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Abstract

The prevalence of RF components in 5G communications and the ‘Internet of
Things’ (IoT), has resulted in the integration of electronic devices into all facets of
life. This has driven the need for RF components with smaller footprints, lower power
consumption and less loss, while being more versatile across the ever-more crowded
frequency spectrum. RF baluns, being a key front-end passive component in RF
communications must meet these requirements, while effectively providing an
impedance transformation and converting balanced-to-unbalanced RF signals.
However, current balun technologies are typically large in size, lossy, or narrowband,
calling for the development new design techniques and integration methods that will

overcome these modern challenges.

On the basis of the aforementioned limitations, this dissertation investigates RF and
EM design methodologies for the realization of broadside-coupled line baluns with
highly-miniaturized footprint, ultra-wide bandwidth (BW), and the added RF
capability of bandpass filtering. Furthermore, the thesis outlines the performance
capabilities and limitations of commercially available streamlined multilayer PCB
processes and emerging additive manufacturing technologies using inkjet printing.
Specifically, this thesis lays the foundations for; 1) maximizing the fractional
bandwidth (FBW) of Marchand baluns (MBs) and capacitively-loaded variants,
dependant on process constraints, using broadside coupled transmission lines and
perforated ground planes, 11) enhanced footprint miniaturization using self-packaged
integration concepts enabled by freeform inkjet printing, and iii) RF co-designed
bandpass filtering, by utilising the resonant behaviour of the coupled-line sections and

exploiting the inkjet printing process to tailor their coupling levels.

Vi



Experimentally validated results that are presented in this work demonstrate 1)
FBWs up to 122%, larger than what is achievable with the most common balun
implementations, ii) footprints below 0.005 A,2, which are competitive with state-of-
the-art miniaturised balun designs, and iii) 3-order compact RF co-designed filtering
baluns, with FBWs from 30-110%, and footprints at least 6x smaller than what is

currently presented in the literature.
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1 Introduction

1.1 Background and Motivation

Since the first RF communication systems — wireless telegraphs in the 1890s — the
modern world has become data-centric, with nearly-every person constantly sending
and receiving information wirelessly [1]. The digital age and the ever-expanding
‘Internet of Things’ (IoT) continues to drive the development of wireless and high-
speed communications, thus requiring developments in RF technology that will
facilitate operability to higher and broader frequency bands. The balun, which is a
portmanteau of ‘balanced-to-unbalanced’, was first documented in the literature as a
passive device used to feed the television transmitting antenna for the Empire State
Building in 1939 [2]. The balun was so-named due to its input supporting an
unbalanced RF signal, while its output supporting a balanced RF signal as shown in
Figure 1.1. Baluns perform many different functions in the RF transceiver, such as
impedance matching, converting balanced-to-unbalanced RF signals, and suppressing
noise in signal transmission [3]. These various capabilities have found uses in the
design of many fundamental RF devices, like balanced antenna feeds [4], mixers [5],
push-pull amplifiers [6], frequency multipliers [7], phase detectors [8], modulators,
and numerous others. Without baluns in particular RF devices such as the above,
several issues may arise. These include signal degradation due to the interference
caused by the common mode signals and impedance mismatches between the balanced

and unbalanced sections. The balun’s clear key importance in RF transceivers,
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Figure 1.1. Circuit schematic of an ideal balun realised by an ideal transformer with

unbalanced port at Py, and balanced port at P, and Ps.

combined with its relatively simple function, motivates the design of baluns with the
widest BWs possible, to facilitate their operation over a wide range of 5G frequencies,
facilitating the realization of RF transceiver antenna systems that can serve multiple

5G applications at a time.

In addition to designing wideband baluns, there has been increasing interest in the
realization of multi-functional RF baluns incorporating multiple RF signal processing
functions simultaneously, thus reducing the size of the RF front-end. In particular, due
to the large size of bandpass filters (BPFs) and their crucial role in suppressing
interference and noise, their RF co-design with other fundamental front-end
components is of great importance. Examples of their RF co-design with other
fundamental RF components include isolators (BPF-Is) [9], [10], power dividers
(BPF-PDs) [11], [12], and antennas (the so called filtenna concept) [130]. The
realization of bandpass filtering baluns (BPF-Bs) [13], [14] has also been
demonstrated due to BPF-Bs being crucial for antenna front-end interfaces, providing
RF filtering while effectively converting unbalanced and balanced RF signals [15],

[16].

Alongside a balun’s frequency response requirements, innovations are needed in

their integration using multilayer processes to facilitate size compactness and low loss,



enabling the realization of RF transceivers with small size, weight, and power (SWaP)
[3]. As such, alternative integration techniques are being investigated, spanning from
streamlined multilayer printed circuit boards (ML PCBs), low-temperature co-fired
ceramics (LTCC), monolithic integrated circuits (MMICs), and complementary metal

oxide semiconductors (CMOS), all capable of supporting many discrete layers.

To facilitate miniaturization and performance enhancement, new manufacturing
processes are constantly being developed, seeking to solve design limitations inherent
to modern multilayer processes. One RF manufacturing approach that has been
receiving significant attention in recent years is additive manufacturing (AM), with
many different technologies being presented to date, spanning from continuous liquid
interface production (CLIP) [91], to selective and laser sintering (SLS) [92], and inkjet
printing [102]. As opposed to standard ML PCB/LTCC/MMIC manufacturing, where
conductive material is removed from each layer to realise the circuit, AM techniques
such as inkjet printing add conductive and/or dielectric materials to realise the circuit.
This fundamental difference leads to several important benefits with AM over standard
PCB manufacturing, offering the potential to greatly enhance device prototyping
compared to conventional multilayer processes. AM facilitates on-demand RF
components to be fabricated in-house, providing enhanced intellectual property (IP)
protection, and significant reduction in the prototyping costs [17]. Furthermore, AM
allows for enhanced design freedoms. It is capable of realising 3D shapes and flexible
layouts, allowing for improved performance and miniaturized size. AM can
additionally decrease the overall device weight (e.g., 3D printed polymers can be 70%
lighter compared to conventional FR4 [18]) while having a lower environmental
impact and producing less waste material compared to standard multilayer

manufacturing. Despite the clear potential of AM in many RF applications, in



particular two-material AM processes such as inkjet printing, AM’s potential for the

realization of RF baluns has not yet been explored.

Considering the aforementioned limitations, the major goal of this thesis is to lay

the foundations for new design methodologies and integration techniques for the

realization of broadside coupled-line baluns with ultra-wide bandwidths, small

physical sizes and the RF co-designed functionality of a BPF. Thus, the objectives of

this thesis are to:

)

iif)

Develop a comprehensive design methodology that maximizes the fractional
bandwidth (FBW) of one of the most popular balun architectures, the
Marchand balun (MB), considering the material and geometrical constraints of
a manufacturing process.

Investigate the performance capabilities and limitations of a commercially-
available streamlined multi-layer PCB process and an emerging two-material
inkjet-printed process for the realization of tightly-coupled broadside coupled
lines for the design of wideband MBs.

Investigate miniaturization methodologies using vertical integration, spiralling
and by exploiting the free-form design and integration capabilities of inkjet
printing.

Develop BW widening techniques by investigating capacitively-loaded
variants of the MB, and utilising broadside-coupled embedded microstrip
transmission lines and perforated ground plane structures.

Propose RF co-design techniques that allow bandpass filtering alongside
unbalanced-to-balanced RF signal conversion by utilising the resonant

behaviour of the coupled-line sections.



1.2 RF Balun Overview

1.2.1 Theoretical background

The balun is a three-port device that has a matched single-ended input (i.e., Py in
Figure 1.1) and a matched differential output (i.e., P> an P3 in Figure 1.1) and converts
an unbalanced RF signal to a balanced one with the output ports of the balun carrying
RF signals with equal magnitude and opposite signal phase. This relatively simple
definition allows for the S-parameters of the balun, at a given frequency, to be directly

written down as follows,
S12 = 821 = =531 = =513 (1.1)
511 =0 (12)
As the balun performs several operations simultaneously, its operational BW is

defined by three different metrics that need to be satisfied simultaneously. These are:

1. 10 dB return loss (RL) BW: |S;;] < —10 dB
2. Amplitude imbalance (Al): |S3;] — [S,;] < 1dB

3. Phase imbalance (PI): |£S5,] — |£S51| < 180° + 10°

The fractional bandwidth (FBW) of a balun is then the frequency range [f;, fz]

satisfying these three conditions simultaneously and is calculated by

fr— 11 (1.3)

FBW = 200 % .
fr+ 1L

The second key figure of meritused in the literature is the overall balun footprint,

whose dimensions are quoted in units of A, which is the guided wavelength of an RF

signal at the balun’s centre frequency fo. A balun’s overall performance can then be



characterised by its FBW and its occupied area that can be expressed as a fraction of

2% or its occupied volume as a fraction of 3. These key metrics will be used in the

following sections to understand the current capabilities of the state-of-the-art (SOA)
in miniaturised wideband balun design.
1.2.2 Common balun design techniques

A variety of architectures and design approaches have been demonstrated for the
realization of compact and wideband baluns to date and they can be summarized into

five main categories:

1. Inductively-coupled transformer-based baluns are the most commonly used

approach for the realization of low-frequency balun designs, providing wide BW and
excellent signal balance. They are constructed by coiling two individual wires around
a magnetic core, akin to a transformer, as shown in Figure 1.2(a). One side of the
primary winding is grounded, inducing an unbalanced state on the primary side and a
balanced state on the secondary side. Moreover, the secondary side can possess a
variable turns ratio to the primary side, resulting in an adjustable impedance
transformation between the unbalanced and balanced signals. However, at frequencies
above 1 GHz, high hysteresis and eddy current losses limit its performance, while also
being bulky for planar integration. Coreless planar spiral inductors have been used at
higher frequencies to realise transformer baluns on multilayer circuits, achieving very
low footprints (>0.0005 12). However, the dielectric-filled core, and capacitive and
inductive parasitics greatly narrow their FBW while additional matching networks are
needed to recover good signal balance [19]. Transformer-based baluns are therefore
only a wideband solution for applications in the early MHz frequency regime, while

being an inherently narrowband approach at GHz frequencies and beyond, with FBWs
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Figure 1.2. (a) Example illustration of a flux-coupled balun, reproduced from [129].
(b) Example illustration of' a 180° power-dividing balun, commonly referred as a rat
race coupler. (¢) Example illustration of a power dividing/phase inverting balun,
reproduced from [34]. (d) Illustration of a slotline transition balun, reproduced from

[13]. (e) Example illustration of a capacitively-coupled TL balun.



< 40% found across planar implementations [20-23].

2. 180° power-dividing baluns perform the power splitting and phase inversion

mechanisms simultaneously. A canonical example of a 180° power-dividing balun is
the standard rat-race coupler, also known as a hybrid ring coupler, shown in Figure
1.2(b). This type of balun is a 4-port device where an input signal at port 1 will be split
between ports 2 and 4, and port 3 will be isolated. The rat race, along with many other
classic 180° power-dividing balun implementations such as the two-section branch-
line balun, are typically narrowband (FBWs <50%), while having footprints at least
2% in size [24], [25]. BW widening techniques using cascaded smaller unit cells have
been shown to increase FBW to as large as 93%, but this is at the expense of increasing
the overall device footprint [26], [27].

3. Power_dividing/phase inverting baluns execute the two operations of a balun,

power division and phase inversion, in succession. This allows for each stage to be
designed separately using wideband power splitting and wideband phase inverting
approaches and thus can produce wide BWs up to 147% [28]. Power dividing sections
typically consist of a multiple-stage Wilkinson power divider, allowing for wide BW
power division alongside isolation between the two output ports. The phase inverting
stage between the output ports has been implemented using current swapping [28],
[29], [30], metamaterial TLs [31], [32], field swapping [33], and other phase shifting
stages [29], [34]. An example topology of such a balun is provided in Figure 1.2(c)
with the separate stages of the balun labelled. The nature of this implementation,
requiring two separate stages results in large footprints above 0.5A% which is the major
drawback to this approach. In addition, the requirement of resistive components
needed to realise Wilkinson power dividing stages hinders this approach for

monolithic integration into modern multilayer processes. While this approach can be



used for wideband balun design, it is not capable of offering the low footprints, or ease
of integration required for modern multilayer balun design.

4. Slotline transition baluns have been increasingly researched in recent years due to

their wide achievable BWs and high-order filtering capabilities [13], [35-39]. They are
typically realized on 2—3-layer multilayer stack-ups using a combination of slotline-
to-microstrip transitions, and open-circuited (OC) and short-circuited (SC) stubs,
capable of achieving FBWs up to 187%. Their basic operation is demonstrated in
Figure 1.2(d), where a cut along a three-layer structure is illustrated. The unbalanced
signal enters along the top layer, while the slotline located along the central layer
causes the fields to transform in opposite directions at ports 2 and 3. Like those
previously discussed, these baluns have large footprints, typically above 0.5 AZ.
Furthermore, when used to functionalize BPF-Bs, this design method results in large
device areas, particularly when increasing filter order N. An N+3-order response
requires an N X A/4 long slotline (at fo) which cannot easily be miniaturised.

5. Capacitively-coupled transmission line baluns are one of the most popular

realization approaches as they can deliver on both wide BWs, and significantly
miniaturised footprints below 0.001 A2 [128], which is the only approach to have
similar levels of miniaturisation to the inductively-coupled transformer-based balun.
The balun topology shown in Figure 1.2(e) has been demonstrated to exhibit BW ratios
up to 46:1 (FBW = 192%), but suffers in its ability for compact, versatile integration
into multilayer processes. The sensitive coupled-line structure requires a large
footprint for its layout, and multilayer stack-ups requiring air gaps and thick-thin
substrates with layer thicknesses up to 90:1 to achieve the necessary coupled-line

parameters. This particular topology is therefore generally not suitable for compact



Table 1.1
Performance comparison of the different SOA balun design approaches

Case  No. of Approach FBW Processes Footprint
papers range (22)

1. ~10 Flux-coupled <40% ML PCB >0.0005
transformer-based

2. ~10  180° Power divider <93% PCB, LTCC >1

3. ~20 Phase shift balun  <147% PCB >0.5

4. ~20 Slotline transition  <187% ML PCB, LTCC >0.5

5. <200 Capacitively- <192%  MMIC, ML PCB, >0.001
coupled TL-based LTCC

balun design [40-43]. Across this class of baluns, wide FBW responses generally
require large coupling coefficients (k), making their practical development often
challenging due to the need to materialize narrow TLs with small capacitive gaps in
between them [14], [44-55]. In spite of these challenges, this is the only approach that

has demonstrated capabilities of low footprints and wideband operation.

Table 1.1 compares the performance of the various SOA approaches that have been
presented to date for compact wideband balun design. It is evident that capacitively-
coupled TL approaches hold the most promise for the realization of wideband baluns
with small footprint, demonstrated by the significantly larger number of published
papers on this class of balun topology. All other approaches have considerably larger
sizes or narrower bandwidth. Slotline transition baluns do hold potential for
simultaneously wide BWs and low footprints, but require significant integration

advances for their practical development.
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1.2.3 The planar Marchand balun

Among the most prominent capacitively-coupled TL-based baluns, the MB has
proven the most popular. It was first introduced by Nathan Marchand in 1944 using
coaxial lines as shown in Figure 1.4(a) [56] and later converted to a coupled-line
implementation, referred to as the compensated MB, shown in Figure 1.4(b), in 1960
by Bawer and Wolfe [57]. This particular topology has achieved BW ratiosup to 15:1
and maximum Al and PI between 0.5-1 dB and 5-10°, respectively [58-61]. Like its
coaxial line predecessor, it occupies a large footprint ~0.25 AZ. Later on, a simplified
version of these MB concepts, the so-called planar MB, shown in Figure 1.4(c) was
proposed. It consists of only of two sections of A/4 coupled lines, however it can
achieve FBWs of about 130%, depending on the desired impedance transformation

[109].

MBs tend to have large footprints (>0.1 A,*) when implemented using single-layer
PCB processes due to being based on A/4 edge-coupled TLs [68]. Furthermore, their
FBW is limited when implemented with edge-coupled TLs which have low couplings
(k)—typically below k=0.4 when not using interdigital couplers like the Lange
coupler, which increases the coupled line size [126], [127]. FBW enhancement
techniques using patterned ground planes [47] or stepped impedance sections [48] lead
to FBWs > 100%, however at the expense of footprint. Another integration approach,
using thin layer multilayer processes such as CMOS and MMIC facilitate high £>0.8,
FBWs of 109% and compact footprints below 0.001 A;* [17], [47], [62-70]. Their
FBWs can however vary, depending on the utilized process dimensions and impedance

transformation.

11
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Figure 1.3. (a) The original compensated coaxial line-based MB, reproduced from [46]
(b) The converted compensated coupled line-based MB, reproduced from [46]. (c) The
planar MB topology.

To achieve the largest FBWs (>100%) in the planar MB configuration, a large & is
still needed, as is the case with all capacitively-coupled TL topologies, which is the
primary restriction on realisable FBW. Several emerging design trends are focusing on
BW widening using stepped impedance sections [48], multi-coupled lines [52], [71],
patterned ground planes [62],[68], and substrate integrated coaxial lines (SICLs) [72].
However, these approaches lead to large device footprints and can be heavily equation-
based, increasing design complexity while lacking insights into the realisable FBW
given a process’ own limitations. In addition to BW widening, alterations to the
topology using capacitive (C)-loading techniques are also being investigated for phase

compensation, miniaturization, and frequency tunability [67], [69], [73], [74],

12



however at the expense of FBW (<50% [75-79]). FBW enhancement techniques using
C-loading were not found across the reviewed literature and are a major objective of

this work.

The MB performance improves when materialized using expensive multilayer IC,
PCB and LTCC integration platforms [74], [80], [81]. Their thin layer capabilities
allow to functionalize a large k£ and enable miniaturization. However, their
performance is limited by their manufacturing capabilities and IC-based M Bs typically
exhibit high losses when compared to standard PCB, limiting their overall
performance. As such there is an increasing need to explore alternative manufacturing
and integration concepts for the MB that have the potential to facilitate a high k£ and
low cost. One approach that has not yet been explored in MB design is inkjet AM,

which will be explored in this thesis.
1.3 Inkjet-Printed Additive Manufacturing

AM technologies facilitate free-form design and are increasingly being explored
for the realization of RF components with enhanced capabilities. A plethora of 3D
printed RF components have been reported to date, spanning from antennas [82-87],
reflect-arrays [88], frequency selective surfaces [89], and filters [90]. They are
manufactured using various techniques, encompassing continuous liquid interface
production [91], stereolithography apparatus (SLA), and selective and laser sintering
[92]. However, these are single material processes and are either suitable for the
realization of fully metallic waveguide components or require post processing for the

metallization of their plastic parts using sputtering or electroplating.

13
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Figure 1.4. (a) 3D two-material structure where dielectric material is in green and

conductive material is in orange. (b) Slicing of structure into thin layers with
thicknesses 4. (c) Pixelization of each layer into a grid. (d) Pixelized circuit layer at a
resolution of d. (e) Printing of conductive and dielectric inks. (f) Illustration of the
realised printed layer.

For RF components requiring both conductive and dielectric materials in their
volume, inkjet-based AM is more suitable and is increasingly being explored as a
manufacturing alternative. This AM technique has been used extensively in the
realization of patch antennas [93-99]. The basic operation of inkjet-printed AM is
shown in Figure 1.4. A given circuitis ‘sliced’ into layers of a discrete thickness 4 as
shown in (a) and (b). Each layer is then pixelated as shown in Figure 1.4(c) so that a
grid with pixels of conductive and dielectric materials can be programmed into the
inkjet printer. Multiple nozzles either supply droplets of conductive ink (CI) or
dielectric ink (DI) following the pixelized pattern to realise the circuit as shown in
Figure 1.4(e), (f). It can be seen in (f) that the droplets do not form as exact square
pixels, but that they rather form disks that are efficiently overlapped to realise the

pixelized pattern. In theory, this approach allows for totally freeform design within a
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planar package that can easily be integrated into RF systems. However, most inkjet
AM processes are limited to one or two materials and can only produce a single or few
vertically stacked layers, with layers having thicknesses # < 1 pm resulting in very
thin substrates (1-3.5 um thick) that and cannot easily be used for the realization of
3D RF components that require mm-scale thicknesses. A very promising multilayer
inkjet AM process using a silver-based CI and DI was recently developed by Nano
Dimension™ [100]. It facilitates thin and thick substrates to be realized by combining
multiple dielectric and metallic layers and can be exploited for the realization of
vertically integrated components. Component demonstrators using this technology
span antennas [101], [102], metasurfaces [103-106], bandpass filters [107], and
transmission lines [108], among others. This technology allows for two-material
printing up to thicknesses of 3 mm, with total freedom along the z-axis. The potential
for inkjet printing to revolutionise multilayer RF design motivates its research into all
RF components crucial to future communications technologies. For the first time in

this thesis, inkjet AM is used for the design of wideband, compact baluns.

1.4 Thesis Outline

Taking into consideration the enabling capabilities of inkjet printing, and the
design limitations in modern balun design, this thesis investigates for the first time,
the potential to realize wideband and highly-miniaturized MBs using inkjet printing
and vertically-integrated tightly-coupled broadside-coupled lines. Capacitively-
loaded MB variants focusing on FBW enhancement are explored for the first time in
this thesis, with significant increases in realisable FBW reported. Furthermore, this
thesis explores new design techniques and integration methods for the realization of

highly-miniaturized RF front-ends through the RF co-design of baluns with BPFs.
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Additionally, the thesis lays the foundations for comprehensive design methodologies

and optimization methods for each topology to determine the maximum achievable

FBW depending on the manufacturing process capabilities. A comprehensive

comparison with stream-line PCB integration methods is also provided to demonstrate

the enabling capabilities for inkjet printing for MB realizations. The rest of this thesis

is organized as follows:

Chapter 2 lays the foundations for the efficient synthesis of broadside-coupled
line planar MBs using an inkjet AM process with wide FBWs, good balanced
signal quality, and highly miniaturised footprints. Several TL-based integration
concepts are analysed using 2D and 3D EM simulations to specify the required
impedances and couplings that maximize FBW while taking into consideration
the process capabilities of a multi-material multilayer inkjet printing process
which is used in this work for the realization of MBs for first time. A
miniaturization scheme using spiral TLs and slanted vias is also explored for
size compactness. To validate this approach, several coupled-line test
structures and MBs were designed, manufactured, and tested. The
contributions of this chapter have been published in [109].

Chapter 3 demonstrates a practical validation of the FBW enhancement design
method in Chapter 2 using a streamlined 6-layer PCB process for comparison
purposes and discusses its capabilities and limitations. Two MBs using coupled
stripline and embedded microstrip TLs are experimentally validated and their
performance and design trade-offs in relation to FBW and footprint are
analysed. Finally, a comparison between inkjet AM and multilayer PCB baluns

across key performance metrics is performed.
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Chapter 4 presents a comprehensive design methodology for C-loaded MBs
with maximized FBW and highly-miniaturized footprint. The potential of the
two-material inkjet AM process is used to demonstrate: 1) the realization of C-
loaded tightly-coupled TLs, leading to ultra-wide FBWs and i1) 3D monolithic
capacitor integration that can be exploited for smaller footprints. A FBW
enhancement technique using a patterned ground plane is also demonstrated in
this chapter.

Chapter 5 investigates anew design methodology for the realization of highly-
miniaturized RF co-designed filtering baluns with high selectivity that can be
readily scaled to any order to address the need for compact BPF-Bs in modermn
wireless communications. BPF-Bs are implemented using inkjet-printed
vertically-integrated broadside-coupled TLs. Design limitations regarding the
realization of broadband BPF-Bs are investigated by exploiting the free-form
manufacturing capabilities of inkjet printing.

Chapter 6 summarizes the major contributions of this thesis and lays the

groundwork for future areas of exploration as a result of this work.
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2 Wideband Broadside-Coupled Line
Baluns Enabled by Multi-Material
Additive Manufacturing

This chapter reports on a comprehensive design methodology for the realization of
wideband MBs using a two-material inkjet printing process and their experimental
validation. Specifically, this chapter presents a comprehensive analysis on the
maximum realizable FBW of MBs, depending on the desired balun impedance
transformation and achievable £ and an optimization method determining the
maximum achievable FBW using broadside coupled-lines. Several TL-based
integration concepts are analysed using 2D and 3D electromagnetic (EM) simulations
to maximize FBW, while considering the process capabilities of a multi-material,
multilayer inkjet printing process. This chapter also includes a validation of the
proposed design approach through the design and testing of coupled-line test
structures and four MB prototypes. The research outcomes of this chapter have been

published in [109].

2.1 Theoretical Foundations of MB Design

2.1.1 Bandwidth limits of Marchand baluns

The circuit schematic details of a MB are provided in Figure 2.1. It transforms an
unbalanced RF signal (applied to Port 1) to a balanced one (between Ports 2 and 3)
alongside providing an impedance transformation between Z, (the impedance of Port

1) and Zz (the impedance of Ports 2, 3). MBs are designed to be perfectly matched at
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Figure 2.1. Circuit schematic of a planar MB. P;: Unbalanced port with characteristic
impedance Z,. P, and P3: Balanced ports with characteristic impedance Zs. All coupled
lines are 90° long at fo and have characteristic impedance Z; and coupling £ - © IEEE

2024 [109].

their input, i.e., Si1 = 0 at fo and all conditions can be met when the even- and odd-

mode impedances of the A/4 coupled lines (Zy,, Zy, ) satisfy (2.1) [62]:

1 1 |1
Zvo Zre  |ZsZg (2.1)

Using the equivalences for &k and the characteristic impedance (Z;) of the coupled

lines in (2.2), an expression can be derived for the optimal Z; in (2.3).

Zke - Zko
k =—, 2y = Zyoliy
Zye + Zyo « e ko (2.2)

20 = 2y 23)
Whereas these expressions allow (k, Z) to be calculated for perfect impedance
matching at fo, they do not provide any insight on the operational FBW of the MB.
Thus, the FBW needs to be calculated by computing its S-parameters using ideal linear

circuit simulations (e.g. in Keysight’s Advanced Design System (ADS) [110]).

To get a better picture on the FBW performance capabilities of the MB dependent

on impedance transformation, a parametric study over (k, Zp) in steps of 0.01 and 2.5
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Figure 2.2. Parameter sweeps of the MB topology in Figure 2.1 as a function of Zz, k
when Z, = 50 Q. (a) Heatmap of FBW over the (&, Zp) parameter space. (b) Heatmap
of Zrover the (k, Zp) parameter space - © IEEE 2024 [109].
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Figure 2.3. FBW and reflection coefficient (|S;:|) of the MB topology in Figure 2.1 as
a function of Zp, k when Z, = 50 Q. (a) FBW as a function of k for three Z example
cases. Case (1) Zp =25 Q, case (i1) Zz = 50 Q, case (ii1) Zp = 150 Q. (b) Three example
frequency responses of |S11| for Zz = 150 Q and varying k. Case (1) k= 0.5, case (ii) k
=0.7, case (iii) £ =0.8 - © IEEE 2024 [109].

Q respectively was performed and is provided in Figure 2.2(a). As shown, FBWs >
100% can be clearly seen for k£ > 0.6, while the maximum possible FBWs of about
135% occur around k£ = 0.7 for Zz > 100 Q. Figure 2.2(b) plots (2.3) for varying &, Z,

and demonstrates the large Z; required for large impedance transformations. As a large
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Zr can be difficult to realise, this topology is less useful for baluns with large
impedance transformations. To illustrate the possible FBW trends further, three
specific cases are provided in Figure 2.3(a). As shown, for lower impedances such as
Zp = 25 Q in case (i), only FBWs below 62% are possible, whereas for the most
common case in the literature, i.e., Zg = 50 Q in case (ii), the FBW increases with &
and reaches an ultimate maximum of 109% for k£ = 0.83 and Z; = 105 Q. However,
such a high k cannot be realized even in advanced commercially available processes
such as PCB, LTCC, MMIC, CMOS, etc. (typically below 0.75 [50], [71]), thus the
actual FBW in practice is narrower. Case (iii) presents the FBW trends for Zz = 150
Q, where a sharp decrease in the FBW is observed shortly after its maximum for k =
0.75 in Figure 2.3(a). This sharp drop can be better explained by examining the S-
parameter performance in Figure 2.3(b) for Zz = 150 Q and by varying k. As can be
seen, the FBW drops due to the reflection zeros at the passband edges moving further
away from the centre frequency and resulting in finite reflection. This can also be
observed in practice in the MB configuration in [68] that has been implemented for Z3

=150 Q (see Figure 3 within).

As Z4 = Zz = 50 Q is the most common MB implementation [3], [15], [47], [63],
[64], [66], [70], [78], [111-114], this thesis will focus on its realization using inkjet
printing and will aim to maximize its FBW. Its corresponding performance is
illustrated in detail in Figure 2.4. Based on the obtained relationship between FBW
and k in Figure 2.4(a), it can be approximated using the piecewise function in (2.4)

that was obtained by interpolating ten extracted pairs of (K, FBW).

118k3 — 8.25k? + 85.5k, k<0.7

2.4
1371k3 — 4018k? + 3834k — 1089,k > 0.7 (2.4)

FBW (k) = {
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Figure 2.4. (a) Optimal required Z; (dashed green line) of the MB in Figure 2.1. Circuit
schematic of a planar MB. P;: Unbalanced port with characteristic impedance Z4. P>
and Ps: Balanced ports with characteristicimpedance Zz. All coupled lines are 90° long
at fo and have a characteristic impedance Zx as a function of &k using (2.3) and resultant
FBW calculated from (2.4). (b) Corresponding frequency response of |Si1| for three (&,
Zr) example cases with a fixed Z; = 60 Q. Case (1): k= 0.55, case (i1): k= 0.65, (ideal),
case (ii1), k= 0.75. In all these examples Z, = Zz = 50 Q - © IEEE 2024 [109].

It can be observed that as k increases, FBW also increases, reaching its maximum
of 109% when k = 0.83, and decreasing thereafter. Thus, it is not generally the case

that maximising k will result in a maximum FBW, as is typically the rule of thumb of
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Figure 2.5. Broadside-coupled line types. (a) MS, (b) EMS, and (c) SL - © IEEE 2024
[109].

the open technical literature. It should be further emphasized that (2.4) describes the
FBW for perfect matching at fo, for a given k and corresponding Z; prescribed by (2.3).
If coupled lines with (k, Zx) not satisfying (2.3) are used, then the matching at f is
compromised and may lead to narrower or wider FBWs as shown in Figure 2.4(b) for
three design cases. Thus, the significantly degraded matching at fo = 5 GHz in cases
(1) and (iii) compared to perfect matching in case (ii) demonstrates the necessity of

accurately calculating coupled-line parameters for the process that is being used.

2.1.2 Broadside-coupled lines design process

To achieve a high k alongside a small footprint in practice, broadside-coupled TLs
are typically preferred to their edge-coupled counterparts due to their & being
significantly higher. Three different geometries, namely microstrip (MS, in Figure
2.5(a)), embedded microstrip (EMS, in Figure 2.5(b)) and stripline (SL, in Figure
2.5(c)) are considered and are shown in Figure 2.5. Their performance is determined
by considering the capabilities of the inkjet process in [56] with the minimum spacing
(S) being the most critical factor. Specifically, the process allows for two different
materials to be printed in the same manufacturing platform, namely an acylate-based
dielectric ink with relative permittivity (&,) ~2.83 and dielectric loss tangent tan(J) ~
0.023 at 5 GHz, and a silver nano-particle conductive ink with conductivity o between

1.8x10° — 2.52x107 S/m [100], [101], [115]. All initial simulations were performed
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using the nominal value in the data sheet as 2.21x107 S/m [115]. Furthermore, in this
process trace widths > 75 pm, trace-to-trace spacings > 100 um, and small layer
thicknesses are possible with the minimum achievable dielectric thickness depending
on the thickness of the metallization layer. In this case a metallization thickness of 17
pum (3-11x the skin depth at 5 GHz) is used and a minimum dielectric thickness of 50

um.

Considering the aforementioned process capabilities, various TL geometries were
analysed using 2D and 3D EM simulations in ANSYS in order to extract their Z; and
k values as a function of various geometrical parameters, i.e., the width of the traces
(W) and the distance between the traces and the ground (B), are summarized in Figure
2.6 and Figure 2.7 for S = 50 um (the minimum layer thickness). A wide range of Zx
and k can be obtained by freely altering B, an advantage to be highlighted as opposed
to conventional PCB, LTCC, and MMIC processes that have finite and discrete layer

thicknesses, preventing a continuous range of Z; and & to be obtained.

The 2D EM simulations were performed on the same coupled-line structures using
the Q3D 2D extractor from ANSYS that allows one to extract the R, L, C, G
(resistance, inductance, capacitance, and conductance, respectively) parameters of the
TL [116]. They can be used to calculate the odd- and even-mode capacitances and
inductances of the TL using (2.5) where labels 1, 2 denote the upper and the lower

conductor, respectively.

o = 0-5(611 + sz - C12 - Cz1)
— 0.5(Cyy + Cyy + Cay + Cyy) (2.5)
e = 0.0(C1 22 12 21
o =0.5(Lyg+ Lyy —Lip—Lyy)
e =05(Lyg+ Lyy+Lip+ Lyy)

N~ 0

Subsequently, the odd- and even-mode characteristic impedances (Z,, Zxe) can be

specified using (2.6).
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Figure 2.6. Z; and k for three types of broadside-coupled lines as a function of the
ratios W /S and B /S using the 2D RLCG extraction method and full 3D EM
simulations. (a) MS geometry shown in Figure 2.5(a). (b) EMS geometry shown in
Figure 2.5(b). (c) SL geometry shown in Figure 2.5(c) - © IEEE 2024 [109].

Zo = Lo e = Le
ko 1¢,’ ke ™ 1C, (2.6)

Zi and k can also be calculated using 3D EM simulations in ANSYS HFSS by
exciting the A/4 coupled lines with differential ports at each end. This allows for the
accurate calculation of the common mode impedance (Zcomm) and the differential

mode impedance (Zpis). Then Zi,, Zi. can be computed using (2.7) shown below and

Zi and k using (2.2).

Zyo = 0.5Zp;g, Zye = 2Zcomm (2-7)
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Figure 2.7. Z; and k for three types of broadside-coupled lines as a function of the

ratios W/S and B /S calculated using full 3D EM simulations. They are overlaid on
the optimal Z; and FBW curves given by (2.3) and (2.4). (a) MS geometry shown in
Figure 2.5(a). (b) EMS geometry shown in Figure 2.5(b). (c) SL geometry shown in
Figure 2.5(c) - © IEEE 2024 [109].

A comparison between the two methods is provided in Figure 2.6 for all the three
different TLs which are in good agreement. It should be noted that the 2D method
requires less computational time and is typically quicker to set up, while 3D
simulations were found to be more accurate for balun synthesis. Having determined

the Z; and k characteristics of each TL, their optimal values for maximizing the FBW
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Figure 2.8. Adapted circuit schematic of the MB in Figure 2.1, including the necessary

connecting line for practical implementation having characteristic impedance Zconn and

electrical length Gconn - © IEEE 2024 [109].

of the MB can be specified graphically. After overlaying the FBW(k) and the Zi(k)
relationships in (2.3) and (2.4) on the same plot, the region of intersection with the
computed values of (k, Z;) and (2.3) is found as shown in Figure 2.7. The design
parameter ranges for MS, EMS and SL TLs are provided in Table 2.1. As expected,
the largest Z; and k are obtained for the MS coupled lines, leading to an optimal FBW
of 107%. The lowest Z; and k were got for the SL coupled lines leading to a nearly
optimal maximum FBW 0f99%. As noticed, the EMS performance is in between these
two. Although the MS coupled lines are expected to give a slightly higher FBW, they
have higher dispersion and may lead to higher AI and PI when used to materialize a
MB [117] and may narrow its actual FBW. Thus, SL isused for the practical realization

of the inkjet-printed MBs with k£ = 0.71, Z; = 71 Q, indicated by the red marker in

Table 2.1
Coupled-line parameter ranges plotted in Figure 2.7 - © IEEE 2024 [109].
Case k Z (Q) FBW (%)
(@) MS 0.61-0.78 54-88 76-107
(b) EMS 0.59-0.76 52-83 72-105
(c) SL 0.50-0.71 41-71 55-99
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Figure 2.7(c), and correspondingto a W = 115 pm, B = 500 um, and is expected to

lead to a FBW = 99%.

2.1.3 Practical realization aspects

To practically realize the MB, an interconnecting line (Zconn, fconn) as shown in
Figure 2.8, needs to be added between the two upper sections to facilitate the
realization of the P,, P; outputs that would otherwise fall on top of each other.
Additionally, this line can help to balance the Al and PI that is caused due to the
dispersion of the coupled lines as discussed in [ 16]. For perfectly homogenous coupled
lines with identical odd- and even- mode phase velocities (6,, €.), perfect Al and PI
can be obtained for G.onn = 0. However, this is never the case in practice due to the
inherently uneven phase velocities. It is then useful to design the connecting line to
counteract the uneven (6,, 6.) and improve the balun’s Al and PI using (2.8), which

gives a design curve of possible (8.oun, Zeonn) Pairs which ensure S»; = —S3; at fo.

1 . (0conn> _cot(8,)csc(8,) — cot(B,)csc(6,)
M) = Zie€SC(0,) — Zocsc(6,) (2.8)

Zconn
This method however requires the calculation of 6, €. which can be difficult to
calculate using equation-based approaches, especially if using a more complex
coupled-line structure. Thus, the full 3D EM extraction approach in Section 2.1.2. is
used to obtain 6,, 6.. Specifically, 8,, 6. are respectively the common mode phase

(Bcomm ) and the differential mode phase (Opjsr) of these coupled lines at fo which can

be calculated using (9)

QCOmm = LSCCZ]J gDiff = LdeZl (29)
where S..»; and S;4,1 are the common and differential mode power transmission

coefficients [83].
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In theory, SL broadside-coupled TLs are perfectly homogenous and have equal odd-
and even-mode phase velocities, therefore requiring Oconn = 0°. Therefore, in practical
implementations, when using straight coupled lines, only minor parasitic effects cause
deviations from equal odd- and even-mode phase velocities. For the chosen SL
parameters, they were calculated as 0, = 88.6°, . = 91.9°. If the connecting length is
known, for example, Lconn = 500 um, firstly Oconn =4.5° is calculated, leading to a Zcom

= 65 Q, that corresponds to a width Weonn = 130 pm.

2.1.4 Marchand baluns using straight coupled lines

Using the process design guidelines as a reference and full-wave EM simulations
in ANSYS HFSS, a MB was designed and is shown in Figure 2.9(a), (b). The addition
of the inter-connecting line leads to a perfect matching at f and a small FBW
deterioration from 99% to 97%, which is the targeted maximum FBW for the
experimental prototype. Straight coupled-line sections are used in this case and are
folded side-by-side for size compactness, leading to an overall footprint of Ls; X Wg; %
H=18.2x1.35x1.12 mm?>. The RF signal is connected to the coupled lines through a
vertical transition that is realized with a 3D via whose size and shape is optimized for
minimum reflection loss. The 3D vertical transition is optimised by analysing its
reflection coefficient. It was found that having the widths of the 3D vertical transition
equal to the terminating CPW width (Wcpw = 200 pm) minimised reflection losses. A
tapered transition from the coupled-line width (W = 115 um) to the 3D via was used

to further minimise reflections.

Grounding vias are also used to interconnect the bottom ground with the top ground
plane of the grounded coplanar waveguide (GCPW) of the RF input/output ports as
shown in Figure 2.9(b). They have been omitted in Figure 2.9(a) for clarity. The
placement of the ground plane of the GCPW ports takes advantage of the design
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Figure 2.9. (a) Bird’s eye view of the 3D geometry and EM simulation model for the
inkjet-printed MB based on broadside-coupled straight SLs where Lconn = 500 pum,
Weonn= 130 pm, Wepw = 200 pm, Scpw = 100 pm, Honp = 187 pm, Logr = 260 pm, f1op
=50 um, tvi, = 150 um,and H=2B + S+ ¢+ t1,, = 1117 pm. Orange layers: broadside
SL coupled-lines materialized with conductive ink. Light grey layers: ground planes
materialized with conductive ink. Transparent layers: dielectric ink. (b) Top-view of
inkjet-printed MB based on broadside-coupled straight SLs where Ls; = 8.2 mm and
Ws: = 0.83 mm. (c) Ideal circuit simulation including the connecting line with Gconn =
4.5°, Zconn = 65 Q and EM-simulated transmission with L¢onn = 600 pm and Weonn =
130 pm. (d) Full EM-simulated Al and PI of the straight balun given in (a) for fixed
Weonn = 130 um and varying Lconn - © IEEE 2024 [109].
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freedom along the z-axis to facilitate excitation using 250 pm GSG probes.
Specifically, using the minimum trace-to-trace spacing Scpw = 100 um, a trace width
of Wepw = 200 um allows for 250 pm GSG probes to properly contact the trace and
the ground plane. The impedance of the GCPW can be controlled by Hgnp. Thus, the
required value for Hgnp can be extracted parametrically and a value of 187 um was

chosen for a 50 Q GCPW impedance.

Figure 2.9(c) demonstrates the EM-simulated S-parameters of the MB alongside
the ones obtained by linear circuit simulations for the same parameters (k= 0.71, Z; =
71 Q, Oconn = 4.5° and Zeonn = 65 Q respectively). As shown, they are in a good
agreement successfully validating the proposed design methodology. Minor
differences are observed in the obtained FBW which was calculated around 97% in
the circuit simulations as opposed to 95% in EM simulations. These are to be expected
considering the added parasitics from the required junctions and bends in the realistic
prototype. Furthermore, Figure 2.9(d) demonstrates the effect of the connecting line
on the Al and PI in full EM simulations when varying away from its optimal value
Leonn = 600 um. In summary, the EM-simulated MB exhibits the following RF
performance characteristics: FBW =95%, Al <0.13 dB, and PI < 1.3° throughout this

BW.

2.1.5 Miniaturized Marchand balun using spiral lines

Taking into consideration the free-form manufacturing capabilities of the two-
material multilayer inkjet printing process, 3D vertical integration alongside spiralling
can be considered for size compactness. Figure 2.10(a), (b) depicts the 3D geometry
of the resulting MB that has a footprint 0f0.043 x 0.094 x 0.028 A,> two times smaller
than the MB based on straight coupled lines in Figure 2.9. Considering that spiralling
of the coupled lines can affect the MB’s Al and PI due to altering their odd- and even-
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Figure 2.10. (a) Top view of the 3D geometry and EM simulation model for the inkjet-
printed MB based on broadside-coupled spiralled SLs where Leonn = 1600 um, Lcy =
130 um, Ssp =230 pm, Lsp = 3350 pm, and Wsp, = 1530 um. (b) Side view of geometry
where tvia = 150 pm, Weonn = 260 um, Dyia = 150 pm, 6i, = 67°, and Gou = 27°. (c)
Comparison between EM-simulated, and ideal circuit-simulated Si; responses and full
EM-simulated S>1/.531, Al, and PI for k£ = 0.71, Z;, = 71 Q, Bconn= 15° and Zeonn =
Q, or Leonn = 1600 um and Weonn = 260 pm - © IEEE 2024 [109].
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mode phase velocities [118], prior to starting the design of the MB, the characteristic
parameters of the inter-connecting line need to be recalculated using the design
method in Section 2.1.3 and 3D EM simulations. It should be emphasised that in this
case, the exact spiralled TL configuration that is used in the MB must be simulated so
that correct phase velocities. The increased inductive parasitics caused by the coupled-
line spiralling generally require a longer connecting line. These values are as follows:
6,= 84.6°, 6. = 97.9°. To lay out the balun compactly, Leonn = 1600 um was first
chosen, resulting in a required. Weonn = 260 um following the same design method as
before, leading to an overall footprint of Ls, X Wsp, x H=3.35x 1.53 x 1.12 mm?. The
EM-simulated performance of the spiralled-line MB is provided in Figure 2.10(c) and
i1s summarized as follows: FBW = 95%, where Al = 0.35 + 0.35 dB, and PI =2 £+ 2°
over this FBW. As shown, the connecting line has allowed for good Al and PI to be
obtained in the passband, but there is clear degradation compared to the straight
coupled-line case. This is expected due to the induced parasitics, and current crowding

introduced by spiralling the coupled lines.
2.2 Experimental Validation

To validate the potential of the two-material inkjet printing process for the proposed
MB designs, various test structures and balun prototypes were manufactured and tested
using an Agilent ES071C VNA and 250 um GSG probes. These include two GCPW
TLs, two GCPW-to-SL transitions with vertical and slanted 3D vias, a MB using
straight broadside-coupled TLs, and a miniaturized MB using spiralled broadside-

coupled TLs. Furthermore, the spiral balun was tested in a back-to-back configuration.
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Figure 2.11. Optical images and surface roughness measurements of the manufactured
MBs for two different printing orientations, i.e., bottom-upwards [in (a), (b)], and top-
downwards [in (¢), (d)]. The images zoom into a small metal area [in (a), (¢)] and
around a GCPW on the top of the test coupon [in (b), (d)]. The ideally designed CPWG
profile lines for Wcpw =200 pm and Scpw = 100 pm, are overlaid as dashed white
lines. (a), (b) Magnified detail of the metal and the GCPW area of a test coupon printed
bottom-upwards and cross section of the coupon showing the printing orientation. (c),
(d) Magnified detail of a test coupon printed top-downwards and cross section of the

coupon showing the printing orientation. (¢) Surface roughness of the metal area. (f)

Surface roughness of the GCPW area - © IEEE 2024 [109].
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Figure 2.12. Characterization of GCPW TLs having two different lengths. (a), (c), (€)
Layout, photograph, EM-simulated and RF-measured S-parameters of the longer
GCPW with Lgepwi = 10750 pm for two different printing directions: bottom-upwards
(upper image) and top-downwards (lower image). (b), (d), (f) Layout, photograph,
EM-simulated and RF-measured S-parameters of the GCPW with Lgcpwz = 1400 pm
printed bottom-upwards (right image) and top-downwards (left image), and RF-
measured S-parameters for each print direction - © IEEE 2024 [109].
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2.2.1 Test structures

The 3D geometries, RF-measured and EM-simulated S-parameters and the surface
profile of the test structures is provided in Figures 2.11-2.13. Specifically, Figure 2.11
illustrates the surface profile details of example test areas on the manufacturing
coupons. Figure 2.12 displays the 3D geometry, the manufactured prototype, and the
RF-measured and EM-simulated performance of two GCPW TLs having two different
lengths of Lgcpwi = 10.75 mm [Figure 2.12(a), (c), (e)], Locpw2 = 1.4 mm [Figure
2.12(b), (d), (f)] when printed bottom-upwards and top-downwards as shown in Figure
2.11. It can be observed that the test structures printed top-downwards exhibit less
loss. This is due to the top layers of the GCPW being the first layers that are printed,
therefore being directly attached onto the build plate which allows for a smooth surface
to be obtained. To verify this further, Figure 2.11 provides magnified optical images
and the measured surface roughness of sample areas around the test samples for a fully
metalized area away from the GCPW and around the GCPW for the two different print
orientations. They were obtained using a Tencor P10 surface profiler. In the bottom-
upwards orientation in Figure 2.11(a), the roughness average of the surface (R,) varies
between 1.8 — 4.2 um whereas in the top-downwards orientation in Figure 2.11(b), it
varies between 0.04—0.2 um. Taking several sample profiles over various regions on
each coupon, an average R, =2 pum was estimated for the bottom-upward prototypes
and R, = 0.1 um for the top-downward ones. In addition to the roughness, the printing
orientation also affects the dimensions of the GCPW as evidenced in Figure 2.11(b),
(d). As noticed in the bottom-upwards case, the GCPW profile deviates from the
desired dimensions (marked with white dashed lines for clarity) with the gaps between
the inner and the outer grounds being wider than expected, possibly leading to

additional reflection loss as shown in Figure 2.12(e), (f). The GCPW profile quality is
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Figure 2.13. Characterization of 3D vertical and sloped via transition test structures.
(a) 3D EM models of the slanted transition (left) and the vertical transition (right) with
transitions indicated with dashed circles. (b) Top view of X-ray scans of slanted
transition (left) and the vertical transition (right). (¢) EM-simulated and RF-measured
S-parameters of the slanted transition (left) and the vertical transition (right) - © IEEE
2024 [109].

provided in Figure 2.11(f). As shown in the bottom-upwards orientation, significant
differences of up to 25 um can be observed from the expected perfectly flat surface.
Figure 2.12(e), (f) also include the EM-simulated responses of the test structures for

alternative levels of roughness. A good agreement is obtained between the EM-
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simulated and the RF-measured responses when using the measured R, values of 0.1
pm for the top-downwards case and R, = 2 um for the bottom-upwards case in
combination with a conductivity ¢ = 1.8 x 10° Sm™! [119]. Taking into consideration
that the printing orientation affects RF performance, the top-downwards approach was

used for the manufacturing of the rest of the test structures and devices.

To investigate the quality of the vertical transitions, two test structures, namely: 1)
a GCPW-to-SL transition using a vertical 3D viaand i1) a GCPW-to-SL transition with
a slanted 3D via were manufactured and tested in a back-to-back configuration using
a 17° (at 5 GHz) long piece of SL and are shown in Figure 2.13(a). X-rays of their
prototypes are shown in Figure 2.13(b) with the transitions being indicated with
dashed lines. Their EM-simulated and RF-measured S-parameters are provided in
Figure 2.13(c) and appear to be in a good agreement, successfully validating the
manufacturing process that leads to broadband (1-10 GHz), well-matched and low loss
transitions. The agreement gives further evidence as to the validity of the material
parameters used in simulation and using these simulations as a reference, the loss of
the slanted and vertical structures was estimated at 0.11 and 0.12 dB at 5 GHz,

respectively.

2.2.2 Marchand baluns

Optical scans of the test boards are included in Figure 2.14(a), (b) where the boards
were printed bottom-upward in (a) and top-downward in (b). The following results all
come from boards that were printed top-downward to achieve the smooth top surface.
Due to only being able to test the MBs using a two port GSG characterization system;
for each of the two different MBs, two resistively-terminated prototypes, named Balun
A (P3 resistively-terminated) and Balun B (P, resistively-terminated) were

manufactured and tested so that each balun is tested as a 2-port device. The resistive
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Figure 2.14. Optical cans of test coupons that include multiple devices and test
structures. Example devices of the straight coupled-line (dot-dash lines) and spiralled-
coupled line (dashed lines) baluns are indicated on each board. (a) Top view of an
optical scan of a board printed bottom-upward where resistive terminations using 0402
resistors have been soldered on. (b) Top view of an optical scan of a board printed top-
downward where resistive terminations using 0402 resistors have been soldered on.
(c) X-ray view displaying internal structures underneath the top ground plane - © IEEE
2024 [109].

terminations were implemented using thick film 0402 surface-mounted device (SMD)
resistors manufactured by YAGEO, and soldered onto pads which were designed to fit
these resistors. These separate cases are indicated in the manufactured coupon in
Figure 2.14(a), (b), with dot-dashed lines indicating the straight baluns, and dashed

lines the spiral baluns. An X-ray scan of the coupon is shown in Figure 2.14(c).

Beginning with the straight coupled-line case, an X-ray photograph of an example
manufactured prototype of the MB is provided in Figure 2.15(a). Its EM-simulated and
RF-measured performance in terms of S-parameters, Al and PI are provided in Figure
2.15(b). They have been obtained by measuring the S-parameters of two different

resistively-terminated baluns, namely Balun A and Balun B. The resistive termination
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Figure 2.15. Resistively-terminated SL-based straight MB alongside its corresponding
EM-simulated and RF-measured S-parameters, Al, and PI. (a) X-ray image of the
manufactured SL-based straight MB (Balun A) with P3 terminated to a 50 Q 0402
resistor. The MB with resistive termination at port 3 (Balun B) has been omitted due
to their similarity. The circles indicate the grounding vias. (b) EM-simulated and RF-
measured S-parameters (top) of two resistively-terminated MBs (Balun A:
Corresponding to S»14 where Ps is resistively-terminated, Balun B: Corresponding to
S213 where P, is resistively-terminated) and calculated EM-simulated and RF-
measured Al and PI. The shaded grey area indicates the operational bandwidth - ©
IEEE 2024 [109].

was performed with a 50 2 0402 resistor. Its RF-measured performance is summarized
as follows: centre frequency (fy) = 4.4 GHz, BW between 2.8-8 GHz and FBW of
96.3% that is shaded with a grey area in Figure 2.15(b) and appear to be in a good
agreement with EM simulations. Across this BW, the measured power loss (where the
vertical transition loss is included) was calculated between 1.2-3.9 dB and the PI was

3.5 +£3.5° and Al was 0.6 £ 0.3 dB. The finite amount of insertion loss is due to the
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Figure 2.16. (a) Illustration of potential tolerance variations. (b) Resulting Al and PI
between Balun A and Balun B estimated by Monte Carlo simulations with the RF-

measured Al and PI overlayed. In these examples, R, =2 um and o= 1.8x10° S/m are

considered - © IEEE 2024 [109].

finite conductivity of the silver ink and the moderate tan(oJ) of the dielectric ink.
Furthermore, the conductive losses may also be impacted by the finite thickness of the
conductors which are about 3x of the skin-depth. Conductive losses may be improved
by using thicker conductors and dielectric losses can be minimized by opening air
cavities around the TLs, however at the expense of size. The PI and Al are also plotted
in Figure 2.15(b) and appear to be slightly higher than the ones predicted in EM
simulations. This is due to the Al and PI being calculated by measurements performed
between two different prototypes (i.e., Balun A and Balun B) which may be slightly

different to one another due to process variations on the same coupon.

To evaluate the manufacturing tolerances effect on the Al and PI of the resistively-
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terminated baluns, the tolerances indicated in Figure 2.16(a) are considered.
Specifically, all conductive layer thickness can vary within £1.5 pm, the dielectric
layer thickness can vary within 5%, and the trace width and conductor-to-conductor
spacings within £9 pm. Furthermore, the SMD resistors have a+10% tolerance. Monte
Carlo simulations were performed and are provided in Figure 2.16(b). As shown, the
obtained Al and PI range overlaps almost fully with the obtained Al and PI responses
in RF measurements, demonstrating that it is likely these differences are mostly due to
being estimated from two separate, resistively-terminated prototypes. The observed PI
discrepancies at low frequencies are assumed to be due to the stray capacitances
introduced by fabrication errors. However, these are outside of the desired operational
range which is quite broad and shows acceptable Al and PI characteristics. Al and PI
naturally are expected to be smaller if measured on a single MB device using 3-port

RF characterization.

The spiral MB was also validated experimentally. Its manufactured prototype is
provided in Figure 2.17(a) and its EM-simulated and RF-measured performance in
terms of S-parameters, Al and PI are provided in Figure 2.17(b). They have also been
obtained by measuring the S-parameters of two different resistively-terminated baluns.
The RF-measured performance is summarized as follows: centre frequency (fo) = 4.4
GHz, BW between 2.8-8 GHz and FBW of 95% that is shaded with a grey area in
Figure 2.17(b). Across this BW, the power loss (where the slanted vertical transition
loss is included) was measured between 1.2-3.9 dB, the PI was 3.5 + 3.5°, and the Al
was 0.6 = 0.3 dB. The EM simulation responses are also provided and are in good
agreement with the EM-simulated ones successfully validating the proposed spiral MB

balun concept.

The spiral MB performance was also evaluated by manufacturing and testing an
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Figure 2.17. Resistively-terminated spiral MB alongside its corresponding EM-

simulated and RF-measured S-parameters, Al, and PI. (a) X-ray image of the
manufactured SL-based spiral MB (Balun A) with P, terminated toa 50 Q resistor. (b)
EM-simulated and RF-measured S-parameters (top) of two resistively-terminated
MBs (Balun A: P; is resistively-terminated, Balun B: P; is resistively-terminated) and
calculated EM-simulated and RF-measured Al and PI. The shaded grey area indicates
the operational bandwidth - © IEEE 2024 [109].

additional prototype with two MBs arranged in a back-to-back configuration. TLs
were required to route signals out from the centre of each spiral. Its photograph,
illustrative circuit schematic, and EM-simulated and RF-measured responses are
provided in Figure 2.18. The RF-measured performance is seen to be in close
agreement with the EM-simulated one, successfully validating the proposed concept.

It exhibits an insertion loss of 1.8 dB at fy = 4.4 GHz, with a 3 dB BW from 2.1-8.1
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Figure 2.18. Characterization of the spiral SL-based MB in back-to-back
configuration. (a) X-ray image of the prototype. (b) Illustrative circuit schematic,
indicating the additional lines required to connect the two spiral baluns in a back-to-
back configuration where Zp; = 50 Q, O3 = 15°. (c¢) Circuit-simulated, EM-
simulated, and RF-measured S-parameters - © IEEE 2024 [109].

GHz.

Table 2.2 compares the proposed inkjet-printed MBs with other SOA coupled-line
baluns realized with multilayer processes, e.g. LTCC, MMIC, CMOS, ML PCB. As
shown, the proposed MB configurations exhibit small physical size, especially in the
spiral case, and competitive RF performance. In particular for the spiral balun, it shows
comparable Al and PI with most of the presented approaches (e.g., in [50], [113]) and
in some instances its Al, PI, and size are smaller than the SOA (e.g., its Al is smaller

thanin [3],[78],[120], [121], its PI is smaller thanin [3],[120], and its size is smaller
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Table 2.2
Performance Comparison with SOA multilayer coupled-line baluns - © IEEE 2024

[109].
Ref. fo Max. Loss Fractional bandwidth  Technology  Volume
(GHz)  (dB) (FBW) ()
RLFBW Al  PI
0.20 x 0.50
[113] 2 0.9  71%** <0.38dB <3.5° LCP/PCB 0X14 )
(78] 24 1%+ 24% <1dB  <3° LTCC N/A
0.296 x 0.163
3] 45 7 89% <1.5dB <10°  CMOS N
[112] 2 2k 75%%x  N/A  N/A  MMIC 0'023:/0'05 8
51 %0,
[50] 2.6 28 31% <05dB <5°  MLPCB 2 0X00177 *
0.101 x 0.063
V) < < o
[120] 1.6 13 77%  <1dB <10 LTCC  0.04%
[121] 2 p* 93% <09dB <1.8° MLPCB 0'023 OX 001'05 8
0.072 x 0.043
[} < < o
[122] 245 024 16% <0.1dB <l LTCC <0029
Figure , . . , 0.033 x 0.241
. . <0. <
215 4.4 3.9 96% 0.9 dB 7 Inkjet AM X 0.028
Figure 4 o o . 0.043 x 0.094
gy 44 3l 95% <0.5dB <7°  InkjetAM "o

/gt Guided wavelength at fo; ML: Multilayer; *: Insertion loss at fo; **: Estimated
from graphs/images, /: Measurement not given, *: Includes transition loss

than in [3], [15], [50], [120]) while it exhibits the widest FBW, which is very close to
the optimally predicted 99% by the theoretical analysis in Section 2.1.2. Although its
loss may appear to be higher than certain integration concepts (e.g., LTCC [78], [120],
[122], CMOS [3]), to the best of the authors knowledge, this is the first time that a
wideband MB has been implemented monolithically using a two-material inkjet
printing process, which demonstrates comparable or even better performance (in terms
of FBW) than SOA multilayer processes. Processes which are potentially more
expensive, require expensive clean-room manufacturing facilities, and do not facilitate

such high levels of design flexibility.
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2.3 Conclusions

This chapter presented a detailed design methodology for the practical development
of wideband MBs, alongside a unique integration concept using multi-material inkjet
printing. An optimization method determining the maximum achievable FBW for
alternative RF input/output impedances was proposed for the first time. Several TL-
based integration concepts were analysed using 2D and 3D EM simulations taking into
consideration the capabilities of a multi-material multilayer inkjet printing process
which is used in this work for the realization of MBs for firsttime. A miniaturization
scheme using spiral TLs and slanted vias was also explored for size compactness. To
validate this approach, the properties of the inkjet printing process were evaluated
through test structures, optical characterization methods and RF testing. Lastly several
coupled-line test structures and MBs were designed, manufactured, and tested in

resistively-terminated and back-to-back configurations.
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3 Compact Multilayer PCB-Based
Marchand Baluns With Maximized
Fractional Bandwidth

Having validated the design procedures to maximize the FBW of a MB using a
multi-material inkjet AM process, in this chapter, these design methodologies are
adapted to the best achievable design of planar MBs using a streamlined multi-layer
PCB process for comparison purposes. The maximum FBW achievable for a given
coupled line structure is described, while the practical validation of the concept is
shown through two maximum achievable FBW MBs on a 6-layer ML PCB process
using coupled SL and EMS TLs. Finally, a comparison between the realised inkjet AM
and ML PCB baluns is provided to give a better understanding of the tradeoffs
associated with each approach in terms of area, board thickness, FBW, loss, and design

flexibility.

3.1 Theoretical Foundations

3.1.1 Bandwidth limits of various coupled-line types

The planar MB topology in Figure 3.1(a) is now analysed using three different
coupled-line geometries, namely MS in Figure 3.1(b), EMS in Figure 3.1(c), and SL
in Figure 3.1(d). They are implemented in a 6-layer PCB process with copper layers
(orange) having thickness = 15 pm, trace widths /> 50 um, and trace spacings > 50
um. The dielectric prepreg (green) and core (blue) layers have thicknesses Hpp = 25
um and Hcore = 42 pm, dielectric constants (&) of 3.65 and 4.05, and loss tangents of

0.009 and 0.0075 at 5 GHz, respectively.
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Figure 3.1. (a) Circuit schematic of a planar MB. P;: Unbalanced port with impedance
Z4. Prand P3: Balanced ports with impedance Zz. Coupled lines are 90° long at frand
have a coupled-line parameters k, Zx. (b), (c), (d) ML PCB SL, EMS, and MS TLs,
respectively. (e) Optimal required Zx (dashed green line) of the MB for Z, = Z = 50
Q as a function of % using (2.3) and the resultant FBW calculated from (2.4). (k, Zx)
for varying W for stack-ups shown in (b)-(d) and corresponding best achievable FBW

for each case.

In choosing the optimal TL configuration, minimum vertical trace-to-trace spacings
and maximum trace-to-ground spacings that maximize k£ and Z; can be considered.
Full 3D EM simulations can be performed to extract their Z; and & values while varying

W from 25-400 um and are plotted in Figure 3.1(e). As evidenced, k increases when
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Table 3.1
Coupled line parameter ranges and best achievable MB FBW for alternative PCB

integrated TLs.
Case k Z (Q) Wopt (M) FBW (%)
(i) PCBSL 0.11-0.49 12 -53 75 55
(if) PCB EMS 0.18-0.77 18 - 65 50 94
(iii) PCB MS 0.19-0.80 19-75 40 99

Zi decreases for increasing W, and its corresponding FBW demonstrates the opposite
trend to the theoretically calculated FBW (k) relationship in (2.4). Therefore, a single
k, Zx pair for each of the TL structures crosses the optimal k, Z; curve of the MB which
then determines the best achievable FBW (and required ) for a given coupled-line

configuration.

Having specified the optimal dimensions, the expected FBW can easily be
calculated using (2.4) and is anticipated to be smaller than the theoretical optimum of
109%. Table 3.1 provides a summary of the maximum FBW and required W, for all
of the three TL configurations. As can be seen, the SL configuration leads to the
narrowest FBW of 55% for a Wyp= 75 pm, but is the most homogenous, leading to
low differences in the odd-mode phase (6,) and even-mode phases (6,) of the coupled
lines, and thus a MB with low Al and PI [117]. The EMS and MS TLs have similar
best achievable FBWs of 94% for Wop = 50 pm, and 99% for Wy = 40 pm,
respectively. Considering that the MS is the least homogenous coupled-line structure
and has a W,y narrower than the process minimum where > 50 um, MBs with EMS

and SL TLs were therefore selected to validate the design procedure.

3.1.2 Design of PCB-based Marchand baluns

The 3D EM models and layouts of the SL and EMS-based MBs are shown in

Figures 3.2 and 3.3. They have been designed for centre frequencies of 6 GHz and 4.5
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GHz, and FBWs of 56% and 91%. Their footprint is miniaturized through geometrical
spiralling, leading to an overall device footprint of Lst. x Ws. = 0.0033 A% and Lewms *
Wems = 0.0022 442, It should be emphasized that the inhomogeneous mediums and
coupled-line spiralling increases the differences between 6, 8., compromising the Al
and PI of the MB. To counteract this effect, the TL parameters (€conn, Zeonn) Of the
interconnecting line that links the broadside-coupled spirals can be calculated using

the same method described in Chapter 2 [16].

As evidenced in Figures 3.2 and 3.3, the required Lconn for the EMS balun is longer
than the SL case due to its TLs being less homogenous (i.e., having larger 6,, 0.
differences) causing a shift of the reflection zero to lower frequencies which then
requires the coupled line sections to be shortened (in this case, by a length 0.063 4,)
to counter this effect. The optimized dimensions of the MBs for the SL and the EMS
are respectively provided in Figures 3.2, 3.3 and have been obtained with full EM
simulations in the software package ANSYS HFSS. Their corresponding EM-
simulated performance of the spiralled-line SL and EMS MBs are provided in Figure
3.2(c) and Figure 3.3(c), respectively and are summarized as follows: FBW = 56%
(4.6-8.2 GHz) with fo = 6 GHz and 91% (3.1-8.2 GHz) with fy = 4.5 GHz, where Al =
0.35dB £ 0.35dB and 0.2 dB £ 0.2 dB, and PI = 2° £+ 1° and 4° + 1°. As evidenced,
the EM-simulated FBWs for both of the MBs are in close agreement with their
predicted FBWs of 55% and 94% in Table 3.1. The small bandwidth narrowing at
higher frequencies is compounded by parasitics and current crowding, introduced by

spiralling the coupled lines.

52



200

g_lo i% 1956'\
= 0= . 190 =
= N/ L2 /A
A _30( [ Safi/ 15 5 <05 P |185
== 5’31 “" N 4-'——"—’%
—403 5 5 9—20 0.03 5 - 9180
Frequency (GHz) Frequency (GHz)
(c)

Figure 3.2. (a), (b) 3D geometry of the SL MB and layout of balun over the 6
conductor layers. Leonn = 750 pm, Weonn = 95 pum, Wspr =75 um, Ssp1 =75 um, Sspz =
150 pm, Lsp = 2100 pm, Wse = 1080 pm, Wepw = 220 um, and Scpw = 50 um. (b)
EM-simulated S-parameters, Al, and PI.
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Figure 3.3. (a), (b) 3D geometry and layout of the EMS MB. W¢onn = 100 pm, Wsp =
50 um, Ssp =50 um, Lgms = 2190 um, Wems = 810 um, L; = 1400 pm, L, = 550 pum,
Wp =70 um, Lp; =450 pm, Lp; = 600 um, Wys =425 pm, Wepw = 220 um, and Scpw
=50 pm. (b) EM-simulated S-parameters, Al, and PI.
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3.2 Experimental Validation

3.2.1 Coupled-line test structures

To characterise the broadside coupled-line quality, all-pass SL and EMS coupled
TL test structures of the circuit element in Figure 3.4(a) were designed and measured
as shown in Figure 3.4(b)-(g). The same trace widths W,y of the respective SL and
EMS baluns were used in each case. 50 Q@ GCPW terminations were designed to
facilitate 250 pm GSG probe-based characterization measurements. Excellent
agreement is seen between simulation and measurement as shown in Figure 3.4(f), (g),
indicating good coupled-line quality. A spur in the EMS test structure can be seen in
Figure 3.4(g). The reason for this can be seen in Figure 3.4(e), where an additional
metal structure that is circled in red has introduced a resonance in the coupled line
structure at 5.5 GHz, causing the spurious peak. This additional metal structure —
which was part of another test device — was placed too close to the coupled line

structure due to layout constraints in the fixed area reticules sent for fabrication.

3.2.2 EMS and SL spiral baluns

The SL and EMS MBs were manufactured and tested to validate the design concept.
The photographs of the SL and EMS Baluns A and B are provided in Figure 3.5(a) and
Figure 3.6(a). The EM-simulations and RF-measured S-parameters, Al, and PI are
provided in Figure 3.5(b) and Figure 3.6(b). For the SL and EMS designs, the
measured FBWs were 56% with fo= 6.1 GHz and 71% with f, = 4.3 GHz, respectively.
Across these BWs, the measured power loss, PI, and Al were measured between 0.8-
1.5 dB and 1-2.2 dB, 2 + 2° and 6.5 £+ 1°, and 0.35 + 0.35 dB and 0.45 = 0.45 dB,
respectively. A very good FBW agreement is obtained for the SL balun while there is

FBW narrowing on the right edge of the passband for the EMS balun. Despite this BW
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Figure 3.4. Characterization of SL and EMS broadside-coupled TLs. (a) All pass
coupled-line structure. (b), (d), (f) 3D model, optical photograph, and EM-simulated
and RF-measured S-parameters of the SL-coupled TLs where W= 75 um and 6 = 90°
at 6 GHz. (c¢), (e), (g) Respective images for EMS-coupled TLs where W= 50 pum and

0 =90° at 6 GHz.
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Table 3.2
State-of-the-art Marchand baluns on multilayer processes.

Ref. fo Max. Loss FBW Al PI Technology Area
(GHz)  (dB) () @B) (© (%)
[3] 60 7* 89 <1.5 <10 CMOS 0.048
[46] 1.6 1.3 77 <1 <10 LTCC 0.0063
[47] 23 2.9 77 <2 <10 CMOS 0.0037
[48] 45 1.2 74 <0.7 <1.2 MMIC 0.0348
[49] 2 0.9 71* <038 <3.5 LCP/PCB 0.1
[50] 2.45 0.24 16 <0.1 <1 LTCC 0.0031
[74] 2.4 [** 24 <1 <3 LTCC <0.003**
SL balun 6 2 55 <0.7 <4 MLPCB  0.0033
EMS balun 4.8 1.5 71 <0.8 <75 MLPCB 0.0022

Jg: Guided wavelength at fo; ML: Multilayer; *: Estimated from graphs/images

narrowing, a very good agreement is obtained with the EM simulations, successfully

validating the proposed FBW optimization concept.

Table 3.2 compares the proposed SL and EMS MBs with other SOA coupled-
line baluns realized with multilayer processes, e.g., LTCC, CMOS, ML PCB. As
shown, both of the proposed MB configurations exhibit small physical size, with only
[74] exhibiting slightly smaller footprint, however having a considerably narrower
BW than the proposed concepts. In cases where a larger FBW has been achieved (e.g.,
in [3], [48]) their size is about 15-22x larger than in the proposed configuration which

also has lower while Al PI and loss.
3.3 Comparison of Inkjet AM and PCB Processes

In order to compare the performance of baluns implemented on PCB and using an

inkjet AM process in Chapter 2, the miniaturised SL baluns, which were both designed
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to maximise FBW in their respective processes are compared across all important

balun metrics using manufactured balun implementations as shown in Figure 3.7.

1.

Achievable FBW: The inkjet AM approach demonstrated wider achievable

BWs for SL TLs compared to the ML PCB case, as evidenced in Figure 3.7(a),
where the back-to-back inkjet AM implementation covers a wider BW (2.3-8.4
GHz or FBW = 114%) compared to the back-to-back PCB implementation
balun (4.3-8.4 GHz or FBW = 64%). The inkjet AM implementation therefore
has benefits of excellent Al and PI, enabled by the SL TLs, while offering much
wider BWs compared to the PCB implementation.

Footprint: The footprints of the SL inkjet AM and PCB baluns were 0.0043 A,
(blue areas in Figure 3.7(b)) and 0.0033 A,* (red areas in Figure 3.7(b)),
respectively. The 30% reduction in footprint in the PCB balun compared to the
inkjet AM balun is due to the thinner coupled-line widths in the PCB balun (W
=75 um) allowing for a tighter spiral and thus reduced footprint compared to
the inkjet AM case which requires a wider trace width W =115 um. Although
the PCB approach does produce a lower footprint, both spiral MBs offer
significant miniaturization with footprints comparable with the SOA (<0.005

Ag?) in miniaturised baluns.

. Board Thickness: The overall AM board thickness Ham = 1050 pm is four

times larger compared to the overall PCB thickness of Hpcg = 262 um, as
illustrated in Figure 3.7(c), allowing for the enhanced coupled-line parameters
achieved in the inkjet AM case. Increasing board thickness allows for a higher
k in the inkjet AM case, even though the PCB layer thicknenesses (25 and 42
um for prepreg and core layers, respectively) are smaller than the minimum

vertical spacings of 50 um allowed in the inkjet AM process. The ability to
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Figure 3.7. (a) Measured S-parameters of inkjet AM- (blue) and PCB-based (red) SL
back-to-back baluns. (b) Optical photographs of the PCB (red) and AM (blue) SL
back-to-back baluns. (c) [llustration of board thicknesses of AM- (top) and PCB-based
(bottom) SL coupled lines.

enhance FBW by freely increasing in vertical height rather than footprint is a
key advantage to the inkjet AM process.

4. Loss: The PCB process indeed offers lower loss compared to the inkjet AM
process, where 2 dB of loss is measured at its fo = 4.4 GHz, while the ML PCB
process gives 1.5 dB of loss at its fo = 6 GHz, as can be seen in Fugure 3.7 (a).
There are two key material paramters which cause this difference in losses.

Firstly, the inkjet DI has an approximately 3x higher loss tangent of 0.023
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compared to the PCB dielectrics having 0.0075 and 0.009 for prepreg and core
layers, respectively. There is therefore inovation required in DI development
to reduce dielectric loss tangent values found in standard commercial PCB
processes. The key material parameter causing the large losees in the AM
baluns is the low conductivity of the CI used in the inkjet AM process (o =
1.8x10° S/m) compared to the high conductivity copper layers (o = 5.7x107
S/m) in the PCB process. This is a current drawback to inkjet AM and the
development of higher conducitvity Cls is a key area needing improvement in
inkjet AM manufacturing. The high power losses are therefore clearly the
greatest disadvantage to the proposed design method compared to other
approaches. The high material losses would pose a particular disadvantage to
narrowband design, where lower couplings, and inherently higher insertion
losses further degrade the baluns’ power transmission. Therefore, this design
approach is currently most suitable for wideband design.

Design Flexibility: It has been demonstrated that inkjet AM offers design

freedoms not offered by other discrete multilayer processes, such as 3D traces,
allowing for signals to be routed through various layers with minimual
reflections, and continuously variable layer thicknesses, allowing for a greater
range of coupled-line parameters to be selected. Considering these design
capabilities, it is evident that inkjet AM offers potential to allow for enhanced

balun performace compared to conventional multilayer processes.
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3.4 Conclusion

This chapter reported on a detailed design methodology for the realisation of the
best achievable FBW response for broadside coupled MBs on ML PCB processes. A
simulation-based method determining the maximum achievable FBW considering a
process’ limits was reported. A SL and EMS balun was designed using a 6-layer PCB
process, demonstrating their simplicity in design, wide BWs and very small footprints
compared to other balun design approaches. Finally, a comparison between MBs
designed using the ML PCB process and the inkjet AM process described in Chapter
2 was included. This comparison motivates further research into compact wideband,
and multifunctional baluns integrated using inkjet AM, exploiting the various design

freedoms associated with this novel two-material process.
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4 Inkjet-Printed Capacitively-Loaded
Marchand Baluns with Enhanced
Fractional Bandwidths

In chapter 2, it was shown that the MB topology has a maximum FBW of 109%
when using a 1:1 impedance transformation, while requiring coupled-line parameters
generally out of reach of conventional processes. It was demonstrated that inkjet AM
has the capability of reaching this FBW limit, but there is a need for topologies that
can produce larger FBWs than this maximum for achievable coupled-line parameters.
C-loading techniques have been shown to enhance MB performance in several areas
including phase compensation, miniaturization, and frequency tunability [67], [69],
[73], [74]. However, no research found in the open technical literature has explored
FBW maximising procedures using C-loaded MB topologies. Considering the FBW
limitations of the MB, this chapter presents: 1) a comprehensive design methodology
for C-loaded MBs with maximized FBW and highly-miniaturized footprint, ii) the
potential of the two-material inkjet printing process in realizing C-loaded tightly-
coupled TLs and 3D vertically integrated capacitor integration that can be exploited

for miniaturization, iii) a FBW enhancement technique using a patterned ground plane.

4.1 Theoretical Foundations

4.1.1 Capacitively-loaded planar MBs

The conventional planar MB circuit-schematic, whose design has been described
in Chapters 2 and 3, is shown in Figure 4.1(a), with 50 Q port impedances for Py, P,

and P; considered as before. FBW enhancement and footprint miniaturization of the
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Figure4.1. (a) Circuit-schematic of the conventional MB with possible series capacitor
locations (1)-(8). (b) Optimal (S11 = 0 at fo) (k, Zx) curve and corresponding FBW as a
function of & for the MB topology. Maximum FBW as a function of & for the C-loaded
MB topology. (b) C-loaded MB with series capacitors C; and C; at (6) and (3) and
coupled lines with electrical length 6. (d) Red: Maximum FBW S-parameter response
for the conventional MB where FBW = 109% for k£ = 0.83, Z; = 105 Q. Blue:
Maximum FBW S-parameter response of C-loaded MB under the condition that k <
0.83 with FBW =137%, k=0.83, Z, =90 Q, C; =0.23 pF, (; = 1.8 pF, and 8 = 40°.

MB can be achieved by loading the MB capacitively. As such, one and two capacitor
topologies with series capacitors, C; and C», at locations (1)-(8) can be considered as
shown in Figure 4.1(a). Overall, there are ‘8 choose 2’ = 28 variations. Each topology
was optimized to maximise FBW by freely varying &, Z;, Ci, C,, and 6, quickly
allowing for the best performing topologies to be identified. The locations (3) and (6),
namely with C; between P, and P3; and C; at the open end of P, as shown in Figure

4.1(d) gave the largest maximum FBW in this study and is considered hereon. For this
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topology, example maximum FBWs are plotted in Figure 4.1(b) for £ = (i) 0.7, (i1)
0.83, and (ii1) 0.9. As it can be seen FBW increases with £ and has similar maximum
FBW to the MB up to £ = 0.7 where Z, =71 Q, § = 56, C; = 0.21 pF, and C; = 0.80
pF, corresponding to maximum FBW = 102%. For large £, the topology can achieve
considerably wider maximum FBWs. A FBW = 137% is achievable using the MB’s
optimal £ = 0.83 with Z, = 90 Q, 8 = 40°, C, = 0.23 pF, and C;, = 1.8 pF, its
corresponding S-parameters are also provided in Figure 4.1(d) alongside maximum
137% FBW MB response. The FBW continues to increase with & with a maximum
FBW = 157% for k= 0.9, Z, = 130 Q, 8 =33°, C; = 0.22 pF, and C; = 2 pF. The high
coupling region k£ > 0.7 is therefore the main region of interest. Additionally, & is
significantly reduced compared to the MB, enhancing miniaturization, and reducing
loss. Considering wide FBWs require large £, Z;, maximum FBW is determined by the
integration process’ capabilities in realising large k, Z;. Understanding the achievable

coupled-line parameters is therefore crucial to determine maximum achievable FBW.

4.1.2 Coupled-line and parameter selection

To achieve large k and Z, a broadside-coupled EMS TL integration scheme is
explored using a multilayer two-material inkjet AM process as shown in Figure 4.2(a).
As such, a wide range of k, Z; can be obtained using full EM simulations in ANSYS
HFSS [116]. To explore the FBW capabilities based on the achievable £ and Z;, the
Ci, (5, and O parameters were optimised to maximise average FBW over the wide
FBW range 0.7 < k <0.9. This optimization produced 8 = 45°, C; = 0.25 pF, and C; =
1 pF. To demonstrate the achievable FBW as a function of &, Z;, a parametric study in
steps of Ak =0.01, AZ; =2 Q was performed, and 10 dB FBWs extracted, producing
the heat map shown in Figure 4.2(c), on top of which the achievable EMS £, Z; range

is plotted with white dashed lines. Three response regimes are seen. In the black region
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Figure 4.2. (a) Broadside-coupled EMS with a solid ground plane. (b) EMS with
perforated grounded plane (Wcy: is the width of the perforation). (¢c) Heatmap of FBW
over the (k, Zx) parameter space for 8 =45°, C, =0.25 pF, and C; = 1 pF. Furthermore,
the Z; and & of the EMS is overlaid as a function of /S and B/S for Wcy= 0, and as
a function of W/S and Wc,./S for B/S = 10.

responses have no 10 dB passband, i.e., FBW = 0%. In the central region there is a
large k, Z; range greater than the optimal planar MB FBW = 109%, as desired. In the
lower-right region, marked off by a sharp boundary, matching is worse than 10 dB
within the band, significantly diminishing FBW. Choosing a &, Zi pair too close to this

region is avoided to improve matching at fo. It is evident that for § = 45°, C, = 0.25 pF,

C, = 1 pF the realisable £, Z; range covers the wide BW region, where there is a large
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range where FBW > 109%. As shown, a k between 0.53 and 0.82 can be obtained,

leading to C-loaded baluns with FBWs from 0-113%.

4.1.3 Coupled-line enhancement with patterned ground planes

For a fixed conductor-to-ground distance (here, B = 500 um), k and Z; can be
enhanced further using a patterned ground plane beneath the EMS as shown in Figure
4.2 (width: Wcy in Figure 4.2(b)). The range of achievable &, Z; are plotted in grey
dot-dash lines in Figure 4.2(¢). In this case, a significantly higher £ between 0.73 and
0.89 can be obtained, leading to C-loaded baluns with FBWs from 70-133%. Thus, the
perforated ground-plane EMS approach will be used for the realization of the proposed
MB configuration. The TL parameters were selected to be W =160 um, B = 500 um,
and Wcuw=4000 um (green star in Figure 4.2(c)) to facilitate the realization of a FBW

of 131% which is significantly higher than what can be obtained in conventional MBs

4.1.4 3D integrated interdigital capacitors

A crucial parameter in the implementation of the C-loaded MB is the realization of
the large capacitance C> = 1 pF. If using a standard parallel plate capacitor like the one
shown in Figure 4.3(a), large footprints & 2 mm? when using the process minimum
vertical spacing S= 50 pm are required. To decrease the required area needed to realise
1 pF capacitance, vertically-integrated interdigital plate configurations were designed
as shown in in Figure 4.3(b) for the case of an 8-layer capacitor having an area 4 =
Lcap X Weap. The capacitance as a function of area for the proposed capacitor in 4-layer
and 8-layer vertical-integration fashion is compared with the case of a parallel plate
capacitor in Figure 4.3(c). As evidenced, the vertically-integrated 3D capacitors result
in a much smaller footprint (i.e., 0.22 mm? for a C = 1 pF). The required C; = 0.25 pF

can be obtained for Lcap, = 400 um and Weap = 300 um when using 4 inter-digital
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Figure 4.3. Vertically-integrated interdigital capacitors in the inkjet two-material AM
process. (a) Illustration of a parallel plate capacitor with side lengths Lca, and Weap,
and vertical plate-to-plate spacing S. (b) Top view and side view of a capacitor having
8 vertically-integrated inter-digital fingers, for fcap = 70 pm, S =50 um, and G = 100
um. (c¢) Capacitance of a 4-layer interdigital (Cy), 8-layer interdigital (C), and parallel
plate capacitors as a function of occupied area.

fingers, while the required C; = 1 pF can be obtained for Lcap, = 385 um and We,p, =

700 um using 8 interdigital fingers.

4.1.5 C-loaded MB design

Based on the aforementioned design guidelines, the C-loaded MB can be designed
using full-wave EM simulations and is shown in Figure 4.4(a). Straight coupled-line
sections are used and are folded side-by-side for size compactness, leading to an
overall footprint of 6.0 x 4.3 mm?. The inter-connecting line (dimensions Weonn and
Lconn) 1s carefully designed to optimise Al and PI throughout the required FBW using

the design method in [16]. The patterned ground-plane width (Wp,) was optimised to
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Figure 4.4. (a) 3D geometry of the C-loaded MB. Lconn = 1200 um, Weonn = 160 pm,

Wpate = 4300 pm, Wepw = 200 pm, Scpw = 100 pm, Honp = 187 um, ftop = 50 pm, fvia
=150 um,and H=2B + S+t + t1op = 1117 pum. (b) EM-simulated S-parameters, Al,

and PI.

4300 um which is slightly larger than Wcy = 4000 um to compensate for the induced
asymmetry from the inter-connecting line. The RF signal is connected to the balun

using three 90° 3D vias. Furthermore, vias connect the bottom ground with the top

plane, used for the GCPW of the RF input/output ports. Setting Wepw = 200 pm, Scpw

=100 pm, a 50 Q impedance is precisely obtained by continuously varying Honp =
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187 um. The balun exhibits the following RF performance characteristics: FBW =
123%, loss < 1.5 dB, Al <0.22 dB, and PI < 2.3° throughout this BW. The narrowed
FBW compared to the ideally-predicted 131% in Section 4.1.3 is to be expected
considering the added parasitics from the required junctions and bends in the realistic

prototype.
4.2 Experimental Validation

The C-loaded MB was manufactured using the two-material inkjet process in [ 100]
and subsequently tested with an Agilent E5S071C VNA network analyser. Two
resistively-terminated prototypes: i) Balun A (P; is resistively-terminated) and ii)
Balun B (P, is resistively-terminated) were manufactured. An X-ray and an optical
photograph of an example manufactured prototype (Balun A) is provided in Figure
4.5(a). Its EM-simulated and RF-measured performance in terms of S-parameters, Al
and PI are provided in Figure 4.5(b). Specifically, its measured performance is
summarized as follows: fo=4.4 and FBW of 121%, where over this BW, the measured
power loss is between 0.8-2.2 dB, the PI is 3 + 2°, and the Al is 0.4 = 0.4 dB. As
observed, a very good agreement is obtained with the EM simulations, successfully
validating the proposed MB concept with miniaturized size and ultra-wide FBW
characteristics. The measured PI and Al being slightly higher EM simulations is to be
expected and is due to the Al and PI being calculated between two different prototypes
(i.e., Balun A and Balun B), which are slightly different to one another due to process

variations.

Table 4.1 compares the inkjet-printed C-loaded MB with SOA C-loaded MB
variants. As it can be seen, the proposed configuration exhibits the widest FBW, which

is 3.3-12 times larger than the ones obtained in [73], [74], [77], [78], [123], while
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Figure 4.5. (a) Optical and X-ray images of the manufactured C-loaded Balun A (P3 is
50 Q terminated) where Wpey = 4.3 mm, Lpey = 6.0 mm. (b) EM-simulated and RF-
measured S-parameters (top) of the two resistively-terminated baluns (Balun A:
Corresponding to S>14, Balun B: Corresponding to S»18) and EM-simulated and RF-
measured Al and PI (bottom). Grey area: operational BW.

achieving comparable footprint, Al, and PI. Furthermore, it exhibits significantly
higher operational frequency and the 3D integration using a two-material inkjet

printing process is presented in this work for the first time.
4.3 Conclusion

This chapter presented a detailed design methodology for the realisation of
wideband and highly-miniaturized C-loaded MBs, alongside a unique integration
concept using multi-material inkjet printing. A simulation-based method determining

the maximum achievable FBW (~130%) and the characteristics of inkjet-printed
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Table 4.1
Comparison with SOA C-loaded MBs

Ref. fo Max. Loss FBW Al PI Technology  Area
(GHz)  (dB) (%)  (dB) ) (%)

[73] 2.4 1* 24 <1 <3 LTCC <0.003**
[74] 0.55 1.2 29 <03 <3 PCB 0.009
[77] 2.45 1 16 <0.5 <2.6 LTCC 0.003
[78] 1.4 1.2* 37 <05 <5 PCB 0.01
[123] 2.1 1.6 12 <02 <2 PCB <0.08**
This work 4.4 2.2 121 <0.8 <45 Inkjet AM  0.013

Ag: Guided wavelength at fo; *: Estimated from graphs; **: Estimated from images

broadside-coupled lines and 3D vertically-integrated capacitors were reported. A
wideband MB was designed and tested at C-band demonstrating the widest reported
C-loaded MB FBW to date enabled by a low cost and highly-versatile inkjet printing

3D integration concept.
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5 Inkjet-Printed Vertically-Integrated
RF Co-designed Bandpass Filtering
Baluns

This chapter seeks to address the challenge of multi-functionality in emerging RF
front-ends that will rely heavily on the realization of RF components with multi-
functional capabilities. Specifically, due to the immense need for frequency selectivity
inthe RF front-end, this chapter explores the potential to incorporate bandpass filtering
into the MB by exploiting the resonant behaviour of its quarter-wavelength lines and
cascading them with additional coupled-line resonators to enhance frequency
selectivity. Specifically, this chapter reports on: 1) a new design methodology for the
realization of highly-miniaturized BPF-Bs with scalable selectivity and form factor,
and ii) a novel integration scheme using vertically-integrated broadside-coupled TLs
that can be exploited to introduce transfer function versatility in terms of transfer

function order and realizable BW.

5.1 Theoretical Foundations

5.1.1 REF co-designed bandpass filtering baluns

The circuit schematic of the BPF-B concept is illustrated in Figure 5.1 for the case
of even- (Figure 5.1(a)) and odd-order (Figure 5.1(b)) transfer functions (TFs). It is
based on a cascaded planar MB topology — first proposed in [60] but not treated using
filter synthesis — allowing for higher order filtering TFs in each of its output ports P
and P3. Considering that a planar MB consists of an OC /4¢/2 TL (at centre frequency
fo) coupled to two SC 4,/4 TLs, its TF can be like the one obtained by a narrowband

2"d_order (N = 2) coupled resonator BPF [14]. To increase the TF order, additional SC
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Figure 5.1. Multi-coupled TL-based BPF-B. (a) Circuit-schematic for even-order
transfer functions. (b) Circuit-schematic for odd-order transfer functions. (c)

Equivalent CRD for (a) and (b).

M4 TLs are coupled to the conventional MB as shown in Figure 5.1 (a), (b), where the
only difference between the realization of odd- and even-order TFs is the locations of
P, and P;. The equivalent coupling routing diagram (CRD) for an N"-order TF is

shown in Figure 5.1(c), where P, is the source S, and P, and P; are loads L, and L.

To demonstrate the operating principles of the BPF-B concept, a 3™-order topology
(N=3 in Figure 5.1(b)) is considered in Figure 5.2(a), (b), where two alternative
external coupling schemes are considered: Input/output (I/0) feeding lines (a) coupled
capacitively to the resonators and (b) directly coupled to the resonators. These
facilitate high and low external coupling strengths Q. that are then more suitable for
wideband (WB) and ultra-wideband (UWB) TFs, respectively. Figure 5.2(a) is
therefore referred to as the WB BPF-B topology and Figure 5.2(b) is referred to as the
UWB BPF-B topology. Since the two output branches split the output power equally,
the design of the BPF-B can be performed by using the two-port CRD equivalent in

Figure 5.2(c), whose coupling coefficients Ms; = My, = Myo, M1, and M>3 can be
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Figure 5.2. (a) 3“-order BPF-B with its resonators coupled capacitively with the 1/0
feedlines (WB BPF-B). In this case, Li, = 5480 um and Loy = 6050 um. (b) 3"-order
BPF-B with directly-coupled I/O resonators (UWB BPF-B). (c) Equivalent third-
order CRD for the two transmission paths. (d) S-parameters of a third-order BPF-B
for M1, =10.707, M»3 = 0.707, and Myo = 0.802 (dashed lines) or Myo = 0.892 (solid

lines).

specified using conventional coupled-resonator synthesis techniques. Having

specified these coefficients, M2 paun Needs to be set equal to M2 /+/2 to account for

the power scaling in the 3-port network [124].

To demonstrate its operation, two example design cases are considered for a 3™-
order Chebyshev TF using M, = 0.707 and M>3 = 0.707. Shown in Figure 5.2(d), the
passband ripple is controlled by Myo, with a 0.05 dB passband ripple for Myo = 0.892
which is used in the WB case, and a 0.3 dB passband ripple for a lower Myo = 0.802
which is used in the UWB case. Having specified the TF, the inter-resonator couplings

kii+1 and the external couplings Q.in = Qeout = Qe are calculated using (5.1).
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The geometrical parameters of the BPF-B can be specified through EM simulations in

ANSYS HFSS [116] and the design method in [125].

5.1.2 WB and UWB BPF-B coupled-line integration

Prior to extracting the k; ;+1 and Q., the coupled line structure and process capabilities
of the two-material inkjet process need to be considered. Broadside-coupled,
vertically-integrated SL TLs are used as shown in Figure 5.3(a), (c) to achieve the
desired couplings and size compactness. By exploiting the design freedom along the
z-axis, alongside the particular broadside coupled line configuration, a wide range of
ki;+1 and Q., and thus FBWs can be realised. If seeking to maximise FBW, i.e., the
design goal of this work, the UWB BPF-B configuration (i.e., direct I/O coupling) and
minimum vertical spacings should be chosen. If seeking lower FBWs <50%, the WB
BPF-B configuration (i.e. coupled I/O feeding) can be used with a larger vertical inter-
resonator spacings to realise lower couplings. It should be noted that maximum £; ;+
is achieved when the coupled lines are directly above each other, i.e., for G;;+1 = 0.
ki i+ can then be finely decreased by increasing G;;+1, allowing for accurate synthesis
of the necessary couplings to realise the desired TF. The design procedure for each of

the WB and UWB topologies are now outlined.

5.1.2.1 WB BPF-B coupled-line parameter selection

The WB BPF-B was designed for a reasonably-wide FBW of 30% and a 0.05 dB
passband ripple, leading to a Q. =4.19, k12 = 0.15 and k23 = 0.21 following (5.1). Its

stack up is shown in Figure 5.3(a) where capacitively-coupled feedlines are used for
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Figure 5.3. (a) Cross section of the WB BPF-B using coupled resonators with I/O feed
lines (red) where Wiy = Wou = 480, Sin = 60, Sout = 160, Sws = 200, W, = 300, Bws =
140, Hwg =217, ¢t=17,and H = 1050 (unit: um). (b) Extracted k1, and k»3 as a function
of G2 and G»;3 for the WB configuration resulting in Gi2 =660 pm and G>3 =570 pm.
(c) Cross section of the UWB BPF-B using directly-coupled resonators where W, =
250, W, = 351, Suws = 50, Huws = 67, Buws = 450, and H = 1050 (unit: um). (d)
Sizing W, for maximum FBW realisation in the UWB BPF-B. The dotted blue lines
denote Q. as a function of W;. The solid green lines denote the maximum achievable
ki2 as a function of W The dashed orange lines represent the required k> (obtained
using (5.1)) for the resultant Q. as a function of W,. (e) Extracted ki and k3 as a
function of G, and G»3 for the UWB configuration, Gi» =286 um and G»3 =280 pum.

the realization of Q.. By assigning a vertical inter-resonator spacing Swg = 200 pm,
and resonators with a width W= 300 um, the Q. is predominantly controlled through
Sin (o1 Sout) [see Figure 5.3(a)] and fine-tuned by Lin (or Low) [see Figure 5.2(a)]. ki i+
is altered through G;;+1 as shown in Figure 5.3(b). The selected geometrical parameters
are obtained through full-wave EM simulations and are provided in the caption of

Figure 5.3.
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5.1.2.2 WB BPF-B coupled-line parameter selection

The UWB BPF-B was designed for the maximum possible FBW and 0.3 dB
passband ripple. Thus, the minimum vertical spacing of the process of 50 um is used
for Suws to maximize the &; ;1. Direct I/O feed lines [see in Figure 5.3(c)] are also used
to allow for a sufficiently low Q. which is controlled by the widths W, and W, of the
I/0 resonators, respectively. Generally, narrower trace widths reduce Q., and low O,
is required for wide FBWs. Wide FBWs also require large k, and when using
broadside-coupled lines, while narrower trace widths reduce k. Therefore, there is a
minimum trace width whose Q. corresponds to a FBW that has a realisable coupling
k. Finally, as the input resonator is OC while the output resonator is SC, it is found that
Wi < W, for the same Q., so the input width W, is the limiting parameter. The

maximum FBW can therefore be evaluated by sizing the input width W, as follows:

Following Figure 5.3(d) and setting ¥, equal to the process minimum of 75 um, a
Q. = 0.99 can be obtained which corresponds to a FBW = 157%. This would require
coupling k12eq = 0.785 (calculated using (5.1)) which as shown in Figure 5.3(d) is not
possible due to ki2max = 0.53 for W, =75 um (and Gi, = 0). The maximum FBW is
then determined by plotting the required k12 q, for each Q. (dashed orange trace in
Figure 5.3(d)) and finding their point of intersection with the ki»max that can be
achieved by the process (green solid line in Figure 5.3(d)) that leads to FBWpax =
121% for W1 =200 um, Q. = 1.285, ki2req. = k12,max = kopt. = 0.605, indicated with the
star in Figure 5.3(d). Choosing the maximum FBW .x = 121% was found to produce
a fairly crowded coupled-line structure, causing difficulties in shorting resonators to
the top or bottom grounds due to the low required Gi>. And Ga3. Therefore, a slightly

narrower FBW = 110% (a Q. = 1.41 for W, =250 um, W, =351 pm in Figure 5.3(d))
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Figure 5.4. 3D geometry and EM simulated S-parameters for the 3™-order BPF-Bs
based on broadside-coupled SL lines. (a) Bird’s eye view of the WB BPF-B with Lc¢om
=300, Weonn = 200, Honp = 187, trop= 50, and Wour = 580 (unit: um). (b) Bird’s eye
view of the UWB BPF-B with Lconn = 950, Weonn = 1000, Wepw = 200, Scew = 100,
and Wour = 580 (unit: pm). (¢), (d) EM-simulated S-parameters of the WB and UWB
BPF-B, respectively.

was used for the UWB BPF-B implementation. The optimized geometrical dimensions

are provided in the caption of Figure 5.3.

5.1.3 WB and UWB BPF-B realisation

The final layouts of the WB BPF-B and UWB BPF-B are shown in Figure 5.4(a),
(b). In both, the 4,/2 OC resonator is folded side-by-side for size compactness. The
inter-connecting line, with dimensions Wconn and Leom, 1s carefully designed to
optimise Al and PI throughout the designed FBW using the design method described

in Section 2.1.2. The SC resonators are shorted using compact 90° 3D traces that are
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Figure 5.5. (a), (b) X-ray scans of the WB and UWB BPF-Bs with their P3 terminated
to 0402 50 Q resistors where Lwg = 8.9, Wwp =2.7, Luws = 8.9, and Lyws = 3.5 (unit:
mm). (¢), (d) EM-simulated and RF-measured S-parameters (top) and Al and PI
(bottom) for the WB and UWB BPF-Bs, respectively. The shaded grey area indicates
the operational BW.

only possible using the inkjet-printed process. The RF signal is connected to the BPF-
Bs using 90° 3D traces to 50 Q@ GCPW terminations. Grounding vias surround the
device, connecting the bottom and top grounds and isolating the structure. The WB
and UWB baluns are simulated using lossless dielectrics and conductors and their S-

parameters are shown in Figure 5.4(c), (d), respectively.
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Table 5.1
Comparison with SOA filtering baluns

Ref. Jo Loss @ fo FBW Al PI Technology Area

(GHz)  (dB) (%)  (dB)  (© (4"

[14] 5.55 2% 14 <0.6 <5 LTCC 0.007

[50] 3.75 0.9 93 <0.34 <35 ML PCB 0.225

[35] 2.25 0.56 111 <0.7 <6 ML PCB 0.173

[13] 5.22 0.5 133 <0.8 <58 ML PCB 0.651

WB 5.0 2.3 111 <0.8 <8 Inkjet AM 0.019

UWB 5.0 4.3 24 <0.9 <4 Inkjet AM 0.025

Ag: Guided wavelength at fo; ML: Multilayer; *: Estimated from graphs
5.2 Experimental Validation

The WB and UWB designs were manufactured using the two-material inkjet
process and RF characterization was performed with an Agilent E5071C VNA and 250
um 2-port GSG RF probes. Again, in this case the BPF-Bs were characterized using
resistive terminations with two prototypes being tested for each design, namely Balun
A (Ps-terminated) and Balun B (P;-terminated). An X-ray of the WB and UWB Balun
A type are provided in Figure 5.5(a), (b). The EM-simulations (including material
losses) and RF-measured S-parameters, Al, and PI are provided in Figure 5.5(c), (d).
For the WB and UWB designs, the measured power loss, PI and Al were measured
between 4.3-7.3 dB and 1.8-5.3 dB, 4 £4° and 2 £+ 2°, and 0.45 £ 0.45 dB and 0.4 +
0.4 dB, respectively, with overall footprints of 8.9 x 3.5 mm? and 8.9 x 2.7 mm?. A
very good agreement is obtained with the EM simulations, successfully validating the

proposed concept.

Table 5.1 compares the inkjet-printed multi-coupled line BPF-B with SOA BPF-

Bs. As shown, the proposed configuration exhibits much smaller footprint compared
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to[13],[121], [35]. Only [14], shows smaller footprint, however it only has a 2" order
TF and provides significantly narrower FBW. Furthermore, this work exhibits 3D
vertical integration using a two-material inkjet printing process, which is demonstrated

in this work for BPF-Bs for the first time.

5.3 Conclusion

This chapter presented a detailed design methodology for the realization of multi-
coupled TL-based BPF-Bs, alongside a unique vertical integration concept using
multi-material inkjet printing. A simulation-based method determining the maximum
achievable FBW considering the manufacturing process capabilities was reported. For
practical validation purposes, both WB and UWB BPF-Bs were designed,
manufactured, and tested at C-band, demonstrating competitive RF performance and

high levels of miniaturization when compared to the SOA.
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6 Conclusions and Outlook

6.1 Summary & Contributions

The primary goal of this thesis was to lay the foundations for new design
methodologies and integration techniques for the realization of broadside coupled -line
baluns achieving ultra-wide bandwidths, small physical size and the RF co-designed
functionality of a BPF. Additionally, the thesis explored the potential of a novel
manufacturing process based on inkjet-printed dielectric and conductive materials and
benchmarked its potential in relation to streamlined multi-layer PCB process. Table
6.1 presents a summary of the key metrics of the baluns presented in this thesis. It is
evident that low footprint, wide BW designs have been designed demonstrated, with
the lowest footprints achieved for the spiral MB designs, and the widest BWs achieved
in for the C-loaded balun design. The specific contributions of this thesis are as

follows:

e Chapter 2 presented a detailed design methodology for the practical
development of wideband MBs, alongside a unique integration concept using

multi-material inkjet printing. The maximum achievable FBW for alternative

Table 6.1
Performance of fabricated and measured baluns presented in Chapters 2-5
Balun Description fo FBW PI Al  Max. Loss Footprint
(GHz) (%) () (dB)  (dB) (43)
PCB SL Spiral MB 6 56 <3  <0.6 2 0.0034
PCB EMS Spiral MB 4.5 71 <15 <0.8 1.5 0.0025
Inkjet-printed SL Spiral MB 5 94 <7 <0.6 3.5 0.0043
Interdigital C-loaded MB 44 122 <5 <09 2.5 0.013
Wideband filtering balun 5 20 <q <1 5 0.025
Ultra-wideband filtering balun 5 100 <45 <0.7 4 0.019
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RF input/output impedance transformations and achievable couplings were
introduced in this thesis for first time. Additionally, this chapter demonstrated
that maximising the coupling k& does not lead to a maximum FBW response.
Rather, a specific k (i.e., k = 0.83 for a 1:1 impedance transformation) yields
the maximum FBW. As the maximum FBW response is generally out of reach
for most processes, a novel optimization procedure determining the maximum
achievable MB FBW dependent on process capabilities was described. Several
TL-based integration concepts were analysed using 2D and 3D EM simulations
taking into consideration the capabilities of a multi-material multilayer inkjet
printing process which is used in this work for the realization of MBs for first
time. A miniaturization scheme using spiral TLs and slanted vias was also
explored for size compactness. The fabricated miniaturised baluns
demonstrated both wide FBWs ~100% and low footprints < 0.005 A,%. The
outcomes of this work have been published in [109].

Chapter 3 applied the design methodology that was established in Chapter 2 to
the realisation of the best achievable FBW response for broadside coupled
MBs on ML PCB processes. SL and EMS baluns were designed using a 6-layer
PCB process, demonstrating their simplicity in design, wide BWs and very
small footprints compared to other balun design approaches. The measured
balun results allowed for a comparison to be made between the inkjet AM and
PCB processes, which highlighted the key advantages of inkjet AM and
justified its use in the subsequent balun designs.

Chapter 4 introduced a detailed design methodology for the realisation of
wideband and highly-miniaturized C-loaded MBs, alongside a unique

integration concept using multi-material inkjet printing. A simulation-based
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method determining the maximum achievable FBW (~130%), wider than what
is possible with the conventional MB, was described for the first time, while
the characteristics of inkjet-printed broadside-coupled lines and 3D vertically-
integrated capacitors were investigated. A wideband MB was designed and
tested at C-band demonstrating the widest reported C-loaded MB FBW to date
enabled by a low cost and highly-versatile inkjet printing 3D integration
concept.

e Chapter 5 reported on a detailed design methodology for the realization of
multi-coupled TL-based BPF-Bs, alongside a unique vertical integration
concept using multi-material inkjet printing. A simulation-based method
determining the maximum achievable FBW considering the manufacturing
process capabilities was reported. For practical validation purposes, both WB
and UWB BPF-Bs were designed, manufactured, and tested at C-band,
demonstrating competitive RF performance and high levels of miniaturization,
providing significantly lower footprints compared to the more common

slotline transition approach to BPF-B design.

6.2 List of Publications

1. Wideband Broadside-Coupled Line Baluns Enabled by Multi-Material Additive
Manufacturing, J. Steele; D. Psychogiou, IEEE Transactions in Microwave

Theory and Techniques, Date of Publication: 09/05/2024.

2. Compact Multilayer PCB-Based Marchand Baluns with Maximized Fractional

Bandwidth, J. Steele; D. Psychogiou, IEEE Access, Accepted.

3. Inkjet-Printed Capacitively-Loaded Marchand Baluns with Enhanced Fractional

Bandwidths, J. Steele; D. Psychogiou, IET Electronics Letters, Accepted.
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4. Self-Packaged Inkjet-Printed Vertically-Integrated RF Co-designed Bandpass
Filtering Baluns, J. Steele; D. Psychogiou, IEEE Transactions in Components

and Manufacturing Technologies, Accepted.

6.3 Future Work

Beyond the contributions of this thesis, there are further avenues of research which
may promise further balun FBW enhancement and footprint reduction and are

summarized as follows:

6.3.1 Alternative two-line topologies

The coupled-line balun topology in Figure 6.1(a) [120] is an alternative to the MB
and its design has not yet been explored in regards to FBW maximization. Preliminary
studies demonstrate that it can lead to wider FBWs than the MB, but only for
unrealistic couplings £>0.88, as indicated by the shaded region in Figure 6.1(b) which
compares its FBW performance against the conventional MB. It is believed that the
evolving capabilities of inkjet AM have the potential to functionalize the required &
and may make this a potential ultra-wideband, highly miniaturizable balun that can be

investigated as a further extension of this work.

6.3.2 Alternative capacitively-loaded coupled-line balun topologies

Although the widest FBW C-loaded MB found in the literature was demonstrated
in Chapter 4, the survey on capacitive loading demonstrated in this work is not
exhaustive. Therefore, alternative capacitive loading combinations can be studied to
further enhance FBW and decrease size. For example, the same procedure described
in Chapter 4 to find the widest FBW topology can be applied to shunt capacitors rather

than series capacitors, or combinations of shunt and series capacitors. The number of
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Figure 6.1. (a) An alternative two-line topology to the MB, introduced in [120]. (b)

FBW of the MB and alternative 2-line topologies as a function of £.

possible configurations is large, and therefore a more sophisticated approach to search
for large FBW C-loaded topologies is likely required compared to the manual search

conducted in Chapter 4. Additionally, capacitive loading can also be applied to the

balun topology in Figure 6.1 to explore its FBW enhancement potential.

6.3.3 Patterned ground footprint reduction

As evidenced by the realised balun footprints of the C-loaded MB in Chapter 4, the
patterned GND increases the overall device footprint. For example, the spiral MB

shown in Chapter 2 (with a FBW = 95%) has a footprint of 0.0043 A,> compared to
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Figure 6.2. (a) Coupled resonator structure employed for the realisation of BPF-Bs in
Chapter 5. (b) An alternative coupled resonator configuration which introduces an

additional cross-coupling Ms.

the C-loaded balun with patterned GND plane (FBW = 122%) having a footprint of
0.013 A%, increasing footprint by a factor of 3. This increase in footprint is due to the
large patterned ground plane required to achieve the coupled-line parameters (&, Z)
needed to get a FBW = 122%. Rather than using a large slot, other approaches of
patterning the ground plane may produce the same (%, Z;) while occupying a smaller
area [114]. Advancements to the integration of this topology which can reduce

footprint and further enhance coupled-line parameters could be explored.

6.3.4 Realising advanced BPF-B transfer functions

In this thesis, the design freedoms afforded by the inkjet AM process allowed for
the realisation of BPF-Bs with M-order TFs. The specific integration method used in
this work ensured no unwanted cross-couplings which could degrade the passband as
shown in Figure 6.2(a). To increase the passband selectivity, transmission zeros (TZs)
can be introduced to the transfer function. This requires inter-resonator cross-
couplings and therefore more sophisticated coupled-line configurations. For example,
a TZ could be introduced to the passbands of the BPF-Bs synthesised in Chapter 5 by

introducing the cross-coupling M3, which can be achieved using the configuration
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illustrated in Figure 6.2(b). This inherently introduces further complexity into the
synthesis and optimization of the passband, but the design freedoms afforded by inkjet
printed AM technology may allow for the realization of wideband BPF-Bs with
enhanced selectivity alongside excellent balanced signal quality throughout the

passband.
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