which eliminates misalignment errors.

The gaps have been filled with the two component epoxy adhesive Duralco 4460
glue purchased from Polytec. We have selected this specific glue for its high
temperature stability. It is certain to withstand the high temperatures required
for thermal sintering of the printed silver inks. To fill the gaps, capillary forces
were employed as described in chapter 5.3.1. Prior to applying the adhesive,
the substrates underwent a 3 min plasma pretreatment.
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After filling the trenches with glue, a height dip of 3µm remains. Its surface
profile is curved and does not exhibit sharp edges. This is important to enable
printing over it without risking cracks during sintering.

The contents of this chapter 5.3.3 have previously been published in [16, 18].
This chapter borrows from those two publications.

The following chapters 5.3.4 and 5.3.5 will elaborate on the manufacturing
processes specific to AJ and UPD printed planar interconnects. They will also
present and discuss the respective measurement results.

5.3.4 AJ Printed Planar Interconnects

This chapter presents the manufacturing process of the AJ printed planar
interconnects. It also shows and discusses their measurement results.

5.3.4.1 Printing

The interconnects were fabricated using an AJ 5X aerosol jet printer by Optomec
in a clean room environment. Since planar structures were to be printed,
it has been used in the 3-axis setup. As for the ramp-based interconnects
presented in chapter 5.2.2, we used JS-A221AE silver nanoparticle ink by
Novacentrix, because it allows for fine features and low surface roughness. For
more homogeneous surfaces and to limit the aspect ratio, 1 part ink was diluted
with 2 parts deionized (DI) water by volume. An additional 5 % by volume of
TGME was added to reduce drying. We loaded the ultrasonic atomizer with
3 mL of the modified ink. The bubbler was filled with DI water and no gas
bypass was used. All other printing and design parameters are shown in table
5.8. Those parameters operate the printer at the limits of its capability in terms
of precision. As discussed in chapter 4.1, the Divert/Boost shutter leads to an
inconsistent material deposition rate after prolonged non-printing times. Since
the printed structures were small, the print time was short and most of the
print would have been performed in the inconsistent regime. Therefore, the
divert/boost shutter was completely turned off and a mechanical shutter was
used instead. To avoid material buildup caused by the extremely fast opening
time of the mechanical shutter of around 3 ms and the acceleration of the printer,
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we utilized the SOTF routine. The physical height of the mechanical shutter
necessitated a standoff distance of 3 mm between nozzle and substrate. The
settings utilized for printing the interconnects resulted in a silver thickness of
1.5 µm.

Figure 5.22 shows the printed interconnects connecting gold CPW lines. The
very narrow trenches in combination with the slight curvature of the trench
filler reduced the reflected light from the printed interconnect in this region.
Therefore, it seems at first sight as if material was missing in the trench.
Investigation with more light and higher magnification, as well as electrical
measurements, reveal that the printed structure continues without any noticeable
defects over the trench as shown in the magnified section in the Figure 5.22.

As discussed above, SOTF was utilized for the printing of the interconnects. This
was, however, before the calculation subroutines were debugged as described
in chapter 4.1.3. The result are the short lines visible in the top of every printed
surface in Figure 5.22. Since those defects are placed on top of the conductors,
they do not cause problems in this application.

Table 5.8: Aerosol jet printing parameters. Reprinted from [16].

Sheath 25 SCCM
Atomizer 8 SCCM
UA power 400 mA

UA temperature 26 °C
Platen temp. 30 °C

Printing speed 2.2 mm/s
Line width 14 µm
Line pitch 9 µm

The substrates were treated in an oxygen plasma for 3 min directly before
printing to improve adhesion of the printed silver. The printed silver was sintered
on a preheated hotplate at 250 °C for 10 min.
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Figure 5.22: Printed interconnects. Left: trench width 20µm, right: trench width 30µm.

5.3.4.2 Results and Discussion

All RF measurements were done on a Keysight PNA-X with OML frequency
extenders for 110 - 170 GHz and Model 170 picoprobes by GGB. A two-tier
calibration was used to evaluate the interconnect performance: a fist LRRM
calibration on a CS-15 impedance standard substrate for on-wafer measurements
and a successive TRL calibration [DJM02] on a custom calibration substrate.
The launch length had been chosen as 1 mm, which matches the feed line length
to the printed interconnects and hence allows de-embedding the entire feed.
For the measurements, the impedance standard substrate, the TRL calibration
substrate, and the device under test have been placed on an absorber.

The most important parameter for the performance of an interconnect is its
insertion loss, followed by the return loss. The insertion loss of the measurement
is shown in Figure 5.23 while the return loss is plotted in Figure 5.24. The
measurements depicted as pale curves includes the probe contacts, two 1 mm
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Figure 5.23: Insertion loss of AJ printed interconnects including before and after second tier TRL
calibration.

long feeding lines and the interconnect. The losses drastically increase above
150 GHz. This behavior is inherent to the chosen transmission line, as shown by
the measurement of the Thru standard. The only ways to improve this behavior
are to reduce the dimensions of the CPW line, to select a substrate with a lower
permittivity, to include a via fence or to choose a different transmission line
type.

The losses introduced by the CPW line itself make it hard to estimate the
performance of the printed interconnect. Therefore, a second tier calibration
is used to mathematically remove the influence of the feeding lines and the
probe contact from the measurement. This results in the S-Parameters of the
interconnect alone. The TRL calibrated measurement is shown in Figure 5.23
and 5.24 as saturated curves. Evidently, most losses visible in the measurements
before second tier calibration stem from the feeding lines, not from the printed
interconnect.

The interconnect over a 20 µm wide trench, shows an insertion loss better than
0.23 dB from 119 - 170 GHz. The interconnect length plays a crucial role for
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its performance. Increasing the length by 10 µm to a trench width of 30µm,
increased the insertion loss by approximately 0.2 dB. Therefore, it is best to
keep the printed interconnects as short as possible. If the utilized pick and place
equipment is sufficiently precise to achieve a gap size of 20 µm, the performance
depicted by the saturated green curve in Figure 5.23 can be expected.

Figure 5.24 shows that the printed interconnects are well-matched in the entire
D-Band, with the 20µm long version exhibiting a return loss below 11 dB. As
expected, this is a key advantage of printed interconnects over e.g. bond wires:
The ability to shape them in such a way that they maintain the characteristic
impedance of the transmission lines they are connecting, allows for good
matching over a wide frequency range.

Comparing the pale and saturated curves in Figure 5.23 shows that the drop
in performance above 150 GHz is only visible for the measurement including
the feeding lines. This behavior is explained by the much shorter length of
the interconnect compared to the feeding lines. It signifies however, that a
careful system design is required for optimum performance: The interconnects
themselves introduce very low losses. Keeping the transmission lines after the
interconnects as short as possible, adding via fencing or switching to a different
transmission line type, can yield systems with low losses. Therefore, printed
interconnects can be seen as an enabler to very low-loss broadband systems
operating in D-Band.
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Figure 5.24: Reflection loss of AJ printed interconnects before and after second tier TRL calibration.

5.3.5 UPD Printed Planar Interconnects

This chapter presents the manufacturing process of the AJ printed planar
interconnects. It also shows and discusses their measurement results.

5.3.5.1 Printing

The interconnects were fabricated using a UPD printing system in a cleanroom
environment. As presented in chapter 2.3.2, the nozzle of the UPD printer
is slightly flexible and can intrinsically compensate for minor variations in
substrate height. However, this nozzle slack was not sufficient to compensate
for the remaining dip in the filled gaps in this experiment. By the time of
this experiment, our program presented in chapter 4.2.1 which projects printing
paths onto a measured surface, hat not been developed yet. Therefore, a different
approach hat to be chosen. The following elaborations on this approach clearly
show how the projection program facilitates printing onto non-planar surfaces.
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Figure 5.25: Printed interconnect with a trench width of 20µm. Reprinted from [18]. © 2023 IEEE.

For this investigation, a custom printing script was programmed with the
following working principle: The printer will follow a profile starting on the
first CPW segment over the trench and onto the second CPW segment. The
nozzle will then be lifted and moved back to the start point and repeat the same
profile with a small offset and so on. Before printing, the user needs to manually
teach the first line including x, y, and z coordinates. This is done by manually
moving the nozzle along the desired profile and saving the positions. All further
printing lines are then automatically computed by providing the desired center
and ground conductor dimensions as well as the conductor spacing and the
desired line pitch. The tedious and time-consuming work of manually teaching
the first line can completely be omitted in future work, thanks to the projection
program developed and presented in chapter 4.2.1.

A 5 µm nozzle has been used with a pressure of 8 bar and a printing speed
of 0.05 mm/s. This yields a line width of 4 µm and a pitch of 3µm was
chosen. Directly before printing, the substrates underwent an oxygen plasma
pretreatment for 3 min. Thermal sintering on a preheated hotplate at 250 °C for
10 min was used.
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Figure 5.26: Insertion loss of UPD printed interconnects. Reprinted from [18]. © 2023 IEEE.

5.3.5.2 Results and Discussion

All RF measurements were done on a Keysight PNA-X with OML frequency
extenders for 110 - 170 GHz and Model 170 picoprobes by GGB. A two-tier
calibration was used to evaluate the interconnect performance: a fist LRRM
calibration on a CS-15 impedance standard substrate for on-wafer measurements
and a successive TRL calibration [DJM02] on a custom calibration substrate.
The launch length had been chosen as 1 mm, which matches the feed line length
to the printed interconnects and hence allows de-embedding the entire feed.
For the measurements, the impedance standard substrate, the TRL calibration
substrate, and the device under test have been placed on an absorber.

The insertion loss of the measurement without second tier calibration is shown
in Figure 5.26. This measurement includes the probe contacts, two 1 mm long
feeding lines and the interconnect. The measurement of a 2 mm long thru is
given as comparison. The proximity of the interconnect measurement to the
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Figure 5.27: Reflection loss of printed interconnects after de-embedding the feeding lines with a
custom TRL calibration. Reprinted from [18]. © 2023 IEEE.

thru measurement already shows that the largest part of the losses stems from
the feeding lines and not from the interconnect.

The insertion loss of the interconnect after second tier calibration is shown
in Figure 5.26 as solid color curves. The 20µm long interconnect shows an
insertion loss of 0.22 dB on average. It performs better than 0.35 dB from 110 -
170 GHz. Increasing the interconnect length to 50 µm increases the loss to an
average of 0.5 dB while maintaining a loss below 0.7 dB in the entire D-Band.

Figure 5.27 shows the reflection loss of the UPD printed interconnects. The
solid color curves represent the measurement with second tier calibration
while the faded curves include the probe contacts and feeding lines. The
20 µm long version shows an average reflection loss of 27.5 dB after TRL
calibration. It reaches a worst-case value of 23 dB in the entire D-Band. The
longer interconnect shows slightly decreased matching with an average value of
20 dB while maintaining a reflection loss better than 17 dB from 110 - 170 GHz.
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These values demonstrate that UPD printed mmW interconnects exhibit excel-
lent input matching in the entire D-Band. They are broadband while exhibiting
losses as low as 0.35 dB from 110 - 170 GHz.
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5.3 Planar Interconnects

5.3.6 Summary on AJ and UPD Printed Planar
Interconnects

This chapter presented planar interconnects printed with an AJ and a UPD
printer. They were printed over a polymer-filled gap connecting two CPW
segments on an alumina substrate with gold metallization. For each of the
printing processes, two interconnect lengths were manufactured, the shortest
one being 20 µm.

A custom TRL calibration substrate was manufactured to remove the influence
of the feeding lines from the measurements of the interconnects in a second tier
calibration. This revealed a reflection loss better than 18 dB from 121 - 170 GHz
for the AJ printed interconnect and better than 26 dB in the entire D-Band for
the UPD printed interconnect. The AJ printed interconnect exhibited a higher
reflection loss from 110 - 121 GHz which remained better than 11 dB, however.

Both printing technologies created interconnects with an excellent insertion
loss: The AJ printed interconnect showed a loss of 0.2 dB from 119 - 170 GHz
while the UPD printed interconnect exhibited a loss below 0.35 dB in the entire
D-Band. The slightly higher losses of the UPD printed interconnect can be
attributed to the lower print thickness. Increasing the printed metal thickness
by printing a second layer could likely cut losses. Table 5.9 gives a comparison
of AJ and UPD printing for planar interconnects in D-Band.

AJ printing comes with the additional advantage of a shorter printing time.
It also can deal with uneven surfaces more easily. UPD printing however,
does not suffer from overspray and can print smaller features. This becomes
all the more important once the frequencies extend above D-Band, because
they would require structure and gap sizes too small for AJ printing for
optimum performance. This is the case in the next chapter, where a UPD
printed interconnect is employed to connect a GaAs amplifier and an InP LWA
operating from 270 - 330 GHz.
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Table 5.9: Comparison of AJ and UPD printing for planar interconnects. The values in dB are the
worst values measured for a 20µm long interconnect in D-Band (110 - 170 GHz).
The higher insertion loss of the UPD printed interconnect is likely caused by the lower
print thickness and could be mitigated by a second printed layer.
∗121 − 170 GHz only

AJ UPD
Insertion loss 0.2 dB∗ 0.35 dB
Reflection loss 18 dB∗ 26 dB
Scalability to higher frequencies - +
Simplicity of manufacturing + -
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6 Demonstrator: Active Leaky Wave
Antenna with UPD Printed
Interconnect in H-Band

The previous chapters presented an optimization of the printing systems as well
as isolated printed mmW interconnects. This chapter makes the next step by
presenting the introduction into a real-world system: a printed interconnect is
used to create an active leaky wave antenna (LWA). It connects an amplifier
and the antenna which both operate from 270 - 320 GHz. Since the amplifier is
based on GaAs and the antenna is made in InP, this chapter also demonstrates
heterogeneous integration with printed sub-THz interconnects.

The contents of chapter 6 were previously published in [4]. Text, structure,
images, tables, presentation, and content can show modifications here. The
conceptualization of this work was done by Georg Gramlich and Akanksha
Bhutani. The design and manufacturing of the assembly were carried out by
Georg Gramlich. Measurements were conducted by Elizabeth Bekker, Joel

Figure 6.1: Schematic of a planar hybrid-integration assembly consisting of a PA MMIC and a
LWA connected by a UPD printed interconnect. Reprinted from [4].
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Figure 6.2: Simulation model of the PA MMIC (model with RF pads only) and the LWA with a
UPD-printed interconnect. Reprinted from [4].

Dittmer, and Akanksha Bhutani. Martin Roemhild and Holger Baur contri-
buted to the optimization of the printing and sintering processes under the
supervision of Norbert Fruehauf. Fabian Thome, Axel Tessmann, and Michael
Kuri designed, tested, and provided the PA-MMIC and the DC-PCB. Luca
Valenziano manufactured the wirebond interconnects between the PA-MMIC
and the DC-supply PCB. Tom Neerfeld manufactured the LWA based on a
specialized InP process developed under the supervision of Andreas Stöhr. The
paper was written by Georg Gramlich and Akanksha Bhutani. Sebastian Randel,
Christian Koos, Thomas Zwick, and Akanksha Bhutani acquired funding for
this project. Overall supervision and coordination of this work were provided
by Akanksha Bhutani.

6.1 Assembly Overview and System Simulation

The investigations in chapter 5 showed that planar interconnects yield better
performance than ramp-based ones in D-Band. Therefore, a planar interconnect
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Figure 6.3: Dimensional parameters of the UPD-printed CPW interconnect between the PA MMIC
and the LWA. Reprinted from [4].

has been chosen for the assembly presented in this chapter. In the comparison
between AJ and UPD printing in chapter 5.3.6, we discussed that the latter
technology is likely better suited for printed interconnects at higher frequencies
than D-Band because of the smaller minimum feature sizes it supports. Since
the active LWA presented in this chapter is operating in H-Band and requires
a minimum gap and feature size of 10 µm, it has been manufactured by UPD
printing.

A key challenge in this work is the hybrid integration of the power amplifier
(PA) MMIC and the LWA. They are fabricated using different technologies
and therefore have different physical profiles. The PA MMIC is based on a
35 nm GaAs mHEMT process. Its dimensions are 1.5 mm×0.75 mm. Its stackup
consists of a 50 µm GaAs substrate with a 1.7 µm thick benzocyclobutene (BCB)
layer on top in the area of the RF pads. Additionally, it has two frontside
gold (Au) metal layers with a total thickness of 3.4 µm and one 2.7 µm thick
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backside metal layer. This stackup results in a nominal MMIC thickness of
56 µm.

The LWA is based on a 50 µm InP substrate (dielectric constant, 𝜖r=12.4, and
dielectric loss tan 𝛿e=0.009 at 300 GHz) with 1 µm thick frontside and backside
Au layers. The LWA has a total length of 6.8 mm which means that it is over 130
times as long as it is thick. To further complicate things, InP is a brittle material.
Therefore, the InP wafer is bonded to a 300 µm thick silicon wafer (i.e., carrier
substrate, as shown in Figure 6.1) by thermocompression bonding before the
lithographic Au structures are applied. This provides mechanical stability to the
LWA, decreasing the defects caused during processing and handling. A detailed
process flow showing the fabrication of an InP LWA bonded to a silicon wafer
is shown in [LHS+21]. The stackup of the LWA results in a total height of
352 µm.

The LWA consists of a cascade of 16 grounded CPW leaky-wave unit cells. Each
unit cell has a length of 366 µm which is approximately one guided wavelength.
The cells consist of two mirrored L-shaped slots in the lateral ground planes
of the CPW. The measurement results of the LWA show that it operates from
220 GHz to 325 GHz, with a peak antenna gain of up to 13.5 dBi and a beam-
steering range of −60◦ to 35◦ [BKD+]. The LWA substrate is 6.8 mm×1.8 mm
in size.

Chapter 5.3 showed that the loss of a printed mmW interconnect depends heavily
on its length. Therefore, the PA MMIC and the LWA should be placed as closely
together as possible while also eliminating the difference in height. To this aim,
they are placed on a metal submount with a small edge-to-edge gap of 11 µm.
This gap is subsequently filled with a polymer (NEA 123M by Norland Products
Inc.) with a stable 𝜖r≈3 and tan 𝛿e ≈ 0.03 in the target frequency range [19].
Furthermore, the submount features precisely milled steps, which compensate
for the height difference between the two MMICs and ensures that the frontside
Au layers of both the LWA and the PA MMIC are aligned at the same height.

Both MMICs have ground-signal-ground pads with a 50W impedance. For
minimal losses, the printed interconnect has been designed as a CPW trans-
mission line with a characteristic impedance of 50W along its entire length. It
connects the output pad of the PA MMIC and the input pad of the LWA. On
the PA MMIC, the interconnect is printed onto BCB covered GaAs close to
the probe pads and directly onto GaAs close to the chip edge. It then continues
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(a) (b)

(c)

Figure 6.4: Simulation of the planar hybrid-integration assembly consisting of the PA MMIC (model
with RF pads only), UPD-printed CPW interconnect, and the LWA, compared to the
LWA alone with respect to the following: (a) Reflection coefficient (b) Beam-steering
angle (c) Simulated S-parameter of the UPD-printed CPW interconnect using waveguide
ports at the output RF pads of the PA MMIC and the input RF pads of the LWA. Reprinted
from [4].

over the polymer gap filler and onto InP on the LWA. Since the materials onto
which the interconnect is printed have drastically different permittivities, the
dimensions of the interconnect have to vary accordingly to maintain a constant
line impedance.

A simulation model of the PA MMIC and LWA with UPD printed interconnect
is shown in Fig. 6.2. The silicon-based carrier substrate is not included in the
model, as it only provides mechanical stability for placing the LWA on the
submount. Furthermore, it is electromagnetically isolated by the back metal
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ground plane of the LWA. The PA MMIC model includes only the RF pads. A
zoomed view of the UPD printed interconnect, also shown in Fig. 6.2, presents
the stepped structure of the interconnect in greater detail. In this assembly, the
UPD printed CPW interconnect starts on the Au metal pads of the PA MMIC,
crosses a thin BCB layer on GaAs, and then extends directly over the GaAs
substrate until it reaches the edge of the PA MMIC. Thereafter, the UPD printed
CPW interconnect continues over a polymer gap filler onto the InP substrate
of the LWA. Since each of these dielectric materials has a different dielectric
constant, the physical dimensions of the UPD printed CPW interconnect are
adjusted depending on the dielectric constant of the substrate on which it is
printed. Furthermore, the constraints of the UPD printing process, such as
minimum feature sizes, gap sizes, and the pad layouts of the MMICs, are
also considered to optimize the geometry of the interconnect. The dimensional
parameters of the UPD printed CPW interconnect between the PA MMIC and
the LWA are shown in Fig. 6.3 and their values are listed in Table 6.1.

Two different simulations are conducted using CST Microwave Studio software.
In the first simulation, only one waveguide port is set up at the output RF
pads of the PA MMIC. They are connected to the LWA via the UPD printed
CPW interconnect. The reflection coefficient (𝑆11) and the beam-steering angle
obtained from the hybrid assembly simulation (marked as ’PA - UPD - LWA’) are
compared with those of the LWA itself, as shown in Fig. 6.4(a) and Fig. 6.4(b),
respectively. In the frequency range from 220 GHz to 325 GHz, the 𝑆11 of the
hybrid assembly ’PA - UPD - LWA’, similar to that of the LWA itself, is less
than −10 dB, indicating good impedance matching between the RF pads of
the PA MMIC, the UPD printed interconnect, and the LWA. Additionally, the
beam-steering angle of the hybrid assembly ’PA - UPD - LWA’ sweeps from
−57◦ to 33◦ as the frequency increases from 220 GHz to 325 GHz. This is in
good agreement with the LWA, whose beam-steering angle varies from −60◦
to 35◦, as shown in Fig. 6.4(b). In the second simulation, two waveguide ports
on either side of the UPD printed CPW interconnect are used. One port is at
the edge of the output RF pads of the PA MMIC, and the other port is at the
input RF pads of the LWA. The resulting reflection coefficient (𝑆11) and the
transmission coefficient (𝑆21) are shown in Fig. 6.4(c). The dimensions of the
realized interconnect have been measured and used in this simulation. In the
frequency range of 220 GHz to 325 GHz, the simulated 𝑆11 is less than −16 dB,
and the simulated 𝑆21 varies between −1.1 dB and −1.7 dB.
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Table 6.1: Target and realized dimensions of the UPD-printed interconnect between the PA MMIC
and LWA. Reprinted from [4].

Dim. Target dim. / µm Realized dim. / µm Difference / µm
BCB_w 30 29 -1
BCB_s 15 16 +1
PA_w 26 22 -4
PA_s 27 31 +4
Gap_w 60 58 -2
Gap_s 10 12 +2
LWA_w 30 28 -2
LWA_s 26 27 +1

6.2 Manufacturing

As mentioned in section 6.1, a key objective of this work is to minimize the
length of the UPD printed CPW interconnect to reduce the insertion loss. This
requires precise alignment of the top surfaces of the PA MMIC and the LWA.
To achieve this, the heights of both components are measured using a WLI, and
the metal submount shown in Fig. 6.1 is designed based on these measurements.
The submount is manufactured by CNC machining of a tungsten-copper (CuW)
block. CuW is chosen for the submount due to its linear coefficient of thermal
expansion (CTE less than 7.5×10−6K−1) [KG24b], which closely matches
that of GaAs and InP [SSM]. The CuW submount functions as a mechanical
support, leveling structure, and ground connection for the PA MMIC. It is
electroplated with a 2 µm Au layer to ensure high conductivity and prevent
oxidation. The PA MMIC and the LWA are attached to the stepped structure
of the CuW submount using an electrically conductive die-attach film from
Furukawa Electric [FEC24].

The PA MMIC and the LWA are placed on the CuW submount using the
FINEPLACER® femto 2, an automatic bonder equipped with high-precision op-
tical systems that enable die placement with sub-micrometer precision [KG24a].
As previously mentioned, the PA MMIC and the LWA are to be placed as close
together as possible so a short UPD printed CPW interconnect can be printed
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Figure 6.5: Surface topology of the PA MMIC and LWA assembly prior to printing, measured with
a WLI. The Au pads of the PA MMIC are visible on the left (red-green), surrounded
by BCB (green), followed by the bare die area and the polymer-filled gap (both blue),
and finally the InP LWA with Au pads on the right (red-green). Scratch marks from
previous RF measurements can be seen on the pads. Reprinted from [4].

for minimal insertion loss. A significant challenge in this task arises due to the
300 µm step in the submount at the edge of the PA MMIC, as shown in Fig. 6.1.
The milling process results in a slightly non-vertical step of the submount,
which complicates the alignment of the PA MMIC and the LWA.

While the FINEPLACER® femto 2 provides near-perfect accuracy in automatic
mode, it is still sensitive to human error in manual mode. The operator has
erroneously chosen a slightly off-center structure on the PA to perform the
alignment. Consequently, a 10 µm misalignment is observed between the RF
signal pads of the PA MMIC and the LWA. This shift is also modeled in the CST
simulation of the UPD printed CPW interconnect shown in Fig. 6.3. It should
be noted that in processes like flip-chip bonding, such an error could render the
entire assembly unusable. However, the printing paths for the interconnects can
easily be adapted to compensate for this misalignment without compromising
RF performance.

Although the submount is designed to compensate for the height difference
between the PA MMIC and the LWA, ensuring that their top surfaces are at
the same height, it is impossible to avoid steps of a few µm in the surface
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Figure 6.6: UPD printed CPW interconnect between the PA MMIC and the LWA. Reprinted from
[4].

topology. These steps occur between the Au metal pads and the surrounding
area of the PA MMIC, as well as between the BCB-covered sections and the
bare die areas of the PA MMIC. Additionally, the polymer-filled gap between
the PA MMIC and the LWA introduces a minor change in surface height. A WLI
measurement of the assembly surface is shown in Fig. 6.5. Since UPD is a direct-
write printing process, continuous contact between the printing nozzle and the
substrate is required. This necessitates 3D printing movements to accommodate
the surface topology, a feature that the printer does not inherently provide. The
manufacturer optimized the system for mostly planar surfaces or manually
taught profiles, making it unsuitable for the complex topology of this assembly.
This shortcoming of the UPD printing system is resolved by a novel process
developed in this work and presented in chapter 4.2.1. The surface to be printed
on is measured with a WLI and the printing paths are projected onto it. The
resulting 3D printing paths are then exported into the custom programming
language of the UPD printer. The achieve optimal precision, the 2D printing
paths have been manually adjusted in this project.

Printing is performed at a pressure of 9.5 bar and a speed of 0.025 mms−1 using
a 5 µm nozzle, resulting in a line width of 9 µm. A line pitch of 3 µm is used
to fill all surfaces. To ensure high uniformity in line segments, a custom, 3D-
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capable version of the "veclineramp"command (see chapter 4.2.7) is used for all
printing movements. A 10 µm ramp-up and a 30 µm ramp-down distance, with
a 20 ms start delay, are chosen. These short ramp distances were achievable due
to the exceptionally high viscosity of the CL85 silver nanoparticle ink batch
used, which allowed for a 5 bar non-printing pressure between consecutive line
segments. The reduced pressure difference minimized adaptation time and,
consequently, shortened the ramping distances. For segments shorter than the
combined ramp-up and ramp-down distance, the printing pressure is reduced
to 6 bar to prevent bulging in the printed lines.

When using the 3D projection method, precise leveling and alignment are
essential to ensure that the printing start point matches the zero point in the
projected printing paths as discussed in chapter 4.2.4. In this instance, both
the printer and the WLI are leveled using a reference surface, and any digital
leveling steps for the measured data are omitted. This approach ensures that
all tilts and steps in the measurement data correspond accurately to the actual
surface topology in the printer. Rotational alignment is achieved using features
on the LWA. The corner of the LWA signal pad is chosen as the start point for
printing, as it is clearly visible in both the printer and the measurement data,
allowing for correct alignment.

Two layers of silver are printed, with a sintering step on a preheated hotplate at
250 ◦C for 10 min between and after the layers. This process achieves a thickness
of 1 µm for the printed layers, which is also reflected in the CST simulation
of UPD printed CPW interconnects shown in section 6.1. Fig. 6.6 shows the
UPD printed CPW interconnect with both layers after sintering. The alignment
accuracy is better than 3µm between the printed structures, the PA MMIC, the
LWA, and the two printed layers. The interconnect is printed with excellent
dimensional accuracy. The realized dimensions of the different CPW segments
are measured and compared with the target dimensions. The values of target and
realized dimensions are shown in Table 6.1, and the corresponding designators
are illustrated in Fig. 6.3. The average deviation between the target and realized
dimensions is 2.2µm, and the worst-case deviation is 4 µm.

The final step of the assembly is adding the DC connections for the power supply
of the PA MMIC. This is accomplished using standard wirebond technology.
The direct current (DC) voltages are routed using a quartz chip, and die caps are
used to prevent the amplifier from oscillating. The DC-supply PCB, the quartz
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Figure 6.7: A photograph of the planar hybrid-integration assembly consisting of the PA MMIC
and the LWA connected by UPD printed CPW interconnect. A part of the DC-supply
PCB (top right), DC redistribution quartz chip (top left), and the die caps (top center)
are also visible in the photo. Reprinted from [4].

chip, and the die caps are attached to the same CuW submount as the PA MMIC
and the LWA. A photograph of the assembly after bonding is shown in Fig. 6.7.

6.3 Measurement Results and Analysis

The planar hybrid-integration assembly of the PA MMIC and the LWA with
the UPD printed CPW interconnect (i.e., Hybrid Assembly under Test, Hybrid
antenna under test (AUT)) is measured using a waveguide probe (Model: I325-T-
GSG-100-BT) with a GSG configuration and a 100 µm pitch that operates in the
WR3.4 frequency band of 220 GHz to 325 GHz. The probe-based setup used for
measuring the characteristics of the hybrid AUT is shown in Fig. 6.8. A detailed
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Figure 6.8: Probe-based measurement setup for the planar hybrid-integration assembly. Reprinted
from [4].
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(a) (b)

(c)

Figure 6.9: Measurement results of the planar hybrid-integration assembly (i.e., hybrid AUT) (a)
Measured reflection coefficient of the hybrid AUT is compared with that of the PA
MMIC alone. (b) Measured peak gain of the hybrid AUT is compared with that of the
LWA alone. (c) Measured beam-steering angle of the hybrid AUT is compared to that
of the LWA alone. Reprinted from [4].

description of this measurement setup and its working principle is provided
in [GBD+13,BZ10]. In this setup, the transmitter (Tx) signal is generated by a
two-port vector network analyzer (VNA) (Keysight PNA-X Network Analyzer
N5242B) combined with a millimeter-wave head controller (Keysight N5261A).
The Tx signal generated by the VNA is fed to a frequency extender (VDI WR3.4-
VNAX) that provides a frequency coverage from 220 GHz to 330 GHz and a
typical test port power of 1 dBm [VD24]. The test port of the frequency extender
WR3.4-VNAX is connected to a WR3.4 waveguide attenuator, which in turn
is connected to the probe. The waveguide attenuator provides an attenuation
of approximately 6 dB and the typical insertion loss of the waveguide probe is
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5.2 dB [For24b]. Consequently, the Tx signal has a power level of approximately
−10 dBm at the probe tip. The probe contacts the hybrid AUT (i.e., the input
RF pads of the PA MMIC placed at the feed end of the hybrid AUT). Therefore,
the hybrid AUT serves as a Tx module in the probe-based measurement setup
(see the zoom view in the inset of Fig. 6.8).

The receiver (Rx) module consists of a WR3.4 horn with a standard gain of
25 dBi and linear polarization, as specified by the manufacturer. The WR3.4
horn is connected to a WR3.4 down-conversion mixer, which is in turn connec-
ted to the second port of the VNA. The Rx module is mounted on a motorized
rotational arm and is separated by a distance of 70 cm from the hybrid AUT, thus
ensuring a far-field distance while measuring the radiation pattern of the hybrid
AUT across the target frequency range. The hybrid AUT is precisely placed at
the rotational center, and the Rx module arm is rotated around the hybrid AUT
in the beam-steering plane (i.e., the plane parallel to the probe) to measure its
two-dimensional far-field radiation pattern. As shown in section 6.1, the hybrid
AUT includes an LWA whose beam steers from −57◦ to 33◦ as the frequency
sweeps from 220 GHz to 325 GHz (see Fig. 6.4(b)). The far-field radiation
pattern of the hybrid AUT is measured only in the forward quadrant (i.e., from
0◦ to 33◦), corresponding to a frequency range of 270 GHz to 325 GHz. In
this quadrant, the Rx module arm can be rotated in the cross-sectional plane
parallel to the probe, with the hybrid AUT in its line of sight. On the other
hand, the AUT radiation pattern in the backward quadrant (i.e., from −57◦ to
0◦), corresponding to a frequency range of 220 GHz to almost 270 GHz, is not
measured. In this quadrant, the Rx arm is shadowed by the measurement setup
itself (i.e., probe, attenuator, and frequency extender) and a measurement is not
possible.

The probe-based measurement setup is calibrated before measuring the cha-
racteristics of the hybrid AUT. The calibration process begins with a one-port
waveguide calibration performed at the output of the waveguide attenuator
using a standard rectangular waveguide WR3.4 calibration kit. The calibration
standards consist of a waveguide short, a quarter-wave delay waveguide short,
and a waveguide load. The calibration is performed from 220 GHz to 325 GHz
with 801 frequency points and an IF bandwidth of 100 Hz. Subsequently, a gain
calibration is performed by connecting a second standard-gain WR3.4 horn
(25 dBi gain, linear polarization) to the waveguide attenuator. For the gain cali-
bration, the Tx and Rx standard-gain WR3.4 horns are aligned with each other
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in two orthogonal cross-sectional planes, ensuring a perfect polarization match
between the Tx and Rx WR3.4 horns. The forward transmission coefficient is
measured to deduce the losses of the measurement setup, which are then used
to calibrate the measured peak gain of the hybrid AUT. Finally, the Tx horn
is removed from the measurement setup again and an RF probe is connected
instead. The probe tip is planarized, and a one-port calibration is performed
using short, open, and load standards from standardized calibration substrate
(Model: P/N: 138-357) [For24a].

After calibrating the measurement setup, the reference plane is positioned at the
probe tip. The hybrid AUT is then contacted with the probe, providing it with
an RF input signal at a typical power level of −10 dBm (as described above).
The reflection loss of the hybrid AUT is measured in the target frequency range
of 220 GHz to 325 GHz and compared with the measured insertion loss of the
PA MMIC itself. The latter stems from the on-wafer measurements performed
during the production of the PA MMIC and has been taken on the same chip
utilized in the hybrid AUT assembly. The measured reflection coefficients of
both the hybrid AUT and the PA MMIC show good agreement in the target
frequency range, as seen in Fig. 6.9(a). This is expected because, as shown
in Fig. 6.4(a), the RF output pads of the PA MMIC, the UPD printed CPW
interconnect, and the LWA exhibit good impedance matching in the target
frequency range, and the measured reverse isolation of the PA MMIC is as high
as 30 dB to 40 dB in this range.

Subsequently, the far-field radiation pattern of the hybrid AUT is measured from
270 GHz to 325 GHz in steps of 5 GHz. As explained above, measuring the far-
field radiation pattern in the lower frequency range of 220 GHz to 270 GHz
is not possible due to restrictions imposed by the measurement setup. These
far-field radiation pattern measurements are used to determine the peak gain
and the beam-steering angle of the hybrid AUT. The measured peak gain
and beam-steering angle of the hybrid AUT are compared with those of a
standalone LWA, as shown in Fig. 6.9(b) and Fig. 6.9(c), respectively. The
measured beam-steering angle of the hybrid AUT matches that of the standalone
LWA, demonstrating that the beam-steering functionality of the LWA is not
distorted by the hybrid integration of the PA MMIC with the UPD printed CPW
interconnect.

By comparing the measured peak gain of the hybrid AUT and the LWA, it is
can be calculated that the hybrid AUT shows a peak gain increase of up to
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(a) 270 GHz (b) 280 GHz (c) 290 GHz

(d) 300 GHz (e) 310 GHz (f) 320 GHz

Figure 6.10: Measured far-field radiation patterns of the hybrid AUT are compared with those of
the LWA alone in the beam-steering plane at frequencies (a) 270 GHz, (b) 280 GHz,
(c) 290 GHz, (d) 300 GHz, (e) 310 GHz, and (f) 320 GHz. Reprinted from [4].

15 dB in the frequency range of 270 GHz to 325 GHz relative to the LWA. The
on-wafer measurements of the PA MMIC show variation in the measured gain
depending on the RF input power. Compared to the maximum possible gain
for the PA MMIC, the on-wafer measurements corresponding to −15 dBm and
−10 dBm input power show a reduction in the measured gain from 23 dB to
20 dB at 270 GHz [TL24]. Due to the typical input RF power of −10 dBm in
the measurement setup of the hybrid AUT, a similar behavior is expected at
higher frequencies; therefore, the gain of the PA MMIC is around 17 dB from
270 GHz to 325 GHz.

Additionally, in contrast to the on-wafer measurement of the PA MMIC, where
the DC bias is directly provided using a multi-contact DC probe, in the hybrid
AUT, the DC bias is supplied by connecting the PA MMIC to a DC-supply
PCB through a DC redistribution quartz chip, capacitors, and wire bonds.
This leads to slightly reduced biasing voltages and currents at the PA MMIC.
The consequence is a further gain reduction of approximately 1 dB, which was
verified through S-parameter measurements of a stand alone PA MMIC. For this
verification, a standalone PA MMIC is mounted on a submount and connected
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to the DC-supply PCB, DC redistribution quartz chip, and die caps with wire
bonds. In other words, the standalone PA MMIC assembly is the same as the
hybrid AUT assembly, except that the UPD printed CPW interconnect and the
LWA are not present. The standalone PA MMIC is measured on a probe station
with I325-T-GSG-100-BT waveguide probes with 100 µm pitch. In this case,
two-port S-parameters of the PA MMIC are measured, and the S-parameter
measurement is preceded by a two-port LRRM calibration on an ISS.

Finally, the simulated insertion loss of the UPD printed CPW interconnect is up
to 1.7 dB, as shown in Fig. 6.4(c). Taking the input RF power, the biasing, and
the anticipated interconnect loss into consideration, the measured peak gain of
up to 26 dBi achieved by the hybrid AUT is found to be justified. The far-field
radiation patterns measured in the beam-steering plane of the hybrid AUT and
the standalone LWA at frequencies of 270 GHz, 280 GHz, 290 GHz, 300 GHz,
310 GHz and 320 GHz are shown in Fig. 6.10. As seen in these polar plots,
the hybrid AUT exhibits the same beam-steering range, and the gain increased
significantly by up to 15 dB compared to the LWA.

A comparison with prior works on planar hybrid-integration assemblies opera-
ting in the 220 GHz to 325 GHz range is shown in Table 6.2. The hybrid AUT
presented in this chapter exhibits a lower assembly loss over a broad sub-THz
range compared to previous works. Moreover, the hybrid AUT also achieves
a very high peak gain and a low side lobe level (SLL) while maintaining a
compact hybrid-integration assembly (i.e., without using a lens).

6.4 Summary on the Active LWA Demonstrator

This chapter presented a demonstrator putting the technologies developed in
chapters 4 and 5 to use: The first planar hybrid-integration assembly of a PA
MMIC and a beam-steering LWA using a UPD printed CPW interconnect,
operating in the broadband sub-THz range of 220 GHz to 325 GHz has been
shown. In this hybrid-integration assembly, a 35 nm GaAs mHEMT PA with a
saturated output power of up to 14.5 dBm and an InP process-based LWA with
a peak antenna gain of up to 13.5 dBi and a beam-steering range from −60◦
to 35◦ are combined. The PA MMIC and the LWA are mounted on a CuW
submount with a precisely milled stepped structure that compensates for the
height difference of approximately 300 µm between the PA MMIC and the LWA.

137



6 Demonstrator: Active Leaky Wave Antenna with UPD Printed Interconnect in H-Band

Table
6.2:C

om
parison

w
ith

priorw
orkson

planarhybrid-integration
assem

bliesoperating
in

the220
G

H
zto

325
G

H
zrange.Reprinted

from
[4].

R
ef.

H
ybrid
AU

T
M

M
IC

A
ntenna

Frequency
/G

H
z

Integration
technique

A
ssem

bly
loss/dB

Peak
gain

/dBi
SLL
/dB

Thisw
ork

M
M

IC
-

A
ntenna

InG
aA

s
PA

InP
LW

A
220

-325
U

PD
-printed

C
PW

1.1
-1.7

26
-13.5

[D
RT +19]

M
M

IC
-

A
ntenna

G
aA

sx36
M

ultiplier
Q

uartz
stacked

patch
+

Lens

280
-310

Single
w

irebond
3

-4
5

(w
/o

lens),23
(w.lens)

-9

[H
SEZ24]

M
M

IC
-

A
ntenna

SiG
e

B
iC

M
O

S
B

PSK
Tx

PC
B

antenna
230

–
255

D
ifferential

w
irebond

<6
6

-

[A
C

H
W

+21]
M

M
IC

-
A

ntenna
G

aA
s

B
alun

Q
uartz-cavity
LW

feed
+

Lens

220
-320

A
ir-bridge

differential
interconnect

2.1
-2.7

a
≈15

(w
/o

lens),25
(w.lens)

-

[M
K

H
+24]

M
M

IC
-

A
ntenna

TH
z

A
m

-
plifier b

Elevated
slot

antenna
274

c
Printed

C
PW

via
m

ulti-photon
laserlithography

<2
5.5

-

[A
SH

+24]
M

M
IC

-
M

M
IC

InP
and

Si
M

M
IC

s
n/a

up
to

300
C

PW
based

on
w

afer-level
packaging

<4
n/a

n/a

aFor730
µm

long
feed

line,excluding
the

lossoflensand
polarization

m
ism

atch.
bThe

am
plifierM

M
IC

isnotconnected
to

the
antenna,during

the
antenna

m
easurem

ent.
cA

ntenna
bandw

idth
notgiven

in
the

paper.

138



6.4 Summary on the Active LWA Demonstrator

Using the FINEPLACER® femto 2, a system equipped with high-precision
optical systems enabling sub-micrometer die placement, the PA MMIC and the
LWA are positioned at an edge-to-edge distance of merely 11 µm. This small
gap is filled with a polymer, NEA 123M, with a well-known dielectric constant
in the target sub-THz range.

The UPD printing technique is employed to print a CPW interconnect between
the RF output pads of the PA MMIC and the input pads of the LWA. Since the
CPW interconnect is printed on various dielectric materials, including BCB,
GaAs, polymer gap filler, and InP, which have different dielectric constants
and thicknesses, the geometry of the interconnect is optimized to ensure a
consistent characteristic impedance of 50Ω across its length, thus guaranteeing
good impedance matching over the broadband sub-THz range. A WLI is used
to measure the surface of the assembly, onto which the UPD printing paths are
then projected to create 3D printing paths.

Furthermore, the UPD printed interconnect also compensates for slight mis-
alignments between the signal pads of the PA MMIC and the LWA. The realized
dimensions of the UPD printed CPW interconnect are measured and compared
with the target dimensions and a worst-case deviation of 4 µm is observed. The
small but various tolerances of the realized interconnect, including the thickness
of the printed metal, the slight center-to-center misalignment between the PA
MMIC and LWA pads, and the measured dimensions, are incorporated into
the simulation model of the UPD printed CPW interconnect. The simulated
S-parameters of the UPD printed CPW interconnect show an insertion loss of
up to 1.7 dB in the target sub-THz range. A DC-supply PCB, DC redistribution
chip, and capacitors are also mounted on the submount and connected to the
PA MMIC using standard wire bonds.

A probe-based setup is utilized to measure the characteristics of the planar
hybrid-integration assembly. The measured reflection coefficient of the hybrid
AUT is better than −10 dB from 220 GHz to 325 GHz and closely matches the
measured reflection coefficient of the standalone PA MMIC. The peak gain and
beam-steering angle of the hybrid AUT are measured from 270 GHz to 325 GHz,
as measurements at lower frequencies are restricted by the measurement setup.
From 270 GHz to 325 GHz, the hybrid AUT achieves a measured peak gain of
up to 26 dBi, demonstrating a gain enhancement of up to 15 dB compared to the
LWA. Furthermore, the measured SLL of the hybrid AUT is 13.5 dB less than
the peak gain and the simulated radiation efficiency is around 65% at 295 GHz.

139



6 Demonstrator: Active Leaky Wave Antenna with UPD Printed Interconnect in H-Band

The factors influencing the gain enhancement achieved by the hybrid AUT are
carefully analyzed. This includes an examination of the RF input power at the
probe tip, the DC-supply PCB and routing, as well as the anticipated insertion
loss of the UPD printed CPW interconnect.

The measured beam-steering angle of the hybrid AUT varies from 0◦ to 37◦ as
the frequency sweeps from 270 GHz to 325 GHz, closely matching the measured
beam-steering range of the LWA itself. The experimental validation of the planar
hybrid-integration assembly of the PA MMIC and LWA demonstrates that it
can be used in a sub-THz Tx frontend to provide high EIRP and beam-steering
functionality, suitable for a high data rate wireless communication link.
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7 Conclusion

The goal of this thesis was to develop a manufacturing process for printed mmW
interconnects above 100 GHz. First, two potential topographies—ramp-based
and planar—were investigated. Both require distinct manufacturing processes
to create the ramp and fill remaining gaps, which were carefully developed
and optimized. Subsequently, an analysis of the required minimum feature
size dependent on the target frequency was performed. With the topographies
and minimum feature size determined, two printing processes were selected:
Aerosol Jet and UPD printing. Both offer the required precision, conformal
printing capability, and low ink-to-substrate interaction. Next, the printing
processes were analyzed and extended.

For AJ printing, the maximum printing speed not causing path deformations for
a given structure size was determined. The resulting slow printing speed can
lead to thick deposited layers which are prone to crack formation. Two mitigation
strategies were suggested based on the physical process behind crack formation.
A new and significantly improved version of the shutter on the fly (SOTF)
printing mode was developed, enabling highly precise and uniform printed
structures.

The UPD printer intrinsically offers the required precision for mmW appli-
cations. However, it previously suffered from a labor-intensive workflow for
conformal printing. This issue was effectively addressed through the deve-
lopment of a program that projects 2D print paths onto a measured surface.
This advancement enables semi-automatic conformal printing and allows for
printing onto more complex surface topographies than previously possible. The
importance of alignment for conformal printing was mathematically demons-
trated, and methods to enhance line uniformity were presented. Additionally,
the phenomenon of nozzle drift in long-duration print jobs was identified and
systematically analyzed.
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7 Conclusion

Having the printing processes optimized and their performance qualified, mul-
tiple isolated component demonstrators were fabricated. These include an AJ-
printed transmission line, as well as AJ and UPD printed ramp-based PCB-
to-PCB or PCB-to-MMIC interconnects. Furthermore, AJ and UPD printed
planar interconnects were manufactured using identical assemblies for direct
comparability. AJ printing achieved slightly better performance in D-Band
(110 - 170 GHz) and offered easier manufacturability. However, UPD printing
promised superior scalability for frequencies beyond D-Band.

Finally, a UPD printed interconnect was used to assemble an active beam-
steering antenna for 6G communication applications, operating in the 220 -
325 GHz range. It is made of a power amplifier based on GaAs and an InP LWA.
The assembled system achieved a measured peak gain of 26 dBi, demonstrating
a gain enhancement of up to 15 dB compared to the standalone LWA. This
result confirms that printed interconnects enable mmW systems with a very
large bandwidth and excellent performance. Additionally, printed interconnects
facilitate rapid prototyping and heterogeneous integration of multiple semicon-
ductor technologies.

Future work should focus on conducting stability analyses of printed inter-
connects, including thermal cycling and vibration testing. Once these tests are
completed, the processes developed in this thesis can be scaled to small- and
medium-batch manufacturing, allowing for a comprehensive yield analysis.
Ultimately, printed mmW interconnects can be deployed in their first industrial
applications.
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A Appendix

A.1 AJ Shutter On The Fly Code

This sections detailes the modified portion of the motion controller code for
the AJ5X printer by Optomec. The code has been modified to enable precise
shutter on the fly timing as detailed in Section 4.1.3.

145



A Appendix

Listing A.1: Example main program using shutter on the fly

1 REAL XSON,YSON ! The c a l c u l a t e d p o s t i o n i n which
2 ! t h e s h u t t e r a c t i o n shou l d s t a r t
3 REAL STOPEN ! The amount o f t ime t h a t t h e
4 ! s h u t t e r needs f o r open ing
5 REAL XFP , YFP ! The f i r s t p o i n t o f t h e
6 ! movement ; non=p r i n t i n g
7 REAL XFPP , YFPP ! The f i r s t p o i n t o f a PRINTED l i n e
8 REAL XSPP , YSPP ! The second p o i n t o f a PRINTED l i n e
9 ! = used to c a l c u l a t e t h e ang l e o f

10 ! t h e l i n e
11
12 STOPEN=0.003 ! Time to OPEN s h u t t e r i n s econds
13
14
15 XFPP = 0 . 0 ; YFPP = 0 . 0 ; XSPP = 0 . 0 ; YSPP=1 .0
16 C a l l LEAD_CALC
17 PTP / E (X,Y) , XFP , YFP
18 XSEG(X,Y) , XFP , YFP
19 LINE (X,Y) ,XSON,YSON
20 LINE /O (X,Y) , XFPP , YFPP ,
21 Se tOu tpu t sVa l ,OUT, 0 , OutputsMask
22 LINE (X,Y) ,XSOFF , YSOFF
23 LINE /O (X,Y) , XLPP , YLPP ,
24 Rese tOu tpu t sVa l ,OUT, 0 , OutputsMask
25 LINE (X,Y) ,XLP , YLP
26 ENDS (X,Y)
27 TILL (^X_AST . #MOVE) & (^Y_AST . #MOVE)
28
29 STOP
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Listing A.2: Shutter on the fly lead in calculations

1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
2 ! ! Begin S h u t t e r On The Fly Lead In C a l c u l a t i o n s ! !
3 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
4
5 GLOBAL REAL LIN_DIST
6
7 LEAD_CALC:
8 ! C a l c u l a t e l e a d i n d i s t a n c e
9 LIN_DIST = 1 /2 ∗ ACC(X) ∗ VEL(X) / JERK(X)

10 + 1 /2 ∗ POW(VEL(X) , 2 ) / ACC(X)
11
12 SON_DIST = VEL(X) ∗ STOPEN
13
14 IF LIN_DIST < 0 .300
15 LIN_DIST = 0 .300
16 END
17
18 ! C a l c u l a t e t h e ang l e o f t h e l e a d i n v e c t o r
19 THETA = ATAN2 ( ( YSPP = YFPP ) , (XSPP = XFPP ) )
20
21 ! Se t t h e l e a d i n s t a r t p o s i t i o n s
22 XFP = XFPP = ( LIN_DIST + SON_DIST ) ∗ COS(THETA)
23 YFP = YFPP = ( LIN_DIST + SON_DIST ) ∗ SIN (THETA)
24
25 ! Se t t h e s h u t t e r on p o s i t i o n s
26 XSON = XFPP = SON_DIST ∗ COS(THETA)
27 YSON = YFPP = SON_DIST ∗ SIN (THETA)
28 RET
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