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ABSTRACT

This dissertation presents a study of multimode polymer waveguide technology for use in
board-level communication links for future data centres and supercomputers. The motivation
for this work comes from the severe interconnection bandwidth challenges faced by the
conventional electrical interconnections technology and the potential performance advantages
of optical interconnections. This thesis presents the work to address the bandwidth bottleneck
by developing high-bandwidth multimode polymer waveguides. The use of multimode
waveguides provides relaxed alignment tolerances enabling low-cost assembly tools.
Siloxane polymer materials developed by Dow Corning Corporation are chosen to form the
waveguides in this work due to their favourable optical properties (optical losses as low as
0.03 dB/cm and the ability to withstand temperatures in excess of 350 °C) that allow the
waveguides to be directly integrated on printed circuits boards (PCBs) using conventional
manufacturing processes. Useful design rules for the use of the multimode polymer
waveguides are theoretically derived while the bandwidth-length products are investigated
under various launch conditions. Frequency-domain measurements and ultra-short pulse
measurements are then carried out to investigate the bandwidth performance of the polymer
waveguides under different launch conditions and with lateral misalignments. The
instrument-limited frequency-domain measurements show that these waveguides exhibit
bandwidth-length products (BLPs) of at least 35 GHzxm, while the pulse broadening
measurements reveal the actual BLPs to be in excess of 70 GHzxm under a 50 pum
multimode-fibre (MMF) launch and 100 GHzxm for a restricted launch across a wide range
of input offsets (>£10 um). This shows the potential for data transmission rates of 100 Gb/s
and beyond over a single waveguide channel. A theoretical model is developed using the
measured refractive index profile and good agreement with the above experimental results is
found. The effects of graded refractive index profiles on the performance of waveguide
components (bends, crossings) are also investigated, demonstrating that appropriate refractive
index engineering can provide enhanced waveguide loss performance while exhibiting
adequate bandwidth. Waveguide bends with excess loss below 1 dB for a radius >6 mm,
crossings with loss less than 0.02 dB/crossing while exhibiting adequate link bandwidth (>47
GHzxm) can be achieved for a MMF launch. On this basis, advanced modulation formats are
investigated across the board-level waveguide links for further increasing the on-board data
rates. Record NRZ-based 40 Gb/s and 56 Gb/s PAM-4 based data transmission over a 1 m

long multimode polymer spiral waveguide are theoretically and experimentally demonstrated.
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1 INTRODUCTION

This chapter explains the motivation behind the research described in this dissertation and
introduces the bandwidth limitations faced by electrical interconnections in computing
systems. The cost and performance demands of board-level links suggest the need for high-
performance optical interconnections based on polymer waveguides. The chapter finally sets

out the objectives of the dissertation and presents the main contributions of this work.

1.1 Motivation and Rationale

In recent years, there has been a rapidly growing demand for interconnection bandwidth
for home users due to the expansion of internet applications and also for enterprise
organisations owing to the increasing data generation and access requirements. Global
internet traffic is growing aggressively each year for example due to high-definition video
applications, which alone account for over half of the bandwidth used on the Internet [1].
New technologies such as smart devices, social networks, 3D content, cloud computing are
also driving internet traffic levels [2] (Figure 1-1). These trends have been made possible by
consistent advances in computing power with the development of ever more advanced data

centres and high performance computers (HPC) [3] (Figure 1-2).
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Figure 1-1 Cisco global IP traffic forecast, 2014-2019 (by application category) [2].
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Figure 1-2 Increase in computing power in supercomputer applications [4].

In data centre environments, the operators are quickly adopting 100 Gb/s Ethernet (GbE)
from the current 10 GbE driven by the increased bandwidth demands of multi-core and
multithreaded CPUs as well as server and storage upgrades and greater inter-processor
communication requirements [3], [5]. In the HPC environments, the performance growth
evidenced by the top 500 supercomputers have continued to follow Moore’s law [4].
Processors are becoming increasingly fast due to the constant scaling of size and density of
the transistors, which enlarges the gap between the devices and interconnections. The
International Technology Roadmap for Semiconductors (ITRS) has highlighted the
increasing importance of on-chip and off-chip interconnections [6]. It has been realised that
the high-performance semiconductor integrated circuits will be limited by the electrical
interconnects within and between them in the coming years. Various electrical schemes have

been developed to maintain the increasing data rates. However, to accommodate the on-going
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increase in speed, printed circuit board electrical links are becoming increasingly
sophisticated resulting in increased costs. Even more importantly, electrical cables are still
facing the fundamental “communication bottleneck” which comes from their inherent

drawbacks such as:

- High frequency loss: skin effect losses increase in proportion with the square-root of

frequency while dielectric loss increases linearly with frequency;

- Impedance discontinuities: contribute significantly to signal degradation due to the
signal paths through vias, connectors, etc.;

- Crosstalk: electromagnetic interference (EMI) from the neighbouring signals which

limits the density of metal wirings.

Much work has been done to overcome the disadvantages of electrical interconnections
and extend the useful lifetime of well-established copper cables by using various techniques.
For example, manufacturers are trying to make copper with lower surface roughness to
reduce the skin effects [7], [8]. However substantial loss still remains even for the finest
copper lines. Advanced board materials such as Flame Retardant 4+ (FR4+), Rogers 4000
and GETEK have been also developed to increase bandwidth. However, they can
significantly add to the total cost [9], [10]. Sophisticated signal processing technigues such as
pre-emphasis, equalisation techniques, multilevel techniques and coding can be used at the
transmitter and/or receivers to increase data rates but at an increased circuit complexity and
hence cost and power dissipation. Various analyses tend to agree that the saturation of data
rates on electrical links will occur at approximately 20 Gb/s (Figure 1-3) [3], [11].
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Figure 1-3 Comparison of transmission capacity of electrical and optical
interconnections [11].
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Therefore, researchers have considered fundamentally changing the physical means of
interconnection to overcome the obstacles that conventional electrical interconnections face.
Optics can provide an alternative solution to address most of the problems mentioned above.
Indeed, optical communications have become a dominant technology in long-haul
telecommunications due to the development of optical fibre technologies and the invention of
lasers in the last fifty years. A clear trend can be seen in the use of optics for interconnections
over shorter distances (Figure 1-4) [12]. Nowadays, optical links are commonly used over
rack-to-rack and intra-cabinet routes. The reasons for this are that optics offers important

advantages over its electric counterpart:
- Larger bandwidth;
- Lower power consumption;
- Good immunity to EMI,
- Higher density;

- Scalability.

Physical MAN/WAN | Cables-long | Cables-short | Card-to-card | Intra-card | Intra-module | Intra-chi
linkk types ) N | RN
Features
Distance Multi-km 10-300 m 1-10 m 0.3-1m 0.1-0.3m 5-100 mm 0-20 mm
No of lines 1 1-10s 1-10s 1-100s 1-100s 1-100s 1-100s
per link
S . . i : i 010- _ -
Use of Since80s | Since90s | Sincelate | Since 2010-1 505 5615 | Afier2015 Later
optics 00’s 2011

Single-mode Optics I Mixed multi-mode optics & copper I Copper

Figure 1-4 Historical timeline and predicted trends in the deployment of optical
technology for various interconnection hierarchies [12].

The consideration of using optics as an alternative interconnection technology to chips
inside computers was first proposed by Goodman in 1984 [13], and since then many
publications in the literature have proposed that optical interconnections will be deployed
within existing electronic circuits [14]-[19]. Optical interconnections in such small scales can

be divided into two categories according to the link length (Figure 1-5):

- On-chip interconnections (<1 cm);
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- On-board interconnections: chip-to-chip (<30 cm), card-to-card (<1 m).

Card-to-card

Chip-to-chip On-chip

A blade server

Card 1 Card 2

Figure 1-5 (a) Schematic of optical interconnections: on-chip, chip-to-chip and card-

to-card interconnections and (b) a blade server [20].

Optical links for card-to-card and chip-to-chip interconnects are expected to enjoy a
commercial exploitation soon while on-chip optical interconnections will be next (Figure 1-6)
[21]. While on-board interconnects has been an active area of research for many years, the
transition from electrical to optical interconnection is going gradually as cost plays a
significant role in any technological shift. As printed circuit board (PCB) manufacturing
becomes a cheaper and more mature technology, optical interconnects need to be compatible
with existing electronic manufacturing processes and have the ability to be efficiently
integrated into existing architectures. This results in significant research interests on
integrated optical technologies. In particular, polymer-based optical waveguides have drawn
a considerate amount of attention as they can be directly implemented to conventional PCBs

in a cost-effective way.
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Figure 1-6 Photonic roadmap for optical interconnects in supercomputing [21].

1.2 Comparisons between Electrical and Optical Interconnects

It is important to understand the nature of the challenges that traditional electrical
interconnects face in order to justify the advantages of optical interconnects. Therefore,
technical comparisons between electrical and optical interconnections are presented in the
following sections from two main aspects in information processing systems: (i) bandwidth
limitation and (ii) power consumption [19], [22]-[25].

1.2.1 Bandwidth Limitation

The capacity of electrical wires has a fundamental scaling limitation known as “aspect

ratio” given by (for on-off keying scheme):

B<B, é (bits/s) (1-1)

where B is the maximum data rate, A and L are the cross-sectional area and the length of the

electrical wire respectively, and B, is a constant. B, ~10" b/s for a typical off-chip inductive-
capacitive (LC) lines, B, ~10"° b/s for the on-chip resistive-capacitive (RC) lines, and B, ~10"’

b/s for off-chip equalised inductive—capacitive lines with typical resistive loss (RLC) lines

[24]. In the gigahertz frequency regime, nearly all electrical interconnect lines on-chip are
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RC-type, whereas off-chip lines are primarily LC transmission lines. It should be noted that
this simple approximation does not take account of additional loss from surface scattering in

wires or dielectric loss, both of which reduce the bandwidth of electrical wires.

It can be noticed that the ratio A/ L* is dimensionless which means that the capacity of the
wire cannot be simply increased by making the wires smaller or bigger. Current electrical
wires are experiencing this bandwidth limitation at all levels from global wires on board to
backplanes between boards. As mentioned earlier, skin effect and dielectric losses can also
significantly limit the bandwidth of copper links on FR4 and the dielectric losses start to
dominate at higher frequencies. For example, a recent analysis shows that a 1 m long
electrical cable on standard FR4 is limited to 5 Gb/s [26]. The use of advanced materials can
increase the bandwidth. For example, Rogers substrates can increase this limit to ~15 Gb/s,
but they are 5 times more expensive than FR4 and difficult to process [9]. A further increase
to 20 Gb/s may be possible with the deployment of modulation schemes and equalisations
aforementioned [26]-[28]. However, all of these techniques increase the system complexity
and often overall power dissipation. In addition, it is possible to break a long link into several
shorter links in series with repeaters. Although this can be feasible on-chip, it is less desirable
for off-chip interconnections due to the additional number of repeaters chips. This can also

increase power consumption [19].

In contrast, optics does not suffer from many of the problems seen in scaling the electrical
interconnections as the physics of optics is fundamentally different. Optics is not subject to
the physical scaling invariant limits of the capacity encountered by the electrical
interconnections. Single-mode fibres (SMFs), for example, can in principle carry tens of
terabits per second. Even multimode fibres (MMFs) can carry high information capacity,
potentially orders of magnitude higher than can be achieved on copper cables. To achieve
such high-speed data transmission over fibres certainly is not an easy task, and would require
high-performance transmitters and receivers. Nevertheless, the fibre itself is not likely to limit
the bandwidth for on-board and on-chip interconnections in the foreseeable future.

Fibre-based approaches however cannot be easily laminated into PCBs, thus preventing a
high level of integration with boards. Therefore, polymer waveguide based approaches have
been considered. However, this technology will not be adopted until it can offer a significant
improvement in bandwidth over existing electrical wires. Therefore, the understanding of the
bandwidth limitations of polymer waveguides is essential, and hence the design of high-
bandwidth polymer waveguides is a major goal of this thesis.



Chapter 1 Introduction 8

1.2.2 Power Consumption

As power consumption is also becoming of greater concern for electrical
interconnections, it is critical that optical interconnections consume less power irrespective of
their high bandwidth. For electrical links, the energy required is at least that needed to charge
the whole line (or at least the section of line whose length corresponds to the electrical pulse

length) to the signalling voltage. The total energy can be expressed as:

E,>CV? (1-2)

whereC, is the capacitance of the line and V, is the signalling voltage. In order to reduce the

total energy consumption, it is typically desirable to reduce the voltage rather than the

capacitance of electrical lines as all well-designed lines have similar capacitance.

On the contrary, this energy can be avoided in optical systems as there is no need to
“charge” the line to signal voltage. This physics is a quantum-mechanical phenomenon,
which makes the classical voltage in the light beam not directly relevant to the voltage that

can be generated [29]. The relevant energy for comparison is given by:

h
E,>C,V, ?“’ (1-3)

where C, is the total capacitance of the photodetector, and voltage hew/eis numerically equal

to the photon energy in unit of electron-volts (eV) (quantum efficiency is assumed to be 1

here for simplicity).

From Equations (1-2) and (1-3), it can be seen that the power consumption of optical links

is less than electrical ones if C, -hw/e<C)V, . Since hw/e(e.g. ~1V) might be bigger than
the electrical signalling voltage V, (e.g. 100mV or less), optics has lower energy consumption
only if C; < C,. This general relationship indicates that optics can become beneficial for

longer guide lengths and lower detector capacitances. In comparing energy consumption, care
should be taken to note the total power needed to convert from electrical signals to optical
signals or vice versa in addition to transmission losses. Comprehensive theoretical work has
been done to estimate the crossover length beyond which optical interconnections dissipate
less power than electrical counterparts [9], [10], [27], [30]-[43]. For instance, Cho [10]
compared the power consumption of optical and electrical interconnections, and found that



Chapter 1 Introduction 9

optical links become more power efficient beyond a critical length of 43 cm at data rate of 6
Gb/s and this length reduces for higher bit rates. Therefore, there is an opportunity to optics
for use in board-level interconnections as it can not only solve the bandwidth challenges that
electrical interconnects have but also potentially consume less power at higher data rates or

longer lengths.

1.3 Challenges for Optical Interconnects

It is generally recognised that optical interconnects for use in board-level links is an
exciting and on-going research topic. However, the technology roadmaps and the predictions
made over recent years have proven to be overly optimistic as the adoption of board-level
optical interconnects has fallen behind predictions. Perhaps the biggest challenge is the cost
related to the existing optical solutions as well as the continuous improvements made in the
electrical interconnect systems. The cheapest on-board optical interconnects are estimated to
be at least twice as expensive as the traditional electrical interconnects which do not justify
their improved performance [44]. Hence, the proposed optical interconnects have not yet
been fully adopted on large-scale commercial levels despite the excellent performance of
these high-capacity optical links. The successful adoption of on-board optical interconnects
will only occur when the bandwidth is really only met by optical links with an overall system
cost and power consumption that are competitive with the alternative electrical solutions [45],
[46]. As the data rate increases, a crossover point will appear where optics will be able to
offer a more cost-effective solution and electrical links will exponentially become more
expensive. Although the point at which optical interconnects become superior to electrical
interconnects is not fixed, as the available sources and receivers continuously evolve,
bandwidth-length analyses comparing electrical and optical systems tend to agree that the
crossover point is estimated to be ~2-3 m at 25 Gb/s and this crossover is expected to occur at
an even lower data rate if the price of optics goes down [Figure 1-7(a)] [47]. The transition
from electrical to optical interconnects is highly cost-driven and application specific. The
international Electronics Manufacturing Initiative (iNEMI) has suggested that this transition
may first occur at the backplane level at which optics may have a better cost performance
over electrical interconnects (beyond this length optics has completed replaced electronics)
[Figure 1-7(b)] [48].
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Figure 1-7 (a) The cost of optics becomes relatively lower than electrical
interconnects as data rates increase and (b) the cost trends for optical and electrical

interconnects at different application level [47], [48].

Therefore, board-level optical interconnects is believed to be the next step for a clear
commercial application of next-generation optical technology. In order to push the electrical-
to-optical boundary further, the study of high-bandwidth polymer waveguides based

interconnects inevitably becomes the direction of this work.

1.4 Aim and Contribution of the Dissertation

Multimode polymer waveguides have drawn intense interest for use in board-level optical
interconnections. Considerable research worldwide has sought to develop cost-effective
polymer waveguides and demonstrate their engineering feasibility for applications such as

optical backplanes [49]-[57]. However, few demonstrators have been reported with a
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convincing level of high-speed data transmission to complete with existing electrical on-
board solutions for future data centres and supercomputers. Therefore, the objective of this
dissertation is to tackle the “interconnection bottleneck” for board-level communication links
through a focussed study of developing low-loss and high-bandwidth polymer waveguides
and using advanced modulation schemes to enable higher data transmission rates. The author
has sought to advance the on-going development of optical integrated circuits and optical

backplanes by making the meaningful contributions below:

- Investigating the high-speed performance of multimode polymer waveguides using both
frequency-domain measurements (S,;) and short-pulse measurements under different launch
conditions in the presence of input spatial offsets. Bandwidth-length products of >70 GHzxm
for a 50 um MMF launch and >100 GHzxm for a restricted launch are presented over a large
range of offsets (>+10 pum) for the first time, indicating the capability of data transmission
rates of 100 Gb/s and beyond over such waveguides using launch conditioning schemes. A
theoretical model is developed using real measured refractive index profiles, and a good

agreement has been found between the simulation and experimental results.

- Indentifying the effects of refractive index profiles and waveguide layouts (bends, crossing)
on the optical transmission properties and dynamic performance of multimode polymer
waveguides, and demonstrating that the waveguide performance can be enhanced by
appropriate refractive index engineering and intelligent waveguide layout design. The results
demonstrate that low loss interconnection (waveguide bends with excess loss below 1 dB for
a radius >6 mm, crossings with crossing loss less than 0.02 dB/crossing) while exhibiting
adequate link bandwidth (>47 GHzxm) can be achieved for a 50 um MMF launch using
appropriate refractive index engineering. In addition, 1.55 times bandwidth improvement
(BLP>60 GHzxm) over the straight waveguides is achieved using a waveguide bend with a
radius of 5 mm and with a loss penalty of ~1.9 dB under a 50 um MMF launch. To the best of
author’s knowledge, this is the first detailed study on the impact of refractive index profiles
and waveguide layouts on the loss and bandwidth performance of highly-multimoded

polymer waveguide components.

- Investigating the high-speed data transmission over these waveguides using advanced
modulation formats for board-level optical interconnects, and demonstrating for the first time
that such polymer multimode waveguides can support non-return-to-zero (NRZ)-based 40

Gb/s and 4-level pulse-amplitude-modulation (PAM-4)-based 56 Gb/s data transmission rates
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over a 1 m long multimode polymer waveguide. A system simulation model is developed and
the simulation results agree well with the experiments. These are the highest data rates for a

polymer-based optical interconnects at the time of writing.

1.5 Outline of Dissertation

Each chapter in this dissertation undertakes to focus on a particular topic concerned with
the development of high-performance multimode polymer waveguides for board-level optical
interconnects for next-generation data centres and supercomputers. Figure 1-8 depicts the
general outline of the dissertation with the focus of each chapter indicated. The focus of each
chapter is briefly provided as follows:

Chapter1
Rational and
objectives

A 4
Chapter2
Review of polymer waveguide technology for
board-level optical interconnects

————— —————
-
- - -~

~ - -
_________________

N

A 4
Chapter 3 . . Chapterd Cha.pteFS .Chapterﬁ
Fundamental waveguide design . . Refractiveindex High speed data
. . Bandwidth studies . .
and theoretical foundation profile studies transmission

Chapter7
Conclusion and future
work

[

Figure 1-8 Structure of the dissertation with indicated focus of each chapter.

Chapter 1 — identifies the on-going demand for higher interconnection bandwidth and the
predicted transition from electrical to optical interconnects. The comparisons between the
electrical and optical interconnects for on-board communication links are presented from the
perspectives of bandwidth and power consumption. It is concluded that optical interconnects,
although facing serious engineering challenges, can potentially offer both higher bandwidth

and lower power consumption for future applications.

Chapter 2 — reviews the polymer waveguide systems for board-level optical
interconnections focusing on the major optical components used. Various materials suitable
for integration on PCBs are reviewed, and siloxane polymers are identified as the choice of

this thesis. Active devices (e.g. sources and receivers) as well as different coupling schemes
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suitable for on-board optical interconnects are reviewed. State-of-the-art demonstrators based

on polymer waveguides are presented, and possible areas of improvements are identified.

Chapter 3 — presents the waveguide design parameters and the fundamental optical
transmission studies of the waveguide samples in this thesis. Coupling efficiency and
available bandwidth-length product are theoretically investigated for different waveguide
parameters under low-cost coupling schemes typically employed in real-world applications. It
is shown that optimum waveguide design parameters can be chosen to ensure low coupling

loss and sufficient link bandwidth for many applications.

Chapter 4 — reports the experimental bandwidth results of various multimode polymer
waveguides under different launch conditions and in the presence of input offsets. Both
frequency-domain and ultra-short pulse measurements are conducted. Simulation results
show good agreement with the experiments. The results indicate the possibility of
transmitting data rates of >100 Gb/s over a single waveguide channel without introducing
significant performance impairments in the link with the use of launch conditioning schemes

and appropriate refractive index engineering.

Chapter 5 — examines the effects of refractive index profiles and waveguide layouts on
the loss and bandwidth performance of passive waveguide components such as bends and
crossings for use in optical backplanes. The characterisation of waveguide samples with
different refractive index profiles are carried out. The experimental results indicate that low
loss interconnection and adequate link bandwidth can be achieved using appropriate

refractive index engineering and intelligent waveguide layout.

Chapter 6 — investigates high-speed data transmission over multimode polymer
waveguides using advanced modulation formats. A system simulation is developed to show
the feasibility of transmitting very high data rates (>40 Gb/s) over these waveguides. Record
high data transmission of 40 Gb/s NRZ and 56 Gb/s PAM-4 over a 1 m long multimode

polymer waveguide are demonstrated experimentally.

Chapter 7 — summarises all the work conducted in this dissertation. The major
conclusions are highlighted and future work that can be carried out to further advance the

development of high-speed optical interconnects integrated at the board level is identified.
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2 TECHNOLOGY
CONSIDERATIONS FOR BOARD-
LEVEL OPTICAL
INTERCONNECTS

This chapter provides a brief introduction to board-level optical interconnection
technologies and reviews their major constituent optical components. Suitable materials
technologies for integration with conventional PCBs are discussed with particular focus on
the characteristics of siloxane polymers. Active optoelectronic components used to take
advantage the development of on-board optical interconnects including VCSELSs and PDs are
introduced and a review of different coupling schemes between polymer waveguides and
such devices is provided. The main research conducted in the field is presented along with a
review of the state-of-the-art demonstrators in polymer waveguide technology for on-board

optical interconnections. The direction of this thesis is finally discussed.

2.1 Introduction

As seen in Chapter 1, the ever increasing interconnection bandwidth for short-reach links
is pushing traditional electrical links to the limits. Optics can offer a solution to solve the
bandwidth bottleneck problem; however a technology appropriate for cost-effective board-

level interconnects is required. As the coexistence of optics and electronics in future
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electronic systems is inevitable, it is necessary to integrate optics readily into existing system
architectures using compatible manufacturing processes with conventional PCBs. Therefore,
this chapter provides an overview of board-level optical interconnection technologies with a
discussion of appropriate polymer materials, optical components and sub-system

architectures that are suitable for on-board integration.

In summary, a complete board-level optical link consists of the following parts: (a)
transmission media, (b) a transmitter, (c) a receiver and if necessary (d) coupling optics.
These different areas are reviewed separately in this chapter. Section 2.2 introduces and
compares the advantages and disadvantages of different transmission media employed in
integrated optical circuits. Section 2.3 focuses on polymer materials compatible with standard
PCBs while some common waveguide fabrication techniques are discussed in section 2.4.
High-speed active optical devices such as vertical-cavity surface-emitting lasers (VCSELS)
and photodiodes (PDs) used in board-level optical interconnection systems are discussed in
section 2.5. Section 2.6 reviews different coupling schemes that enable cost-effective system
integration. The chapter closes by highlighting state-of-the-art demonstrators from major
academic and industrial research groups in the field as discussed in section 2.7. The strengths
and weaknesses of recently demonstrated board-level optical interconnect technologies are

shown to influence the direction of this thesis. Finally, section 2.8 concludes the chapter.

2.2 Transmission Medium

There are many approaches to implementing optical interconnects and a wide range of
materials can be utilised to develop integrated optical devices. These range from free-space
systems to guided systems based on silica, silicon and polymer. It is valuable briefly to
discuss the most common techniques used in optical interconnects. Each technology area is
broad and thus it is not feasible to describe all thoroughly here. Rather, a brief overview will
be given in order to summarise their suitability for use in board-level optical

interconnections.

A number of free-space optical interconnects have been successfully demonstrated. It is
perhaps the most straightforward method for short-distance point-to-point optical links as it
utilises air [1], [2] or a substrate as medium for light propagation [3]. Point-to-multipoint
free-space systems such as a shared-bus topology are also demonstrated [4], [5]. Free-space

interconnects have been developed employing active routing by means of holographic beam
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steering [6] or using micro-electro-mechanical systems (MEMS) devices [7] while passive
routing has also been employed and implemented using for example beam-steering
diffraction gratings [8]. The need for light steering is disadvantageous given its complexity
and hence increased system assembly cost. In addition, the main challenge that all free-space
optics face is the need for good alignment which necessitates excellent packaging design in
order to maintain the tight alignment tolerances over the life-time of the system. Although
some solutions exist to the alignment problems such as the use of active alignment [9], the
fundamental issues of maintaining the alignment of delicate components is challenging.
Moreover, any dust on the free-space element surfaces may introduce extra link loss or even

system failure.

The use of waveguide structures can eliminate many problems found in free-space
systems. Mature optical fibre technologies have led to studies concerning their possible use in
board-level optical interconnects for the following reasons: (i) very low loss; (ii)
compatibility with many readily available optoelectronic components; and (iii) known optical
transmission properties. However, a major drawback of fibre-based technologies for
interconnect applications is that they need to be assembled as discrete elements and a
straightforward method of integrating fibres onto the conventional PCBs is not yet available.
Moreover, glass fibre is difficult to manufacture and install over short lengths in addition to
being expensive, fragile and having high bending losses [10]. Although perfluorinated plastic
optical fibre (POF) is gaining popularity as an alternative low-cost solution to glass fibre for
short-reach optical links [11], its low-loss transmission wavelength is the visible light
spectrum which limits the data rates due to the availability of high-speed sources at these

wavelengths although sources in the 800 nm range may be suitable for very short links [12].

The use of integrated waveguide technology has been proposed as an alternative to using
optical fibres or other discrete elements. Monolithic interconnect structures allow the
formation of functional components such as splitters, couplers and filters directly in the
waveguides, and thus offer more cost-effective and efficient optical systems. There are
different ways of implementing integrated planar lightwave circuits (PLCs). Silicon-on-
insulator (SOI) technologies are enjoying a growing interest in part due to the success of
silicon photonics. The high index step between silicon and silicon dioxide allows strong
confinement, tight bend structures and high waveguide packing density. In addition, it
becomes possible to integrate active devices such as lasers, photodiodes and modulators on

chip directly using SOI technology [13], [14]. Moreover, the compatibility with standard
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complementary-metal-oxide-semiconductor (CMQOS) platforms makes silicon photonics very
appealing at a commercial level [15], [16]. However, the high propagation loss (0.1-3
dB/cm) depending on the dimensions and processing conditions [17] and large mismatch with
low-cost multimode fibre and VCSEL technology make it an unsuitable candidate for large-
scale board-level optical interconnects such as backplanes. As a result, SOI technology is

believed to be a promising candidate for use in on-chip interconnections [18].

Polymers are another class of materials that are attractive for use in integrated optical
devices. They are sufficiently low-cost, flexible (mechanical flexibility shown in Figure 2-1),
possess favourable thermal, mechanical and optical properties and can be fabricated on any
type of substrate practically. The selection of polymers is typically application-specific to
ensure best performance without experiencing severe environmental degradation. Polymer
structures can be patterned using a variety of techniques including but not limited to
photolithography, moulding, embossing and direct printing [19], [20]. Importantly, there are a
variety of polymers that exhibit low transmission loss at the datacommunication wavelength
of 850 nm. In particular, they can be integrated with existing PCB technology in the way that
other aforementioned materials do not. This makes polymer technology very appealing for

use in short-reach optical links.

25 cm long twisted
waveguide flex

Figure 2-1 (a) No visible cracking shown in twisted polymer waveguides during the
twist and (b) large-area flexible polymer waveguide demonstrators [21], [22].

Owing to its perceived compatibility with conventional PCB manufacturing processes and
the potential of fabricating polymer waveguides on a large-scale in a cost-effective manner,
this thesis focuses on polymer waveguide elements exclusively as the base for future board-
level interconnection applications. However, it should be emphasised that an awareness of
on-going research based on other materials is required for any future technology
development. The hybrid integration of different material platforms such as silicon and

polymers may ultimately offer optimised system performance.
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2.3 Polymer Materials

It is worth reviewing key characteristics of polymers such as their thermal, mechanical
and optical properties to appreciate why a particular Dow Corning siloxane polymer is

chosen for use in this thesis.

Common polymer materials used for polymer waveguides are SU-8 (from MicroChem)
[23], fluorinated polyimide [24], polymethylmethacrylate (PMMA) [25] and some
commercial polymers such as Ormocer® (from Fraunhofer 1SC) and Truemode™ (from
Exxelis). However, the majority of polymers used in photosensitive patterning can be classed
as epoxies, acrylates, polyimides and siloxanes. Many factors must be considered while
choosing a certain type of polymer for a particular application. Some of the most important
properties that polymers need to possess for the applications of optical waveguides are listed

below.

Table 2-1 Attributes of interest for polymer materials for optical waveguides [19].

Low absorption loss

Low birefringence

Low polarisation dependent loss (PDL)

Low polarisation mode dispersion (PMD)

Variable refractive index difference (An)

Ability to vary refractive index profile

Low refractive index dispersion (dn/d)

Thermal stability

Stability with humidity

Adhesion (to substrates, self, electrodes)

Machinability (cleaving, dicing, polishing)

Large thermo-optic coefficient (dn/dT)

Optimal thermal conductivity

Manufacturability with repeatable properties

As mentioned earlier, the wavelength range used for short-reach datacommunication links

is around 850 nm due to the availability of cost-effective and high-speed active optical
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devices (will be explained in more details shortly). Therefore, a variety of polymer materials
have been appropriately engineered to exhibit low losses at short wavelengths (800-850 nm).

These are reviewed and summarised in Table 2-2.

Table 2-2 Summary of common polymer materials characterised at 800-850 nm

wavelength.
. Propagation Loss,
Polymer Type Patterning
Manufacturer [Trade Name] Techniques dB/cm

[wavelength, nm]

Photoexposure /
Corning [19] Acrylate wet etch, RIE, 0.02 [840]
laser ablation

_ _ Photoexposure/wet
Dow Corning [26] Polysiloxane 0.04 [850]
etch
_ o RIE, laser
General Electric [27] Polyetherimide ablation 0.24 [830]
NTT [28] Halogenated acrylate RIE 0.02 [830]
Optical Crosslinks o
Acrylate Diffusion 0.18 [800]
[29]
Photoexposure /
Telephotonics [30] [OASIC™] wet etch, RIE, laser <0.01 [840]
ablation

Siloxane polymers possess a number of desirable characteristics that have been of
particular interest for use in optical waveguides. Alternating oxygen and silicon atoms
composes the backbone of a siloxane polymer without carbon in the backbone chain as is the
case for many other polymers, making it an unusual “inorganic” polymer with great stability
at high temperatures and resistance to water and oxidation [31]. The siloxane molecule can
rotate freely around the Si-O bond, resulting in low birefringence (3.0x10°) [20]. Meanwhile
by engineering its chemistry the thermo-optic coefficient of the siloxane material may be
tuned from ~-2 to -5x10™#/°C [32].

Compared with carbon-based polymers, siloxane polymers have demonstrated excellent
reliability and are less susceptible than many polymers to long-term degradation when
subjected to high temperature, humidity and high optical flux owing to their stronger and
more stable Si-O bonds. This makes them very appealing for use in harsh environments for

applications requiring long-term reliability and particularly for use in PCBs where solder-
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reflow and lamination may occur. The negligible effect of temperatures on the optical loss of

bulk polydimethylsiloxane (PDMS) can be observed in Figure 2-2.
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Figure 2-2 Negligible effect of temperature on the optical transmission of bulk
generic PDMS [33].

Figure 2-3(a) shows the temperature and optical loss comparison of different polymer
families while the optical propagation loss of the Dow Corning siloxane material over a range
of wavelengths is shown in Figure 2-3(b). It can be seen that acrylates have superior
performance of low optical loss at 850 nm than polyimides, while polyimides exhibit much
better thermal robustness compared with acrylates [34]. The PDMS polymer developed by

Dow Corning Corporation (labelled as DC silicon) possesses both good optical and thermal

properties.
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Figure 2-3 (a) Degradation temperature and optical loss comparison of different
polymer families [34] and (b) measured propagation loss of Dow Corning siloxane
material [21].

The siloxane materials employed in this work have been developed by Dow Corning.
Over the years, these materials have been gradually improved from previous ones known as
OE-4140 Optical Elastomer core and OE-4141 Optical Elastomer cladding to the latest ones
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named as WG-1020 Optical Waveguide Core and XX-1023 Optical Waveguide Clad. They
have been appropriately engineered to offer superior material performance for use in board-
level optical interconnections. The materials can be directly spun onto a variety of substrates
such as FR4, silicon or glass which allows the direct integration onto conventional PCBs.
These materials have successfully passed the solder reflow and environmental stability tests,
and shown the ability of withstanding temperatures up to 350°C [34]. This attribute is very
important due to the lead-free solder technologies such as Sn-Ag-Cu used in the electronics
industry which have high melting points (around 200-230°C) [35].

In addition, the Dow Corning siloxane materials exhibit very low intrinsic attenuation at
datacommunication wavelengths (~0.03 dB/cm at 850 nm). This value is below the
recommended loss (0.05 dB/cm at 850 nm) typically required for board-level optical links (~
1 m in length) to achieve a sufficient system power margin [36]. Moreover, they have been
successfully tested to Telecordia GR-1209/GR-1221-CORE standards [37], [38]. No
measureable changes in intrinsic losses have been found after over 2000 hours under 85°C
and 85% relative humidity environment. The materials have also been subjected to 500
thermal cycles from -40°C to +120°C, after which stable optical properties have been
observed [22], [34]. Finally, the refractive index of the bulk materials can be tuned
accordingly so as to meet the required index differences between the core and the cladding

for different applications.

In summary, the Dow Corning siloxane materials employed in this thesis exhibit excellent
properties to satisfy all important technological requirements associated with the applications
of board-level optical interconnections:

- Sufficiently low-cost;

- Very low loss around the datacommunication wavelengths (0.03-0.05 dB/cm);
- Very low birefringence (<5x107);

- Optical stability or resistance to high optical flux;

- High thermal and environmental stability (up to 350 °C);

- Large refractive index tunability (1.49-1.52);

- High processability (adhesion, coating, etching, dicing, etc.);

- Flexible.
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2.4 Waveguide Fabrication

There are a variety of methods of fabricating polymer waveguides. Depending on the type
of polymer, production cost and the ease of fabrication required, an appropriate fabrication
technique should be chosen. Common techniques for casting polymer films include spin
coating, doctor-blading, extrusion and lamination. Ensuring that a film is free of bubbles and
striations and is of uniform thickness with good attachment to the substrate are the major
issues in the process of film fabrication. There are advantages and disadvantages for each
casting technique. For instance, spin coating provides good control of uniformity and
thickness but has difficulty in removing striations. Primary methods for the fabrication of
polymer waveguides are photoresist-based patterning, direct lithograph patterning, laser
direct writing and soft lithography. Figure 2-4 illustrates the fabrication procedure for
photoresist-based patterning, direct lithographic patterning and laser direct writing
respectively, while Figure 2-5 shows two examples of microtransfer moulding (uTM) and

micromoulding in capillaries (MIMIC) used in the soft lithography.
e Photoresist-based Patterning

In general, this fabrication method of polymer waveguides is similar to a standard
semiconductor processing technology, for instance where one would use spin-coating, baking
and reactive ion etching (RIE). A solvent is typically applied to the sample to remove the
photoresist in any unwanted areas. The problem is that conventional RIE can introduce large
surface roughness and thus induce large scattering losses. Therefore, significant efforts have
been made to improve this fabrication process to minimise the roughness-induced scattering
losses by optimising the process in areas of deep, smooth and vertical sidewall etching [30].
However this approach, using large-area photolithography, has higher cost not least due to

the requirement of large-size masks.
e Direct Lithographic Patterning

Direct lithographic patterning is often used to fabricate waveguides made from
photosensitive polymers. The waveguide structure is fabricated by wet etching of the polymer
films selectively exposed to light through a mask [39]. This method offers a simplified
process with faster turnaround times and typically induces less surface roughness than RIE

processes.

e Laser Direct Writing
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Laser direct writing is another way of forming waveguide structures in polymer films. A
laser beam spot is used to define the desired waveguide patterns. This method is more rapid
and cost-effective because it requires no mask as opposed to the traditional mask-based
photolithographic approaches in which masks need to be designed and fabricated before the
waveguides can be made. Also, this technique has the potential to be adopted in the large-

scale fabrication where masks cannot be easily produced [29].
e Soft Lithography

Soft lithography or moulding is a non-photolithographic technique used in
microfabrication pioneered by Xia and Whitesides [40]. This process includes casting,
embossing, and moulding or stamping techniques. Using this technique, the micro-structures
of the polymer can be replicated on a given substrate by using the PDMS mould, which can
be prepared by casting PDMS on a silicon master with the desired micro-structures.
Microtransfer moulding (uTM) and micromoulding in capillaries (MIMIC) are two examples.
Soft lithography is a cost-efficient technique and is suitable for large-scale manufacturing.
However, the drawback of this approach is that it also induces additional surface roughness

which results in larger scattering loss.
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Figure 2-4 Schematic illustration of procedures for (a) photoresist-based patterning,
(b) direct lithographic patterning and (c) laser direct writing [30].



Chapter 2 Technology considerations for board-level optical interconnects 27

- - Photoresist (a) Polymer film Substrate
e b
PMDS —> PMDS —> PMDS — Substrate
PMDS Polymer removal Substrate pressing De-moulding
Si Melt polymer PMDS

PMDS

Sy '
) . s e ]

Figure 2-5 Schematic illustration of procedures for (a) microtransfer moulding
(uTM) and (b) micromoulding in capillaries (MIMIC) [30], [40].

Other fabrication processes include but are not limited to laser ablation [41], [42], ink jet
printing [43], [44] and direct dispensing [45], [46]. Despite the range of fabrication
techniques, this work mainly results from conventional photolithography for the following
reasons. Firstly, it is straightforward and relatively fast to fabricate waveguides using
fabrication facilities in the clean room at Centre of Advanced Photonics and Electronics
(CAPE) laboratory. Secondly, the siloxane polymers are photosensitive under ultra-violet
(UV) irradiation. Thirdly, the waveguides have planar structures and hence there is no need

for use other complex fabrication techniques.

Figure 2-6 illustrates the fabrication process used for the optical waveguides employed in
this work. The bottom layer is first coated on a substrate (FR4, silicon or glass) for the
purpose of masking the substrate surface roughness and ensuring sufficient waveguide
isolation from the substrate. A core polymer layer is deposited on top of the bottom cladding
layer, and subsequently is exposed under UV irradiation via a mask. The exposed polymer
core material remains as it is negative photoresist while the unwanted areas of polymers are
washed away by the properly designed solvent. Finally the top cladding layer is added. The
top cladding serves as a protective layer for the waveguide core to avoid any damage from
the ambient environment and also from the dicing process. More details about the waveguide

design parameters will be discussed in section 3.2 in Chapter 3.
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Figure 2-6 Fabrication procedure for the siloxane polymer waveguides employed in
this thesis.

2.5 Active Components

To ensure the successful deployment of polymer waveguides, the use of active
optoelectronic components needs to satisfy requirements such as low cost, high bandwidth,
low power consumption and easy integration on PCBs. In the following sections, the suitable

technologies of active devices for on-board optical interconnects are briefly reviewed.

2.5.1 Optical Sources

Light emitting diodes (LEDs) and semiconductor lasers are the two commonly used
optical transmitters for optical communications. LEDs have much lower costs than lasers.
However they have limited bandwidth, typically of the order of 250 MHz [47]. So in order to
achieve the targeted on-board data rates (e.g. >25 Gb/s), lasers need be considered due to
their much higher bandwidth. There are two types of lasers for board-level optical
interconnections, which are edge-emitting diode lasers and surface-emitting diode lasers. The
latter, particularly vertical-cavity surface-emitting lasers (VCSELS), are generally agreed to
be the preferred optical sources due to a number of appealing characteristics: low cost, low
current density, low power consumption, high modulation bandwidth and availability in an
array configuration [48]. In addition, their apertures are typically smaller than the cross-
sectional area of multimode polymer waveguides (<15 um) and their numerical apertures are

small enough to enable easy and efficient coupling into these waveguides (NAwg < 0.25) [49].

Since VCSELs were invented by Prof. Kenichi Iga in 1977 [50], they have attracted
worldwide research interest and have become the major optical sources in the Gigabit
Ethernet and high-speed local-area networks (LANSs) [51]. Although VCSELSs operating at
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1310 nm and 1550 nm have been demonstrated for use in long distance telecommunications,
VCSELSs have been mostly used in short reach data communications at 850 nm [52]. They are
ideal for use with polymer waveguides also as the polymer materials have low loss at similar
wavelengths. As VCSEL-based optical interconnects with speed of 25 Gb/s over each
channel are becoming available commercially, the next-generation is likely to be 40 Gb/s or
even higher for applications in high-performance computing and data centres [53], [54].
Figure 2-7(a) summarises bit rate and temperature records for 850 nm VCSELS in the past 15
years while Figure 2-7(b) shows their improvement in speed in recent years [54]-[69]. It is
clear that the VCSEL devices have been rapidly developed over the past decade with
consistently increasing speeds while the market for VCSELSs is still continuously growing
[70].
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Figure 2-7 (a) VCSEL speed records versus temperature and (b) speed records

versus year of development since 2001 [57].

On-going research in both academia and industry have focused on VCSEL-based high-
speed optical interconnects. For example, the feasibility of a robust VCSEL array based
system with 24 channels operating at 15 Gb/s each (aggregate 360 Gb/s) has been
demonstrated using polymer waveguides [71]. In addition, structures such as micro-lenses
[72] or output rods [73] integrated with VCSEL devices have been shown to improve the
coupling efficiency with polymer waveguides. Therefore, it is widely recognised that
VCSELs are appropriate optical sources that complement the characteristics of polymer

waveguides used in board-level optical interconnects.
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2.5.2 Optical Receivers

A high-bandwidth optical receiver is equally important for high speed on-board optical
interconnections to convert the light at the waveguide output to electrical signals. There are
three main types of commercially available photodetectors: PIN PDs, metal-semiconductor-
metal photodiodes (MSM) PDs and avalanche photodiodes (APDs). To date, most of the
optical interconnections based on multimode polymer waveguides employ PIN PDs as they
require low reverse bias voltages of 2-5V (comparable to the on-board electronic
components), have high conversion efficiency (~98%) [74], [75] and are also available in
array configurations. For example, 1x12 high-speed photodiode arrays with each operating
up to 40 Gb/s are commercially available at 850 nm [76]. It should be noted that smaller size
photodiodes are used to minimise device capacitance and increase the bandwidth [77].
However, these can potentially cause reduced coupling efficiency. Therefore, it is important
that the PD’s aperture is larger than that of the polymer waveguides to prevent excessive

coupling losses.

Despite PIN PDs being the most commonly used receivers, other PDs are worthy of
investigating for future board-level optical interconnects. For instance, APDs may be
considered when the link loss is very high as they have much higher responsivity due to their
internal gain. However, the drawback of APDs is their high reverse bias voltage [47], [75]. In
addition, MSM PDs have been demonstrated as fully embedded with polymer waveguides
[78], [79]. MSM PDs have low-capacitance and a larger active area than PINs but their

responsivity is typically lower than of PINs.

2.6 Coupling Schemes

Having discussed a variety of materials and fabrication processes of polymer waveguides
as well as the suitable active devices for low-cost polymer based interconnects, it is of great
importance to develop cost-effective assembly and packaging techniques for the whole
optical interconnection system. In this context, the development of low-loss coupling
schemes for coupling the light in and out of the polymer waveguides is briefly reviewed.
There are essentially two coupling schemes that are being explored by different research
groups: out-of-plane and butt-coupling (see Figure 2-8). There are numerous approaches to
realising these schemes, and a short overview of the advantages and disadvantages of

different coupling schemes is given in the following sections.
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Figure 2-8 Illustration of coupling schemes: (a) out-of-plane and (b) butt-coupling
[80].

2.6.1 Out-of-plane Coupling

Out-of-plane coupling scheme is very appealing as it allows simple implementation. The
optoelectronic modules can be placed on the surface of the board in close proximity to the
driving circuits, therefore enabling short electrical wire connections to the electronic chips.
However, the use of 90° beam-turning elements is required at the both waveguide ends to
couple the light in and out of the optical transmission layer, which results in the complexity
in the optical domain. A number of techniques to achieve beam-turning have been employed

and are reviewed below.
e Integrated 45° Mirror

A substantial amount of work has been conducted for the study of out-of-plane waveguide
mirrors alone. Numerous approaches for forming these 45° mirrors have been demonstrated
including laser ablation [81], [82], laser direct writing [83], dicing [28], [84], [85], v-blade
cut waveguides [86], [87], wedge-shaped end-blocks [88], reactive ion etching [89], micro-
milling [33], moulding [90], [91], embossing [92], UV photolithography [93], X-ray
lithography [94] and grey-scale lithography [95]. Waveguide integrated 45° mirrors with
excess loss below 1 dB have been fabricated using many of the above methods [84], [90],

[91], [94]. Figure 2-9 depicts some examples of the integrated 45° mirrors fabricated.
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Polymeric waveguide

(d)

Figure 2-9 Examples of waveguide integrated 45° mirrors using fabrication methods
of (a) laser ablation [82], (b) dicing [28], (c) micro-milling [33], (d) embossing [92] (e)
UV photolithography [93] and (f) X-ray lithography [94].

It is important to note that the integration of mirrors in board-level interconnections
imposes strict requirements on the fabrication process of the hybrid optoelectronic board. The
performance of the mirrors, whether metalised or operating on a total internal reflection (TIR)
principle, can be severely impaired by the surface roughness and non-optimum angles. In
addition, the TIR mirrors can be contaminated in real-world applications so that their
reflectivity can be affected [88]. Moreover, the metalised mirrors increase the fabrication
complexity as additional post processing steps are required. Therefore, it is necessary that
highly-reflective mirrors are cost-effectively formed in order to meet the performance and

low cost requirements.

A suitable beam delivery scheme is also required in such out-of-plane coupling
configurations in order to reduce the losses owing to the beam divergence along the free-
space optical path. Various configurations for beam delivery have been proposed, including
direct coupling, micro-lens coupling (single or a pair) and vertical waveguide coupling using
optical pillars (Figure 2-10) [96]. Direct coupling is the most cost-effective scheme.
However, it is only suitable when the VCSEL output beam has low light divergence and/or
the separation distance between the waveguide and VCSEL is short. Although the use of
micro-lenses or optical pillars can improve the system performance, the main disadvantage is
that additional fabrication and assembly steps are required which result in increased costs
[97]. Overall, numerous board-level interconnection systems employing these integrated 45°

mirrors have been demonstrated as shown in Figure 2-11 [28], [98], [99].
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Figure 2-10 Beam delivery techniques: (a) directly coupling, (b) with micro-lenses

and (c) with optical pillars [96].
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Figure 2-11 Examples of interconnection systems employing integrated 45° mirrors
and various beam delivery schemes employing (a) dual-lens [28], (b) and (c) optical
pillars [98], [99].

e Other Schemes

Alternative schemes include the use of 90°-bent multimode fibre arrays [100]-[102],
evanescent couplers [103] and diffraction gratings [104], [105]. The concept of 90° micro-
bends is illustrated in Figure 2-12. This scheme enables the deployment of conventional two-
dimensional multimode arrays with a sufficiently low loss of 0.6 dB for a 1 mm fibre bending
radius. In addition, Figure 2-13 shows the configuration for the evanescent fibre ribbon
couplers. The optical evanescent coupling scheme is based on the concept of a waveguide
directional coupler and achieved by putting pressure on polymer waveguide ribbons. The
scheme is low-cost but sensitive to pressure change. Finally, the implementation of surface
grating structures is illustrated in Figure 2-14. This scheme is wavelength-sensitive and
requires careful design of waveguide parameters. The accurate fabrication of such grating

structures also raises concerns on the potential of use in low-cost interconnection systems.
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Nevertheless, the latter two schemes are not very appealing from a manufacturing perspective

as their high coupling losses (>3 dB) do not justify their complexity.
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Figure 2-12 lllustration of coupling scheme employing conventional fibre ribbon
arrays: (a) system schematic, (b) schematics for single-layer and multi-layer connection
and (c) detailed coupling configuration [100]-[102].
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Figure 2-13 Illustration of coupling scheme employing an evanescent fibre ribbon

coupler: (a) system schematic and (b) actual implementation [103].
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Figure 2-14 lllustration of coupling scheme employing a tilted surface grating: (a)
system schematic, (b) schematic of coupling a surface-normal input light into waveguide
and (c) a tilted grating structure [104], [105].
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2.6.2 Butt-coupling

Butt-coupling (or end-fire/in-plane coupling) have primarily leveraged either the existing
connector types such as mechanical transfer (MT)-ferrule [106]-[109] or stripped optical
fibres and then accommodate directly in the locating slots that are integrated in the polymer
layer itself [110]-[112]. This scheme couples output light from the VCSEL or fibre input into
the polymer waveguides and onto the PD or output fibre directly. The need for additional
beam turning elements can be eliminated, and therefore the cost can be reduced. Butt-
coupling is an attractive candidate for low-cost optical interconnections as it requires less
optical components to be formed and aligned. Although the complexity in the optical domain
is reduced, careful design is required in the electrical domain. For instance, impedance
matching connectors are needed to route the high-speed electrical signal from the surface of

the board by 90° to the optical sources and detectors positioned near the waveguide facets.

Ribbon fibre connectors (e.g. MT-type) appear to be an appealing method as they offer
manual plug-and-play assembly and good repeatability, enabling the low-cost
implementation. This has been demonstrated by IBM as illustrated in Figure 2-15 [106],
[107], while another similar design demonstrated by Xyratex and UCL is shown in Figure
2-16 [108], [109]. However, such schemes are typically used at the edge of the board due to
the required large area to place the pins and ferrules, therefore imposing strict layout
requirements and limiting them for use mostly in card-to-card rather than chip-to-chip

interconnections.

b
@ (b)

Heatsink

LCP electrical
- P
[ |

LGA Connector Heat-sink

Optical PCB

Optical MT interfade’,

& FE
Passively allgned/
)
:

MT connector
protruding from PCB

Mechanical
MT fiber clamp

ferrule g carrier with OE
& driver/TIA

MT ada/p'ter / \ - (C)

Figure 2-15 Illustration of a butt-coupled scheme employing an MT-compatible
ribbon fibre connector proposed by IBM Zurich: (a) schematic, (b) actual
implementation and (c) the MT connector [106], [107].
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MT-hole Optical PCB

L-shaped registration feature

Photonic Drivers

Figure 2-16 Illustration of a butt-coupled scheme employing an MT-compatible
ribbon fibre connector and VCSEL/PD array proposed by Xyratex and UCL.: (a)
schematic, (b) actual implementation of a line-card and (c) the MT-plug and MT-socket
interposer [108], [109].

Mid-board coupling can eliminate the layout restrictions and allow the optical-electrical
interfaces anywhere on the board. A novel design demonstrated by researchers in University
of Cambridge utilises an L-shape connector where VCSELSs and PDs are mounted in order to
directly couple the light to the polymer waveguides [113]. This approach allows the pick-and-
place techniqgue commonly used in the electronic industries, and thereby provides a simple
low-cost solution. However, the drawback of this method is the requirement of opening holes

or gaps in the board.

Sl caniie: through-board connector active

component
P plated-through via/ upper solder companents die bonding

Y active
device

-_I

allgnment
component reference planes

(a) (b) ©

Figure 2-17 lllustration of a butt-coupled scheme employing an L-shaped connector:

(a) cross section of an OE PCB with L-shaped connector, (b) and (c) schematics of the

L-shaped connector [113].

Alternatively, monolithically formed channels integrated with polymer layers can be

employed to hold and align fibres without the need for additional connectors. A number of
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approaches have been proposed, including U-grooved or V-grooved channels and UV

photolithography patterning (Figure 2-18) [110]-[112]. However, the use of a fibre channel

typically requires fibre cleaving and thus raises concerns on the robustness of connectivity.
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&
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into waveguides

Top clad arbitrary u
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Bottom clad 37.5 um
Optional bottomn clad arbitrary um

Spin bottom clad to thickness that will -

wvertically locate the polymer waveguides with Optional polymer layer to

respect to the ribbon fibre provide masking of FR4 FR4 Substrate
surface roughness

Figure 2-18 Illustration of a butt-coupled scheme employing channels formed in the

polymer layer: (a) a U-groove formed in polymer, (b) a cleaved fibre placed in a V-

groove in substrate and (c) spin-coating and UV photolithographic patterning [110]-

2.7 State-

[112].

of-the-art Demonstrators

The numerous methods of coupling light in and out of the waveguide have been addressed

in the previous section. In this section, several polymer waveguide-based on-board optical

interconnections demonstrated recently from major research groups and industries are

summarised (Table 2-3). Related information regarding the achieved data rates, coupling

schemes, waveguide parameters (length, shape, size and index step) and loss at wavelengths

of interest are presented. It should be noted that many particular aspects such as materials,

waveguide components or fabrication methods are omitted in the table, and can be found for

example in papers [26], [83], [114]-[126] and the reviews provided by the thesis of

Papakonstantinou [127] and Bamiedakis [128]. This is by no means an exhaustive list of

polymer waveguide-based links but provides a clear image of the nature of the research done
to-date in this field.
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Table 2-3 Demonstrated board-level optical interconnections based on multimode

polymer waveguides from both academia and industry.

from VCSEL
Fiber {
Adaptor

to PD
Connector ]
’

Microlens

45° mirror

_,."'MM waveguide |

Group: Fujitsu, 2005 [88], [129]
Data rate: 10.7 Gb/s
Waveguide: 25 cm straight
Coupling scheme: Out-of-plane
Metrics: core = 30x30 umz,

An =0.024,

loss = 0.05 dB @850 nm.

Group: VTT, 2006 [130]

Data rate: 10 Gb/s

Waveguide: 10 cm straight

Coupling scheme: Out-of-plane
Metrics: core = 50x40 and 75x40 pm?,
An=0.014,

loss = 0.55 dB @850 nm.

LT D Transmit.ter- Receive-_r- PR
driver IC Optochip Optochip Receiver |G

[\ / Optocard |

! k¥4
48-waveguide array
with coupling mirrors

Silicon carrier
with surface
wiring and vias

SLC-card with
surface wiring

Group: IBM Terabus, 2006 [131]

Data rate: Tx=20 Gb/s, Rx=14 Gb/s
(4x12 channels)

Waveguide: 30 cm bend
Coupling scheme: Out-of-plane
Metrics: core = 35x%35 umz,

An = 0.028-0.038,

loss = 0.1-0.16 dB/cm @985nm.

12 channels @ 10 Gb/s

Standard
MT connector

All components passively aligned

Group: IBM, 2007 [106], [132]

Data rate: 12x10 Gb/s

Waveguide: 2x15 cm straight
Coupling scheme: In-plane

Metrics: core = 50x50 and 35x35 pm?,
An = 0.028-0.038,

loss = 0.04-0.05 dB/cm @850nm [133].
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Group: Xyratex and University College
London, 2008 [108]

Data rate: 10 Gb/s
Waveguide: 10 cm straight
Coupling scheme: In-plane
Metrics: core = 70x70 um?,
An =0.03,

loss = 0.07-0.09 dB @850 nm.

Group: IBM, 2009 [134], [135]
Data rate: 16x10 Gb/s
Waveguide: 15 cm straight
Coupling scheme: Out-of-plane
Metrics: core = 35x35 um?,

An =0.028-0.038,

loss = 0.1-0.16 dB/cm @985 nm.

Compact PCI bus
Multilayer electro- connectors
optical PCB

Optical connector
sites

Group: Xyratex and University College
London, 2010 [136], [137]

Data rate: 10 Gb/s

Waveguide: ~13-20 cm straight, bend
Coupling scheme: In-plane

Metrics: core = 70x70 um?,

An = 0.036,

loss = 0.03-0.04 dB @850 nm.

High-speed
electrical probes

Group: 1BM, 2012 [71], [138]
Data rate: 24 x15 Gb/s
Waveguide: 15 cm straight
Coupling scheme: Out-of-plane
Metrics: core = 35x35 um?,

An = 0.028-0.038,

loss = 0.067-0.1 dB @850 nm.
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Group: University of Cambridge, 2014
[139], [140]

Txag

2 -~ Data rate: 4x10 Gb/s

bus inputs

Waveguide: ~10 cm bend
Coupling scheme: In-plane
Metrics: core = 50x50 pm?,

An =0.02,

loss = 0.03-0.05 dB/cm @850 nm.

data VO SMAS

Group: Finisar, 2014 [141]

Data rate: 24x25 Gb/s

Waveguide: Bend (length not available)
Coupling scheme: Out-of-plane
Metrics: core = 50x50 pm?,

An ~0.018,

loss <0.05 dB/cm @850 nm.

A distinct focus on waveguide coupling schemes such as the development of out-of-plane
mirrors and fibre-to-waveguide connectors can be found; however, the understanding of the
behaviour and performance of multimode polymer waveguides itself for high-speed optical
interconnects is equally important as the coupling technology. By reviewing the backplane
demonstrators and various waveguide components, a few important points that need to be

further studied can be made:

- Waveguide parameters: the majority of the waveguides employed have dimensions
varying from 20x20 um? to 70x70 pum? with index steps from 0.01 to 0.04. It is well believed
that the use of large core multimode waveguides is desired as they offer relaxed alignment
tolerances and allow system assembly with common pick-and-place tools used in the existing
electronics industry. However, no single reference exists regarding to the choice of
waveguide parameters. Therefore, the investigation of optimised waveguide design (e.g.
minimum coupling loss, maximum alignment tolerances, maximum bandwidth) is required to
achieve high-performance optical interconnects for specific interconnection structures and

launch conditions.

- Link bandwidth: important concerns have been raised regarding the capability of these

waveguides to support very high on-board data rates due to their highly-multimoded nature as
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the speed of VCSEL devices is continuously increasing. Although some preliminary
experimental studies of dispersion have been presented in [126] and [142], the studies were
conducted under restricted launch in most cases where the waveguides are underfilled. The
dependence of the bandwidth performance has not been examined under various launch
conditions and in the presence of input misalignments, which are likely to be encountered in
real-world applications. In addition, the effects of interconnection layout (bends or crossing
structures) on the bandwidth performance of these multimode polymer waveguides have yet
been studied.

- Refractive index engineering: the polymer waveguides studied to date are primarily
step-indexed while limited work has been carried out to study the effects of refractive index
profiles on the optical transmission properties (e.g. coupling loss, bending loss, crossing loss,
dispersion, etc.) of these guides. Some interest in graded-index waveguides has been
reported. However, most of these studies only focus on the performance improvement in one
particular aspect (e.g. waveguides with low crossing loss only) [143]-[147]. Various design
trade-offs with regard to the waveguide performances employing refractive index engineering
have not been studied thoroughly. Moreover, the fabrication process of the graded-index
waveguides presented in [145] utilizes a microdispenser to dispense a viscous monomer
directly onto the substrates and thus raises concerns on its compatibility with the
conventional electronic manufacturing process. Therefore, its feasibility for large-scale low-
cost implementation has yet to be proven.

- Modulation schemes: it can be noticed that optical interconnects operating at data rates
of 25 Gb/s per waveguide channel are becoming available. However, most of the
demonstrators employ fairly short waveguides (<20 cm) and are only limited to on-off keying
modulation scheme. With the recent developments of VCSELs operating at higher speed,
data rates of >40 Gb/s over a single channel is believed to be the next target. The employment
of modulation formats with higher spectral efficiency is a potential way of achieving such
high data rates over each waveguide channel [148]. Very limited work has been reported on

the use of advanced modulation schemes on board-level optical interconnects.

Therefore, the aim of this thesis is to address these issues so as to determine design
principles for low-loss and high-bandwidth multimode polymer waveguides for use in next-

generation board-level optical interconnections.
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2.8 Summary

Multimode polymer waveguides constitute an attractive approach for use in board-level
interconnections. Particular polymer materials, such as siloxanes, are chosen as they possess
excellent optical properties and also exhibit robust material characteristics which allow direct
integration onto PCBs using conventional manufacturing methods employed by the
electronics industry. In addition, multimode waveguide structures are preferred as they enjoy
a straightforward fabrication process and offer relaxed alignment tolerances, enabling cost-

effective system assembly using standard pick-and-place tools.

Bearing in mind the intended applications, different transmission media, various polymer
materials, fabrication processes, active optoelectronic devices (sources and receivers) and
coupling schemes are reviewed and compared with regard to their suitability for
implementing low-cost board-level optical interconnections. Finally, in this chapter state-of-
the-art polymer based optical interconnect demonstrators are reviewed. It can be seen that a
considerable amount of work has been put into the demonstration of the feasibility of this
technology using simple polymer waveguide links. However, the fundamental waveguide

behaviours have not been studied thoroughly and more is yet to explore.

Therefore, there is a need to investigate the relations between the waveguide performance
(e.g. loss and bandwidth) and the choice of waveguide parameters, launch conditioning,
interconnection layouts and refractive index profiles. In pursuit of the vision of designing
low-loss and high-bandwidth polymer waveguides for high-performance board-level optical
interconnections, studies also need to be taken to demonstrate the capability of this
technology to support even higher on-board data rates (e.g. >40 Gb/s). Achieving these aims
is the focus of this thesis which intends to lay the groundwork for the design and
demonstration of low-loss and high-bandwidth multimode polymer waveguides for use in on-
board optical interconnections by employing launch conditioning, refractive index

engineering and interconnection layout as well as advanced modulation formats.
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3 FUNDAMENTAL STUDIES OF
MULTIMODE POLYMER
WAVEGUIDES

This chapter introduces the multimode polymer waveguides used in this thesis along with
key design issues and their optical transmission properties. The chapter continues by
describing the theoretical work carried out to investigate the coupling efficiency and
waveguide bandwidth. The coupling losses, alignment tolerances and bandwidth of links
using the waveguides are theoretically estimated for a wide range of waveguide parameters.
The results of this study not only highlight the potential for designing waveguides with high
alignment tolerance and high bandwidth, but also provide a theoretical foundation for the

experimental work on dispersion studies presented in the next chapter.

3.1 Introduction

Chapters 1 and 2 have described the increasing demand for datacommunication link
capacity within data centres and supercomputers this, in turn, necessitating the development
of high-speed short-reach optical interconnects. Multimode polymer waveguides, in
particular, are attractive as they offer significant advantages over their electrical counterparts
as discussed previously. However, the successful development of high performance optical

interconnects requires a thorough study of the key technological parameters involved in the
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waveguide design. Therefore, this chapter presents studies of the fundamental optical

transmission properties and important waveguide parameters for high bandwidth operation.
Three properties are of particular importance:
e Low loss transmission at wavelengths of interest;

e High coupling efficiency and misalignment tolerances to ensure low system penalties

and low-cost assembly employing conventional fibres and optical components;
e High available link bandwidth.

The structure of this chapter is as follows. Sections 3.2 and 3.3 introduce the fabricated
multimode waveguide with different refractive index profiles and describe some design
issues resulting from the waveguide fabrication. Section 3.4 briefly discusses the two
methods used to understand light propagation through the waveguides. In section 3.5, the
methodology employed to estimate the coupling efficiency is described first. The section
continues by studying the coupling loss and misalignment tolerances on a wide range of
waveguide parameters employing different launch schemes. Section 3.6 introduces the
measurement of insertion loss and the investigation of the alignment tolerances of butt-
coupled schemes using standard optical fibres. Section 3.7 discusses the theoretical
approaches of dispersion studies employed in the thesis, while section 3.8 presents the
estimated bandwidth limitations of the multimode waveguides for various launch conditions.

Finally, section 3.9 summarises the results presented in this chapter.

3.2 Waveguide Geometry

The multimode polymer waveguides studied in this thesis mainly have rectangular shapes
and are all fabricated in a similar manner by Dow Corning. A typical 50x50 um? waveguide
sample with separation distance of 250 um, the typical optical fibre pitch, is illustrated in
Figure 3-1. It consists of three layers: a uniform bottom cladding, a patterned core and a top
cladding. The facet of the waveguide array is plotted in Figure 3-1(a) with the cross section
of the waveguide highlighted in Figure 3-1(b).
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Figure 3-1 Schematic of polymer waveguides: (a) array of waveguide facets and (b)
cross section of a 50x50 pm? waveguide.

A symmetric waveguide geometry in both horizontal and vertical direction is often
desired in order to match the symmetry of conventional optical fibres and some lasers and
detectors so that similar behaviour will be expected in both transverse directions. It is worth
noting that the profiles of the guided modes can be affected by the asymmetry in the vertical
direction of the waveguide structure induced by the air and substrate regions at the top and
bottom of the waveguide core. Hence, sufficiently large top and bottom cladding thicknesses
are often used to minimise the induced effects on the waveguide modes. The confinement

factor (I",,, defined as the fraction of the mode energy density confined in the waveguide

core) of the waveguide mode is calculated for a varying cladding thickness for a waveguide
with cross section of 50x50 pm? and index step An = 0.005 (better light confinement
expected for higher index step). Figure 3-2 plots the confinement factor of the fundamental
is the total

mode (m=1) and the higher-order mode close to cut-off (m~N_., whereN

tot ? tot

number of guided modes in the waveguide) for different thicknesses. It can be seen that the
mode confinement decreases with increasing top cladding thickness due to the lower
refractive index of the cladding region. The mode confinement varies for each waveguide
mode and the value of higher-order modes can provide an estimation of the required cladding

thickness. It can be noticed that I",, remains constant when the thickness becomes larger than

a characteristic value of ~5 um for the waveguide parameters studied.
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Figure 3-2 Confinement factor of (a) the fundamental mode and (b) a higher order

mode for index step An = 0.005, waveguide width w = 50 pm.

However, in practice, the top and bottom cladding thicknesses are usually larger than 10
um to protect the buried waveguide and ensure good waveguide isolation. Figure 3-3(a)
shows a fabricated sample consisting of an array of 50x50 um?® waveguides, while Figure
3-3(b) presents the images of the waveguide facet illuminated under white light. The
waveguide facets studied in this thesis are diced with a saw blade and not polished although
they can be mechanically polished in order to obtain a smoother facet surface. The polishing
procedure brings additional costs and complexity during the manufacturing process which is
highly unlikely to be used in the industry, and thus is not employed in this work.
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Figure 3-3 (a) Waveguide sample fabricated on a silicon substrate comprising of
50%50 pm2 waveguides with separation distance of 250 pm and (b) 50x50 pm2

waveguide illuminated with white light.

3.3 Step-index and Graded-index Waveguides

Based on the refractive index profile of the core, waveguides can be categorised into two

types: step-index and graded-index. The refractive index profile in a step-index waveguide
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has a uniform refractive index within the core and has an abrupt decrease at the boundary of
core and cladding. In contrast, the graded-index waveguides have a gradual decreasing
refractive index with increasing distance from the centre axis within the core. The most
commonly used graded-index variation in the core follows a power law relationship typically
seen in graded-index fibres. The refractive index profile in the rectangular waveguide can be

modified from the power-law form as expressed in Equation (3-1) [1].

) :{nw JATF()+ gl 0= f(x)+g(y) <2 -

n,-v1-2A=n,, f(x)+9(y)=>2

X s y t n2 —n2
where f(x)=(a—J , g(y):(a—J and A= c02 LRy

X y co

Here, n,and n, are the refractive indices at the centre axis of the core and cladding,

' 7'co

respectively. a,anda, are the half-width and half-height of the rectangular core, respectively.

The dimensionless parameters s and t define the shape of the index profile in the horizontal

and vertical directions in the core, respectively. For s=t =00, n(x,y) reduces to the step-

index profile, i.e. n(x, y) =n, (Figure 3-4).
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Figure 3-4 Refractive index profiles with different index exponent values for a

waveguide with core width of 50 pm.

The multimode waveguides allow light to travel in many propagation paths (or modes in
mode theory) due to the large core size. Figure 3-5(a) depicts the examples of refractive index
profiles of step-index (s=t=o0) and graded-index waveguides (s=t=2), while Figure

3-5(b) illustrates the difference between the light propagation paths inside step-index
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waveguides and graded-index waveguides from the perspective of ray optics. In simplest
terms, light travels based on the total internal reflection in the step-index waveguides,
whereas the light paths are close to sinusoidal shapes in the graded-index waveguides. Unlike
the rays in the step-index waveguides, the rays with larger launch angles travel further but
also travel faster at the edges than the rays propagating along the waveguide axis due to a
lower edge refractive index in the graded-index waveguides. Therefore, the graded-index
waveguides can in principle greatly reduce the intermodal dispersion as it is possible for
different rays to arrive at the waveguide end together. More details on the effects of refractive
index profiles on the performance of the waveguides and waveguide components will be

further discussed in Chapters 4 and 5.

(b) Step-index

(@)  Step-index Graded-index

= -

Input

Graded-index

Output
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Figure 3-5 (a) Cross section and refractive index profiles for step-index (s =t =)
and graded-index (s =t =2) waveguides and (b) light propagations inside the step-index

and graded-index waveguides.

For the purpose of an investigation of the waveguide parameters (i.e. width wand index
step An) that need to be taken into account for the study of coupling efficiency and
waveguide bandwidth, the simulation only employs waveguides with square geometries and
step-index profiles in the remainder of this chapter. The core sizes of the waveguide are
chosen to be from 20 um to 60 um. The refractive index differences are chosen to be from
0.005 to 0.03 while the cladding refractive index is fixed to 1.5 for the simplicity of the
analysis. These values can be readily obtained with the polymer materials employed
elsewhere in this thesis. Although arbitrary index profiles can also be modelled, the
simulation utilises step-index profiles to provide a general description of the change of

waveguide behaviour with varying dimensions and index differences.
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3.4 Methodology

Appropriate methods of understanding light propagation should be determined as it is
essential for any further studies such as the evaluation of coupling loss and waveguide
dispersion. In this section, two major approaches employed in this thesis are introduced
briefly, namely the ray tracing analysis and the electromagnetic treatment. Each method is

compared in terms of accuracy, speed and versatility.

3.4.1 Ray Tracing Analysis

Ray tracing, based on the laws of geometric optics, is the simplest and most
straightforward method to analyse light propagation in a dielectric medium [2]. Ray tracing
analysis can be used when the waveguide dimension is much larger than the operating
wavelength [3]. In early days, the ray tracing method was widely used for designing
multimode fibres and other optical components owing to the lack of simulation and design
tools. Even nowadays, this method is still extensively being used as it provides an intuitive
description of the waveguide operation especially for very large size of waveguides which
typically requires long computational time.

For a waveguide with larger core refractive index n, surrounded by lower cladding

refractive index n,, the light coupled into the core can be viewed as light rays propagating

cl
inside the waveguide. These light rays can be categorised into guided rays and radiated rays
depending on the incident angle & at the core-cladding interface. Bounded rays travel inside
the waveguide core via total TIR without losing power along the waveguide, whereas leaky
rays lose power while travelling inside the waveguide as they are only transmitted partially at
every reflection at the interface of core and cladding. Light propagation in the core is

illustrated in Figure 3-6.

Ng Cladding

N1 N Cladding

Figure 3-6 lllustration of total internal reflection (TIR).
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When a ray with & is incident at the centre of the core, refraction occurs at the air-core

interface. The refractive angle 6. is given by Snell’s Law:

n, sing, =n,sin 6. (3-2)

where n_, and n_ are the refractive indices of the air and waveguide core, respectively.

When the ray reaches the core-cladding interface, it is refracted again only for an angle of

incidence such that sin& <n, /n,, . The ray experiences TIR when the angle of incidence

6>0_,and 6, is called critical angle, defined as:

Sinec = r]cl /nco (3'3)

where n_ and n, are the refractive indices of the waveguide core and cladding, respectively.

Combining Equation (3-2) and Equation (3-3), the maximum angle of incident ray that
remains confined inside the core can be calculated.

N, SiN6 =N, cos, =/n2 —n} (3-4)

n,, sin @ is known as the numerical aperture (NA) of the waveguide, which represents the

light gathering capacity of a waveguide.

The ray tracing method can provide a very intuitive picture for highly-multimoded
structures such as waveguide crossings and bends, the applications of which will be further
discussed in section 5.4 and 5.5 in Chapter 5. However, this approach has many limitations.
Therefore, rigorous analyses using electromagnetic treatment are required for a complete

description of the waveguide fields.

3.4.2 Electromagnetic Treatment

Electromagnetic analysis is based on solving Maxwell’s equations. Since Marcatili and
Marcuse’s thorough studies on rectangular dielectric waveguides in the late 1960s, various
numerical and analytical methods have been developed to compute the electromagnetic fields
in waveguides. Some important numerical methods include the finite difference method
(FDM), film mode matching method (FMM) and beam propagation method (BPM); some

analytical methods include Marcatili’s approximation method and effective index method
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(EIM) [4]. Each method has its own advantages and disadvantages in terms of computational
speed, accuracy and complexity. It is worth introducing mode theory before comparing

different methods.

3.4.2.1 Mode Theory

A waveguide mode corresponds to a specific solution of the Maxwell equations that
satisfies appropriate boundary conditions and its spatial distribution remains the same with
propagation [5]. The electric and magnetic field of a mode in the channel waveguide can be

written as:

E.(X,Y,2,t) =& (x,y)e" (3-5)

Ho (X, y,2,t) = H, (x, y) e/ (3-6)

where m is mode index (an integer), £ (X, y)and M, (X, y) are mode field profiles, g, is the

propagation constant of the mode m, and w is the angular frequency.

The propagation constant 5, can be expressed by the following normalised guide indexh,,
and all the parameters are shown in Figure 3-6.

2 2 2 2
b ﬂm - kc| _ neff,m - ncI

m =2 2 - 2 2
ks —Kg n. —n

co el

(3-7)

wherek =27/ 1, is the free-space wavenumber (also called free-space propagation constant),

andng . = A, /k=pB,112x, is the effective refractive index of the waveguide mode that has

a propagation constant 3, .

The number of guided modes in a waveguide depends on the waveguide dimensions and
refractive index differences between the core and cladding. For instance, the smaller
waveguide dimension wand lower index step An (w =20 um, An=0.005) may have less than
100 modes, whereas for larger waveguides with bigger index steps (w =60 um, An=0.03)
the number of modes can increase to around 3000 at 850 nm. Therefore, it is very important
to choose a method that has sufficient accuracy, and yet is fast to compute. In this chapter, the
EIM is preferred as it generates results that have good accuracy for guided modes that are far
from the cut-off for waveguides with symmetric waveguide geometries and refractive index

profiles [6]. However, for waveguides with asymmetric index profiles such as the graded-
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index waveguide discussed in the next chapter, greater calculation accuracy is desired and

therefore the FMM is employed. A brief description of each major method is given below.

3.4.2.2 Simulation Methods
e Effective index method (EIM)

The basic principle of EIM is to approximate a channel waveguide into two planar
waveguides, that is to say, to convert a two-dimensional problem into a one-dimensional one
as illustrated in Figure 3-7 [7]. The two planar waveguides are solved separately while the
results obtained from one are employed to derive the mode profiles of the other one. This
method is based on the assumption that the electromagnetic field in the two transverse
directions in the waveguide is independent.

The effective index is mode dependent, determining different TE , or TM, _, modes

separately. The waveguide structure is first divided into three vertical regions I, Il and III,

each of which is then treated as a planar waveguide to find the propagation constants g, for

mode m and effective indices for a vertical planar waveguide with widthw. For “quasi-TE”

mode, the x dependence of the y component of the electric mode field &  (x) for central

waveguide region | is first found. Then the structure is treated as a planar waveguide to

calculate the propagation constant S, and the y dependence of the y component of the
electric mode field & | (y). It should be noted that the £ component of the TM field of the
effective vertical planar waveguide is used to obtain & ,(y) of the original waveguide.
Therefore, for the case of aTE,,, mode, the y component of the overall mode field for the
original waveguide & (x,y)=¢&,,(X)x& ,(y) . The EIM method is straightforward and

performs adequately for waveguides with small refractive index contrast and simple

geometrical cross-section profiles [8].
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Figure 3-7 Basic concept of effective index method (EI1M): dividing the 2-D problem

into two 1-D problems in each transverse direction [7].

e Film mode matching method (FMM)

The FMM is a useful numerical method to analyse waveguide structures consisting of a
small number of homogeneous rectangles [9]. The cross section of the waveguide can be
considered to be a sandwich of M slices, each of which is cut from the N-layer film
waveguide. The slices and layers are perpendicular to each other as shown in Figure 3-8. This
method involves finding the TE and TM modes of each film, collecting the modes that have
the same propagation constant in the z-direction, and matching the field distributions at the

interfaces of the slice by adjusting the modal amplitudes in each film.

Film slice no.
1..M 1. 2 3 4. 5
Layer no.
- 3. 1N
Layers —— 2 y
\ z
AN 14 - . T4X
N %

Slices

Figure 3-8 Hlustration of film mode matching method (FMM) on the cross section of

a ridge waveguide.

The algorithm is as follows. For each 1-demensional (1-D) slice, the TE and TM modes
are solved analytically assuming the slice to be infinitely wide. In a given slice, the field
profile in the waveguide can be expressed as a linear combination of the 1-D TE and TM

modes of the slice expressed as:
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F O, y) = DUl expGkIE g (y) +ul exp(kIY ) (¥) (3-8)

where u=and u" are mode amplitudes of the 1-D modesm, ¢'=(y)and ¢ " (y)are the 1-D

field profiles (either electric or magnetic field), k'®and k" are the wavevectors.

The overlap integrals of the modes at the interface between the slices are formed into
matrices. The solver tries to find the amplitude for each 1-D mode. Using the matrices, the 2-
D modes are found by “propagating” the vertical 1-D modes in the x-direction based on a
guessed propagation constant 8. Then g is scanned through a range of values until the mode
matching occurs at the interface using the continuity of the transverse E and H fields at the
slice interfaces and the boundary conditions (electric and magnetic walls). This method is
full-vectorial and offers very high accuracy but also requires large computation power for the
cases of highly-multimoded waveguides.

3.4.3 Method Comparison

For a 50x50 pm? waveguide with index step of 0.02, the number of guided modes is 1325
and 1293 for EIM and FMM method respectively. Similar values of effective index (n,, ) for
all guided modes are obtained and plotted in Figure 3-9. It can be seen that the differences are

negligible for modes far away from the cut-off (n < 850) while they become larger for higher-

order modes close to cut-off (of the order of 10).
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Figure 3-9 Effective index for guided modes computed with EIM and FMM methods
for a 50x50 pm? waveguide with index step of 0.02.
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In summary, Table 3-1 compares different methods of analysing light propagation in
waveguides. Appropriate methods should be chosen depending on the accuracy and speed
needed. EIM is usually preferred for initial calculations to provide a general guideline of the
properties of the waveguides as it requires less computational time and gives relatively good
approximation compared to the other aforementioned methods. FMM is required when high
accuracy of field calculations is desired. In this thesis, ray tracing is implemented using
MATLAB software while both EIM and FMM methods are supported by the commercially
available software FIMMWAVE [10].

Table 3-1 Comparison of different methods.

Method Speed Accuracy Advantage
Ray Tracing Fast Poor Simple
EIM Fast Medium Speed
FMM Slow High Accuracy

3.5 Coupling Efficiency Calculation

Input and output coupling coefficients determine the total coupling efficiency as
expressed in Equation (3-9). The input coupling coefficient describes the percentage of the
input power coupled into the waveguide, and output coupling coefficient describes the

percentage of the output power coupled into the output (e.g. a fibre).

R
otal — P

in

P
out _ C

Ct in
Pug

I:)W
ut ?9, “Cout (3_9)

In logarithmic scale, the total coupling loss is the summation of input and output coupling

losses:

C. =—10logc,

total —

otal — _(10 |Og Cin +10 |Og Cout) = Cin +C0ut (dB) (3'10)

As mentioned earlier, most of the experiments conducted in this thesis utilises a lens at
the waveguide output to receive the optical signal. Since the numerical aperture of the lens is

larger than that of the waveguide (NA, > NA,, ), all output light can be collected when a

ens
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large area detector is employed. Therefore, the induced output coupling loss can be assumed

to be zero when the Fresnel loss is not taken into account.

The summation of the power P, of all the excited modes inside the waveguide is equal to
the total power P, coupled into the guide. The power P, of each excited mode is found by
calculating the mode coupling coefficients a, , which is computed using the overlap integrals
of the field distribution E, and H, incident on the waveguide facet and the waveguide mode

profiles & and 7, as shown in Equation (3-11) and Equation (3-12) [2], [11].

P = 2P =[] (3-11)
(R . 1¢7 /..
amZEJ.Z'(Etxﬂ,m)dA:EIZ'(gt,mXHt)dA (3-12)
A, A,

Assuming mode profiles & . and 7 , are orthonormal:

n

jz-(&fmxn,n)dA={

A,

lifm=n
Oifm=n

N |-

1,7 .
2] (8 )on- (3-13)

The mode profiles of the waveguides are computed using EIM in FIMMWAVE. It should
be noted that both polarisations are treated equally in the simulation model and Fresnel losses
are not included in the results presented in the following sections.

3.5.1 SMF Launch

The use of SMF at the waveguide input results in high coupling efficiency due to the
larger number of modes of the waveguides studied. It is worth mentioning that a standard 9
um SMF is no longer strictly single-mode at 850 nm as normalised frequency (V number) >
2.405 [12]. However, it can still be viewed as a restricted launch as the second order mode is
near cut off. The study of this launch also indicates the type of behaviour that might occur if
light is injected from single mode VCSELs, though their beam properties will be different

quantitatively.

According to [8], the fundamental mode of a SMF can be modelled effectively using a

Gaussian field profile. Figure 3-10(a) illustrates the input coupling configuration under a
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SMF launch while the free-space expansion of a Gaussian beam is plotted in Figure 3-10(b).
Equation (3-14) represents the electrical field of the emitted light of a SMF in Cartesian
coordinates:

()
y
sMF Mo Ny
e z|w
Wi "Ny h
Ogap L

Figure 3-10 (a) Schematic of the coupling configuration for a SMF input at a
distance dgs, from the waveguide facet and (b) illustration of the free-space expansion of

Gaussian beam.

e (04Y.2) = A expl-((X ) +(y - V)= o 'sz‘fp))—Jkn 2+J0@)]  (3-14)
W () =w, - i+ jng)z (3-15)

R(2) = z-[1+ (ot gagwg)] (3-16)

6(2) = tan™( Z ) (3-17)

wherek and n . are the free-space wavenumber and the refractive index of the free-space gap

respectively, (x,,Y,) are the coordinates of the beam centre, parameters w, and W (z)
represent the beam radius (location of 1/e electrical field value) at positions z=0and z
respectively, R(z)is the curvature of the phase front and 8(z) is the phase shift between the
Gaussian beam and ideal local plane wave. The constant Ais employed to normalize the

power over the SMF cross section. From Equation (3-14), the value of constant Acan be
obtained.
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Xy

—00 —0 0

e (x,y,0)[ dxdy =1-> A=Wi % (3-18)

The full-width-at-half-maximum (FWHM) of the fundamental mode of a standard SMF is
typically in the range of 6-8 um. Thus, a FWHM of 7 um is used in the simulation, i.e.
w, =4.2 um.

3.5.1.1 Coupling Loss

For a well-aligned butt-coupled SMF (z =0), perfect coupling is expected due to its small
input spot and small numerical aperture. The coupling loss is calculated for the interface
between a perfectly aligned butt-coupled SMF and square waveguides with varying
parameters studied (0.005 < An <0.03,20 um <w< 60 um) using Equation (3-12):

0.005<An<0.03

3-19
20 pm < W< 60 um ( )

CiiMF |(X,y,z):(0,0,0):O dB, for{

Thus, only Fresnel loss contributes to the input coupling loss in this case. In the next

section, the effect of transverse input misalignments is studied.

3.5.1.2 Transverse Misalignment

A perfectly butt-coupled fibre is assumed (no longitudinal gap) when evaluating the input
offset in x-y plane (transverse misalignment). The -3 dB alignment tolerances for the x-axis
offset for all waveguide parameters under consideration are plotted in Figure 3-11(a). It can
be noticed that the -3 dB transverse misalignment is independent of the index step Anof the
waveguide. Figure 3-11(b) shows the input coupling loss across different input positions for a
50x50 pum® waveguide with an index step Anof 0.02. Note that only one quarter of the
waveguide facet is shown in Figure 3-11(b) as both waveguide and input fibre have
symmetric geometries in the horizontal and vertical directions. Similar plots are expected to
be obtained for the misalignments in both directions. It can be noticed that -3 dB transverse
alignment tolerances are of the order of the half width of the waveguide core:

AX 345 =AY 545 =W/ 2.
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Figure 3-11 (a) -3 dB alignment tolerance (unit in pm) as a function of waveguide
parameters for horizontal offsets for a SMF input, (b) input coupling loss as a function
of input SMF positions on a 50x50 pm?® waveguide with An = 0.02 (-3 dB alignment
tolerances indicated in red dashed line) at A = 850 nm.

3.5.2 50 um Gl MMF Launch

Multimode fibre inputs constitute a very attractive way of coupling light into the
waveguides due to the low-cost technologies available such as packaged active devices with
ribbon fibres. However, it is non-trivial to compute the input coupling efficiency mainly
owing to the large number of guided modes in both the input fibre and waveguide. The exact
knowledge of the power distribution and relative phase difference of the fibre is required to
calculate the coupling loss at the fibre-waveguide interface. In practice, many factors such as
microbends and mode mixing can vary the parameters of the guided modes inside the fibre
substantially. Therefore, a uniform input is defined here so as to provide a common reference
to investigate the MMF-waveguide systems. The uniform input is based on the assumptions
that all guided modes are uniformly excited in the input fibre. In addition, a perfect alignment
(no longitudinal or angular offsets) between the fibre and waveguide is assumed as illustrated
in Figure 3-12(a).

Y
(@ MMF (b)

g

Figure 3-12 Schematic of the coupling configuration for a 50 pm GI MMF input: (a)

well-alignment and (b) transverse misalignment with no longitudinal offsets.
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A uniform mode power distribution assumed in this chapter, despite being not true in real
systems, can provide a “worst-case” input condition and this constitutes a reference employed
in the multimode systems. In this section, the electromagnetic treatment is employed to
compute the dependency of the coupling efficiency on the waveguide parameters and input
misalignment. It should be noted that the employed graded-index (Gl) MMFs are assumed to
have a square power-law profile without any defects as shown in Figure 3-13. The refractive

index of these fibres is expressed as:

N 1—2A-(Lj , 0<r<R
n(r) = R

n_-v1-2A, r>R

co

(3-20)

where R and « are the radius of the fibre and the coefficient of the square-law profile
respectively. The parameters are chosen to match the conventional GI MMFs used in the

experiments: R=25um,A=0.018 and ¢ =2.
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Figure 3-13 Refractive index profile the 50 pm GI MMF employed.

3.5.2.1 Coupling Loss

The linear polarised (LP) modes with indices m (cylindrical order) and n (radial order) of
the input MMF are computed using an analytic mode solver [13] while the waveguide modes
are obtained using EIM. The refractive index profile of the MMF and the operating
wavelength are the input parameters of the calculation. The modes can be divided into
degenerate groups indexed by the principal mode number (PMN) defined as m+2n+1. The

power coupling coefficientc; (i.e. the power coupled into each waveguide mode ifrom each
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fibre mode j) can be calculated using overlap integrals of the mode profiles of both input

fibre and waveguide and is expressed as (in polar coordinates) [2], [12]:

[ EE] rdrag|

K (”‘Eiwr rdrdqﬁ)-(J‘J“Ejf ‘2 rdrd¢)

(3-21)

where E*, Ejf are the electric fields of the waveguide mode i and fibre mode j respectively.

The relative phase between the different fibore modes is neglected and thus no interference
effects are considered for the purpose of this study. This assumption is common in the
analysis of highly-multimoded waveguides so as to simplify the calculation as the relative

phases of different fibre modes are unknown in practice [14], [15].

The power p," coupled into each waveguide mode i (i=1,..., N where N is the number of

waveguide modes) can be expressed as the multiplication of the coefficientc; and the power

M
pjf of the fibre modes (j= 1,..., M where M is the number of fibre modes): p;" =2Cij pjf .
j=1

Thus, the following matrix can be developed:

M Aw ] [ Af
Py Ci Cp - Gy Py W
f
Py Cu Cp o Gy p
e | (3-22)
_pK,“_ Cni Cnz o Cum _ph”

The total power P’ coupled into the waveguide can be calculated from the summation of
the power of all waveguide modes:
N M

N
Py=2p"=2.2.¢p (3-23)
=1

i i=1 j=1

If a uniform power distribution is assumed inside the input fibre, then pjf =1/M.

The calculated coupling loss of a 50 um GI MMF input for the waveguide parametersw
and An under consideration is plotted in Figure 3-14. It shows that the larger waveguide
dimensions and index steps can improve the input coupling efficiency. For example, the

coupling loss is <0.25 dB when the waveguide widthw>45um and index step An>0.02. It
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should noted that the 50 um GI MMF in principle should provide lower coupling loss than
the 50 um SI MMF due to its more confined field profiles [11]. In all the experiments
presented in this thesis, the employed MMF input is a standard 50 um GI MMF fibre.
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Waveguide width (um)

Figure 3-14 Input coupling loss for a 50 pm GI MMF as a function of waveguide

width w and index step An at A = 850 nm.

3.5.2.2 Transverse Misalignment

The alignment tolerances for the butt-coupled MMFs with the waveguides are evaluated
in this section. The input fibre is assumed to be perfectly coupled to the waveguide (ho

longitudinal offsets) as illustrated in Figure 3-12(b).

The alignment tolerances allowed are calculated using overlap integrals between the fibre
and waveguide modes by offsetting the input fibre in both horizontal and vertical directions.
As mentioned before, the symmetric properties of the input fibre and waveguide should result
in a similar behaviour in both directions. Figure 3-15 shows the coupling loss for a quarter
facet of a 50x50 um? waveguide with index step An of 0.02 for a 50 um GI MMF input. The -
1 dB and -3 dB alignment tolerances as a function of waveguide width wand index step An for

the horizontal offsets are also shown in Figure 3-16.

It is encouraging to see that the -1 dB alignment tolerances are >+10 um even for the
worst cases among the waveguides under study (25 um <w <35 pum, An>0.02). It can also
be seen that the -3 dB alignment tolerances are at nearly half waveguide width and do not
strongly depend on the index step Anonly when the waveguide dimensions are comparable to

the input fibre sizes (i.e. w>45um). If the input fibre is much larger than the waveguide size
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(i.e. w<30um), the alignment tolerances are larger than the half width of the waveguide and
also strongly affected by the index step An. For example, for a waveguide with widthw =20

um, a 5 um difference of -3 dB alignment tolerance can be observed between index steps
An=0.005and An =0.03.

=
U1

y offset ( um)

[EEN
(@)

10 15 20
x offset (um)

25 30

Figure 3-15 Input coupling loss as a function of the input positions for a 50x50 pm?
waveguide with an index step An = 0.02 for a 50 pm GI MMF input at A = 850 nm.
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Figure 3-16 (a) -1 dB and (b) -3 dB alignment tolerances (unit in pm) as a function of

waveguide parameters for horizontal offsets for a 50 pm GI MMF input at A = 850 nm.
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3.6 Experimental Approach

3.6.1 Insertion Loss

Insertion loss is a very important parameter used in the characterisation of the waveguide
devices employed. It measures the loss of the system due to the insertion of the device under
test to the system without the device as shown in Figure 3-17. Thus, insertion loss comprises
of coupling losses, propagation loss and excess loss as defined below. For the passive
components investigated in this thesis, the excess loss is defined as the difference between
the insertion loss of the test sample which might have features such as bends or splitters and a
reference waveguide (e.g. a straight waveguide) with a similar length as the test sample.
Therefore, the excess loss is induced by the geometry of the device such as bending loss of a

bent waveguide.

(a) Insertion loss = Coupling losses + Propagation loss + Excess Loss
(b) Excess loss = Insertion loss of the device under test -
Insertion loss of a reference waveguide

850 850 Device
nm nm
VCSEL Photodiode VCSEL undertest Photodiode

(a) (b)
Opticalfibre Opticalfibre Opticalfibre

Figure 3-17 Illustration of the definition of insertion loss: (a) back-to-back optical

link and (b) optical link with the device under test.

e Coupling Loss

Fresnel loss is an inevitable loss due to the light coupling in and out of the waveguide and
occurs at the interfaces of waveguides or fibres and air. Assuming the near-normal incidence

of the light, the Fresnel reflection (R) and transmission (T) coefficients are given by:

2
R :Enair _ncoj ) T=1-R= 4nairnco > (3_24)
(nair +nco)

wheren,, and n are the refractive indices of the air and waveguide core (this value being

accurate for multimode devices). For example, as both fibres and waveguides employed in
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this work have indices of ~1.5, and air has index of ~1.0, the Fresnel loss at each waveguide

facet is estimated as:

Forn,, =10, n,=15, T =10log Y915 _ 5 18 4B (in dB)

(1.0+1.5)

In practice, index matching gel can be employed to eliminate the Fresnel losses at the

interfaces between the fibres or waveguides and air.

In addition, the coupling loss can be substantially affected by the quality of the waveguide
facets. As mentioned earlier, the samples employed in this work are diced rather than
polished, the background scattered light in the cladding can be increased due to the facet

roughness and additional coupling loss may be induced.
e Propagation Loss

Propagation loss includes both absorption loss and scattering loss. Absorption loss is the
main cause for the intrinsic material loss which is due to the absorption of optical energy by
the atomic bonds and conversion to other energy forms such as vibrations. The optical
absorption spectrum generally depends on the chemical composition of each polymer
material, and can be reduced by appropriate material engineering [16]. Scattering losses are
caused by the material inhomogeneities and irregular waveguide boundaries. Any
imperfections in a waveguide due to the sidewall roughness and variation of the irregularities
along the waveguide can result in radiation loss. The improvement of the material properties
and fabrication technology can directly reduce the scattering loss [16], [17]. The particular
polymer materials used in this work have been optimised for low-loss operation at short data
communications wavelengths (0.8—1 um). For example, the propagation loss is measured to
~0.04 dB/cm at 0.85 pm and ~0.1 dB/cm at 1 um [18].

e Experimental Setup

A basic experimental setup for insertion loss measurement is illustrated in Figure 3-18.
An 850 nm multimode VCSEL is collimated and focused into an optical fibre using a pair of
microscope objectives. From time to time, a free-space launch is desirable, in which case the
input fibre is replaced by a lens with approximate numerical aperture and magnification. For
measuring output power or imaging a waveguide output facet, a 16x microscope objective
(NA =0.32) is used at the waveguide output to avoid any mode selective loss due to its larger
NA compared with the waveguides studied. For the consistency of the work, the majority of

the measurements conducted in this thesis utilise a butt-coupled cleaved fibre patchcord to
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launch the light into the waveguide and a lens to collect the light at the waveguide output
unless otherwise mentioned. In all cases, the input fibres are mounted on a 3D translation

stage and a displacement sensor to control the input offsets with sub-micron accuracy.

Device

850nm
VCSEL X under test Detector

- I - =7
Optical fibre /}/ ""
y

<«
z

X: horizontal with respect to the facet
y: vertical with respect to the facet
z: longitudinal with respect to the facet

Figure 3-18 Experimental setup employed for measurement of insertion loss with

axis definition noted.

The accuracy of all the measurements in this work depends on the stability of the launch
power and the precision of the power meter. The power meter employed is a HP 81525A with
a precision of 0.01 dB. All the measurements are conducted on an optical bench to minimise
the bench vibration. Air-conditioning and ambient lights are also turned off during all the
experiments to avoid any air-currents and inaccuracy due to the ambient lighting. In addition,
the stages are re-visited after their alignments in order to evaluate the degree of stage shift.
Therefore, the experiment conditions are optimised as far as possible. The experimental

values of the insertion loss presented in this thesis are subject to an error of £0.2 dB.

3.6.2 Alignment Tolerances

The evaluation of acceptable alignment tolerances of the multimode waveguides is
important as it determines the potential of the deployment of low-cost packaging modules.
Coupling loss increases in the presence of misalignment due to the decrease of the percentage
of incident power on the waveguide facet as well as the increase of the mode mismatch
between the input field and waveguide modes. In this section, the coupling efficiency is
examined employing the butt-coupled SMF and 50 um Gl MMF inputs on a sample 50x50
pmz straight waveguide. The experimental results are in good agreement with the theoretical

estimation while the transverse alignment tolerances are also assessed.

The experimental setup is the same as illustrated in Figure 3-18. For the measurement of

input coupling efficiency, the output lens is fixed at the position where the power
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transmission is maximised while the received power is recorded as the input fibre moves
laterally (horizontally and vertically). It should be noted that the longitudinal offset is
minimised as far as possible throughout the experiments presented in this thesis. It has been
shown that the longitudinal offset has a less significant effect on the coupling performance
compared to the transverse misalignments [11]. Therefore, any possible subtle longitudinal
offsets introduced in the experiments can be practically neglected. Figure 3-19 plots the
normalised received power as a function of input offsets for both SMF and 50 um GI MMF

launches. The theoretical calculations are also shown for comparison.

—A— Horizontal offset
—A— \ertical offset
—&— Simulation

-30-25-20-15-10-5 0 5 10 15 20 25 30
Input offset (um)

—A— Horizontal offset| %
—aA— Vertical offset ‘
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Figure 3-19 Normalised received power as a function of input offsets for a 50x50 pm?
waveguide for (a) a SMF and (b) a 50 pm GI MMF launch. Index matching gel is
employed.

A notable difference in the coupling efficiency between a SMF launch and a MMF launch
can be found. It can be observed that the SMF launch results in a better coupling efficiency
than the MMF input due to the smaller spot size and lower numerical aperture of the SMF.
The coupling loss under a SMF launch remains relatively constant over a large range of input
offset of ~+20 um. The -3 dB alignment tolerances are indicated in the plots, and are found to
be ~+25 pum (on the order of half of the waveguide width) for both launches. In addition, the -
1 dB alignment tolerance is well above +10 pm even under the worse-case MMF launch. It
can also be seen that similar behaviours are observed in the both horizontal and vertical
direction, which is due to x-y symmetry of both the waveguides and input fibres. It is
encouraging that similar results have been obtained by other colleagues in the group [11],
[19]. Finally, the simulation results agree very well with the experimental results verifying

the validity of the model employed.



Chapter 3 Fundamental studies of multimode polymer waveguides 77

3.7 Dispersion Studies

Dispersion is an important issue as it limits the maximum data rates and the link length in
optical communication systems. Therefore, dispersion investigation is essential for the
multimode polymer waveguides to ensure they have sufficient bandwidth for the applications
of on-board optical interconnects. There are generally two major types of dispersion:

chromatic dispersion and multimode dispersion.
e Chromatic dispersion:

Chromatic dispersion (including both waveguide and material dispersion) is due to the

wavelength-dependent nature of the refractive indices of the core and cladding materials, and
can be expressed as ni,. (1) for each waveguide mode.
e Multimode dispersion:

Multimode dispersion is caused by the different propagation velocities for different

waveguide modes.

Two theoretical approaches for the evaluation of dispersion in multimode polymer
waveguides are presented in the following sections.

3.7.1 Ray Tracing Approach

The model bandwidth of a waveguide depends on the difference of the propagation times
of different modes. A simple ray tracing model is used here considering all guided rays and

computing their propagation velocity according to the angle 6, (between the ray trajectory and

the waveguide axis).
The angle 6 of all guided rays must meet the law of total internal reflection, i.e.

—0, <6 <0, , where 6, is the complement of the critical angle 6, as illustrated in Figure 3-6:

0.=cos(n,/ny) (3-25)

The propagation time t; of each ray for a given waveguide length L is given by:

o (3-26)
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So the maximum time delay (difference between the maximum propagation time t_, and

minimum propagation time t, ) is:
L n
ty =toax —Loin = —Neo (-1 -
d max min c CO(nd ) (3 27)
We assume that the ray power distribution is uniform:
% 1
[ p(6)-d6,=1 = p(6)=—= (3-28)
i 20,

Then the impulse response h(t) can be expressed as [shown in Figure 3-20(a)]:

1
ht ==, tmingtgtmax -
® 20 (3-29)

Thus, the corresponding transfer function is a sinc function given by:

sin(r ft,)
7 ft,

1
H(f)|=—=t
[H()| T

c

(3-30)

The -3 dB bandwidth-length product (BLP) f ,,; x Land dispersion per unit of length
t, /L as a function of the index step An (assumingn, =1.5) are plotted in Figure 3-20(b). It

can be seen that the BLPs range from 5 to 35 GHzxm for the respective An=0.03to
An=0.005. Despite the simplicity of the model, it reveals that the dispersion depends on the
waveguide length linearly and also the index difference between the core and cladding. A
larger index step results in a larger critical angle which represents the higher-order modes.
Therefore, the dispersion can be reduced by decreasing the core and cladding index step An
due to the smaller number of guided modes. However, f . xLis only a function of the
index step Anand the waveguide dimensions have not been taken into account in this ray

tracing model. Therefore, a more accurate model based on electromagnetic approach is

needed to better investigate the dispersion in the multimode waveguides.
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Figure 3-20 (a) A uniform ray power distribution (in red) and impulse response due
to multimode dispersion (in blue), (b) BLP and dispersion per unit of length as a

function of index step An.

Moreover, the maximum modal delay calculated using Equation (3-27) is ~95 ps for a 1.4
m long waveguide (An=0.02), which is the longest length available for measurement in this
thesis. It is worth mentioning that the 90% of the power resides in the first 100 waveguide
modes under an overfilled MMF launch according to a mode coupling analysis and thus the
delay between the 1st and 100th modes is only ~7 ps [19]. This is very useful value as it
indicates that short pulses on a picoseconds timescale or even less are necessary to directly
measure the modal dispersion of these waveguides; therefore such measurements typically
require the use of ultra-short laser source and autocorrelation techniques. This will be further
illustrated in the next chapter.

3.7.2 Electromagnetic Analysis

Electromagnetic analysis computes the dispersion in the waveguides by taking into
account the propagation of the waveguide modes in various waveguide dimensions, and thus
provides a more accurate estimation compared with the ray tracing approach. The two types

of dispersion are studied separately below.
e Chromatic Dispersion

The standard approach to compute chromatic dispersion can be found in [20]. Assuming

that the source centre wavelength A, is much larger than the root mean square (RMS) source

spectral width and the first order dispersion dominates, the impulse response of every
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waveguide mode can be expressed as the form of a normalised Gaussian function, given by
[20]:

- (t __ti) )

1
h. = -
O o,D.L\27 X 2(c,D,L)’ (3-31)

where t, is the mean propagation delay for waveguide mode i, and D, is the first order

chromatic dispersion at A = 4, for waveguide mode i, and L is the link length:

d’n’ (2)
' c da? s (3-32)

The core and cladding bulk refractive indices depend on wavelength that is based on a

first-order Sellmeier formula (see Appendix C in [11]), and the material dispersion dn/dA is
found to be on the order of -20x10° [11]. The effective index n.. (1) of each waveguide

mode can be computed using EIM. The second term in Equation (3-32) can be approximately

calculated using the expression in Equation (3-33) assuming A4 is sufficiently small:

A’ (A Ny () =205 (£) + g (4,1)

di* |, AA?

(3-33)

The chromatic dispersion can subsequently be calcuated, and D, at A, =850 nm for a

50x50 pm? waveguide with An=0.02is found to be of the order of -0.25 psxnm™xm™.
Considering that the waveguide length for such applications is approximately 1 m, it can be
concluded that chromatic dispersion is very low for a wavelength of 850 nm and less

significant compared with multimode dispersion [11].
e Multimode Dispersion

In order to evaluate the multimode dispersion, the core and cladding material indices are

considered to be wavelength independent and the source is assumed to be monochromatic

operating at A = A,. The EIM is employed to calculate the effective indices nl. (1,) of each

i
group

waveguide mode and subsequently the group refractive indices n, ., (4,) of each waveguide

mode are calculated using:
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dng,
da
A=

niqroup (AO) = n(iaff (ﬂo) - /10 (3_34)

%)

The propagation delay time t, of each waveguide mode for a length of L is given by:

L-n'
t = = Dyroo (3-35)
C

Then the impulse response h(t) of the link can be expressed as:

h(t) = Z pa -o(t—t) (3-36)

N
where p, is the mode power distribution (Z p, =1, where N is the total number of guided

=)
modes), and a, is the power attenuation of all modes. In order to simplify the calculation in
this chapter, all modes are assumed to have the same mode attenuation. In practice, this can
be found by fitting a calculated coupling loss to the experimental data, which will be further
illustrated in the next chapter. The -3 dB frequency can be readily obtained by taking the

Fourier transform H ( f) of the impulse response h(t) .

It should be noted that no mode mixing is assumed in this model. However, mode mixing
can significantly affect the multimode dispersion induced. Nevertheless, the assumption of no
mode mixing can be employed to gain an initial description of the waveguide bandwidth for
link lengths much shorter than the equilibrium length of the guides.

3.8 Bandwidth Evaluation

It has been determined that multimode dispersion is the prevalent dispersion component
in such multimode waveguides, which also agrees well with the studies conducted previously
in multimode fibres [12], [15], [21]. However, the modal dispersion depends strongly on the
mode power distribution at the waveguide input. Therefore, in this section, the waveguide
bandwidth is investigated for different input coupling schemes using the electromagnetic

treatment.

The waveguides with varying sizes and index steps (same parameters employed in the

coupling loss calculation) are used to evaluate the available link bandwidth. The input
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schemes studied in this section includes: an overfilled waveguide, a SMF input and an
overfilled MMF input.

Mode propagation in waveguide

@ Input pulse Output pulse
(b) Input pulse Output pulse
Overfilled ‘ H /x&/& |} ;; ; \

N

Figure 3-21 Illustration of (a) the restricted centre launch and (b) overfilled launch.

In a basic waveguide, the overfilled waveguide offers an important reference for the
waveguide-based system design as it represents the worst-case scenario. The other input
launches can be summarised into two categories: restricted launch (SMF input) and overfilled
launch (overfilled MMF input). The SMF input provides a restricted launch which results in
the largest BLP due to the selective mode excitation. In contrast, the overfilled MMF input
offers an overfilled launch which couples power to a much larger number of modes, therefore
generating a more uniform mode power distribution inside the waveguide. This can also be
understood using ray optics intuitively. As illustrated in Figure 3-21(a), for a centre restricted
launch, a small number of lower-order modes are excited and a smaller differential modal
delay (the difference in time delays among the propagating modes in the waveguide) can be
obtained, therefore a larger bandwidth performance is expected. On the contrary, an
overfilled launch results in the excitation of larger number of higher-order modes and thus a
larger differential modal delay as illustrated in Figure 3-21(b). As expected, such a launch
provides worse link bandwidth compared to the restricted centre launch. Overall, useful
conclusions are derived regarding the deployment of these multimode waveguides for board-

level optical links in the following sections.
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3.8.1 Overfilled Waveguide

As explained earlier, the induced multimode dispersion is the largest for an overfilled
waveguide with a uniform mode power distribution. The BLPs are computed and plotted in

Figure 3-22 for different waveguide widths wand index steps An under consideration.
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Figure 3-22 BLPs (GHzxm) as a function of waveguide width w and index step An

assuming a uniform mode power distribution.

It can be observed that the available bandwidth for an overfilled waveguide increases as
the waveguide widths and refractive index steps decrease. Moreover, the effect of the index
step on the waveguide bandwidth is much larger than that of the waveguide width on the link
bandwidth. The calculated BLP values ranges from 7 to 50 GHzxm which is in general
agreement with the values obtained using ray tracing approach. The difference resides in the

consideration of waveguide dispersion of each mode using the electromagnetic treatment.

This result indicates the worst-case scenario in terms of the available link bandwidth in
such waveguide systems. It constitutes a useful design rule as parameters such as the
waveguide width and index step can be chosen appropriately to ensure robust data

transmission depending on the required link length and data rates.

3.8.2 SMF Launch

The bandwidth estimation is obtained using a well-aligned SMF launch [Figure 3-23(a)]

that is modelled with a Gaussian electric field profile with a beam width w,of 4.2 um as

explained in section 3.5.1. Such a launch couples a large amount of input power into the
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lower-order modes [Figure 3-23(b)] and therefore large BLP values (>100 GHzxm) are

obtained. The BLP as a function of waveguide widthwand index step An is plotted in Figure

3-23(c). It can be seen that larger values are generally obtained on waveguides with smaller

widths and index steps with a maximum BLP value of ~150 GHzxm observed, stemming

from the smaller number of modes guided inside the waveguides. However, some variations

of BLP values can be observed. For instance, slightly larger values for waveguides with

width of approximately 35 um are found at index step of ~0.02 owing to the maximisation of

power coupled into the lower-order modes.
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Figure 3-23 (a) Schematic of a well-aligned SMF input, (b) example of a generated

mode power distribution for a 50x50 um2 waveguide with An = 0.02 and (c) calculated

BLPs (GHzxm) as a function of waveguide width w and index step An for a SMF input.
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3.8.3 50 um GI MMF Launch

For the case shown in Figure 3-24(a), all fibre modes in a 50 um GI MMF input are
assumed to be excited uniformly as illustrated in Figure 3-24(b). Figure 3-24(d) plots the
BLPs for a perfectly-aligned 50 um GI MMF input as a function of waveguide width wand
step index An. The values obtained under such a launch are of the same magnitude as those
calculated in the case of an overfilled waveguide. This is due to the fact that the overfilled
MMF input has a large number of modes excited inside the fibre which resembles the case of
an overfilled waveguide that has a uniform mode power distribution inside the guide. This
can be seen from the generated waveguide mode power distribution illustrated in Figure
3-24(c).
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Figure 3-24 (a) Schematic of a well-aligned 50 pm GI MMF input, (b) uniform mode
power distribution in a 50 pm GI MMF, (c) example of a generated mode power
distribution for a 50x50 pm? waveguide with An = 0.02 and (d) calculated BLPs
(GHzxm) as a function of waveguide width w and index step An for an overfilled 50 pm
Gl MMF input.
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In addition, Figure 3-25 plots the obtained BLP values of a 50x50 pm? waveguide with a
step index Anof 0.02 as a function of the input positions under a 50 um GI MMF launch. As
expected, the presence of spatial input offsets has minimal effect on the waveguide
bandwidth due to the large input spot size and overfilled input fibre. This indicates that BLP
values of >10 GHzxm can be obtained even under an overfilled launch and the link

bandwidth remain relatively consistent for different input offsets under such a launch.

y offset (um)

0 5 10 15 20 25
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Figure 3-25 Estimated BLPs (GHzxm) as a function of input position for a 50x50
pm? with an index step An of 0.02 for a 50 pm Gl MMF input.

3.8.4 Discussion

It should be noted, however, that the multimode fibres in practice are far from overfilled
as assumed in this simulation and therefore much higher BLP values may be obtained in real-
world applications. As indicated earlier, the use of graded-index profiles can also improve the
waveguide bandwidth performance substantially as opposed to the step-index profiles
employed in the simulation throughout this chapter. Interestingly, it is often seen that light is
not uniformly distributed throughout the cross-section of the core in some waveguide
samples. These guiding behaviours have been observed by colleagues from the group
previously [19]. This is related to the nature of the core and cladding index of the waveguide,
which is likely a function of the fabrication process. The precise reasons for this particular
power distribution remained unknown until the refractive index profiles of these waveguides
are revealed in this thesis. More details on the refractive index profiles will be discussed in
Chapters 4 and 5. Nevertheless, with the “worst-case” bandwidth of in excess of 10 GHz for a
1 m long multimode waveguide, there should not be severe bandwidth limitations for the
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applications of short-reach on-board optical interconnects with typical link lengths of tens of

centimetres.

In summary, it has been shown that the SMF input can provide significant advantages
over a MMF input, including:

e Larger input misalignment tolerances and better coupling efficiency due to the small
spot size of the SMF;

e Larger bandwidth performance due to the selective mode excitation.

However, there have been concerns on the link susceptibility to modal noise using such a
highly mode selective launch on multimode fibres as all essential conditions for modal noise

to occur in such links are met [22], [23]:
e Multiple modes interfere to create a speckle pattern;
e Mode selective loss due to bends;
e Modal interference vary over time that causes the speckle pattern to change.

Detailed studies investigating the effects of modal noise on these multimode waveguides
have been carried out in [19]. Both theoretical and experimental studies have confirmed that
the modal noise power penalties are sufficiently small even with a single mode VCSEL
source, indicating that modal noises do not pose a serious impediment to high-speed link

operations of these multimode waveguides.

In the next chapter, the bandwidth performance of these multimode waveguides will be
examined experimentally under different launch conditions so as to verify the validity of the

theoretical model using real-measured refractive index profiles.

3.9 Summary

This chapter first presents the multimode polymer waveguide samples employed in this
thesis and introduces the step-index and graded-index waveguides. The two major theoretical
methods employed (ray tracing and electromagnetic treatment) are subsequently discussed
briefly. Coupling efficiency and input alignment tolerances using different launch schemes
employed are also investigated theoretically for a wide range of waveguide parameters

(waveguide widths 20 um <w <60 um, and index steps0.005 < An <0.03). The SMF launch

results in negligible input coupling losses for the various waveguide parameters considered



Chapter 3 Fundamental studies of multimode polymer waveguides 88

while the MMF inputs exhibit higher input coupling loss depending on the waveguide
dimensions as well as the index steps of the waveguide. For both launches, the half power
alignment tolerances are in the order of the waveguide half width. Useful design rules can be
derived accordingly depending on the launch schemes. The fundamental transmission
properties of the waveguides are also studied, including insertion loss, coupling efficiency
and related input alignment tolerances for both SMF and MMF inputs. The experimental

observations are in good agreement with the simulation results.

Furthermore, a theoretical investigation on the dispersion in the multimode polymer
waveguides is conducted in order to evaluate the link bandwidth for different launch
conditions that are likely employed in practice. The results obtained clearly show that the
multimode dispersion of the waveguides highly depend on the input launch conditions. The
overfilled waveguides exhibit BLP values ranging from 7 to 50 GHzxm for the different
waveguide parameters under consideration. Restricted launch offers a significantly larger
bandwidth compared to the overfilled launch. BLPs of larger than 100 GHzxm are obtained
using a SMF launch. Moreover, the overfilled MMF launch provides similar bandwidth
performance as the worst-case scenario of an overfilled waveguide. Overall, this chapter
provides a concrete basis for the understanding of the light propagation inside the waveguides
and particularly their modal dispersion needed to proceed with the development of low-loss
and high-bandwidth multimode polymer waveguides for use in board-level optical

interconnections.

3.10 References

[1]  T. Ishigure, K. Shitanda, and Y. Oizmi, “Index-Profile Design for Low-Loss Crossed
Multimode Waveguide for Optical Printed Circuit Board,” Opt. Exp., vol. 23, no. 17, pp.
22262-22273, 2015.

[2] A.W.Snyderand J. D. Love, Optical Waveguide Theory. London: Chapman & Hall, 1983.

[3] T. Bierhoff, A. Wallrabenstein, A. Himmler, E. Griese, and G. Mrozynski, “Ray Tracing
Technique and Its Verification for the Analysis of Highly Multimode Optical Wavguides with
Rough Surfaces,” IEEE Trans. Magn., vol. 37, no. 5, pp. 3307-3310, 2001.

[4] R. Scarmozzino, A. Gopinath, R. Pregla, and S. Helfert, “Numerical Techniques for Modeling
Guided-Wave Photonic Devices,” IEEE J. Sel. Topics Quantum Electron., vol. 6, no. 1, pp.
150-162, Jan. 2000.

[5] G. P. Agrawal, Fiber-Optic Communications Systems, Third Edit. John Wiley & Sons, Inc.,
2002.

[6] F. Ladouceur and J. D. Love, Silica-Based Buried Channel Waveguides and Devices.
Chapman & Hall, 1996.

[71  J. Liu, Photonic Devices. Cambridge University Press, 2005.



Chapter 3 Fundamental studies of multimode polymer waveguides 89

[8]
[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

K. Okamoto, Fundamentals of Optical Waveguides. Academic Press, 2010.

A. S. Sudbo, “Film Mode Matching: A Versatile Numerical Method for Vector Mode Field
Calculations in Dielectric Waveguides,” Pure Appl. Opt, vol. 2, pp. 211-233, 1993.

FIMMWAVE, Version 6. Photon Design.

N. Bamiedakis, ‘“Multimode Polymer Waveguides for High-speed On-board Optical
Interconnects,” University of Cambridge, 2008.

L. Raddatz, I. White, D. G. Cunningham, and M. C. Nowell, “An Experimental and
Theoretical Study of the Offset Launch Technique for the Enhancement of the Bandwidth of
Multimode Fiber Links,” J. Light. Technol., vol. 16, no. 3, pp. 324-331, 1998.

H. S. Mackenzie, “Evanescent Field Devices for Non-Linear Optical Applications,” University
of Cambridge, 1987.

P. Pepeljugoski, S. Golowich, A. J. Ritger, P. Kolesar, and A. Risteski, “Modeling and
Simulation of Next-Generation Multimode Fiber Links,” J. Light. Technol., vol. 21, no. 5, pp.
1242-1255, 2003.

M. S. Lans, P. Pepeljugoski, S. Member, M. J. Hackert, J. S. Abbott, S. E. Swanson, S. E.
Golowich, A. J. Ritger, P. Kolesar, Y. C. Chen, and P. Pleunis, “Development of System
Specification for Laser-Optimized 50-um Multimode Fiber for Multigigabit Short-Wavelength
LANSs,” J. Light. Technol., vol. 21, no. 5, pp. 1256-1275, 2003.

H. Ma, A. K.-Y. Jen, and L. R. Dalton, “Polymer-Based Optical Waveguides: Materials,
Processing, and Devices,” Adv. Mater., vol. 14, no. 19, pp. 1339-1365, Oct. 2002.

T. Barwicz and H. A. Haus, “Three-Dimensional Analysis of Scattering Losses Due to
Sidewall Roughness in Microphotonic Waveguides,” J. Light. Technol., vol. 23, no. 9, pp.
2719-2732, 2005.

B. Swatowski, C. Amb, S. K. Breed, D. J. Deshazer, W. K. Weidner, R. F. Dangel, N. Meier,
and B. J. Offrein, “Flexible, Stable, and Easily Processable Optical Silicones for Low Loss
Polymer Waveguides,” Proc. SPIE, vol. 8622, p. 862205, 2013.

J. Beals 1V, “Polymer Waveguide Technology Enabling High-Bandwidth Optical Backplane
Architectures,” University of Cambridge, 2009.

G. D. Brown, “Bandwidth and rise time calculations for digital multimode fiber-optic data
links,” J. Light. Technol., vol. 10, no. 5, pp. 672-678, May 1992.

M. Webster, L. Raddatz, 1. H. White, and D. G. Cunningham, “A Statistical Analysis of
Conditioned Launch for Gigabit Ethernet Links Using Multimode Fiber,” J. Light. Technol.,
vol. 17, no. 9, pp. 1532-1541, 1999.

P. Pepeljugoski, D. Kuchta, and A. Risteski, “Modal Noise BER Calculations in 10-Gb/s
Multimode Fiber LAN Links,” IEEE Photon. Technol. Lett., vol. 17, no. 12, pp. 25862588,
2005.

G. C. Papen and G. M. Murphy, “Modal Noise in Multimode Fibers under Restricted Launch
Conditions,” J. Light. Technol., vol. 17, no. 5, pp. 817-822, 1999.



90

4 BANDWIDTH STUDIES ON
MULTIMODE POLYMER
WAVEGUIDES

This chapter reports dispersion studies of multimode polymer waveguides under different
launch conditions and for varying input offsets using frequency-domain and time-domain
measurements. It is experimentally shown that the multimode polymer waveguides can
exhibit high-bandwidth performance without introducing significant impairments in the
performance of the properties of the system link. A theoretical model based on the measured
refractive index profiles agrees well with the experiments. The results indicate the feasibility
of using these multimode polymer waveguides to transmit data rates of 100 Gb/s over a
single wavelength channel with the use of appropriate refractive index engineering and

launch conditioning.

4.1 Introduction

Following the theoretical studies concerning the coupling loss and bandwidth
performance of waveguides discussed in Chapter 3, this chapter presents experimental work
to evaluate the dispersion of the fabricated polymer multimode waveguides. The
characterisation of the dynamic performance of such multimode waveguides is essential if the
potential of the technology for use in high-speed applications is to be verified. High speed

operation is important as the bandwidth performance of VCSELSs has improved substantially
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in recent years. For example, recent results have demonstrated links using VCSELS operating
with error-free transmission at bit rates up to 57 Gb/s without the use of equalisation, and 71
Gb/s with equalisation [1]-[5]. However, important concerns have been raised concerning the
potential of the bandwidth of multimode polymer waveguides to match that of VCSELSs and
support very high on-board data rates. Moreover, the requirement for relaxed alignment
tolerances in the system assembly and the need for operation with different launches make

the challenge of achieving adequate channel bandwidths more difficult.

Research on the dispersion of multimode polymer waveguides has been reported by
different groups. For instance, the estimated -3 dB bandwidth and bandwidth-length product
(BLP) of the guides reported has been found to be 23 GHz (BLP: 57.5 GHzxm) for a 2.55 m
long waveguide [6] and 150 GHz (BLP: 75 GHzxm) for a 51 cm long waveguide [7] under a
SMF launch. A larger value of 1.03 GHz (BLP: 90 GHzxm) for a 90 m long graded-index
waveguide has been found under restricted launch [8]. However, these measurements have
been conducted only under a centre launch and no information is provided on alignment
tolerance. Therefore, in this chapter, the bandwidth performance of these multimode
waveguides is thoroughly investigated both experimentally and theoretically for various
launch conditions and in the presence of input spatial offsets. Frequency-domain (S;;)
measurements are first carried out on these multimode polymer waveguides. However, these
measurements are limited by the capability of the instruments (up to 40 GHz) and the
bandwidth of the active devices (up to 30 GHz) used in the experiments. As a result, time-
domain (pulse broadening) measurements are further employed so as to measure the actual
bandwidth of these guides in the presence of input spatial offsets and for various launch

conditions.

The chapter is structured as follows. Section 4.2 presents the bandwidth studies using
frequency-domain measurements (S;; measurement) under various launch conditions with
spatial input offsets. Section 4.3 introduces the femtosecond laser source and autocorrelator
employed in the time-domain measurements. Section 4.4 reveals the actual bandwidth of
these multimode waveguides using the pulse broadening measurements for different launch
conditions and across different input offsets. The simulation model is found to agree well
with the experiments. The experimental results on the bandwidth performance of the straight
waveguides are further discussed in section 4.5 to provide more insight into the influence of
refractive index design on the dynamic performance of these guides while section 4.6

summarises the chapter.
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4.2 Frequency Response Measurement

4.2.1 1.4 m Long Spiral Waveguide

The 1.4 m long spiral waveguide is fabricated on a 6-inch glass substrate using siloxane
polymer materials (Core: Dow Corning OE-4140 Cured Optical Elastomers; cladding: OE-
4141 Cured Optical Elastomer) that exhibit excellent optical properties to allow direct
integration onto PCBs [9], [10]. The core and cladding materials have bulk refractive indices
of approximately 1.52 and 1.50 at 850 nm respectively. The waveguide core has a cross
section of 50x20 pm? and is sandwiched between the top and cladding layers while the
waveguide facets are exposed with a dicing saw. Figure 4-1 shows the images of the 1.4 m

long spiral waveguide and its input facet.

Figure 4-1 Photographs of (a) the 1.4 m long spiral waveguide illuminated with red

light and (b) input facet of the waveguide [10].

4.2.1.1 Sy; Measurement
e Experimental Setup

The experimental setup is illustrated in Figure 4-2. An 850 nm VCSEL (bandwidth of ~
25 GHz) is used as the transmitter which is connected to a vector network analyser (Agilent
8722ET) via a 40 GHz radio frequency (RF) probe, while a photodiode (VIS D30-850M)
with bandwidth of 30 GHz is employed as the receiver. The VCSEL is butt-coupled to the
cleaved input fibre patchcord (SMF, 50/125 ym MMEF or 100/140 pum MMF), and the cleaved
end of the same type of fibre is used to couple the light into the spiral waveguide. A cleaved
50/125 um MMF (NA = 0.2) is employed to couple the light output from the waveguide to
the photodiode while a 38 GHz RF amplifier (SHF 806E) is used to amplify the received

electrical signals. Index-matching gel is used at the waveguide input and output facets to
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reduce the Fresnel losses and the scattering losses due to surface roughness. For the 50 um
MMF launch, a mode mixer (MM: Newport FM-1) is used to generate a quasi-overfilled
launch condition that provides a more uniform power distribution at the fibre input. The near
field images of different fibre inputs are captured via a microscope objective and a charge-
coupled device (CCD) camera and are shown in Figure 4-3. It should be noted that all near
field images are captured with a neutral density attenuator used in order to lower the optical
power into the camera to avoid any saturation in the rest of this thesis. These are strictly
qualitative approximations and do not account for the mode angles. It can be seen that the
quasi-overfilled 50 um MMF and 100 um MMF launches offer a relatively uniformed power

distribution over the fibre cross section.

For the back-to-back link, an Agilent NA7766A multimode mode variable optical
attenuator (VOA) is employed to adjust the optical power received by the photodiode to the
levels similar to those obtained in the respective waveguide link. For all measurements, the
cleaved end of the input fibre is placed on a precision translation stage to introduce the input
offsets while a displacement sensor is employed to monitor accurately the induced spatial

offsets.
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Figure 4-2 Experimental setup for the S;; measurement for (a) the back-to-back link
and (b) the waveguide link under a quasi-overfilled 50/125 pm launch condition.
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Figure 4-3 Near field images of the output facet of the fibres employed: (a) a quasi-
overfilled 50/125 pm MMF and (b) a 100/140 pm MMF.

e Experimental Results

The measurement is conducted under different launch conditions: (i) 9/125 um SMF
launch, (ii) a quasi-overfilled 50/125 um MMF launch (NA = 0.2) and (iii) a 100/140 pm
MMF launch (NA = 0.29). Launch conditions (i), (ii) and (iii) provide increased uniform
mode power distributions at the waveguide input and hence, causing increasing levels of
multimode dispersion in the waveguide. A SMF is used to emulate a restricted launch while a
quasi-overfilled 50/125 um MMF launch and a 100/140 um MMF launch are used to
investigate the waveguide performance with a broader mode power distribution. Although
these launches are not strictly-speaking “worst-case”, they provide a wide range of input
conditions that can be encountered in practice, therefore providing a useful insight in the
bandwidth performance normally encountered. In addition, the measurement is carried out for
different input positions so as to examine the waveguide bandwidth performance owing to the
induced spatial offsets. Different launch offsets also result in different mode power
distributions at the waveguide input, and therefore different levels of multimode dispersion in

the guides.

The insertion loss (including coupling loss and propagation loss) of the spiral waveguide
is 11.5 dB, 23.5 dB and 26.3 dB under the 9/125 um SMF, quasi-overfilled 50/125 um MMF
and 100/140 um MMF launch respectively. The Sz parameter of the optical link with and
without (back-to-back) the spiral waveguide is measured, and the frequency response of the
waveguide can be obtained from the difference between the recorded frequency response of
the waveguide link and the back-to-back link. Figure 4-4 shows the measured normalised
frequency responses of the waveguide for the 9/125 ym SMF, the quasi-overfilled 50/125 pm
MMF input and 100/140 um MMF launch with different horizontal input offsets. It can be
seen that all frequency responses are flat up to at least the 25 GHz instrumental limit for all
types of input launch conditions. No significant bandwidth degradation can be observed even

under the 100/140 um MMF launch. The results demonstrate that the specific waveguide has
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BLP of at least 35 GHzxm, indicating that it is possible to achieve data transmission of

beyond 25 Gb/s over such waveguide structures.
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Figure 4-4 Normalised frequency response of the 1.4 m long spiral waveguide for
different input horizontal offsets under (a) a 9/125 pm SMF, (b) a quasi-overfilled
50/125 pm MMF and (c) a 100/140 pm MMF launch.

4.2.1.2 Offset Launch Studies
e Experimental Setup

A similar setup is used to assess the dynamic performance of the 1.4 m long spiral
waveguide (Figure 4-5). The VCSEL is directly modulated using a pattern generator (Anritsu
MP1800A) of 256 bits with a pattern of “000...010...000” so as to emulate a single pulse
transmission in the waveguide. A single pulse is generated with a repetition rate ~172 MHz.
The optical pulse is launched into the spiral waveguide using the same launch conditions as
employed in the Sp; measurement with different spatial input offsets introduced and is
collected with a 50/125 pm MMF. The received electrical signal is amplified by a 38 GHz
amplifier (SHF 806E), and the FWHM of the received pulse is measured with a digital

communication analyser (Agilent 86100A) for the different input positions.
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Figure 4-5 Experimental setup for the offset launch measurement for the 1.4 m long

spiral waveguide under a quasi-overfilled 50/125 pm launch condition.

e Experimental Results

The FWHM of the received pulse for the back-to-back link is ~29 ps. The FWHM of the
received pulse in the waveguide link is measured under different launch conditions for each
input position and is plotted in Figure 4-6. As expected from the Sz measurement, the
FWHM of the received pulse for the waveguide link remains relatively constant for the
different input positions, with no significant pulse broadening observed. The power received
at the waveguide output is also measured for the different input positions. Increasing offsets
result in larger power coupled into higher-order modes which suffer from higher bending
losses in the spiral waveguide. The results show that the pulse width for different input
offsets under different launch conditions does not change significantly (less than +1 ps across

input offsets of £22 pm), indicating that the waveguide dispersion is very small.
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Figure 4-6 The FWHM of received signal and the normalised received optical power
over the 1.4 m long spiral waveguide for different horizontal offsets under (a) a 9/125
pum SMF, (b) a quasi-overfilled 50/125 pm MMF and (c) a 100/140 pm MMF launch.

In fact, error-free (BER<10*?) data transmission of 25 Gb/s with a small power penalty of
~0.5 dB has been successfully demonstrated on this 1.4 m long spiral waveguide [10]. The
high bandwidth performance observed on this particular waveguide can be attributed to the
long bending structure as the complex bends may suppress the higher-order modes and
therefore result in a reduced multimode dispersion at the waveguide output. Moreover, the
refractive index profile of this waveguide may not have strict step index due to the diffusion
of the cladding material during the fabrication process, resulting in a smaller NA and reduced
multimode dispersion as well. More detailed studies on the effects of refractive index profile

and bending structure are required and will be discussed in the next chapter.
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4.2.2 1 m Long Spiral Waveguide

The 1 m long spiral waveguide is fabricated on an 8-inch silicon wafer from silicone
polymer materials (core: WG-1020 Optical Waveguide Core and cladding: Dow Corning OE-
4141 Cured Optical Elastomer) using conventional photolithography [11], [12]. The
refractive index of the core and cladding is ~1.52 and 1.50 respectively at a wavelength of
850 nm. The waveguide has a length of 105.5 cm and core size of approximately 32 x 50
um?. Figure 4-7 shows the images of the 1 m long spiral waveguide illuminated with red light

and the output facet of the waveguide.

Figure 4-7 Photographs of (a) the 1 m long spiral waveguide illuminate with red light
and (b) the waveguide output facet illuminated with 850 nm light.

4.2.2.1 Experimental Setup

The S,; measurement setup is the same as the one shown in Figure 4-2. A slightly higher
bandwidth of 40 GHz RF amplifier (SHF 807) is used in this experiment. The main
difference is that more launch conditions are employed in order to allow a more detailed
study. This particular experiment is done in collaboration with Dr. Nikos Bamiedakis. It
should be noted that the use of the 50/125 ym MMF at the waveguide output is not ideal as
its NA is slightly smaller than that of the waveguide which may result in the suppression of
the power from higher-order modes at the waveguide output. However, it cannot be avoided
as both the high-speed photodiode and the VOA have 50 um fibre-coupled inputs. In order to
examine any effect this may cause on the measurements, the received optical power collected
using the 50/125 um MMF (NA = 0.2) and the 100/140 um (NA = 0.29) at the waveguide
output are compared under both quasi-overfilled 50/125 pm MMF and the 100/140 um MMF
input launches respectively. No obvious difference is observed between the two types of
fibres used at the waveguide output, indicating that the mode-selective loss is very low and
therefore the use of the 50/125 um MMF should not have a significant effect on the

measurements conducted.
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4.2.2.2 Launch Conditions

The bandwidth performance of the waveguide is assessed for different input offsets under
a wide range of launch conditions, ranging from restricted to relatively overfilled launch: (i)
4/125 um SMF, (ii) typical 50/125 pum MMF (NA = 0.2), (iii) a quasi-overfilled 50/125 um
MMF and (iv) a 100/140 um MMF (NA = 0.29). The 4/125 um SMF is chosen here as it
generates a restricted launch condition at the waveguide input. Unlike the 9/125 um SMF in
which a few modes can exist at 850 nm, the 4/125 um SMF guarantees single-mode operation
at 850 nm due to its small core size. The quasi-overfilled 50/125 pm launch condition is
generated using a MM so that a more uniform mode power distribution can be achieved
inside the fibre input, whereas the typical 50/125 um MMF launch is achieved without the
use of a MM. The typical 50/125 um MMF launch is often encountered in system use. The
100/140 um MMF launch provides an overfilled launch at the waveguide input equivalent to
a “worst-case” scenario compared with the other launches employed here. Figure 4-8 shows

the near field images of the input fibre end.

In general, a restricted launch excites a small number of modes inside the waveguide and
therefore leads to a higher bandwidth. However this launch condition may result in a larger
variation of bandwidth performance for different spatial input offsets [13]. An overfilled
launch is expected to increase the multimode dispersion of the waveguide and hence results
in a smaller bandwidth as it couples a larger percentage of power into higher-order modes at
the input of the waveguide. In addition, different spatial offsets are introduced at the
waveguide input as different mode groups can be excited and hence varying levels of
multimode dispersion can be induced at the waveguide output. Therefore, the frequency
response of the waveguide is investigated under different launch conditions as well as
different input positions so as to assess the robustness of the waveguide bandwidth

performance.

Figure 4-8 Near field images at the input fibre end under the different launch
conditions studied: (a) a 4/125 pm SMF, (b) a typical 50/125 pm MMF, (c¢) a quasi-
overfilled 50/125 pm MMF and (d) a 100/140 pm MMF.
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4.2.2.3 Experimental Results

The insertion loss (including coupling loss and propagation loss) of the 1 m long spiral
waveguide is measured to be 8.2 dB, 9.3 dB, 10 dB and 12.5 dB for a 4/125 um SMF, typical
50/125 um MMF, quasi-overfilled 50/125 pm MMF and 100/140 pm MMF input
respectively. A significant improvement of ~6 dB on the loss performance is achieved
compared with the 1.4 m long spiral waveguide employed previously. This newer 1 m long
spiral is designed to exhibit better bending structure and is fabricated using improved process.
Figure 4-9 shows the normalised waveguide frequency response under different launch
conditions in the presence of spatial input offsets. For the SMF launch, flat frequency
response can be seen up to the 35 GHz instrumental limit with no significant transmission
impairments observed across spatial input offsets although some slight degradation of the
bandwidth performance can be noticed with larger input offsets due to the excitation of
higher-order modes at the waveguide input. As expected, the more overfilled launches result
in less flat frequency responses owing to the coupling of more power into the higher-order
modes at the input of the waveguide and hence the increased multimode dispersion induced.
However, the frequency response is flat up to the instrumental limit of 35 GHz, yielding a
BLP of at least 35 GHzxm under all launch conditions studied and in the presence of input
spatial offsets. These results indicate that it is possible to transmit beyond 40 Gb/s over such
long waveguides without any significant transmission impairments. Successful demonstration
of 40 Gb/s data transmission over such 1 m long spiral waveguide will be discussed in
Chapter 6 [12].
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Figure 4-9 Normalised frequency response of the 1 m long spiral waveguide for
different input horizontal offsets under (a) a 4/125 pm SMF, (b) a typical 50/125 pm
MMF, (c) a quasi-overfilled 50/125 pm MMF and (d) a 100/140 pm MMF launch.

Moreover, in order to gain more insight into the mode propagation within the waveguide,

the near field images of the waveguide output are also recorded under different launch

conditions for different input offsets as shown in Figure 4-10. For the 4/125 um SMF input,

strong mode filling can be observed despite using a highly-restricted launch condition. This

can be attributed to the mode mixing inside the waveguide due to the surface roughness and

local imperfections as well as due to the long spiral structure of the waveguide. As expected,

more uniform power distribution at the waveguide output can be seen under more overfilled

launch conditions. In all cases, no significant changes can be observed from the near field

images across different spatial offsets, although some power redistribution at the waveguide

output can be noticed.
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Figure 4-10 Near field images of the waveguide output under (a) a 4/125 pm SMF,
(b) a typical 50/125 pm MMF, (c) a quasi-overfilled 50/125 pm MMF and (d) a 100/140
pm MMF launch across different input offsets.

In addition, it can be noted that the frequency response of this 1 m long spiral waveguide
is less flat than that obtained on the 1.4 m long spiral previously discussed in section 4.2.1,
which indicates that the 1 m long spiral waveguide sample exhibits larger multimode
dispersion. Due to the optimised spiral structure and improved loss performance compared
with the older 1.4 m long waveguide, higher-order modes may be suppressed less as they
propagate along the bending structure in the newer 1 m long waveguide sample. As a result,
the difference observed between the obtained frequency responses of the two waveguides can
be justified as the newer sample is expected to have slightly increased multimode dispersion.
This observation indicates that waveguide bends with more loss might provide improved
bandwidth performance owing to the mode filtering properties, illustrating an important
trade-off in the waveguide layout design. More details on the waveguide bending loss versus

bandwidth performance will be discussed in the next chapter.

4.3 Pulse Broadening Measurement

We have previously presented bandwidth studies on the 1.4 and 1 m long spiral
multimode polymer waveguide using frequency-domain (S21) measurements and reported an
instrumentation-limited BLP of at least 35 GHzxm even in the presence of input spatial
offsets and for various launch conditions. As a result, we have undertaken time-domain

(pulse broadening) measurements in order to measure the actual bandwidth of these guides.
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The following sections briefly introduce the femtosecond laser and autocorrelator employed

in the pulse broadening measurements.

4.3.1 Femtosecond Laser

The dispersion induced by the waveguide samples presented from this section onward are
measured using two short pulse generation systems in order to allow more detailed studies
with a range of launch conditions. A femtosecond Ti:Sapphire laser (Coherent Chameleon
[14]) operating at a wavelength of 850 nm is employed as the source in the short pulse
generation system 1. In the short pulse generation system 2, a femtosecond erbium-doped
mode-locked fibre laser source (TOPTICA FemtoFiber Scientific [15]) operating at a
wavelength of 1574+0.5 nm and a frequency-doubling crystal (MSHG1550-0.5-1) are
employed in order to generate short pulses at the wavelength of 787+0.5 nm. The
autocorrelation traces of the pulses from the two short pulse generation systems are shown in
Figure 4-11. The author acknowledges the contribution of Dr. Tom Edwards and Dr. C Tom
A Brown from University of St Andrews and Dr. Nikos Bamiedakis for the experimental

work enabled by the short pulse generation system 1.
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Figure 4-11 Autocorrelation traces of the pulses from the two short pulse generation
systems: (a) FWHM = ~250 fs at A = 850 nm and (b) FWHM = ~450 fs at A = 787 nm.

For the short pulse generation system 2, a 1 mm long nonlinear crystal (MSHG1550-0.5-
1, Covesion Ltd.) is employed to achieve second harmonic generation (SHG). The crystal is
an MgO doped LiNbOswith periodically poled gratings [16]. It can yield higher conversion
efficiency compared with traditional nonlinear crystals such as 3-BaB:O.(BBO) and LiB:Os
(LBO) by choosing the appropriate periodicity of the crystal [17]. In order to access a high
nonlinear coefficient, the input light must have polarisation aligned with the dipole moment

of the crystal. This is accomplished by aligning the polarisation axis of the light parallel to
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the thickness of the crystal using a polarisation controller. By choosing the correct grating
period, the optimum conversion efficiency can be achieved when the quasi-phase matching
(QPM) is ensured [18]. It has been found that the optimum efficiency can be achieved when
the ratio of the crystal length to the confocal parameter is 2.84 [19]. The confocal parameter

is defined as the distance between the two points at z = £z, (definition of parameters shown in

Figure 4-12). The spot size of the input beam can be then calculated as follows:

=2.84
b W, = /bﬁ =6.5um (1/¢€° radius) (4-1)
b 27NW; 2zn

where n = 2.15, L = 1mm, Xo = 1574 nm (n is the refractive index of the crystal, L is the

b
— w(z)
\\/EWOI Wﬁ{{r
/R <

Figure 4-12 Gaussian beam width w(z) as a function of the distance z along the

length of the crystal).

z

beam (w, : beam waist; b : depth of focus; z,: Rayleigh range; & : total angular spread).

As the calculated spot size is similar to that of a SMF, a pair of 10x microscope
objectives (NA = 0.25) are chosen to focus the vertically polarised fundamental pulses into
the crystal in order to achieve high conversion efficiency (~10% conversion efficiency
achieved in our case). Figure 4-13 illustrates the experimental setup for the SHG used in the
short pulse generation system 2, while the spectrums of the original pulse and second
harmonic pulse are measured using optical spectrum analyzer (Agilent 86140A) and are

plotted in Figure 4-14.

TOPTICA laser

A~1574nm 10 10x A~ 787 nm
7 - ~ 7 )
i i/-&
Polarisation - Nonlinear :
controller crystal

Figure 4-13 Experimental setup for second harmonic generation in the short pulse

generation system 2.
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Figure 4-14 Spectrums of the (a) original pulse (peak at ~1574 nm) and (b) generated
second harmonic pulse (peak at ~787 nm).

4.3.2 Autocorrelator

In this section, ultra-short laser pulsewidth measurement based in the time domain is
introduced. The simplest and more direct way of measuring the duration of a laser pulse is to
use fast digital sampling oscilloscopes. However, this approach is typically only feasible to
record pulse widths down to tens of picoseconds (>10 ps). Autocorrelators are the most
commonly used technique to characterise ultra-short pulses as they can measure pulse
duration down to sub-picosecond accuracy without the bandwidth limitation.

In the measurements presented in this chapter, two different autocorrelators are used: for
the short pulse generation system 1, a commercially-available Rapid Scanning Autocorrelator
(Model FR-103MN) provided by University of St Andrews is employed; a home-made
autocorrelator is used for the short pulse generation system 2 (in collaboration with Prof.
Peter Vasil’ev). The former utilises background-free (non-collinear) second harmonic
generation for the autocorrelation measurement of the repetitive ultra-short laser pulses, while
the latter is based on the principle of collinear intensity autocorrelation. Figure 4-15 shows a
schematic diagram of the standard commercial FR-103MN autocorrelator while Figure 4-16

plots a diagram of the home-made autocorrelator used [20].
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Figure 4-15 (a) Top view schematic and (b) side view schematic of the FR-103MN for
the SHG autocorrelation measurement with non-collinear beam used in the short pulse

generation system 1 [20].
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Figure 4-16 Experimental setup for the SHG autocorrelation measurement with two

collinear beams used in the short pulse generation system 2.
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The basic principle of an autocorrelator is explained as follows. A beam splitter is used to
split the incoming laser pulse into two beams, and the two beams are then recombined after
one has encountered a fixed and adjustable optical delay. Different kinds of delay methods
can be used. For example, the standard FR-103MN utilises rotating mirrors whereas the
home-made one uses mirrors mounted on loudspeakers. A nonlinear crystal (e.g. lithium
iodate) is used to generate the second harmonic of the fundamental frequency of the laser
beam. The SHG signal is detected and amplified by a highly-sensitive photomultiplier tube
(PMT). A chopper and a lock-in amplifier are often used in order to increase the signal-to-
noise ratio. The recorded function can be expressed as a function of the variable delay in the

interferometer and is proportional to:

[ ‘[E(t)+ Et-o)]| dt (4-2)

where E(t) is the electric field of the laser pulse and z is the relative delay in the

interferometer arms. If the interference fringes in the recombined beam are averaged out, it
can be shown that the recorded signal is given by the following expression for a collinear
intensity autocorrelation (the case for short pulse generation system 2 shown in Figure 4-16):

Il(t)l(t—r)dt

f(r)=1+2 Tia

(4-3)

where I(t) is the intensity of the laser pulse. The intensity autocorrelation function is a
symmetrical function even for asymmetric I(t) by definition. In some experimental
arrangements, the background-free autocorrelation function f_(z) is measured (the case for

short pulse generation system 1 shown in Figure 4-15) [21]:

N j L)1 (t—7)dt e

fol j I (t)2dt

The conversion from the FWHM autocorrelation trace width (AT) to the FWHM pulse
width (At) depends on the assumed pulse shapes. Table 4-1 shows the commonly used pulse
shapes, while more pulse shapes that are widely used in the short pulse measurements can be
found in [22].
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Table 4-1 Relationship between the autocorrelation width and pulse width for

commonly used pulse shapes.

Pulse shape At/AT

Hyperbolic secant 0.648

Gaussian 0.707
Lorentzian 0.5

4.4 Short Pulse Measurement on Spiral Waveguides

4.4.1 Waveguide Samples

The waveguide samples employed for the short pulse measurements are fabricated from
siloxane materials developed by Dow Corning on 8-inch silicon substrates using standard
photolithography [23]. The core and cladding materials are Dow Corning WG-1020 Optical
Waveguide Core and XX-1023 Optical Waveguide Clad respectively. Two types of
waveguide components are fabricated on the same substrate: long spiral and shorter reference
waveguides. The spiral waveguides have a length of 105.5 cm and the reference waveguides
have a length of 19.2 cm. The cross section of the waveguides is approximately 35 x 35 pm?.
In order to gain more insight into the effects of refractive index profiles on the bandwidth
performance of the waveguide, two samples are fabricated with slightly different fabrication
parameters so as to exhibit different refractive index profiles: one has a step-like index profile
while the other exhibits a more graded index profile. Figure 4-17 shows photographs of the

spiral and the reference waveguide employed in this work illuminated with red light.
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Figure 4-17 Photograph of (a) the 105.5 cm long spiral and (b) the 19.2 cm long

reference waveguide illuminated with a red laser source.

The refractive index profile of the waveguide samples is measured using the refractive

near field method and is shown in Figure 4-18 [24]. The waveguides shown in Figure 4-18(a)

and (b) are named as “step-index” (SI) and “graded-index” (GI) in the rest of this chapter,

although neither of them has a strictly-speaking proper Sl or Gl index profile as the ones

typically seen in optical fibres. The SI waveguide has a larger index difference between the

core and cladding (max An ~ 0.017) compared to the GI waveguide (max An ~ 0.01). The SI

waveguide also exhibits a more uniform index distribution with a slight index dip near the

middle of the core, whereas the refractive index of the GI waveguide shows a triangle-like

shape toward the upper side of the core. It should be noted that the index variation of the

cladding seen in the plot is due to measurement artifacts. Dow Corning has carried out

detailed studies which determine that these index profiles can be varied with fabrication

conditions and material formulations, and can also be produced reliably with low variability.
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Figure 4-18 Measured refractive index profile of the (a) SI and (b) GI waveguide at

the wavelength of 678 nm.
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4.4.2 Experimental Setups

The dispersion induced by the two waveguide samples is studied using the two short pulse
generation systems aforementioned in section 4.3. Figure 4-19 illustrates the experimental
setups of the pulse broadening measurements carried out on the link with and without (back-

to-back) the waveguide using the two systems.

Short | _ -
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laserl |~ 1
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Short | _ A B _
(b) pulse [ f10x> MM @ o _|Autocorrelator 1
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e — A B -—
() g;z:tzprlgae - 1o /\:: _|Autocorrelator 2

Figure 4-19 Experimental setup used for the (a) back-to-back link; (b) 105.5 cm long
spiral waveguide link under a 50/125 pm MMF launch with the use of a MM using pulse
generation system 1 at A = 850 nm and (c) 19.2 cm long reference waveguide link under

a 10x microscope objective launch using pulse generation system 2 at A = 787 nm.

The short pulse measurements are conducted for three launch conditions: (i) a 50/125 um
MMF, (ii) a 50/125 ym MMF with the use of a MM (Newport FM-1) and (iii) a 10x%
microscope objective (NA = 0.25) launch. The measurements of the spiral waveguides are
conducted under launch condition (i) and (ii) while the measurement on the reference
waveguides are done under launch condition (iii). For launch conditions (i) and (ii), the light
is coupled to a 50/125 pm MMEF patchcord (<1 m) via a 10x microscope objective (NA =
0.25). Figure 4-20 shows the near field images of the input for each launch condition studied.
As it can be seen in Figure 4-20(a), only a small number of mode groups are excited inside
the MMF patchcord input under a centre lens launch for launch condition (i). For launch
condition (ii), a greater percentage of power is distributed to higher-order modes inside the
input fibre with the use of the MM, and hence this launch produces a “worst-case” condition
with respect to dispersion among the launches studied on these waveguides [Figure 4-20(b)].
The 10x lens launch provides a restricted launch which results in a Gaussian input with a spot
size of 51 um (FWHM) [Figure 4-20(c)].
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S0 pm

Figure 4-20 Near field images of input fibre and lens under the different launch
conditions studied: (a) a 50/125 pm MMF; (b) a 50/125 pm MMF with a MM and (c) a
10x microscope objective.

The cleaved end of the input MMF or the 10x microscope objective is mounted on a
precision translation stage, while a precision displacement sensor is used to control the
introduced spatial offsets. At the waveguide output, a 16x microscope objective (NA = 0.32)
is used to collect the light and deliver it to a power meter or an autocorrelator. The 16x lens
with a NA larger than that of the waveguide is chosen in order to prevent any mode selective
loss at the waveguide output. A broad area optical head (HP 81525A) is used to measure the
optical power received at the waveguide output while the autocorrelation trace of the

transmitted pulses is recorded for each launch condition and input position.

4.4.3 Experimental Results

The pulse width at the waveguide output is estimated from the recorded autocorrelation
traces using curve fitting with common pulse shapes (i.e. sech?, Gaussian or Lorentzian) to
approximate the shape of the output pulses for each measurement. The best-matching shape
for each pulse is determined by choosing the one with minimum root-mean-square-error
(RMSE) compared with the actual pulse. The output pulses after propagation through the
multimode waveguides are strongly structured due to the waveguide dispersion, although the
output pulses of the femtosecond laser used in the experiments have a sech? shape. As a
result, the pulse shapes which have analytic solutions are fitted to the correlation equation
using the standard approach to estimate the waveguide bandwidth. The examples of curve
fitting are illustrated in Figure 4-21. The pulse broadening resulting from the light
propagation over the waveguide is estimated by comparing the received pulse with that
obtained for the respective back-to-back link. By taking the Fourier transform of the
respective received optical pulses, the frequency responses of the back-to-back and the
waveguide link for each launch condition studied and for the different input positions are

calculated. The waveguide frequency response of the waveguide is obtained by
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deconvolution, and the -3 dB bandwidth of the waveguide can subsequently be found for
each particular launch condition and input position. The procedure of bandwidth estimation is

depicted in Figure 4-22.
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Figure 4-21 Examples of curve fitting: (a) original pulse of the laser source with
sech? shape, and the structured pulses after propagation over the waveguides with (b)

Gaussian and (c) Lorientzian shapes.
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Figure 4-22 lllustrations of bandwidth estimation using pulse broadening method:

(a) time-domain and (b) frequency-domain.

Figure 4-23 shows the -3 dB bandwidth of the two 105.5 cm long spiral waveguide
samples and the respective normalised received power as a function of the horizontal offset
under a 50/125 pm MMF launch with and without the use of the MM. The insertion loss
[power difference between the point A and B in Figure 4-19(b)] is ~5.4 dB and ~6 dB for the
Sl spiral waveguide and ~5.3 dB and ~6.6 dB for the GI spiral waveguide under launch

condition (i) and (ii) respectively.
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Figure 4-23 Experimental results of the -3 dB bandwidth for the 105.5 cm long spiral

polymer multimode waveguides and respective normalised received power for a 50/125
pm MMF input with and without the MM: (a) SI waveguide with no MM, (b) SI
waveguide with MM, (c) Gl waveguide with no MM and (d) Gl waveguide with MM (A

= 850 nm).

The BLP of the SI and Gl spiral waveguide is found to be >40 GHzxm and >70 GHzxm

under the 50/125 um MMF launch respectively with a -1 dB alignment tolerance up to ~ +10

um [Figure 4-23(a) and (c)]. As expected, the SI waveguide exhibits lower bandwidth than

the GI waveguide due to its larger modal volume. The waveguide bandwidth gradually

reduces for larger input offsets, when a larger portion of the input power is coupled to higher-

order modes at the waveguide input. A BLP of ~40 GHzxm and ~65 GHzxm is obtained for

the SI and GI spiral waveguide across the offset range of +10 pum for the 50/125 um MMF

with a MM launch. As expected, the use of the MM degrades the bandwidth performance as a

more uniform mode power distribution is generated at the waveguide input [Figure 4-20(b)],

but also results in a more uniform bandwidth performance across input offsets [Figure 4-23

(b) and (d)] for both waveguides. Under a relatively overfilled launch, the induced spatial



Chapter 4 Bandwidth studies on multimode polymer waveguides 114

offsets have a small effect on the measured bandwidth as the generated mode power

distribution does not vary significantly across input offsets.

Similar measurements are carried out on the 19.2 cm long reference waveguides using a
10x microscope objective launch. The insertion loss of the SI and Gl reference waveguide
[power difference between the point A and B in Figure 4-19(c)] is ~2.2 dB and ~1.5 dB under
such a launch. The input beam has a small spot-size and only excites a small number of
modes inside the waveguide. This provides a restricted launch at the waveguide input, and
thus an improved bandwidth performance is expected. To gain more physical insights into the
bandwidth performance for different launches, the near-field images at the waveguide output
of the SI and GI reference waveguide under the lens launch [Figure 4-24(a) and (b)] as well
as the ones obtained at the output of two spiral waveguides under a 50/125 um MMF launch
without the MM are recorded using a CCD camera for comparison [Figure 4-24(c) and (d)].
These images indicate that a 10x lens launch can offer a highly selective mode excitation in
the waveguide whereas a 50/125 um MMF launch causes the distribution of a larger
percentage of power towards the outer edge of the waveguide. A similar method of
estimating bandwidth as the one used for the spiral waveguides is employed on these

reference waveguides under the restricted launch condition.

Sl

Gl

C

Figure 4-24 Near field images of the (a) SI and (b) GI reference waveguide under a
restricted launch; and the (c) SI and (d) Gl spiral waveguide under a 50/125 um MMF

launch.

Indeed, the obtained BLP for the 19.2 cm long reference waveguide is found to be >100
GHzxm for both SI and GI waveguide for a large range of input offsets. Figure 4-25 shows
the range that provides such large bandwidth (>100 GHzxm) for each waveguide type. It is

found to be ~19 x 8 um? in the lower bottom part of the waveguide core for the SI waveguide
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and ~18 x 20 um? in the upper bottom part of the waveguide core for the GI waveguide.
Figure 4-26 shows that the high-bandwidth region is also within the -1 dB alignment
tolerances. Moreover, the high BLP areas match the higher refractive index of the
waveguides at these input positions as the small input spot excites only the lower-order
modes (Figure 4-18). The use of restricted launch condition is a useful tool for improving
bandwidth performance and ensuring reliable operation in multimode waveguide systems. It
has been widely used in MMF systems to meet specifications for Gigabit Ethernet (GbE) and
10 GbE data transmission [25].

Overall, the experimental results indicate that the GI waveguide exhibits superior
bandwidth performance and offers more reliable operation than the SI waveguide. This is due
to the lower number of modes guided in the GI waveguide and therefore the reduced levels of
induced multimode dispersion. The obtained large area (>10 x 10 um?) ensuring a BLP of
>100 GHzxm and high coupling efficiency on the GI waveguide, demonstrates that
achievable launch conditioning and appropriate choice of refractive index profile can be
implemented in such highly-multimoded waveguides to ensure a robust bandwidth

performance across a large range of input positions.
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Figure 4-25 Experimental results of BLPs (GHzxm) of the 19.2 cm long (a) SI and
(b) GI under a 10x microscope objective launch at A = 787 nm (high BLP region noted
in red dashed line).
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Figure 4-26 Normalised measured coupling loss (units in dB) of the 19.2 cm long Sl
and GI reference waveguide under a 10x microscope objective launch at A = 787 nm
(red dashed line indicates the high BLP region shown in Figure 4-25).

4.4.4 Simulation Results

The simulation is based on standard methods employed for studying MMF waveguides
[26] and has been presented in more detail in Chapter 3. A mode solver FIMMWAVE (see
section 3.7 in Chapter 3) is used to calculate the field profiles of the guided waveguide modes
as well as their corresponding group refractive indices using the measured refractive index
profiles of the waveguides. The modes of a 50/125 um MMF are obtained using an analytic
mode solver assuming the standard refractive index profile of a MMF as discussed in section
3.5.2 in Chapter 3 [27]. The number of modes for a standard 50/125 um MMF is calculated
to be 184 with a maximum principle mode number (PMN) of 29. The power is assumed to be
distributed equally among the modes of the MMF patchcord with a PMN < 15 for the launch
without the MM, and with a PMN < 22 for the launch with the MM as illustrated in Figure
4-27. The restricted launch is modelled with a Gaussian beam with a spot size of the
measured value (FWHM~4 um). The power coupled to each waveguide guide for a given
launch is calculated using overlap integrals. The suppression of higher-order modes due to
the waveguide bends is taken into account by introducing mode selective loss, which is found
by fitting the simulation with the experimental data of the received optical power across
spatial offsets. Figure 4-28 depicts the curves of assumed mode selective loss while Figure
4-29 shows the comparisons between the simulated and actual received power for both SI and
Gl waveguide. The impulse response and the bandwidth of the waveguide can then be

calculated using the mode group refractive indices and mode power. Therefore, the respective
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waveguide bandwidth for each offset under each launch condition can be calculated from the
obtained impulse response by repeating the process for the different launch conditions at

different input positions.
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Figure 4-27 Assumed mode power distribution inside the input 50/125 pm MMF
patchcord for condition: (a) a 50/125 pm MMF with no MM (PMN < 15) and (b) a
50/125 pm MMF with MM (PMN < 22).
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Figure 4-28 The curves of mode selective loss assumed for the (a) SI and (b) Gl
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GI waveguide with no MM (PMN < 15) and (d) GI waveguide with MM (PMN < 22).

Figure 4-30 shows the bandwidth simulation results for the two spiral waveguides under
the MMF launch. It can be seen that a similar behaviour is obtained to that of the
experimental work. The simulation results for the reference waveguide under restricted
launch are also shown in Figure 4-31. General agreement can be found between the high BLP
region obtained from the simulation and the experimental observations. To better understand
why the bandwidth is higher at high index region of the waveguide core under the restricted
launch, some analysis from the perspective of mode power distribution excited inside the SI

and GI waveguides is discussed below.
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(c) GI waveguide with no MM and (d) GI waveguide with MM (A = 850 nm).
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Figure 4-31 Simulation results of the -3 dB BLP (unit in GHzxm) of the 19.2 cm long

reference polymer multimode waveguide for a 10x microscope objective launch (A = 787

nm): (a) SI waveguide and (b) GI waveguide.
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e Sl waveguide

The mode profiles of the first 5 modes calculated using FIMMWAVE based on the
measured refractive index profile are plotted in Figure 4-32. Figure 4-33(b) shows the mode
power distribution at different launch positions under restricted launch for the SI waveguide.
It can be seen that higher-order modes carry a large portion of the coupled input power when
the input beam is launched at location 1 (x = 0 um, y = 0 um) where the index dip occurs in
the middle of the core. Hence, the multimode dispersion is increased and the bandwidth is
low at this particular position as shown in Figure 4-31(a). In comparison, when the launch
position moves to location 4 (X = -12 um, y = -12 um) where the high index region appears, a
smaller number of modes are excited and the majority of power is coupled into the lower-
order modes, resulting in the largest bandwidth performance. Similarly, higher bandwidth
values are expected at location 2 (x =8 um, y = -4 um) and location 3 (x =0 um, y = 12 um)
where the lower-order modes are mostly excited given the particular index profile.

Figure 4-32 Mode profiles of the SI waveguide (first 5 modes).
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Figure 4-33 (a) Refractive index profile of the SI waveguide at 678 nm and (b) mode

power distribution of the SI waveguide at varying locations under restricted launch.
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e Gl waveguide

Figure 4-34 and Figure 4-35 illustrate the mode profiles of the first few modes and the
simulated mode power distribution at varying input positions of the GI waveguide under
restricted launch respectively. As indicated in the refractive index profile, the lower-order
modes of this waveguide lie in the upper side of the core (Figure 4-34). As a result, at
locations 1-3, high bandwidth performance is expected as lower-order modes are mainly
excited at these launch positions. This can be seen from the mode power distributions at the
respective input offsets shown in Figure 4-35(b) where a large amount of power is coupled
into the lower-order modes resulting in reduced multimode dispersion. In contrast, when the
launch position is at the waveguide edge (location 4: x = 0 um, y = -16 um), it can be clearly
seen that more power is distributed into the higher-order modes, which results in larger

multimode dispersion and reduced bandwidth as can be observed in Figure 4-31(b).

Figure 4-34 Mode profiles of the GI waveguide (first 5 modes).
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Figure 4-35 (a) Refractive index profile of the Gl waveguide at 678 nm and (b) mode

power distribution of the Gl waveguide at varying locations under restricted launch.
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These analyses provide an understanding of the bandwidth performance of the
waveguides through the calculated mode power distribution for different input spatial offsets
under a restricted launch condition. More experimental investigation will be conducted on
straight waveguides samples to further confirm the feasibility of this simulation model in

section 4.5.

4.4.5 Discussion

The successful fitting of the experimental bandwidth results indicates that the simulation
studies can provide a good indication for launch design and dispersion engineering. For the
particular studies presented here, however, it is practically challenging to know the exact
mode power distribution at the waveguide input for the case of multimode launches and
therefore calculate the induced dispersion unless specific launch conditioning schemes are
employed. Nevertheless, such a model can at least provide a guideline of the expected
waveguide performance as performed in the study of 10 GbE standards in MMF links [25].
However, it should be noted that there are a number of phenomena which have not been
considered in the simulations but may affect the mode propagation inside the waveguide
should much greater accuracy be required: (a) mode mixing is not considered; (b) the
calculated mode profiles are based on an ideal straight waveguide whereas the actual mode
profiles inside the complex long bending waveguide samples may differ. It has been
previously found that multimode waveguide dispersion in different polymer material systems
can be significantly affected by mode mixing with very short equilibrium lengths of ~10 cm

observed in the experiment [6].

4.5 Short Pulse Measurement on Straight Waveguides

As mentioned in the previous section, the high bandwidth region of a waveguide under
restricted launch conditions is expected to be located in the high index region of the core due
to the excitation of the lower-order modes at the waveguide input. Although general
agreement between the simulation and experimental results has been found on the reference
waveguides, a difference can be partially attributed to the bending structure of the
waveguides. Therefore, the bandwidth performance of straight waveguides is experimentally
studied in this section in order to provide a more intuitive understanding of how the mode

propagation in the guides affects the dispersion of these multimode waveguides.
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4.5.1 Waveguide Samples

The dispersion of three waveguide samples with different refractive index profiles is
measured under a restricted launch. The fabrication, index profile design and characteristics
of the waveguide components with the three different refractive index profiles will be
discussed in more detail in the next chapter. Here, the bandwidth performance of these
waveguides is mainly concerned. The three straight waveguides are fabricated to be exhibit
similar refractive index profiles as illustrated in Figure 5-6 in Chapter 5. The straight
waveguide samples are denoted as WG01, WG02 and WGO03 with lengths of 9.1 cm, 9.6 cm
and 7.4 cm respectively.

4.5.2 Experimental Results

The launch condition employed here is the same as launch condition (iii) mentioned in
section 4.4.2, and experimental setup is illustrated in Figure 4-19(c). The bandwidth
estimation of these straight waveguides follows the same procedures explained in section
4.4.3. In order to gain more insight into the guided modes in the waveguide, near field images
are recorded at different launch positions. Figure 4-36(a) and (b) illustrate the refractive index
profile and the measured bandwidth for WGO1 respectively. As expected, the high BLP area
of WGOL1 is located towards the upper side of the core, which agrees well with the location of
high index region in the core. Moreover, the bandwidth variation can be justified by the near
field images taken at the waveguide output. For example, the bandwidth is the largest at
location 1 (X =0 um; y = 17 um), at which lower-order modes are mostly excited resulting in
the smallest multimode dispersion. As the input launch position moves down to location 3 (x
= 0 um; y = -3 um), the bandwidth decreases as an increasing number of higher-order modes
are excited as can been from the near field image at location 3. In contrast, when the input
launch is focused at the edge of the core (location 6: x = 20 um, y = -22 um), it can be seen
that a larger amount of power is distributed into the higher-order modes, and therefore the
bandwidth is significantly reduced compared to that at location 1 as expected. In addition, a
slight asymmetric behaviour can be observed on the bandwidth result, which can be justified

by the near field image obtained at location 2 (x = 20 um; y = 12 um).
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Figure 4-36 (a) Measured refractive index profile of WGO01 at 678 nm and (b)
experimental result of BLPs (GHzxm) of WGO1 with the recorded near field images at
different input positions inset.

The refractive index profile and the measured bandwidth for WGO02 are shown in Figure
4-37(a) and (b) respectively. As the high index region is located toward the bottom of the
waveguide core, high-bandwidth performance is expected when the input beam is launched in
this region as seen in Figure 4-37(a). This is due to the fact that lower-order modes are
primarily excited when the input launch lies within this particular high index area which can
be shown by the near field image recorded at location 1 (x = 0 um, y = -5 um) and location 5
(x = 0 um, y = -20 um). The bandwidth is lower at location 5 than that at location 1 as
slightly more higher-order modes are excited which can be noticed from the near field images
at the respective locations. As the launch position moves toward the edges of the waveguide
core, the bandwidth performance degrades gradually as more power is coupled into the
higher-order modes in the waveguide that results in an increase of the induced multimode
dispersion. The waveguide are more overfilled at location 6 (X = 25 um, y = 20 um), and
hence the bandwidth is observed to be the lowest at this position. Moreover, it can be noticed
that the bandwidth variation in the horizontal direction is higher than that in the vertical
direction due to the larger horizontal index change as seen in the index profile. This can also
be justified by the near field images recorded at the relevant locations. Figure 4-38(a) shows
the index profile of WG03 while Figure 4-38(b) depicts the measured bandwidth of WG03
with the near field images captured. Similar behaviour can be found on WGO03 compared to

WGO1 due to the similarity between the refractive index profiles of the two samples.
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Figure 4-37 (a) Measured refractive index profile of WG02 at 678 nm and (b)
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Overall, the near field images agree well with the obtained bandwidth results of all three
waveguide samples. These observations not only provide a straightforward understanding of
dynamic performance of these guides but also confirm the viability of the simulation model
developed. These results can provide very useful insights into the design of high-bandwidth
waveguides by employing appropriate refractive index engineering. The results indicate that
waveguides with high-bandwidth values and high input alignment tolerances can be achieved
by carefully designing the shape of index profiles. It can also be noted that the BLP values of
these straight waveguides are lower than those obtained on the reference waveguides,
indicating again that the bending structure can be beneficial to the bandwidth performance
due to the mode stripping properties of the bends. In addition, the waveguide loss
performance is another limiting factor in the system design to ensure an adequate power
budget. The effects of the refractive index engineering and waveguide layout on the

waveguide loss and bandwidth performance will be further discussed in the next chapter.

4.6 Summary

This chapter presents the dispersion studies on the multimode polymer waveguides for
use in board-level optical interconnections. The bandwidth studies on the 1.4 m and 1 m long
spiral waveguides demonstrate an instrument-limited BLP value of at least 35 GHzxm under
a wide range of launch conditions and for different input offsets. Time-domain measurements
are further carried out to investigate the ultimate bandwidth of these waveguides and shown
BLP values of >40 GHzxm and >70 GHzxm for the Sl and Gl waveguide respectively under
a 50/125 um MMF launch for an offset range of £10 um, and of >100 GHzxm using a
restricted launch for an offset range of ~19 x 8 um? and ~18 x 20 um? for the Sl and Gl
waveguide respectively. Moreover, the high bandwidth regions are well within -1 dB
alignment tolerances. The simulation model based on the measured refractive index profile
agrees well with the experimental results. These results indicate the potential of this
technology and the capacity of transmitting data rates of 100 Gb/s over a single waveguide
channel up to distances of 1 m with achievable launch conditioning schemes and appropriate

refractive index engineering.
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5 EFFECTS OF REFRACTIVE
INDEX PROFILES ON
WAVEGUIDE PERFORMANCE

This chapter examines the effects of refractive index profiles on the performance of
passive waveguide components (e.g. bends, crossings, etc.) needed in the design of an optical
backplane. The design and characterisation of these fundamental elements are introduced and
experimental results such as loss and bandwidth performance are reported and discussed. The
results indicate that low-loss and high-bandwidth (>47 GHzxm) multimode polymer
waveguide bends (<1 dB) and crossings (<0.02 dB/crossing) can be achieved using
appropriate refractive index engineering, demonstrating the strong potential of this
technology for high-performance board-level optical interconnects with high routing

flexibility.

5.1 Introduction

The combination of refractive index engineering and launch conditioning has been shown
to improve the bandwidth performance of the multimode polymer waveguides in Chapter 4.
This chapter further investigates the effects of refractive index (RI) profiles on the
performance of passive waveguide components such as bends and crossings. In Chapter 2, a
wide range of optical coupling methods to launch light onto and receive light from the

backplane has been described. It has been noted that much work has been done on the
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demonstration of coupling schemes. In this work therefore, a focus is maintained on the
waveguide components. The increasing interest of using multimode polymer waveguides in
passive optical backplanes brings forward the need of high-performance passive waveguide
components that can provide a cost-effective solution in achieving high-speed
interconnection between electrical cards in blade servers and data storage systems. In
particular, waveguides crossing through each other or having paths that change direction are
inevitably required for optical backplane structures that seek to interconnect more than a few
cards in blade servers. Examples of waveguide crossing techniques that have been proposed
include the use of multiple optical layers [1] or mode-coupled waveguides [2] as shown in
Figure 5-1(a) and (b). However, these out-of-plane structures inevitably introduce significant
fabrication complexity. Hence, 2-D planar waveguide crossings are preferred in polymer
backplane architecture as they can be readily patterned as seen in Figure 5-1(c). In addition,
there are normally two approaches of forming on-board turns: bends and mirrors (Figure 5-2).
Although mirrors may need a smaller board-area footprint and can potentially have lower
losses, they typically require additional fabrication procedures and are vulnerable to sidewall
roughness issues [3]. 90° waveguide bends have the advantages of simplicity from the
fabrication point of view and enable interconnection by curved paths. Thus, 90° bent

waveguides are mainly discussed here.

FLIP- AND-BOND ASSTWELY

Figure 5-1 Example techniques for waveguide crossings: (a) multiple waveguide
layers with flip-chip bonded [1], (b) multiple waveguide layers with directional coupler

and (c) single waveguide layer [2].
Bends Mirrors

(a) (b)

Figure 5-2 Schematics of the (a) 90° waveguide bends and (b) 90° waveguide mirrors.
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These on-board passive waveguide components have significant advantages as they can
enable non-blocking interconnection architectures and complex waveguide layouts such as a
shuffle-style architecture [4]. Such a backplane is considered an appealing interconnection
architecture by leveraging readily available components such as arrays of VCSELs and PDs
as well as ribbon fibres discussed in Chapter 2. A shuffle scheme does not suffer from the
power loss due to fan-out typically encountered in optical bus architectures [5] and
transmitters with the same fixed wavelength can be used in contrast to multi-wavelength
architectures [6], [7]. Furthermore, it allows any card to simultaneously operate multiple
transmitters and therefore is strictly non-blocking. Figure 5-3(a) illustrates the shuffle
interconnection architecture using arrays of transmitters and receivers at each node and a
single waveguide for each possible link, while it is reconfigured allowing for the basic
waveguide design elements (90° bends and crossings) for the formation of a planar shuffle
backplane architecture as illustrated in Figure 5-3(b). For example, the 1-Th/s aggregate-
capacity 10-card optical backplane presented in [8] features ~1800 90° waveguide crossings
and 100 90° waveguide bends.

@ b) wf  H
Tx1 Rx 1

Rx array on card 2

(_"“ka by ribbon fibre to
board edge here.

Tx array on card 1

Rx 2 linked by ribbon ﬁbre:o/) ‘ I Card 2
board edge here.

Rx 3 & ] 90° crossing

Tx2

Tx3

Tx4 Rx 4 902 bends

Figure 5-3 Schematic of shuffle interconnections: (a) basic shuffle interconnection
concept and (b) reconfigured to utilise the basic elements (90° bends and crossings)

required for complex backplane topologies [8].

However, the requirement for different high-performance components on an optical
backplane may differ, and the design parameters (e.g. waveguide dimension, RI difference An
and RI profile) of the devices depend on the specifications used in the backplane design. For
instance, the two elementary waveguide components (e.g. bends and crossings) exhibit
differing behaviour with respect to the waveguide RI difference An. Waveguide bends benefit

from strong optical confinement at higher An, whereas waveguide crossings exhibit lower
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loss for smaller An values due to the lower probability of being radiated away along the

structure length owing to shallower ray angles [9].

In this chapter therefore, the goal is to make a full assessment of basic waveguide design
elements that form the backplane and to understand how the engineering of refractive index
profiles can influence the performance of these components. The design, fabrication and
characterisation of a variety of multimode waveguide components are presented, including
reference waveguides, spiral waveguides, 90° waveguide bends and 90°/45° waveguide
crossings. The loss and bandwidth performance on these waveguides with different RI
profiles are investigated under different launch conditions. Section 5.2 first presents the
waveguide samples with different RI profiles employed in the studies. Section 5.3 then
describes the experimental setups employed in the power transmission and dispersion
measurements. Section 5.4 provides an overview of the theoretical approaches of calculating
bending loss of multimode waveguides and presents the experimental results of the bending
loss versus radius of curvature. Section 5.5 briefly introduces the theoretical method of
calculating the waveguide crossing loss based on ray tracing technique and presents the
power transmission studies of the waveguide crossings. Section 5.6 presents the bandwidth
measurements of the waveguide components and discusses the effects of the bending and
crossing structures on the bandwidth performance of the guides. Finally, section 5.7
summarises the results obtained and highlights the important conclusions from the work.

5.2 Multimode Polymer Waveguide Components

Three waveguide samples with different R profiles are fabricated from siloxane materials
provided by Dow Corning (core: Dow Corning WG-1020 Optical Waveguide Core and
cladding: XX-1023 Optical Waveguide Clad) using standard photolithography processes.
Each waveguide sample, denoted as WGO01, WG02, and WGO03, has various waveguide
components fabricated on 8-inch silicon substrates (UV mask design is illustrated in the

Appendix):

e Waveguides with four 90° bends, two of which have constant radius (17 mm) while

the other two have a varying radius of 5, 6, 8, 11, 15 and 20 mm;

e Waveguides with a variable number of 90° and 45° crossings with number of
crossings of 1, 5, 10, 20, 40 and 80;
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e 16.25 cm long reference waveguides which include two 90° bends and one long 180°
bend;

e 94.6 cm long spiral waveguides.

It should be noted that the characterisation of the components have been carried out by the
author while the waveguide samples have been designed and fabricated by Dow Corning.
Figure 5-4 illustrates the schematics of various waveguide components employed in the
studies while Figure 5-5 shows the photographs of respective components illuminated with a
red laser source. The RI profiles of the particular siloxane waveguides used in this work can
be readily adjusted by slightly changing their fabrication parameters [10]. Figure 5-6 presents
the measured refractive index profiles of the 3 waveguide samples using refractive near field
method [11] while Table 5-1 summaries their characteristics (i.e., size and index values of
core and cladding). As can be seen in Table 5-1, WGO02 has the largest width of ~50 um and
smallest index step difference (the difference between the minimum and maximum index) An
~ 0.01, while WG01 and WGO03 have similar width of ~30 um and index difference An ~
0.02. It can also be noted in Figure 5-6 that the higher RI region is located toward the bottom
of the core for WG02, whereas the higher RI region lies in the upper side of the core for both
WGO01 and WGO03.

Length: ~137 mm

>B
Radius: 5, 6, 8, 11, 15
and 20 mm
e ) S —
N 9/ Number of crossings: 1, 5, 10, 20, 40 and 80
S A Length: ~137 "8
— ength: ~137 mm
(b) ’
Length: ~137 mm
A< > B
A<
Length: ~137 mm
(©) (d) ‘

Figure 5-4 Schematics of the waveguide components used for the refractive index
studies: (a) 90° waveguide bends, (b) 90° and 45° waveguide crossings, (c) reference

waveguides and (d) spiral waveguides.
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Figure 5-5 Photographs of (a) 90° waveguide bend (R = 8 mm), (b) 90° waveguide
crossing (single crossing), (c) reference waveguide and (d) spiral waveguide illuminated

with red light.
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Figure 5-6 Measured RI profile of the 3 waveguide samples at 678 nm.

Table 5-1 Summary of the characteristics of 3 waveguide samples at 678 nm.

WGO01 WG02 WGO03

Nimax 1.532 1.522 1.531

Neladding 1.512 1.512 1.512
Core height (um) 37 53 48

Core width (um) 32 50 29
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5.3 Experimental Setups

5.3.1 Power Transmission Studies

A number of measurements have been conducted on these polymer multimode waveguide
components under different launch conditions. Figure 5-7 illustrates the experimental setup
used in the power transmission measurements. A multimode 850 nm VCSEL is used as the
light source, while a pair of microscope objectives [20x microscope objective (NA = 0.4) and
10x microscope objective (NA = 0.25)] is employed to couple the light into a fibre patchcord
in order to obtain a high coupling efficiency. Three different types of fibres are employed at
the waveguide input to generate different launch conditions, including: (i) a 9/125 um SMF
input, (ii) a 50/125 pm GI MMF input (NA = 0.2), and (iii) a 100/140 pm GI MMF input
(NA = 0.29) used with a mode mixer (MM: Newport FM-1). The three different inputs
employed provide launch conditions at the waveguide input ranging from a restricted launch
to a more overfilled launch. The SMF launch excites the smallest number of modes, while the
100/140 pm MMF with the use of a MM offers the most overfilled launch condition
producing a “worst-case” launch condition. The 50/125 um MMF input provides a “medium”
launch condition exciting a larger number of modes than the 9/125 um SMF input and less
than the 100/140 um MMF launch corresponding therefore, to a relatively realistic launch

condition that could be encountered in a real-world system.

The cleaved end of the input fibre is butt-coupled with the waveguide input facet while a
16x microscope objective (NA = 0.32) is used to collect the transmitted light at the
waveguide output and deliver it to a large area optical power meter (HP 81525A). The 16x
lens is chosen as its NA is larger than that of the waveguide, preventing any mode selective
loss. For each measurement, the position of the input fibre is adjusted with a precision
translation stage to maximise the power transmission through the waveguide components

under test.

VCSEL@850 nm 9 um SMF/ X!anﬁeg,fﬁs
50 um MMF/ P

- - \§00umMMF+MM . - Power
N - < = -1 meter

Figure 5-7 Experimental setup of the power transmission measurements.
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Figure 5-8 depicts the far field intensities and the corresponding near field images of the
cleaved end for the employed input types. The -13 dB intensity points (5% intensity value) in
the far field plots indicate the NA of each employed input and are found to be: 0.13, 0.18 and
0.26 for the 9/125 ym SMF, 50/125 um MMF and 100/140 um MMF input respectively (see
Table 5-2). It should be noted that the 9/125 pm SMF is not strictly single-moded at 850 nm

and supports a small number of modes which can be seen in Figure 5-8(a) and Figure 5-8(b).
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Figure 5-8 Far field intensity of different launch conditions: (a) a 9/125 pm SMF, a
50/125 pm MMF and a 100/140 pm MMF + MM; and near field images of input fibre
for different launch conditions: (b) a 9/125 pm SMF, (c¢) 50/125 pm MMF and (d)
100/140 pm MMF + MM.

Table 5-2 Far field NA (5% intensity) of the various input fibres employed in the

power transmission experiments.

Launch condition 5% intensity angle (-13 dB) Far field NA (-13 dB)
9 um SMF 7.5° 0.13
50 ym MMF 10.6° 0.18
100 ym MMF + MM 15° 0.26

5.3.2 Dispersion Studies

Time-domain measurements utilising the short pulse generation system 2 (A = ~787 nm)
mentioned in section 4.3.1 in Chapter 4 are conducted to examine the bandwidth performance

of various waveguide components with different RI profiles under different launch
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conditions. Figure 5-9 illustrates the experimental set-ups for the pulse broadening
measurements. The short pulses are coupled into the waveguide components via a 10x
microscope objective (NA = 0.25), a 50/125 um MMF or a 100/140 pum MMF + a MM which
approximates the launches used in the power transmission studies for direct comparisons
between the loss and bandwidth performance of the waveguide samples. The near field
images of the input for each launch condition studied are shown in Figure 5-10. The 10x
microscope objective launch provides a restricted launch condition resulting in a Gaussian
input with a spot size of 5+1 pum (FWHM). A 16x microscope objective (NA = 0.32) is used
to collect the output light and deliver it to a matching autocorrelator as described in section

4.3.2 in Chapter 4 so as to detect the transmitted optical pulses.

Waveguide

787 nm components

@ Short | _ _
pulse 3 o Autocorrelator
laser [~ ]

787 nm
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laser
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Autocorrelator

50 um MMF/
100 ym MMF + MM

Figure 5-9 Experimental setups for short pulse measurement: (a) 10x microscope
objective launch and (b) 50/125 pm or 100 pm + MM launch.

Figure 5-10 Near field images of the inputs for different launch conditions: (a) 10x
microscope objective, (b) a 50/125 pm MMF and (c) a 100/140 pm MMF + MM.

5.4 90° Bent Waveguides

The use of bent waveguides can result in extra power loss in a system application.

Therefore, it is important to design low-loss waveguide bends, which requires the modelling
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of the transmission characteristics of the bent waveguides. There has been much interest on
the studies of optical waveguide bends, and the understanding of the behaviour of these
waveguide bends is not trivial. It has been known that two types of losses contribute to the
loss induced in the bends: radiation loss and transition loss. It can be shown that all
waveguide modes propagating in bent structures are “leaky” from a ray analysis as curved
path of the waveguide bend geometry cannot guide electromagnetic energy without losing
power [9], [12]. The total radiation loss depends on various factors such as waveguide
dimension, the radius of curvature and index step difference. The radiation loss decreases as
the light confinement in the guide and the radius of curvature increases. In addition, the
transition loss occurs at the interface of the bent and straight waveguides. This is due to the
mismatch of the supported mode profiles in the two waveguide structures as different
waveguide sections have different electromagnetic solutions for the supported modes. The
mode profiles of the curved waveguides are known to be offset towards the outer edge of the
structure which differs from the mode profiles of the straight waveguides [9]. In [13], it is

shown that the transition loss becomes dominant component for small radii.

There has been much study on the theoretical modelling approaches of calculating the loss
mechanisms of these bent waveguides, and the modelling of multimode bending loss is
particularly challenging. Different theoretical approaches have been proposed, including the
effective index method (EIM), finite element method (FEM), beam propagation method
(BPM) and ray tracing [13]-[18]. The bending losses can be accurately estimated using the 2-
D equivalent method and numerical methods; however these methods have been mainly used
for single mode structures as they require intensive computational power. The BPM
simulation is more computationally efficient but it is a less accurate approach. Many
researchers have used this method to analyse a 90° waveguide bend by dividing the
waveguide bend into a series of short radial sectors within which a paraxial approximation
may be valid [13]. However, in practice, the ray tracing technique is a more straightforward
modelling method for highly multimoded structures (i.e. the dimension of the waveguide is
considerably larger than the wavelength of the guided light). While the ray tracing model has
been widely used for studying rectangular planar waveguides, tuning of the model parameters
is typically required by comparing the simulation and experimental results as the model
strongly depends on the input mode distribution. It should be noted that various theoretical

models tend to fail increasingly to match the experimental results when the bend radius
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decreases to a certain value while maintaining a good agreement with the experimental values

for bends with large radius (greater than approximately 10 mm) [18], [19].

5.4.1 Theoretical Approach

Ray optics can provide a straightforward qualitative understanding of the light
propagation inside the bends and derive a relationship between the physical parameters and
the bending loss. Based on the 2-D geometric optics, the attenuation of every ray propagating
around a waveguide bend can be calculated [17]. The power loss of each ray can be obtained

using the power transmission coefficients T, (i.e. the fraction of the incident ray power lost
by reflection) of each reflection on the waveguide walls. In Figure 5-11(a), 6 and &,

corresponds to the incident angle of each reflection at the outer and inner wall respectively.
When the & angle is low, the rays will experience reflections with smaller angles which
results in less power loss as they propagate along the bend. Rays with larger angle 6 suffer
from higher loss due to the increasing attenuation coefficients and number of incident
reflections on the wall. It is worth mentioning radiation caustic here to help understand the
way different waveguide parameters affect the bending loss. In order to make sure that the
phase velocity of the mode does not exceed the speed of light in the bulk material, the field
that lies beyond a certain radius value is lost in the form of radiation. This radius is called
radiation caustic at which the phase velocity increases beyond that of the guided mode as the
mode accelerates around the bend as depicted in Figure 5-11(b) [20]. The smaller the
radiation caustic is, the larger the radiation loss of the bend becomes.

Radiation
_ caustic
(@) cLADDING , T ) cLapbDING 7

CLADDING CLADDING

r=R+
r=R-p P

Figure 5-11 (a) Geometry of a waveguide bend and a typical ray in the core of a bent
step-index guide and (b) illustrations of radiation caustic (red dashes), constant phase

(dotted black arrow) and mode profile of the lowest order mode (blue).
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The radiation caustic for a step-index planar waveguide bend is defined as Equation (5-1),
which shows the effects of different waveguide parameters such as waveguide dimension,

radius of curvature and index difference [9].

Mg ~ R-(k) cos@; cosd>(R-p)/(R+p) (5-1)

cl

wherer,, is the radius of the radiation caustic, R is the radius of curvature (to the centre of
the waveguide width), pis the half width of the waveguide and @ is the incident angle
between the ray and outer wall of the waveguide. It is known that the radiation loss decreases
when the radiation caustic increases. Hence, by increasing the radius of curvature and the
index difference between the core and the cladding, the radiation caustic increases resulting
in a lower bending loss. In addition, Equation (5-1) indicates that larger @ (higher-order
modes) suffer greater radiation loss than the smaller & (lower-order modes). In theory, low-

loss waveguide bends can be designed by altering these parameters.

Israel et al. [18], [19] derived an analytical expression for the power transmitted through a
waveguide bend using ray optics concepts given as below:
2 3 4
1t t t (5-2)

T=10-log, (1- ———— ——
0o 2R 2R? 2R® 2R4)

where t = (n?w)/(NA)*,wis the width of the waveguide and NA is the numerical aperture.

It has been shown that this model can describe the experimental results adequately although it
fails when t/R >0.5. Figure 5-12(a) plots the bending loss of a 50 um wide 90° waveguide
bend with varying index steps between 0.015 and 0.03 while Figure 5-12(b) shows the loss of
90° waveguide bend with step index An = 0.02 for different waveguide widths from 20 to 50
um. As expected, lower bending loss can be achieved using waveguide bends with larger

index step and smaller waveguide width for bends with small radii.
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Figure 5-12 (a) Induced loss for a 90° waveguide bend with width of 50 pm for
different index steps An and (b) induced loss for a 90° waveguide bend with step index

An = (.02 for different waveguide widths.

5.4.2 Experimental Results

Figure 5-13(a) illustrates total insertion loss of the 90° bending loss of 3 waveguides as a
function of the bend radius measured under a 9/125 um SMF, a 50/125 pm MMF and a
100/140 pum MMF + MM respectively. The loss shown in Figure 5-13(b) is normalised with
respect to the insertion loss of the bend with the largest radius to compensate for the
respective coupling and propagation loss. Table 5-3 summarises the radius needed to achieve
bending loss of <1 dB of 3 waveguide samples under different launch conditions. As
mentioned earlier, the bending loss depends on the index difference, dimension and input
launch condition of the waveguide. As expected, the bending loss increases for decreasing
bend radius. The 100/140 um MMF + MM launch results in the highest bending loss whereas
the SMF launch in the lowest as the 100 um MMF couples larger percentage of optical power
onto the higher-order waveguide modes which are more susceptible to radiation loss at the
bends. The results also agree with the fact that lower loss can be achieved from waveguide
bends which have smaller core size and larger index difference due to the increased mode
confinement in the waveguide core. For example, WG02 exhibits the highest bending loss
(bending loss of <1 dB for a radius of >10 mm even under the SMF launch) as it has a larger
width of ~50 um and smaller index difference of ~0.01, whereas WGO01 and WGO03 exhibit
smaller losses (bending loss of <1 dB for a radius of >6 mm under both the SMF and 50 um
MMF launch, and >8 mm under the 100 um MMF launch) due to their smaller width of ~35
um and larger index difference of ~0.02 (see Table 5-1).
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Figure 5-13 (a) Insertion loss of the 90° bends versus bending radius, and (b)
normalised bending loss versus bending radius of 3 different waveguides under a 9/125

pm SMF, a 50/125 pm MMF and a 100/140 pm MMF + MM launch.

Table 5-3 The required radius for bending loss below 1 dB of 3 waveguides with
different RI profiles under different launch conditions studied.

WGH 9 pm SMF 50 pm MMF 100 pm MMF + MM
WG01 >6 mm >6 mm >8 mm
WG02 > 10 mm > 11 mm > 15 mm
WGO03 >5mm >6 mm >8 mm

5.5 Waveguide Crossings

As discussed in the beginning of the chapter, while the waveguide bend is one crucial
element for an optical backplane, the waveguide crossing is another important building block
for any interconnection architecture as it can eliminate the need for an additional stacked
optical layer, maximise the available on-board area and increase the interconnection density.
Therefore, the use of a waveguide crossing in a backplane architecture can simplify the
manufacturing process as the fabrication complexity typically encountered in the out-of-plane
structures can be eliminated. However, these components need to exhibit low loss so as to
meet the stringent power budget requirements for the applications of on-board

interconnection architectures [21].
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5.5.1 Theoretical Approach

Some studies on waveguide intersections have been reported in the literature; however
most of the work focuses on single mode waveguides [22]-[24]. Theoretical approaches that
have been commonly used to analyse the light propagation in the waveguide crossings
include: (i) free-space expansion of the fundamental mode in the waveguide junction [23],
(if) the BPM [25] and (iii) ray tracing methods [26]. It has been shown that the waveguide
crossing losses can be minimised by increasing the width of the waveguide and deploying

larger crossing angles (e.g. 90° waveguide crossings) [27].

The electromagnetic method of computing the crossing loss is to calculate the input field
expansion in the crossing region and then estimate the power coupled into the waveguide by
using the overlap integral between the input field profile and the waveguide modes at the
interface B depicted in Figure 5-14(a). However, the Gaussian approximation method in [22]
cannot be applied for multimode waveguides as each mode will have different spreads at the
interface. One possible way is to calculate the diffraction integrals of all guided waveguide
modes and subsequently compute the power coupled to the output waveguide. Nevertheless,

this approach is time and computation consuming.

Therefore, a more straightforward method of using geometric optics analysis is often
preferred for the case of multimode waveguides [26]. The ray tracing model considers all
possible rays inside the guides and computes the possibility of rays not being reflected totally
at a sidewall (for the case of step-index profiles only). This probability turns out to depend on
the spherical angles @ and ¢ of each ray and the waveguide width W. As illustrated in Figure
5-14(b), @ is the angle between the light beam and optical axis (z axis), and ¢ is the angle
formed between the projection of the light beam on the x-y plane and x axis. For instance,

Ray 1 (the ray propagating in the x-z plane when ¢ =0") can be transmitted through the

guide with a probability of 100%, whereas Ray 2 (the ray in the y-z plane when ¢ =90") has
no total internal reflection at the core-cladding interface and has the highest probability of
being lost due to the crossings. In addition, the input launch conditions can be expressed
using an intensity distribution f (¢). The total power transmitted through the structure can
subsequently be calculated using the probabilities of the rays not lost on the way and the

assumed input intensity distribution.
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Light
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Figure 5-14 Illustration of theoretical modelling methods: (a) electromagnetic
approach based on the free-space field expansion and (b) ray tracing technique based
on the ray trajectories in the waveguide (Ray 1: solid line, Ray 2: dashed line).
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Figure 5-15 (a) Input power distributions used in the ray tracing model, (b) excess
loss of waveguide crossings for a 50 pm wide waveguide, An = 0.02 for varying input
power distribution and (c) excess loss of waveguide crossings for a 50 pm wide

waveguide for varying index different An when the input power is “inf”.

The input ray distribution is chosen to be a Gaussian with a variable standard deviation o .
Figure 5-15(b) shows the calculated crossing loss as a function of the number of crossings
under different input power distribution as illustrated in Figure 5-15(a) for a waveguide with
w=50um and An=0.02, while Figure 5-15(c) shows the crossing loss as a function of the
number of crossings under a uniform input power distribution with varying index steps.
These results provide a useful insight into the relationship between the excess loss of the
waveguide crossings and the number of crossings. A few observations can be made. First, the
crossing loss is a mode-selective loss and it strongly depends on the input power distribution.
Secondly, the crossing loss does not increase linearly with the number of crossings when the
input power becomes more overfilled. This suggests that the higher-order modes are

primarily attenuated at the initial stages of the structure. Thirdly, it should noted that the
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crossing loss can be reduced with a smaller index step difference An as the propagated rays
have shallower ¢ angle and thus a lower probability of being lost on the way is expected.

The ray tracing model provides a useful tool to interpret the experimental results obtained in

the next section.

5.5.2 Experimental Results

The insertion loss of the 3 waveguide samples of a varying number of 90° and 45°
waveguide crossings (1, 5, 10, 20, 40 and 80) is also measured for the three different launch
conditions mentioned in section 5.3.1. Figure 5-16(a) and Figure 5-17(a) show the total
insertion loss of the 90° and 45° waveguide crossings respectively under different launch
conditions, while Figure 5-16(b) and Figure 5-17(b) present the normalised insertion loss
obtained by normalising the insertion loss of each waveguide to the loss of the waveguide
with the least number of crossings (i.e. single crossing). Similar behaviour can be observed
on the both 90° and 45° waveguide crossings. The only difference is that the losses of 45°

waveguide crossings are higher as the light is more likely to leak at the intersection.

90° crossing 90° crossing
(b) " —m—WG0L: 9 um SMF
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Figure 5-16 (a) Insertion loss of the 90° crossing versus the number of crossings, and
(b) normalised insertion loss versus the number of crossings of 3 waveguides under a
9/125 pm SMF, a 50/125 pm MMF and a 100/125 pm MMF + MM launch.
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Figure 5-17 (a) Insertion loss of the 45° crossing versus the number of crossings, and
(b) normalised insertion loss versus the number of crossings of 3 waveguides under a
9/125 pm SMF, a 50/125 pm MMF and a 100/125 pm MMF + MM launch.

The 100/140 um MMF + MM launch results in the highest loss as it provides a more
“overfilled” launch at the waveguide input, coupling more power into the higher order modes
which are more susceptible to crossing losses. As expected and observed before, the crossing
loss does not depend linearly on the number of crossings [28]. Higher-order modes exhibit
higher crossing loss and are therefore primarily attenuated at the initial crossings closer to the
waveguide input, while lower-order modes that exhibit a lower crossing loss coefficient are
left to propagate in the remaining crossings. As a result, two different slope approximations
that characterise the loss per crossing are extracted for each sample: for 1-10 crossings and
for 20-80 crossings (see Figure 5-18, Table 5-4 and Table 5-5). In addition, WG02 and
WGO1 exhibit the lowest and highest losses per crossing due to their smallest and largest
index step difference respectively. It should be noted that WG02 exhibits 90° crossing loss of
~0.02 dB/crossing under a 50/125 pm MMF launch, which is lower than the typical values
shown on the traditional SI waveguide crossings (~0.03-0.06 dB/crossing) [26], [27].
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Figure 5-18 Loss/crossing of (a) 90° and (b) 45° degree crossings for 3 waveguides
under a 9/125 pm SMF, a 50/125 pm MMF and a 100/140 pm MMF + MM launch.

Table 5-4 Loss per crossing of 90° crossings for 3 waveguides under a 9/125 pm
SMF, 50/125 pm MMF and 100/140 pm MMF + MM launch.

9 pm SMF 50 pm MMF 100 pm MMF + MM

(dB/crossing) (dB/crossing) (dB/crossing)
Crossing# 1-10 20-80 1-10 20-80 1-10 20-80
WGO01 0.098 0.092 0.122 0.096 0.155 0.101
WG02 0.008 0.006 0.027 0.017 0.046 0.022
WGO03 0.042 0.031 0.070 0.040 0.092 0.050

Table 5-5 Loss per crossing of 45° crossings for 3 waveguides under a 9/125 pm
SMF, 50/125 pm MMF and 100/140 pm MMF + MM launch.

9 pm SMF 50 pm MMF 100 pm MMF + MM

(dB/crossing) (dB/crossing) (dB/crossing)
Crossing# 1-10 20-80 1-10 20-80 1-10 20-80
WGO01 0.243 0.261 0.292 0.259 0.296 0.256
WG02 0.114 0.053 0.119 0.065 0.125 0.067
WGO03 0.143 0.068 0.210 0.089 0.239 0.100
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5.6 Bandwidth Performance

5.6.1 Reference and Spiral Waveguides

Figure 5-19 and Table 5-6 illustrate the insertion losses of the reference and spiral

waveguides with 3 different RI profiles under different launch conditions described in section

5.3.2. The values shown are the average values of 6 reference and 6 spiral waveguides on

each waveguide sample. The reference waveguides are used as control samples to compare

the loss performance of the waveguide components and measure their bandwidth.

Reference waveguides

Spiral waveguides
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Figure 5-19 Insertion losses of (a) reference waveguides and (b) spiral waveguides
under a 9/125 pm SMF, a 50/125 pm MMF and a 100/140 pm MMF + MM launch.

Table 5-6 Insertion losses (dB) of (a) reference waveguides and (b) spiral

waveguides under a 9/125 pm SMF, a 50/125 pm MMF and a 100/140 pm MMF + MM

launch.

9 pm SMF (dB)

100/140 pm MMF + MM

50/125 pm MMF (dB)

(dB)

WGH# Reference Spiral Reference Spiral Reference Spiral
WGO01 11 5.2 1.6 6.2 8.3 13.4
WG02 1.4 4.7 3.2 7.1 9.7 14.7
WGO03 1.0 4.8 1.7 6.0 8.3 13.2

Figure 5-20 shows the BLPs of the 3 different reference waveguides under a 10x

microscope objective, a 50/125 pm MMF and a 100/140 pm MMF + MM launch. For all
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launches, the input position is chosen so that the insertion loss is minimised. The 10x lens
launch provides a restricted launch condition resulting, as expected, in the highest bandwidth,
whereas the 100/140 pum MMF + MM provides a relatively overfilled launch condition that
yields the lowest bandwidth. The 50/125 um provides a launch condition that lies in between
the restricted launch and overfilled launch, which is typically encountered in the real-world
application. Under such a launch condition, as can be seen in Figure 5-19 and Figure 5-20,
WGO02 exhibits the largest insertion loss (~1.5 dB higher that of WG01 and WGO03), but also
the largest bandwidth (~2.5x over WGO01 and WGO03) due to its smaller An. A restricted
launch input however, results in similar insertion loss values from all samples and high BLP
values of >100 GHzxm due to the low input coupling loss and the excitation of lower-order
modes. Moreover, the 100 yum MMF + MM launch couples more power into the higher-order
modes inside the input fibre, resulting in the highest insertion loss due to the high coupling

loss and high attenuation of the higher-order modes excited inside the waveguides.

| I 10x lens [N 50um MVF [ 100um MMF + MM |
80—
_160] 1 f
£140-
%1201 4
T 100-
Q 801
o 60
_140_
m20-

WG01  WG02  WGO3

Figure 5-20 Bandwidth-length products of the 3 reference waveguides under a 10x
microscope objective, a 50/125 pm MMF and a 100/140 pm MMF + MM launch.

Far field measurements are carried out on the reference waveguides to confirm the
observations obtained from the bandwidth measurements. Figure 5-21 shows the far field
intensity of the 3 reference waveguides in the horizontal direction under the different launch
conditions, and Table 5-7 summarises the 5% intensity angle and the respective far-field NA
of the 3 reference waveguides under the launch conditions employed. It can be seen that
WGO02 has the narrowest far field intensity while the WG01 and WGO03 have the similar
width of far field intensity, confirming the bandwidth measurement results as shown in
Figure 5-20.
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Figure 5-21 Far field intensity of the 3 reference waveguides in the horizontal
direction under (a) a 10x microscope objective, (b) a 50/125 pm MMF and (c) a 100/140
pm MMF + MM launch.

Table 5-7 Far field NA (5% intensity) of 3 different waveguides under different
launch conditions employed.

5% intensity angle (-13 dB) Far field NA (-13 dB)
WGH# 10x% lens | 50 MMF | 100 MMF | 10x lens | 50 MMF | 100 MMF
WGO01 8.6° 11.6° 16.6° 0.15 0.20 0.29
WG02 7.4° 9.0° 12.3° 0.13 0.16 0.21
WG03 8.2° 12.1° 15.7° 0.14 0.21 0.27

5.6.2 90° Waveguide Bends and 90° Waveguide Crossings

As indicated in [29], the use of the spiral waveguides for the estimation of the waveguide
bandwidth can be beneficial with respect to multimode dispersion as the higher waveguide
modes are suppressed along the bends of the structure. In order to confirm this observation,
the bandwidth of waveguides with different bending radius is also measured. Figure 5-22(a)
shows the measured bandwidth of 90° bends with the different radius of curvature for the 3
waveguide samples with different RI profiles under the 50/125 um MMF launch. For all 3
waveguides, the bandwidth increases as the bending radius decreases as the light is more
likely to be radiated along the bends with smaller radius which can also be seen in Figure
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5-13 resulting in the bandwidth increase. These results indicate that the bending structure is

beneficial with respect to bandwidth performance increase.

A similar study is carried on the waveguide crossings. The use of larger number of
waveguide crossings should improve the bandwidth performance of the waveguide
components due to the attenuation of the higher-order modes. Figure 5-22(b) shows the
bandwidth of 90° crossings versus the number of crossings under the 50/125 um MMF
launch. The bandwidth increases as the number of crossings increases and finally become
saturated, indicating that the increasing number of crossings introduces larger loss on higher-
order modes and therefore reduces the induced multimode dispersion. It can be seen that the
bandwidth increase is larger for lower number of crossings, matching the non-linear

relationship of the crossing loss as observed in Figure 5-16.

A0+
4 6 8 10 12 14 16 18 20
Radius of curvature (mm) Number of crossings

Figure 5-22 Bandwidth-length products of (a) 90° bends versus radius of curvature
and (b) 90° crossings versus the number of crossings of 3 waveguides under the 50/125

pm MMF launch.

5.6.3 Discussion

The optimisation of loss and bandwidth becomes particularly important for the design of
next-generation optical backplanes. It is clear that launch condition can play a role in
optimising the insertion loss and bandwidth performance of passive waveguide components.
Moreover, the performance trade-off with respect to the RI profile exists despite the fact that
excellent optical transmission properties of the waveguide components are demonstrated. The

insertion loss for a certain waveguide component can be minimised by varying the index
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difference An, while adequate bandwidth is still available in order to enable high-speed
operation given the tight power budget requirements in board-level optical links. For
instance, reference waveguide WGO02 exhibits the highest insertion loss but shows a much
higher bandwidth (~120 GHzxm) compared to WG01 and WGO03 (~50 GHzxm) owing to its
lower An for a 50 um MMF input.

For waveguide bends, although WGO02 exhibits the highest bandwidth, it also shows the
highest insertion loss. For WG01 and WGO03, their insertion losses are reasonably low while
exhibiting adequate bandwidth. For comparison, the BLP values obtained for the respective
straight waveguides under the similar launch condition (50/25 um MMF) are also measured
to be: WG01~39 GHzxm, WG03~40 GHzxm. The insertion loss of two straight waveguides
with length from point A to B (Figure 5-4) is estimated to be 1.2 dB and 1.1 dB respectively
under the 50/125 um MMF. As a result, it is found that a 1.55 times bandwidth improvement
(BLP>60 GHzxm) over the straight waveguides can be achieved for a bend radius of 5 mm,
with a loss penalty of ~1.9 dB. A smaller loss penalty is introduced for slightly larger bends,
for example, an 11 mm bend radius ensures a BLP>50 GHzxm with an additional loss of
~0.7 dB.

In addition, the results on the crossing waveguides indicate that a bandwidth enhancement
up to 1.25 times can be achieved with a relatively low number of crossings ~10, which
corresponds to an additional loss of ~2 and 1.6 dB for the samples WGO01 and WGO03
respectively. It should be noted that the difference in bandwidth and loss performance
observed between the straight waveguides and the waveguides with a single crossing is due to

the presence of the input/output waveguide bends in the components under study.

Therefore, the results show the potential of increasing the bandwidth performance of these
multimode waveguides employing refractive index engineering and waveguide layout (e.g.
bend structures and waveguide crossings). Sufficient bandwidth for supporting >40 Gb/s on-
board data transmission can be achieved while maintaining low loss transmission
characteristics. The results demonstrate the importance of refractive index profiles and
intelligent layout in optical backplanes based on this multimode polymer waveguide

technology and highlight its potential in board-level optical interconnects.
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5.7 Summary

In summary, the studies reported in this chapter present multimode polymer waveguides
(reference and spiral waveguides) and fundamental waveguide components (e.g. 90°
waveguide bends and 90°/45° waveguide crossings) with different RI profiles. These
waveguide elements are the building blocks of any complex on-board interconnection
architecture. Measurements of insertion loss and bandwidth performance of these waveguides
are conducted under different launch conditions. A theoretical approach using a simple ray
tracing technique is introduced as it provides a useful insight of the behaviour of highly
multimoded waveguide components. It has been demonstrated that 90° waveguide bends with
excess loss below 1 dB for radius larger than 6 mm and 90° crossings with crossing loss less
than 0.02 dB/crossing while exhibiting adequate BLP values of larger than 47 GHzxm can be
achieved under a 50 um MMF launch by varying the index differences and waveguide
dimensions. In addition, it is shown that the bandwidth performance can be enhanced by
utilising bending and crossing structures in the waveguide layout. This study provides an
insight on the effects of refractive index engineering on multimode polymer waveguides. It is
shown that the choice of refractive index profiles, waveguide dimensions and waveguide
layout should be dependent of the requirements of each specific application in order to
optimise both the loss and bandwidth performance of these multimode polymer waveguides.
It is possible to provide optimised loss performance for a particular waveguide layout while
ensuring adequate interconnection bandwidth in the link by employing appropriate refractive
index engineering. Overall, the results obtained in this chapter can enable the extraction of
useful guidelines for the waveguide fabrication based on the desired waveguide layouts,
demonstrating the strong potential of this multimode polymer waveguide technology and
their highly flexible structural design for the development of low-loss and high-bandwidth

passive optical backplane using refractive index engineering.
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6 HIGH SPEED DATA
TRANSMISSION ON
MULTIMODE WAVEGUIDES

This chapter presents the investigation of high-speed data transmission over multimode
polymer waveguides for board-level optical interconnections. A thorough theoretical study of
NRZ and multilevel modulation scheme PAM-4 is described. A basic system model is
developed to assess each element in a waveguide-based optical link and to evaluate the
feasibility of such multimode systems to support very high-speed data transmission. Feed-
forward equalisers and decision-feedback equalisers are also briefly discussed. Record data
transmissions of 40 Gb/s NRZ and 56 Gb/s PAM-4 over a 1 m long multimode polymer
spiral waveguide are demonstrated both theoretically and experimentally. These results
clearly indicate the capabilities of these highly-multimoded waveguides to support on-board
data transmission rates of >40 Gb/s for use in next-generation short-reach optical

interconnections.

6.1 Introduction

Previous chapters in this thesis report studies of the bandwidth performance of multimode
polymer waveguides, and it has been theoretically and experimentally shown that these
waveguides exhibit sufficient bandwidth to support very high on-board data transmission

(>40 Gb/s). This chapter presents system level studies using the waveguides for application
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in short-reach board-level optical interconnects. Two types of modulation scheme are
discussed in this chapter: NRZ and PAM. Normally, NRZ is the main modulation scheme
used in commercial short-reach optical communication links due to its simple implementation
and low power consumption. In keeping with the low cost requirements for the links, high-
speed VCSELs and PDs are used, 25 Gb/s commercial versions already becoming available
[1], [2]. In this chapter, record 40 Gb/s NRZ-based data transmission over a 1 m long
multimode polymer spiral waveguide is demonstrated for the first time.

As the demand for increasing data rates grows however, NRZ-based links for >40 Gb/s
impose stringent requirements on the performance of active optoelectronic devices (VCSELS,
PDs) as well as electronic circuits [3]. In addition, the transmission distance may become
limited by the modal dispersion in a multimode waveguide at very high data rates if NRZ
modulation is employed [4]. Therefore, in order to further increase the data rates and extend
the reach of the multimode waveguides based systems, multilevel modulation schemes have
attracted significant interest in recent years owing to their higher spectral efficiency [4]. In
short-reach datacommunication links, high power consumption is undesirable so an important
consideration in selecting the modulation scheme is the complexity of modulator,
demodulator and driver circuits. PAM-4 offers lower implementation complexity compared
with many other multilevel modulation formats [5]. For instance, 56 Gb/s real-time PAM-4
transmitters and receivers have been demonstrated using CMOS electronic circuits [6], [7].
Although multilevel modulation formats have been demonstrated for MMF links, their use in
short-reach polymer waveguide-based optical interconnects has not yet been investigated [8],
[9]. Therefore, PAM-4 modulation is investigated using multimode polymer waveguides for
application in board-level optical interconnections. A record 56 Gb/s data transmission over a
similar 1 m long spiral waveguide using PAM-4 scheme is presented via simulation and

experimental demonstration.

This chapter is structured as follows. Section 6.2 introduces NRZ and PAM-N modulation
schemes. Section 6.3 presents a simulation of a waveguide-based optical link consisting of a
transmitter, waveguide channel and receiver as well as equalisation techniques, while the link
power budget analysis is introduced in section 6.4. Bit-error-ratio (BER) calculations for both
NRZ and PAM-4 modulation schemes are presented in section 6.5. Section 6.6 reports the
simulation results of each stage in the system, while section 6.7 compares the performance of

both modulation schemes using power budget analysis. Section 6.8 presents the experimental



Chapter 6 High speed data transmission on multimode waveguides 158

results of 40 Gb/s NRZ and 56 Gb/s PAM-4 over a 1 m long multimode polymer spiral

waveguide. Finally, section 6.9 concludes the chapter.

6.2 Modulation Schemes

NRZ and PAM are basic modulation schemes. NRZ is most widely used in optical
communication systems due to its easy implementation and simple clock recovery circuit
design. Although multilevel modulation formats have been studied for optical
communications for many years [10], they were not adopted in high-speed links such as in
the 10G Ethernet standard. In recent years, however multilevel modulation schemes have
been proposed for the 40G/100G optical datacommunication links [11], and PAM has been
regarded as a most promising candidate for 400G Ethernet by the IEEE P802.3bs 400 Gh/s
Ethernet Task Force [12].

6.2.1 Non-Return-To-Zero (NRZ)

NRZ is a binary code in which 1s and Os represent binary high and low states. Unlike
return-to-zero (RZ), NRZ does not return to zero before the next bit is transmitted. Figure
6-1(a) illustrates NRZ signals in time domain. If the bit rate of NRZ is R (bits/sec), the
symbol period T = 1/R. The bandwidth of the signal is defined as the frequency at first null
which is equal to R (Hz) (i.e. bandwidth B = R). Since the bandwidth efficiency is defined as
R/B, the bandwidth efficiency of a NRZ signal is 1 bps/Hz [13].

6.2.2 Pulse Amplitude Modulation (PAM-N)

PAM-N is one of the most basic digital modulation schemes [see Figure 6-1(b)]. The data
is encoded in the amplitude of a series of signal pulses. PAM-N has N distinct levels to
encode m bits of data (i.e. N =2"). For example, a PAM-4 signal has 4 levels (i.e. N =4)

and each symbol has 2 bits (i.e. m=2).

Level 1 == = = pmrmr = r—-- Level 3
T--- Level 2
@
I— Level 1
Level) —--+—-H -1 - Level 0

Figure 6-1 lllustration of (a) NRZ and (b) PAM-4 signals.
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A mapping table is used to map the symbols of a PAM-N signal to the binary sequences.
Table 6-1 illustrates the mapping between the natural binary and Gray code. The Gray code
often provides better performance than natural code due to less errors as Gray code has the
pattern that the adjacent symbols only differ by one bit resulting in minimum transition error
[14], although it is usually easier to implement the natural code in real-world applications [4].

Therefore, Gray code is preferred in the simulation model discussed later in the chapter.

Table 6-1 Natural and Gray codes for PAM-4.

Symbol 0 1 2 3
Natural Binary 00 01 10 11
Gray Code 00 01 11 10

If the bit rate of a PAM-N signal is R (bits/sec), the symbol rate is R/m (bits/sec). The
required bandwidth therefore for a PAM-N signal is 1/m that of an NRZ signal. Thus, the
bandwidth efficiency of PAM-N signals is R/B = R/(R/m) = m bps/Hz. For instance, the
bandwidth efficiency of PAM-4 and PAM-8 is 2 bps/Hz and 3 bps/Hz respectively, better
than that of NRZ.

6.3 Simulation Modelling

This section presents basic modelling of each element used in a multimode waveguide
based system for the purpose of evaluating its high-speed performance. This model provides
a useful basis for planning the experimental demonstration presented in section 6.8 of this
chapter. The block diagram of the simulation is shown in Figure 6-2. The transmitter and
receiver employed are modelled using parameter values shown by actual state-of-the-art
active components. The experimental bandwidth measurements of the waveguides presented
in Chapter 4 are also used for system modelling. More details on the parameters of each
component can be found in section 6.6. The equalisation technique, an important signal
processing technology to compensate the bandwidth limits of different elements in the

system, is also briefly discussed in this section.

In the simulation, ideal NRZ and PAM-4 signals are fed into a VCSEL which is assumed
to have a Gaussian response. The output of the VCSEL propagates through the waveguide
which is also modelled using a Gaussian response. A 4th-order Bessel Thomson (BT) filter is

employed to model the receiver that collects the output light from the waveguide. Finally, a
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feed-forward equaliser and a decision-feedback equaliser are used to reduce the intersymbol
interference (ISI). The simulation is based on time domain and thus sampling is used. The
simulation of the system performance is carried out using MATLAB. The details of each
block are discussed as follows.

( Y4 Y4 ) Decision Feedback
ﬂeed Forward Equaliyh ( Equaliser
% A THT| |7 I T T[T
| Decision
|| caussian || 4" order \/ ..... —> [ Y \/
Gaussian: Channel: |[Bessel filter Output
VCSEL Waveguide || Receiver: ff | AN N AN
PIN + TIA | \d €/

Y G WY\ / N J

Figure 6-2 Block diagram of the simulation model used for the system evaluation.

6.3.1 VCSEL Transmitter

The impulse response of a VCSEL can be modelled using rate equations [15]. However it

is modelled as a Gaussian filter here for simplicity and the impulse response is given by [16]:

h(t) =

1

o\2r

exp[—

t2
2_

62

]—ooétéoo

where o is the RMS pulse width that can characterise the pulses.

On this basis the 10% - 90% rise time can be calculated from Equation (6-2), as:

t, =o(erf *(0.9)-erf *(0.1))~ 2.5640

and the 20% - 80% rise time is given by:

(6-1)

(6-2)
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t, =o(erf *(0.8)—erf *(0.2)) ~1.683c (6-3)

Taking the Fourier transform of Equation (6-1), the normalised frequency response can be

obtained as:
H(f)=eXp(—27Z'2f20'2)O£fSoo (6-4)
which has -3 dB bandwidth of:
BW , — J0.3In10 N 0.1323 (6-5)
2no o
and -6 dB bandwidth of:
BW, — 4J0.6In10 - 0.1871 (6-6)
2noc o

6.3.2 Waveguide Channel

Waveguide response is also modelled using Gaussian response shown in Equation (6-1) in

section 6.3.1.

6.3.3 Receiver

The receiver should be chosen to eliminate the noise outside the signal bandwidth and
minimise the ISI. In the simulation, the receiver is modelled using a 4™ order Bessel-
Thomson filter (PD + TIA + LPF) in order to be consistent with model used in the IEEE
802.3aq Task Force [17], [18]. It meets the Nyquist criterion, which describes the condition
when no ISI is introduced during the recovery of the original modulated signal [19]. The

frequency response of the 4™ order Bessel-Thomson filter is expressed as [17]:

B 105
105+105s +45s% +10s® +s*

H(f) (6-7)

where s= j(2.144f / f,;).
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6.3.4 Overall System Response

The total bandwidth of a composite system can be expressed with a simple expression for

the case that several components in the system have Gaussian frequency responses [16]:

BW_ 2 = BW, 2 + BW, 2 + BW,>... (6-8)

sys

where BW, represents the total system bandwidth and BW, denotes the bandwidth of each

component. It can be clearly seen that the bandwidth of the total system is limited by the
slowest component in the link. Although some systems may not have Gaussian frequency
response in practice, this relationship can still provide an illustration of the evolution of

system frequency response.

6.3.5 Equalisation

The Nyquist criterion specifies a condition when the original transmitted symbol can be
recovered without ISI1. However the transmitted symbol may spread in the time domain after
the transmission channel due to its limited bandwidth. Thus, the current symbol may be
affected by previous symbols, causing ISI and this breaks the Nyquist criterion. Therefore, an
equalisation filter needs to be used to compensate for the distortion caused in the channel in
order to recover the symbol [19]. Two types of equalisation techniques are briefly introduced,

including feed-forward equalisation (FFE) and decision-feedback equalisation (DFE).

IS1 occurs in a dispersive channel which causes a blur or mixture of symbols as illustrated
in Figure 6-3. ISI can occur at both ends of the symbols. As shown in Figure 6-3, pre-cursor
ISI comes from the later arrived symbols (on the left side), while post-cursor ISI comes from
the earlier symbols (on the right side). A finite impulse response (FIR) filter can be used to
recover the pre-cursor ISI as it gathers the ISI information from the later arrived symbols,
whereas the post-cursor 1SI relies on the information from the earlier arrived symbols which
requires a feedback mechanism in order to extract the ISI information. This can be done using
an infinite impulse response (lIR) filter. More details on the implementations of the FIR and
IIR filters using FFE and DFE will be discussed in the following.
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Transmitted signal with no ISI Received signal with ISI
Pre-cursor ISl Post-cursor 1Sl
After channel
Transmitter Receiver

Figure 6-3 lllustration of pre-cursor ISl and post-cursor ISl in a dispersive channel.

e Feed-Forward Equalisation (FFE)

The structure of a FIR filter can be used for an N-tap FFE as illustrated in Figure 6-4. The
FFE corrects the information of received waveform itself and not the logical decision made
on the waveform. So no logical decisions are made in the FFE algorithm [20].

>(P >(P N R Y
ko kl k2 k3 ......
N N N N
Input
M T <l > T > T
x[n] x[n-1] x[n-2] x[n-3] x[n-(N-1)]

Figure 6-4 Schematic diagram of an FIR T-spaced N-tap FFE.

The input signal is sampled at the symbol rate and then delayed by (N-1)*T. Then the
recovered symbols are the superposition of those delayed samples multiplied by the
corresponding tap values. The values of the taps are predetermined using training sequence.

The minimum-mean-square-error (MMSE) algorithm is used here for equaliser adaption [21].

For an N-tap FFE, the input sample sequence is:
{x[n], x[n—1], x[n—2], x[n—3],..., [n—(N -1)]}
The corresponding tap values are:

{Ko» iy Ky Kooy Ky Ly}
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Then the recovered symbol is given as:
y[n] =k, x[n]+k X[n =1] + K, x[n — 2] + kK, x[n = 3] +--- + Kk, _X[n—(N -1)]
(6-9)

— 3 kn-i]= x{n (N -1

Here, y[n]is the recovered symbol of x[n—(N —-1)].

e Decision Feedback Equalisation (DFE)

The basic structure of an M-tap DFE is similar to an IIR filter as shown in Figure 6-5. The
decisions available for the symbol at the present time must come from the information of the
earlier symbols as the decisions made for the received symbols are fed back to the current
symbol. Therefore, the DFE can be used to remove the post-cursor ISl as it extracts
information from earlier symbols via a feedback structure. The recovered symbol is obtained

by the superposition of the decisions multiplied by the individual tap values.

Input D) e Pe MDe <
x[n] Feedback
Ao\ ceeeee [°F] P} A3 \  eeeeee %l&
.y N A N N
ﬁ| Decision T > T > T > T
¥ d[n-1] d[n-2] d[n-3] d[n-4] d[n-M]
Output

y[n]

Figure 6-5 Schematic diagram of an IR T-spaced M-tap DFE.
For an M-tap DFE, the input sample sequence is:
{d[n-1], d[n—2], d[n—3],..., din—M1}
The corresponding tap values are:

{Go: Gr Gpr Uy Ay}

Then the recovered symbol is given as:
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y[n] = X[n]+qo d[n _1]+q1d[n_2]+Q2 d[n—3]+---+qM_1d[n— M]
wt o (6-10)
= x[n]+ Zqi din—i-1]=x[n]

where >A<[n] is the recovered symbol of x[n].

If we connect the input of the DFE x[n] to the output of the FFE, the above equation
needs to be shifted by (N-1):
y[n—(N-1)]=x[n—-N +1]+q,d[n—-N]+qd[n-N-1]+q,d[n-N -2]+---+q,, ,d[n—N -M +1]

=X[n-N +1]+MZ_1qid[n—N —i]

i=0

:fkix[n—i]jthfqid[n— N—i]= >A([n—(N -1)]

The combination of FFE and DFE for an N-tap FFE and M-tap DFE system is illustrated

as Figure 6-6. x[n] is the symbol received at the present time, and x[n—(N —1)]is the

symbol to be recovered.

N4 A
Feedback
ko . 0\ eeeene Am-1
7 X[n-(N-1)] 7y A~
N T —)| Decision T
x[n] x[n-(N-1)] J d[n-N] d[n-N-M+1]
Output

Figure 6-6 Schematic diagram of a T-spaced N-tap FFE and T-spaced M-tap DFE

equaliser.
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6.4 Link Power Budget

The link power budget is defined as the difference between the maximum transmitting
power and minimum receiver sensitivity. To achieve a specified BER performance, total

power penalty of the system must not exceed the link power budget.

Link power budget analysis is a useful tool to evaluate if a system can meet the specified
requirement, and it also provides a guideline for the experimental work presented later in this
chapter. A reference BER of 1072 is assumed in the following simulation in this chapter
unless otherwise stated. Four main power penalties are considered in the simulation model as
illustrated in Figure 6-7, including attenuation, ISI penalty (including noise enhancement
penalty and residual ISI), relative intensity noise (RIN) penalty and multilevel penalty. The
system margin is obtained by subtracting the total power penalty (i.e. the accumulation of all
of the power penalties) from the link power budget. This allows one to determine whether a
system is feasible to achieve the required BER performance or not.

VCSEL Launching Power

N ,t\
System Margin
y

II\
RIN Penalt
0 y

T

Total Link Waveguide Loss
Power Budget

II\
ISI Penalt
0 y

Multilevel Penalty

Receiver Sensitivity

Figure 6-7 Link power budget model for multilevel modulation schemes in

waveguide based transmission systems.

e Multilevel Penalty:

Multilevel modulation schemes inevitably introduce multilevel penalty [22]. Assuming
that the received signals have the same power, the eye opening between each adjacent level
for the multilevel signal is only a fraction of that of the NRZ signal. Therefore, an extra
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power is needed so as to achieve the same BER performance, which results in the multilevel
penalty. Theoretically, the modulation penalty for PAM-4 is 10-log(3) = ~4.77 dB, because it
has one third of the eye opening of an NRZ signal.

e [SI Penalty:

The ISI penalty is defined here as the BER degradation after the receiver or the equalisers
if equalisation technique is applied. For the case of equalisation, it consists of two types of
penalties: residual 1SI penalty and noise enhancement penalty.

Q) Residual ISI Penalty

It is not possible to remove all the ISI by using equalisation as the equaliser tap settings
obtained using MMSE algorithm may not give a perfect signal recovery. The degraded BER
performance due to this ISI penalty is defined as residual ISI penalty.

(i) Noise Enhancement Penalty

As a result of the FFE, noise is enhanced by the combined tap weights, which leads to

noise enhancement. DFE does not introduce noise enhancement.

The new noise after enhancement can be calculated as:

N-1

o2=02x > K (6-11)

i
i=0

where k is the FFE tap values: k ={k,, k;, k,, k;,..., Ky}, and &* (A?) is the receiver noise.

Two BER curves can be obtained using the noise without (o?) and with (o?) the
equalisers. The difference between the average received optical powers for the same value of
BER is equivalent to the noise enhancement penalty which can be expressed as:

N-1
Noise Enhancement (in dB) =10x Iog{ Zkf} (6-12)
i=0
It can be seen that additional noise is introduced during the process of removing ISI using
equalisation techniques. This noise enhancement degrades the overall signal-to-noise ratio
resulting in a power penalty. It should be noted that the Equation (6-12) is only valid for the

case when thermal noise dominates the overall receiver noise.

e Waveguide Loss:
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The power of the incident light decreases as it propagates through the channel (waveguide

in this case). It satisfies the following expression:

P=P-e (6-13)

where P,and P, are the launching optical power into the channel and the optical power after
the channel, respectively. « is the attenuation coefficient inm™.

The Equation (6-13) can also be expressed in the logarithm form:

10log % =—alL (6-14)

0

e Relative Intensity Noise (RIN) Penalty

RIN is due to fluctuations in the output intensity of the laser as illustrated in Figure 6-18.
Spontaneous emission leads to intensity and phase fluctuations in the coherent field
established inside the laser cavity by stimulated emission. As a result of phase uncertainty,
the intensity and phase of the optical field change randomly. Therefore, the RIN comes from
the spontaneous emission [23].

@ W w PO
A
ishonteniop ot (o7 )
P, Py
>t >t

Figure 6-8 (a) Ideal laser output power with DC bias and (b) real laser output power
with intensity noise [24].

RIN is defined as the mean square intensity fluctuation divided by the square of average
intensity of the laser output. Also, RIN is usually normalized to 1-Hz bandwidth, which
makes it easier to compare the intensity fluctuations under different receiver bandwidths. The
linear form of the RIN is expressed as follows [24], [25]:
<§P(t)2>

p2.

RIN = [1/Hz] (6-15)
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where §P(t)is the optical intensity fluctuations, < >denotes the time average, P, is the DC

optical power, and Af is the noise bandwidth (detection system bandwidth).

RIN is often written in the form of dB/Hz shown in Equation (6-16). The higher the RIN
value is, the higher the RIN penalty is.

(oP(1)")
RIN[dB/Hz]=10log o [dB]-10log(Af [Hz]) (6-16)

The estimated the RIN-induced power penalty is [26]:

0oy, = [AF 10TV (6-17)

where Af,, is the receiver bandwidth (approximately 0.75 times the symbol rate).

For an NRZ signal without equalisation, the RIN power penalty in dB can be written as
[27]:

1
Pen_nez :1O.Iog(\/l—Q2 o2/ 1SI2 ] (6-18)
RX RX

where ISIgx = B/A (A: nominal level without ISI, B: vertical eye opening with ISI) as

illustrated in Figure 6-9.

A: Nominal Amplitude without ISI;
B: Vertical Eye Opening with ISI.

Figure 6-9 Plot of eye diagram at the optical receiver.

For an NRZ signal with equalisation, the RIN power penalty in dB needs to be modified

to:

1
Pran_nRz_D 10'|09[\/1_Q2'[O_ Z-NEF]] (6-19)
RX
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where NEF is noise enhancement factor, defined as the output noise variance divided by the

input noise variance (in linear units).

Similarly, for PAM-N signal without equalisation, the RIN power penalty in dB can be

written as:

1
P  =10-log (6-20)
RIN_PAM-N [\/I—QZ -(l\/l _1)2 .JRXZ / ISI§><

For PAM-N signal with equalisation, the RIN power penalty in dB needs to be modified

as:

[ 1

\1-Q* (M —1)"[ 5> NEF ] (©:20

PRIN _PAM-N.D — 10- Iog

e System Margin

After subtracting all of the penalties from the system power budget, the remaining budget
is the system margin. The larger the system margin is, the more freedom of power
degradation a system has. A system is only feasible when the system margin is positive.

6.5 Bit-error-ratio (BER) Calculation

There is a possibility of bit errors due to noise and interference. BER is defined as the
number of bit errors divided by the total number of transmitted bits within a time interval
[28]. This section introduces the procedures for calculating BER for both NRZ and PAM-N

modulation schemes [29].
e NRZ

The sampled receiver output signal R(t) is expressed as:

R(t) =S(t) + N(t) (6-22)

where S(t) is the sampled signal amplitude and N (t) is a Gaussian random variable with zero
mean and variance o*. Thus, R(t)is a Gaussian random variable with a mean value S(t). As

shown in Figure 6-10, S,and S,represent the mean value of the sampled output signal R(t) at
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the decision point for binary 1 and 0O, respectively. The probability density function (PDF) is
expressed as:

f(R|S,) = «/%o— exp{—%} (6-23)

where the subscript « € {0,1} represents binary 0 or binary 1, and & is the noise power of
binary 0 or binary 1.

Then the BER can be expressed as:

BER=P(S,)P(error|S,)+P(S,)P(error|S,) (6-24)

Signal

P(error|S, is sent)

1 level

Signal

0 level

Time t

P(error|S; is sent)

— >
Probability

Figure 6-10 Gaussian probability density functions of binary 1s and 0s with the
fluctuating signal illustrated at the receiver (the colour regions represent the probability

of error).
where P(S,) and P(S,)are the probabilities of bit S,and S is sent respectively,

P(error | Sl) represents the probability of error due to the receiving S, when S is sent, and

P(error | SO) represents the probability of error due to that receiving S; when S, is sent.

P(error | S,)and P(error | S, ) are given by:
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2
P(error|S,) = F jvTexp{ (82_821) }ds
O-l 01

P(error|S,)= \/_G IVT {—(Sz_jg‘))z}ds

where V; is the threshold level between S, and S;. An optimum threshold is used here to

(6-25)

minimise the BER.

v, = (6-26)

Hence
BER ZEQ(—VT +51J+1Q(VT —SOJ
2 o, 2 o,
(6-27)
1 erfc -V, +S; 1 e V; =S,
\Fal 4 ‘/;O-o
where Q(z I e %244 :lerfc(i}
\/_ 20 (2
It is also assumed that thermal noise is the dominant receiver noise:
O-l = O-O = O-Thermatl
Thus, Equation (6-27) can be re-written into the following form for simplicity:
18, Vx|
BER = —erfc (6-28)
\Fathermal

In the simulation, 64 sampling points per bit are used. The BER value for each of the 64

sampling point gis calculated by taking the average of the BER error functions for all of the

bits within the received data, given by:
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1 |Sa _VT|
“erfe| L1
z 2 o ( \/Eo-thermal J (6-29)

number of bits

BER(f8) =

The optimum BER is the BER value at the sampling point when the BER is minimum.

BER imm = Min(BER(5)) (6-30)

The curve of BER versus the average received optical power can be obtained by repeating

the above BER analysis for different average received optical powers.
e PAM-N

The principle used in NRZ can be extended to multilevel modulation. The sampled output

signal is expressed as:

R(t)=S,(t)+N,(t) (6-31)

Whereae{l, 2,3,---,N}and N denotes the number of levels. S_(t) is the sampled signal
amplitude of symbol « and N_(t) is a Gaussian random variable with zero mean and
variance o,”. So R(t)is a Gaussian random variable with a mean value S, (t) . S, represents

the mean value of the sampled output signal R(t) at the decision point for symbol « .

As illustrated in Figure 6-11, the symbol-error-ratio (SER) can be divided into three parts,
including the first symbol S, (leftmost side), the last symbol S, (rightmost side) and the

symbols S (o =2,3,---,N-1) in the middle.

S
Vinay™N

Probability

| : Signa’l
P(error|S,) P(error|S;)P(error|S;) P(error|S,) P(error|Sy)

Figure 6-11 Gaussian probability density functions of multilevel signals.
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There is only one colour region in the first and last symbol. P(error| Sl) and

P (error | S, )are given by:

__ 1 o (3_81)2
P(error|Sl)\lz_Taljleexp{—Zf‘12 S

1 VI (n-1) (S - SN )2
P S, )= ) s
(error | N ) \/Z()N J:DO exp{ 2(),%‘

(6-32)

Assuming the probability of sending each level of a symbol is equal, i.e. P(S,)= %
Hence,

SER, = P(S,)P(error|S,)

:iQ VTl_Sl
N o, (6-33)
_ 1L erfc(v”_slj
2N V20,
SER, =P(S, )P (error|Sy)
:iQ[_VT(n—l) +SN J

(6-34)

where Q(z)= LJ';Oelz’zd/l = %erfc(ij .

As shown in Figure 6-11, there are two colour regions in the symbols between the first
and the last symbol. So the SER should be approximately twice of that of the first or last

symbol.



Chapter 6 High speed data transmission on multimode waveguides

175
1 VI (a-1) (S - Sa )2
P (error|S )= expy ——————«dS
l( | a) EO'Q ‘[‘“’ p{ 207
, (6-35)
1 +o0 (S—S )
P, (error|S )= expy ———————dS
d S.) \/ﬂaa J.VTnz p{ 207 }d
Hence,
SER, = P(Sa){Pl(error S, )+P,(error S, )}
=i{Q(_VT(a1) +Saj+Q(VTa _Sa )}
N o, o, (6-36)
-V S _
=L erge| e e | L[ Vie =S
2N J2o 2N 20,
The total symbol error ratio therefore is:
N
SER = > _SER, (6-37)
a=1

Pre-determined threshold levels are used to put the received data into corresponding
symbol levels, and then the new decision threshold levels can be calculated as:

v, =SatSeu (6-38)
2

where § is the average value of all of the symbols received at level « .

In this simulation, 64 sampling points per symbol are used. The SER at each sampling

point S for symbol level « is calculated by taking the average value of all of the SER(2) at
symbol level « , given by:

2. SER,(B)

SERa (ﬂ) — All symbols « (6'39)
Number of symbols «

Hence, the total SER at sampling point g is:
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SER o (5) = Y SER, () (6-40)

The optimum SER is the SER value at the sampling point that produces the minimum
SER.

SER imum = Min(SER(3)) (6-41)

The corresponding BER for a certain SER is calculated as:

SER .
BER .  —__ optimum (6-42)
optimum
log, N

For example, N = 4 for PAM-4. Finally, the above SER analysis process can be repeated
for different average received optical powers so that the curve of BER versus the average
received optical power can be obtained.

6.6 Simulation Results

Table 6-2 shows the values of major parameters used in the simulation for each element in
the waveguide-based optical link. These values are chosen to match the devices likely
employed in the experiments and the actual state-of-the-art components readily available in
the market. It should be noted that the parameter values chosen in the simulation are
conservative in order to gain a useful insight on the feasibility of high-speed on-board optical
links based on the multimode waveguide technology. As presented in Table 6-2, a VCSEL is
modelled using a Gaussian low pass filter with a bandwidth of ~25 GHz based on the
characteristics of the devices in the experiments [30]. A laser RIN of -130 dB/Hz is assumed
for multimode devices [31]. The maximum output power is ~10 dBm [30]. The waveguide is
modelled with a Gaussian response with a BLP of 35 GHzxm. This is a “worst-case” value
obtained from the bandwidth measurements in Chapter 4. The waveguide loss is assumed to
be ~0.06 dB/cm which is slightly larger than the 0.04 dB/cm typically reported on these
polymer waveguides to account for the additional bending losses that occur in the 1 m long
spiral waveguide employed in the experiments. The input and output total coupling losses are
assumed to be ~3 dB. A 4th-order Bessel Thomson filter is used to model the frequency

response of the receiver and the transimpedance amplifier (TIA). An optical receiver with a -
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3 dB frequency of 22 GHz and a responsivity of 0.4 A/W is used in the model based on a
commercially-available receiver (New Focus 1484-A-50) with a sensitivity of ~5.5 dBm for a
BER of 10,

Table 6-2 List of parameters for each component used in the simulation model.

Transmitter Channel Receiver Equalisation
Gaussian Response Gaussian Response 4t order Bessel Response
VCSEL: Waveguide: PIN photodiode + TIA Equalisers
Wavelength: 850 nm Loss: 0.06 dB/cm Cut-off frequency: 22 GHz Minimum Mean Square
Bandwidth: 25 GHz Bandwidth: 35 GHzxm  Responsivity: 0.4 A/W Error (MMSE) equaliser
Output power: 10 dBm Couling loss: 3 dB Sensitivity: -5.5 dBm consists of 7-tap FFE and
RIN: -130 dB/Hz 5-tap DFE

The system link is investigated at 40 Gb/s and 56 Gb/s using NRZ coding and 56 Gb/s
using PAM-4 modulation scheme. A thermal noise dominated receiver with identical noise
power spectral density is assumed as a reference which gives a sensitivity of -5.5 dBm at
BER of 10* for a NRZ receiver. This reference noise power spectral density is used
throughout the simulation model to enable comparison of the performance using different

modulation formats.

6.6.1 Signal Generation

In the simulation, a 27 - 1 pseudo-random bit sequence (PRBS) pattern is used to model
the short run length codes in data communication links. The original modulation signal is
generated using an ideal rectangular pulse shaping filter with an oversampling ratio of 64.
The eye diagrams of the ideal NRZ signals at 40 Gb/s and 56 Gb/s and PAM-4 signals at 56
Gb/s are shown in Figure 6-12. This ideal modulation signal is used to assess the responses of
the VCSEL, waveguide and receivers by convolving with their respective impulse responses
defined in section 6.3.1 t0 6.3.3.

(@) 40Gb/sNRz (b) 56 Gb/sNRZ (c) 56 Gb/s PAM-4
1 1 1
£o o £o
S S S
0 5 0 5 10 5 0 5 10 0 10
Time (ps) Time (ps) Time (ps)

Figure 6-12 Eye diagrams of the ideal signals: (a) NRZ at 40 Gb/s, (b) NRZ at 56
Gb/s and (c) PAM-4 at 56 Gb/s.
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6.6.2 Signal After VCSEL

Figure 6-13 shows the eye diagrams of the transmitted signals for NRZ at 40 Gb/s and 56
Gb/s and for PAM-4 at 56 Gb/s. As can be seen from the eye diagrams, PAM-4 signals have
smaller vertical eye openings between the two adjacent levels compared to NRZ signals in
terms of the absolute amplitude for a given received optical power. PAM-4 systems also
generally have smaller 1SIs as PAM-4 systems have half of the symbol rate of NRZ systems.
However, PAM-4 schemes also introduce large multilevel power penalty and thus the signal-
to-noise ratio of the overall system is not necessarily better than typical NRZ schemes. This

will be further illustrated in the following sections.

(8) 40Gb/sNRZ (b) 56 Gb/s NRZ (c) 56 Gh/s PAM-4
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Figure 6-13 Eye diagrams of the transmitted signals after VCSEL.: (a) NRZ at 40
Gbl/s, (b) NRZ at 56 Gb/s and (c) PAM-4 at 56 Gb/s.

6.6.3 Signal After Waveguide

Figure 6-14 shows the signals after propagation of various waveguide lengths (0.5 m, 1 m
and 1.5 m) for NRZ at 40 Gb/s and 56 Gb/s and for PAM-4 at 56 Gb/s. Eye closures
gradually increase as the propagation length increases. Clear eye openings can be observed
for NRZ signals at 40 Gb/s even after the transmission of a 1.5 m waveguide, however,
obvious eye closure can be noticed at higher data rates of 56 Gb/s. In comparison, the ISIs of
PAM-4 signals exhibit less increase than NRZ signals as the waveguide length increases due

to the lower signal bandwidths.
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(@) 40Gb/sNRZ (b) 56 Gb/s NRZ (c) 56 Gb/s PAM-4

=
=

\/

Normalised Amplitude

1

0.5m

Normalised Amplitude
Normalised Amplitude

-10 -5 0 5 10 -5 0 5 -10 0 10
Time (ps) Time (ps) Time (ps)

1m

Normalised Amplitude
O
Normalised Amplitude
[ o =
Normalised Amplitude
= o =

-10 -5 0 5 10 -5 0 5 -10 0 10
Time (ps) Time (ps) Time (ps)

=

(6]

3
Normalised Amplitude

@

Normalised Amplitude

o
Normalised Amplitude

o

-10 -5 0 5 10 -5 0 5 -10 0 10
Time (ps) Time (ps) Time (ps)

Figure 6-14 Eye diagrams of signals after propagation of waveguide lengths of 0.5m,
1 mand 1.5 m for (a) NRZ at 40 Gb/s, (b) NRZ at 56 Gb/s and (c) PAM-4 at 56 Gb/s.

6.6.4 Signal After Receiver

Figure 6-15 shows the received signals at the receiver end for NRZ at 40 Gb/s and 56
Gb/s and for PAM-4 at 56 Gb/s after the transmission of different waveguide lengths of 0.5
m, 1 m and 1.5 m respectively. Good eye openings can still be achieved after a 1.5 m long
waveguide at 40 Gb/s using NRZ scheme. However, severe eye closures can be observed
beyond a 1 m long waveguide when the data rates increase to 56 Gb/s. Without the use of
equalisation, PAM-4 signals still show relatively good eye openings for all waveguide
lengths studied at 56 Gb/s. At higher data rates, the NRZ signals exhibit higher ISls than
PAM-4 signals. When a point is reached where the ISI penalty exceeds the intrinsic
multilevel penalty of PAM-4 signals, the multilevel modulation schemes starts to show the

advantages over NRZ scheme in the overall system signal-to-noise ratio.
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(a) 40 Gb/s NRZ (b) 56 Gb/s NRZ (C) 56 Gb/s PAM-4
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Figure 6-15 Eye diagrams of the signals after the receiver after propagation of
waveguide lengths of 0.5m, 1 m and 1.5 m for (a) NRZ at 40 Gb/s, (b) NRZ at 56 Gb/s
and (c) PAM-4 at 56 Gb/s without the use of equalisers.

6.6.5 Signal After Equalisation

As shown in Figure 6-15, different levels of eye closures can be observed after the
receiver for both modulation schemes at different data rates due to the limited bandwidth of
the available active devices. Nevertheless, ISI can be removed using equalisation techniques.
In this simulation, an equaliser with 7-tap T-spaced FFE and 5-tap T-spaced DFE is used as
an example in order to be consistent with IEEE 802.3aq Task Force [32]. The implementation
of the equalisers is introduced in section 6.3.5. The signals after equalisation are plotted in
Figure 6-16. Clear eye openings can be observed. For example, the closed eyes for 56 Gb/s
NRZ signals after propagation of 1 m and 1.5 m long waveguide with no equalisation can be

recovered with the use of such equalisers. However, equalisation introduces noise
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enhancement penalty as explained in section 6.4. PAM-4 scheme can exhibit better
performance than NRZ when the noise enhancement penalty of NRZ scheme exceeds the

multilevel power penalty induced. This will be further discussed in the next section.
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Figure 6-16 Eye diagrams of the signals after the receiver after propagation of
waveguide lengths of 0.5m, 1 m and 1.5 m for (a) NRZ at 40 Gb/s, (b) NRZ at 56 Gb/s
and (c) PAM-4 at 56 Gb/s with the use of a 7-tap FFE and 5-tap DFE equaliser.

6.7 Power Budget Analysis

By calculating the differences between the received optical power for various output
signals and the reference signal, different power penalties can be found and the system power
budget can be subsequently obtained. The total system power budget is 12.5 dB based on the
parameters employed in section 6.6. The performance of both NRZ and PAM-4 links is
discussed below for 0.5 m, 1 m and 1.5 m long waveguides at data rates of 40 Gb/s and 56

Gb/s with and without the use of equalisation. The available system margins for both
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schemes are calculated and compared in this section. The obtained results indicate the
possibilities of transmitting such high data rates over these multimode waveguides using both
NRZ and PAM-4 schemes, and establish the theoretical foundation for the experimental
demonstrations presented in the next section.
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Figure 6-17 Power budget for NRZ signals at (a) 40 Gb/s and (b) 56 Gb/s for
waveguide lengths of 0.5 m, 1 m and 1.5 m, respectively.

PAM-4 PAM-4
(a) 18 FEC (10°,10™) (b) 18 FEC (10°, 10"

6% B om 6w m m B W
g “mm BE B g 7] B B B B B
) ié - - N %(2) "B B B B B B sSystem Margin
2s@ B B B B | 2s8 & B R B I RIN
ST B B B B S B B R B B Waveguide Loss
ose B B R B cise B B R B [ ]ISI Penalty
o, 3 """"""""""" s (2) """"""""""""""""""""""" I Vultilevel Penalty
I B s 0
£ Zlosm  1m  15m & losm im 15m

N D N D N D N D N D N D

N: no equalisation; D: 7 taps T-spaced FFE + 5 taps T-spaced DFE.

Figure 6-18 Power budget for PAM-4 signals at 56 Gb/s with the use of (a) FEC(10°,
10" and (b) FEC(10°®, 10™*%) for waveguide lengths of 0.5 m, 1 m and 1.5 m,

respectively.

Without using forward error correction (FEC), NRZ can support up to a 1.5 m waveguide
length with and without equalisation at bit rates of 40 Gb/s as shown in Figure 6-17(a). The
system margins are ~7.9 dB (7.9 dB), 4.4 dB (4.7 dB) and 0.6 dB (1.4 dB) fora0.5m, 1 m

and 1.5 m long waveguide respectively without (with) the use of equalisation. Equalisation
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does not make a major difference for short link up to 1 m at low data rates as the induced
noise enhancement penalty is comparable to the ISI penalty of the respective link without the
use of equalisation. However, it can be noticed that equalisation results in an improved
system margin of ~0.8 dB when the link length increases to 1.5 m. At a higher data rate of 56
Gb/s, the equalisation technique becomes essential to ensure the feasibility of the link.
Although NRZ can support 0.5 m waveguide transmission at 56 Gb/s, the use of equalisers
can improve the system margin by ~2.5 dB. For the 1 m and 1.5 m links, the NRZ scheme is
not sufficient to support 56 Gb/s over such long waveguides. Using equalisation, the system
is feasible for 56 Gb/s NRZ data transmission with a system margin of ~3.2 dB for a 1 m long
waveguide, but it fails to meet the power budget requirement for a 1.5 m long waveguide at

such data rates.

For relatively low data rates (e.g. 40 Gb/s) and short links up to 1 m, NRZ modulation is
sufficient as system margins of >4 dB can be seen [Figure 6-17(a)]. Multilevel modulation is
not able to compete with NRZ at this data rate and link length due to its high multilevel
penalty. However, as the data rates and link lengths increase, equalisation techniques are
required to remove the ISIs of NRZ signals. In Figure 6-17(b), it can be seen that the noise
enhancement penalty and residual ISl penalties gradually increase as the link length
increases. At a certain point, when the ISI penalty of NRZ scheme exceeds the multilevel

penalty of PAM-4, the multilevel modulation scheme starts to outperform the NRZ scheme.

The PAM-4 scheme requires the use of FEC in order to gain extra power budget. Two
different FEC schemes (10° and 107®) are considered for the PAM-4 modulation format. In
comparison to the common 10 FEC scheme, a more stringent link performance is required
for the 10 FEC scheme but a lower latency can be achieved. The simulation results show
that the 56 Gb/s PAM-4 link is feasible for both FEC schemes for the waveguide links of 0.5
m and 1 m without the need of equalisation. For the 0.5 m link, the system exhibits the largest
margin of ~5.7 dB and 7.9 dB for 10° and 10° FEC scheme respectively with no
equalisation. A system margin of ~2.3 and 4.6 dB can be achieved with a 10®° and 10° FEC
threshold for the 1 m long waveguide link with no equalisation. The system is only feasible
with 10 FEC and a system margin of ~1.1 dB is achieved for the longest 1.5 m waveguide
link. It can also be seen that the use of equalisation does not affect the system performance
significantly in this case, indicating that equalisation is not necessary for implementation of
such links operating at the data rates studied. This can be justified from the good eye

openings shown in Figure 6-15(c) due to the reduced symbol rate and thus the relaxed



Chapter 6 High speed data transmission on multimode waveguides 184

requirements of the component bandwidth. The noise enhancement penalty turns out to be

comparable to the ISI penalty without the use of equalisation at such data rates.

6.8 Experiments

In section 6.7, it has been theoretically shown that it is feasible to achieve high-speed
transmission of 40 Gb/s NRZ and 56 Gb/s PAM-4 over a 1 m long multimode waveguide
without the need for equalisation. In this section, high-speed data transmission using both
NRZ and PAM-4 modulation schemes are evaluated experimentally. A record error-free
(BER<10"%) 40 Gb/s data transmission over a 1 m long spiral waveguide using NRZ scheme
is first presented, followed by the demonstration of a record 56 Gb/s using PAM-4
modulation over a similar waveguide. An estimated BER of 107 is achieved using PAM-4,
which is within low-latency FEC limits. Open eye diagrams are recorded in both experiments
without the use of any equalisation. The experimental results are in good agreement with the

simulation results.

6.8.1 40 Gb/s NRZ

Error-free 25 Gb/s data transmission has been demonstrated over a 1.4 m long spiral
waveguide discussed in section 4.2.1. Due to the high insertion loss (~13 dB) of this
waveguide, the high-speed performance of the system is limited by the available power
budget rather than the bandwidth of the components. Therefore, the 1 m long spiral
waveguide designed for low loss operation (details discussed in section 4.2.2) is utilised to
demonstrate the potential of achieving even higher data transmission over such waveguides.
The bandwidth performance of this 1 m long waveguide has been studied thoroughly in
Chapter 4, and it has been shown that this waveguide exhibits a BLP of at least 35 GHzxm
for a wide range of launch conditions studied and a robust performance in the presence of
input offsets. These experimental results indicate that these multimode waveguides have
enough bandwidth to support data rates of 40 Gb/s. In this section therefore, the theoretical
calculations presented in section 6.7 is experimentally proved to be sensible and a record data

rate of error-free (BER<10%) 40 Gb/s over such a 1 m long waveguide is reported [33].

6.8.1.1 Experimental Setup

Figure 6-19 shows the setup employed in the data transmission experiments. An 850 nm
VCSEL with bandwidth of ~25 GHz (oxide aperture is 9.5 um) is used as the light source
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[30], while the receiver employs a 50/125 um MMF pigtailed photodiode with a bandwidth
of ~30 GHz (VIS D30-850M). The VCSEL is directly modulated via a 40 GHz bias tee and a
40 GHz RF probe by a 2”-1 PRBS. This short bit sequence is generated by an Anritsu pattern
generator (MP1800A) in order to emulate the short run length block codes typically
employed in datacommunication links (e.g. 8B10B) [34]. A pair of 16x microscope
objectives (NA = 0.32) is employed to couple the emitted light from the VCSEL directly into
the waveguide to minimised the coupling losses. A 50/125 pm MMF is used at the waveguide
output to collect the transmitted light with the use of index-matching gel at the output facet to
further minimise coupling losses. At the receiver end, a multimode VOA (Agilent NA7766A)
is used to adjust the average optical power level and introduce optical loss comparable to the
insertion loss of the waveguide in the back-to-back link. The received electrical signals are
amplified by a 40 GHz SHF amplifier (SHF 807) at the photodiode end, while a digital
communication analyser (Infiniilum 86100A) is used to observe the electrical waveforms and
a bit error ratio tester (BERT: Anritsu MP1800A) is employed to perform BER
measurements. The link without the spiral waveguide (back-to-back) is also set up for
comparison [Figure 6-19(b)]. The emitted light from the VCSEL source is collected using a
cleaved 50/125 pm MMF and a short fibre patchcord is used to deliver the light to the
photodiode via the VOA. The total insertion loss of the 1 m long spiral waveguide [power
difference between points A and B in Figure 6-19(a)] is measured to be approximately 9 dB,
which includes the propagation and coupling losses. The insertion loss of the VOA is ~1.9
dB.
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Figure 6-19 Experimental setup for (a) the waveguide link and (b) the back-to-back

optical link.
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6.8.1.2 Experimental Results

The data transmission experiments are carried out at the data rates of 25 Gb/s, 36 Gb/s
and 40 Gb/s. The performance of both the back-to-back link and the link with the 1 m long
spiral waveguide is assessed. The VCSEL operating conditions (current bias, modulation
amplitude) are appropriately adjusted for each data rate in order to achieve optimum link
performance. Typical values employed in the experiments are ~14.6 mA bias current and
~1.2 Vpp RF modulation amplitude. The received eye diagrams for the back-to-back and
waveguide link are shown in Figure 6-20. Open eye diagrams are obtained for all data rates.
Some small additional dispersion and noise can be noticed due to the insertion of the
waveguide in the link. The bandwidth limitation of the active devices in the link causes the
relative eye closure observed at higher data rates (36 and 40 Gb/s) as it can be also observed
in the eye diagrams obtained in the back-to-back link.

BER measurements are also conducted on both optical links. Error-free (BER<10?) data
transmission is achieved over the waveguide link for all data rates up to 40 Gb/s. Figure 6-21
shows the obtained BER curves as a function of the average received optical power for both
the waveguide and back-to-back link. A small power penalty is due to the insertion of the
waveguide in the link and is found to be ~0.4 dB for 25 Gb/s, and ~0.8 dB for 36 Gb/s and 40
Gbis for a BER of 10°°.

25 Gb/s 36 Gb/s 40 Gb/s
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Figure 6-20 Received eye diagrams for optical back-to-back and the waveguide links
at 25 Gb/s, 36 Gb/s and 40 Gb/s. Average received optical power noted for each data
rate as well as the respective voltage and time scales of the recorded waveforms.
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Figure 6-21 BER curves for the optical back-to-back (b2b) link and the link with the
1 m long spiral waveguide (WG) obtained at 25, 36 and 40 Gb/s.

In addition, the effect of the input offsets on the high-speed performance of this 1 m long
spiral waveguide is also examined. The robustness of the link performance across different
input offsets raises an important concern for real-world applications. It has been previously
shown that the dynamic performance of this waveguide does not degrade significantly in the
presence of the spatial offsets with a BLP of >35 GHzxm. Consequently, the dynamic
performance of the waveguide is assessed by shifting the launch position, and it has been
experimentally determined that no significant transmission impairments in the link are

observed for the data rates under consideration.

A similar setup as shown in Figure 6-19(a) is used in this offset experiment, while the
input 16x lens is placed on a translation stage and a displacement sensor is employed to
control the spatial offsets. The received power is recorded using an optical power meter head
(HP 81525A). Eye diagrams are recorded for both the back-to-back link and waveguide link
at data rates of 25 Gb/s and 40 Gb/s for varying spatial offsets as shown in Figure 6-22 and
Figure 6-24 respectively. The VOA is used to fix the average optical power level for both
data rates in order to compensate the induced coupling loss by the input offsets. Good eye
openings can be observed for both data rates across different offsets. In addition, BER
measurements at varying offsets for both data rates are carried out. Figure 6-23(a) and Figure
6-25(a) show the BER curves versus average received optical power at different offsets,
while Figure 6-23(b) and Figure 6-25(b) present the respective power penalties across offsets
for data rates of 25 Gb/s and 40 Gb/s respectively. -1 dB alignment tolerance is up to ~+10
um. Relatively constant power penalties with little variation of ~+0.1 dB are observed at
different launch positions, and are found to be ~0.4 dB for 25 Gb/s and ~0.8 dB for 40 Gb/s



Chapter 6 High speed data transmission on multimode waveguides 188

for a BER of 10”°. These results clearly demonstrate the potential of this technology for use in
board-level optical interconnects and its robust performance of supporting high data rates up

to 40 Gb/s for a large range of input offsets of >+10 um despite its highly-multimoded nature.
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Figure 6-22 Received eye diagrams for optical back-to-back and the waveguide links
at 25 Gb/s for different horizontal offsets. Average received optical power as well as the

respective voltage and time scales of the recorded waveforms noted.
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Figure 6-23 (a) BER curves for the optical back-to-back (b2b) link and the link with
the 1 m long spiral waveguide (WG) at different horizontal offsets, and (b) normalised
received power and power penalties for a BER of 10 as function of input offsets
obtained at 25 Gb/s.
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Figure 6-24 Received eye diagrams for optical back-to-back and the waveguide links
at 40 Gb/s for different spatial offsets. Average received optical power as well as the

respective voltage and time scales of the recorded waveforms noted.
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Figure 6-25 (a) BER curves for the optical back-to-back (b2b) link and the link with
the 1 m long spiral waveguide (WG) at different horizontal offsets, and (b) normalised
received power and power penalties for a BER of 10 as function of input offsets
obtained at 40 Gb/s.

6.8.2 56 Gh/s PAM-4

After the successful demonstration of record 40 Gb/s data transmission over a 1 m long

multimode spiral waveguide, we are interested in further increasing the interconnection
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capacity of such waveguide-based systems. Either a greater number of on-board optical links
or higher data rates over each waveguide channel are required to achieve so. We have shown
that these waveguides have enough bandwidth to support even 100 Gb/s data rates over a
single channel in Chapter 4. However, the implementation of such high data rates on-board
strictly requires very high-specification of active devices such as VCSELSs and photodiodes as
well as the driving electronic circuits in order to ensure RF signal integrity. Significant
engineering challenges still remain for the RF system design, and cost and complexity issues
also occur at such high on-board data rates. Therefore, it is necessary to find an alternative
way to achieve high data rate transmission over each waveguide channel so as to avoid the
need of very high-performance electronic and photonic components. In section 6.7, the
feasibility of 56 Gb/s data transmission over a 1 m long waveguide has been theoretically
assessed using advanced modulation formats such as PAM-4 modulation scheme. In this
section, advanced modulation format is successfully demonstrated experimentally on short-
reach waveguide-based optical interconnects. For the first time, data transmission of 56 Gb/s
using PAM-4 is demonstrated over the 1 m long multimode polymer waveguide (waveguide
parameters discussed in section 4.4.1). It should be noted that the experimental work

presented below is done in collaboration with Dr. Nikos Bamiedakis.

6.8.2.1 Experimental Setup

Figure 6-26 illustrates the setup for the data transmission experiment. The VCSEL
employed is an 850 nm multimode with a bandwidth of ~25 GHz [35]. The two data outputs
of a pattern generator (Anritsu MP1800A) are employed to generate the 4-level PAM
modulation signal. Discrete RF components such as a 6 dB attenuator and a variable
electrical delay line are used to delay the two output signals. The PAM-4 modulation signal is
generated by appropriately attenuating and re-combining the two signals with an inductive
RF coupler, and is fed to the VCSEL via a high-bandwidth RF probe and a bias tee. A pair of
16x microscope objective (NA = 0.32) is used to couple the emitted light into the waveguide
while at the waveguide output a cleaved 50/125 um MMF patchcord is employed to collect
the transmitted light. Index matching gel is used at the waveguide output to minimise the
coupling losses. The total insertion loss of the 1 m long spiral waveguide is measured to be
~7 dB. At the receiver end, the multimode optical module of a digital sampling oscilloscope
(DSA8300, Tektronix 80C15) is employed. A VOA is inserted in the optical link in order to
adjust the received optical power. For comparison, the link without the waveguide (back-to-

back) link is also tested.
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Figure 6-26 Experimental setup of (a) the back-to-back and (b) the waveguide link.

6.8.2.2 Experimental Results

The open eye diagrams of 28 Gbaud PAM-4 (56 Gb/s aggregate bit rate) are recorded
using the sampling oscilloscope in both the back-to-back and waveguide links (Figure 6-27).
Clear four levels can be seen in both links. A Q-factor analysis is used to estimate the BER as
proper BER measurements cannot be conducted given the available receiver module in this
experiment. The histograms of recorded eye diagrams at different received optical power
levels are analysed. Figure 6-28(a) shows the histogram of a recorded eye diagram while
Figure 6-28(b) presents the estimated BER curve as a function of the average received optical
power for both optical links. An estimated BER of 10 is achieved while a power penalty of
~1 dB is introduced due to the insertion of the waveguide in the link. This result is in good
agreement with the simulation results presented in section 6.7. The performance of the link
allows the application of low-latency FEC schemes. The results clearly demonstrate the
potential of using advanced modulation formats (e.g. PAM-4) to boost data transmission rates
over each waveguide channel without the need for high-performance optoelectronic

components and complex RF layout design.
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Figure 6-27 Recorded 28 Gbaud (56 Gb/s) eye diagrams for the (a) back-to-back and
(b) the waveguide link [36].
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Figure 6-28 Estimated BER using Q-factor analysis [36].

6.9 Summary

This chapter investigates the high-speed data transmission over the multimode polymer
waveguides for use in board-level optical interconnects. Both NRZ and PAM-4 modulation
schemes are reviewed, and a system simulation model is developed to assess and compare the
performance of the two different modulation schemes for use on these waveguides. The
VCSEL transmitter and multimode waveguide are modelled as low-pass filters with Gaussian
responses, while a 4th-order Bessel Thomson filter is used to model the receiver. The
parameters are chosen from the components that are likely to be employed in the
experiments. Equalisation, an important technique to remove ISI in the system, is also
discussed. FFE and DFE equalisers are studied and a 7-tap T-spaced FFE and 5-tap T-spaced
DFE equaliser is implemented in the simulation model. BER calculation procedures of both
modulation schemes are discussed, and link power budget analysis is also introduced to

categorise different power penalties in the waveguide-based optical link. The simulation
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results have shown that 40 Gb/s NRZ can be achieved up to a 1.5 m long waveguide
regardless the employment of equalisation, while the use of equalisers can extend the data
rate to 56 Gb/s up to a 1.5 m link length. Alternatively, the use of modulation schemes such
as PAM-4 is proposed to achieve very high data rates (>40 Gb/s) to avoid the need of high-
specification optoelectronic components and complex RF system design. The simulation has
shown that data transmission of 56 Gb/s using PAM-4 modulation scheme over a 1.5 m long
waveguide is feasible with the 10° low-latency FEC applied without the use of equalisation.
Record NRZ 40 Gb/s and PAM-4 56 Gb/s data transmissions over a 1 m long spiral
waveguide are further demonstrated experimentally, which is in good agreement with the
simulation results. These results certainly show the potential to use this technology for very
high-speed on-board optical interconnects despite using highly-multimoded waveguides, and
clearly demonstrate their capability for transmitting on-board data rates of >40 Gb/s over

distances of 1 m.
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[/ CONCLUSIONS AND FUTURE
WORK

This chapter provides a summary of the contents presented in this dissertation by
recapitulating the important findings and results of each chapter, and gives directions for

future work.

7.1 Conclusions

Optics provides an alternative solution to the interconnection bandwidth bottleneck
foreseen in future data centres and supercomputers due to the inherent disadvantages of
existing copper wires. Polymer waveguides are a promising technology for board-level
optical interconnects that have received considerable interest from both academic and
industrial research laboratories worldwide as they satisfy the requirements of cost-effective
manufacturing processes and compatibility with conventional electronic PCBs. To date, the
field has evolved from the study of fundamental nature of optical transmissions in various
waveguide structures to the demonstration of complex backplane architectures. In this thesis,
a particular facet of this field has been selected for investigation — the demonstration of high-
bandwidth multimode polymer waveguides and high-speed data transmission over such
waveguides. All of this work tries to advance this technology for real-world adoption by
addressing commercial concerns of a promising technology including issues of cost,
manufacturing and reliability. To this end, fundamental waveguide modelling is developed,

waveguide parameters and design guidelines are formalised, and possible approaches to
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achieving high-bandwidth performance are suggested to meet the requirements

aforementioned. Each chapter has sought to focus on one particular aspect of this mission.

Chapter 1 discusses the challenges faced by traditional electrical links for use in future
computing systems. The argument of using optical interconnects is made to solve the severe
obstacles that electrical interconnects face such as dramatically increased loss, crosstalk,
power consumption and limited bandwidth as data rates increase. Optics can enable high-
speed short-reach interconnects while eliminating many of the problems encountered by
electrical links. The cost-bandwidth analysis determines that the board-level interconnects
will be the next step for the transition from electrical to optical, and hence polymer
waveguides are selected for use in the next-generation high-speed interconnections at the

board level.

Chapter 2 introduces different material systems commonly used for board-level optical
interconnects. Polymer materials are identified as an excellent choice, of which Dow Corning
siloxane material is identified as particularly interesting due to its superior characteristics
including sufficiently low cost, excellent mechanical, thermal and optical properties
appropriate for use at wavelength of 850 nm and suitability for direct integration on PCBs.
Waveguide structures can be fabricated using conventional methods such as photolithography
and embossing onto various types of substrates (FR4, silicon and glass). Active devices such
as VCSELs and photodiodes suitable for board-level optical interconnects are briefly
discussed. Two main coupling methods of coupling light in and out of polymer waveguides
(out-of-plane and butt-coupling schemes) are introduced, while a review of the state-of-the-
art demonstrators in polymer waveguide technology is presented. It can be noticed that
almost all reported demonstrators employ short straight parallel waveguides (<20 cm) with
maximum data transmission rates of 25 Gb/s achieved, however the fundamental waveguide
characteristics such as dimensions, index step, refractive index profile and waveguide
dispersion are rarely investigated in details. In addition, the deployment of advanced

modulation formats on short-reach optical interconnects has not yet be demonstrated.

Chapter 3 introduces the fundamental design parameters and optical transmission
properties of the multimode polymer waveguides studied in this thesis. The theoretical
modelling based on ray tracing method and electromagnetic treatment is described. The
coupling efficiency as well as the associated alignment tolerances of low-cost but-coupling
configurations employing SMF and MMF is estimated for a wide range of waveguide

parameters (waveguide widths 20 um <w <60 um, and index steps0.005<An<0.03). The
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SMF launch provides negligible coupling efficiency (approximately equal to Fresnel loss)
and large alignment tolerances of the order of the waveguide half width. The use of MMF
results in higher coupling losses which strongly depend on the mismatch of the numerical
aperture between waveguide and fibre and their relative dimensions. The experimental results
agree well with the simulation results. Furthermore, a theoretical evaluation of the waveguide
dispersion is carried out. It is shown that the chromatic dispersion is less significant to the
link bandwidth for the link lengths under consideration. Rather, multimode dispersion can
limit the dynamic performance of the link and strongly depends on the launch conditions. The
restricted launch can offer a BLP of larger than 100 GHzxm for the waveguide parameters
under consideration. The overfilled BLP of the waveguides is found to be in the range from 7
to 50 GHzxm, and the overfilled MMF launches provide BLP values approximately similar
to the worst-case scenario of an overfilled waveguide. Appropriate design rules can be
derived to ensure low coupling loss and sufficient link bandwidth for a specific application.
Overall, this chapter provides a concrete theoretical foundation for the experimental

investigation in the waveguide dispersion to be presented in the next chapter.

Chapter 4 presents the experimental results on the dispersion of the multimode polymer
waveguides. Two approaches are employed to investigate the modal dispersion, including
frequency-domain (S;1) and ultra-short pulse measurements. The frequency-domain
measurements on the 1.4 m and 1 m long spiral waveguide demonstrate the instrument-
limited BLP values of at least 35 GHzxm for a wide range of launch conditions and in the
presence of input spatial offsets. Time-domain measurements are introduced along with the
brief discussion of femtosecond lasers and autocorrelators. Two short pulse generation
systems are employed so as to allow more detailed studies with a range of launch conditions.
The short pulse generation system one utilises a commercial femtosecond Ti:Sapphire laser
operating at a wavelength of 850 nm while the second system employs a femtosecond
erbium-doped TOPTICA fibre laser source operating at a wavelength of ~1574 nm and a
frequency-doubling crystal in order to generate second-harmonic short pulses at the
wavelength of ~787 nm. Matching autocorrelators are used as receivers. The ultimate
bandwidths of the waveguides are revealed using this approach, and the BLP values are
found to be in excess of 40 GHzxm and 70 GHzxm for the SI and GI waveguide respectively
for a 50/125 um MMF launch across an offset range of +10 um, and of >100 GHzxm using a
10x microscope objective launch for an offset range of ~19 x 8 um? and ~18 x 20 um? for the

Sl and GI waveguide respectively. The high BLP regions are well within -1 dB alignment
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tolerances. Simulation results using the theoretical model developed in Chapter 3 based on
the real measured refractive index profiles show a good agreement with the experimental
results. These results indicate the capacity of these multimode polymer waveguides to
support on-board data rates of 100 Gb/s and beyond over a single waveguide channel using

achievable launch conditioning schemes and appropriate refractive index engineering.

Chapter 5 further investigates the effects of refractive index profiles on the performance
of various multimode waveguides and waveguide components. The loss and bandwidth
performance of multimode polymer waveguides (reference and spiral waveguides) and
functional waveguide elements (90° waveguide bends and 90°/45° waveguide crossings) with
different refractive index profiles are fabricated and characterised under different launch
conditions. 90° waveguide bends with excess loss below 1 dB for radius of >6 mm and 90°
crossings with crossing loss of <0.02 dB/crossing while exhibiting adequate BLP in excess of
47 GHxm are demonstrated for a 50 um MMF input using appropriate refractive index
engineering. In addition, bending and crossing structures in the waveguide layout are shown
to enhance the bandwidth performance. For example, it is possible to achieve a 1.55 times
bandwidth improvement (BLP>60 GHzxm) over conventional straight waveguides using a
waveguide bend with radius of 5 mm at the cost of a loss penalty of ~1.9 dB for a 50 um
MMF launch. Slightly larger bends with a radius of 11 mm can ensure a BLP>50 GHzxm
with a smaller loss penalty of ~0.7 dB. The results obtained using crossing waveguides show
that the bandwidth can be increased by up to 1.25 times using a comparably low number of
crossings of ~10 with an extra loss of ~1.6 dB. These results indicate the possibility of
designing waveguides with low interconnection loss and sufficient link bandwidth using
appropriate refractive index engineering, although the choice of refractive index profiles is
dependent on each specific application. Overall, the use of refractive index engineering and
intelligent waveguide layout is shown to enhance further the performance of these highly-

multimoded polymer waveguides.

Chapter 6 demonstrates the high-speed data transmission over the multimode polymer
waveguide based optical links with the aim of further pushing the electrical-to-optical
boundary. A system model is first developed to compare the performance of both NRZ and
PAM-4 modulation schemes for use on short-reach optical interconnects. The VCSEL
transmitter and waveguide channel are modelled as Gaussian responses while the receiver is
modelled as a 4th-order Bessel Thomson filter with all parameters chosen from the actual

components likely employed in the experiments. Equalisation techniques such as FFE and
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DFE are also studied and implemented in the simulation model. BER calculation procedures
for both modulation schemes are presented while different power penalties in the waveguide-
based optical link are characterised and calculated using link power budget analysis. The
simulation results show that 40 Gb/s NRZ can be achieved over a 1.5 m long waveguide with
and without the use of equalisation although the data rate can be extend to 56 Gb/s over the
same length of waveguide using equalisers. In addition, multilevel modulation schemes such
as PAM-4 are shown to further increase the data rates without the need of high-specification
active devices and sophisticated RF design. The simulation demonstrate the feasibility of
transmitting 56 Gb/s data rates over a 1.5 m long waveguide with 10 low-latency FEC
without the need of equalisers. Furthermore, record 40 Gb/s NRZ-based data transmission
over a 1 m long spiral waveguide is experimentally demonstrated with a power penalty of
~0.8 dB for a BER of 10™°. No significant performance impairments (rather constant power
penalties of ~+0.1 dB) across spatial offsets up to +15 um are observed. Finally, 56 Gb/s
PAM-4-based data transmission over a similar 1 m long spiral waveguide is demonstrated for
the first time. An estimated BER of 10 is obtained while a power penalty of ~1 dB is
introduced. The experiments are in good agreement with the theoretical calculation. The
obtained results clearly demonstrate the capability of these multimode waveguides to support
on-board data rates of >40 Gb/s over distances of 1 m despite their highly-multimoded

nature.

7.2 Future Work

The work presented in this thesis constitutes an expansion of the on-going development of
cost-effective high-performance board-level optical interconnects based on multimode
polymer waveguides. However, there are still a number of issues need to be further studied in
order to advance the work addressed in this thesis. In summary, the suggested studies include
the further improvement of the waveguide modelling, the deployment of advanced launch
conditions, the optimisation of the refractive index profiles and waveguide layout, the
demonstration of 100 Gb/s data transmission and the development of all-plastic optical

circuits.

7.2.1 Waveguide Modelling

A more accurate evaluation of optical transmission characteristics of the waveguide-based

system is required in order to gain further insight into the light propagation inside the
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fabricated multimode waveguide samples particularly for the long complex spiral
waveguides. For instance, sidewall surface roughness can be further taken into account in the
waveguide modelling. Mode mixing can occur due to the sidewall deformations, and
therefore the induced multimode dispersion may be affected. A number of approaches have
been proposed to study the effect induced including ray tracing [1] and coupled mode theory
[2], [3]. Statistical properties of the roughness can be typically used to describe the properties
of surface roughness owing to its random nature. In addition, further investigations are

required to quantify the magnitude of mode mixing phenomena inside these waveguides.

Moreover, another important issue that is sometimes forgotten is the stability of the
available bandwidth of these waveguides. Therefore, an investigation of the stress analysis
and the change of refractive index profiles of the waveguides versus temperature is needed as
the variation with temperature (if any) of the refractive indices can significantly affect the
mode profiles and propagation constants of the guide modes and hence the induced
multimode dispersion as well as coupling loss. This index variation with temperature can be
subsequently incorporated into the current model to gain more insight into the change of
bandwidth performance of these waveguides in real-world applications where the range of

temperatures the waveguide links operate at is essential in commercial products.

7.2.2 Launch Conditions

In Chapters 3 and 4, it has been shown that the bandwidth performance of the multimode
polymer waveguides is highly launch condition dependent. The restricted launch results in
the highest bandwidth among the launch conditions studied in the thesis due to the excitation
of lower-order modes. Similarly, alternative launch conditions may be employed for use on
these waveguides to further increase the bandwidth by exciting the higher-order modes. For
example, some advanced launch methods such as adaptive launches [4], [5] and twin-spot
launches [6] [Figure 7-1(a)] were developed to improve the bandwidth performance of
MMFs. However, these launches do not eliminate the modal dispersion completely and hence
do not fully employ the ultimate bandwidth of MMF links. In 2010, a novel launch condition
known as Hermite-Gaussian line launch was proposed to minimise the modal dispersion
providing improved differential modal delay [7] [Figure 7-1(b)]. Based on this, a Hermite-
Gaussian square launch was further proposed to reduce the coupling loss while maintaining a
similar level of bandwidth [8] [Figure 7-1(c)]. It has been demonstrated that only one mode

group in the GI MMF that exhibits similar propagation constant is excited under a carefully
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designed Hermite-Gaussian beam, and therefore intermodal dispersion can be effectively
eliminated resulting in a high bandwidth. Moreover, the Hermite-Gaussian launches can be

implemented using phase masks that have simple structures and are easy to fabricate [8].
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Figure 7-1 Schematic diagram of (a) twin-spot launch, (b) Hermite-Gaussian (5, 0)
line launch and (c) Hermite-Gaussian (3, 3) square launch. The two different colours in

(b) and (c) represent two phases with a difference of 180°.

The feasibility of the deployment of these advanced launch conditions on the multimode
polymer waveguides to further enhance their available bandwidth has not yet been

investigated. Further theoretical calculation and experimental demonstrations are required.

7.2.3 Optimisation of Refractive Index Profiles and Waveguide Layout

It has been shown in Chapter 5 that refractive index profiles can significantly vary the loss
and bandwidth performance of these multimode polymer waveguides. However, the
optimised refractive index profiles that can offer maximum bandwidth while ensuring low
loss interconnection are yet to discover. For example, rather than having the index profiles
with high index values concentrated on either lower bottom or upper bottom side of the
waveguide core, it is worth investigating the performance of waveguides with different
parabolic index shapes with varying coefficients of squire-law profile typically seen in the
conventional GI MMFs. Furthermore, the successful fabrication of the optimised index
profiles is another important issue by employing traditional photolithography processes as it
might be difficult to precisely control the refractive index profiles with a particular design

parameter. Preliminary work toward this goal has been recently reported in [9].

In addition, it is shown that the bandwidth of the multimode waveguides can be enhanced
by employing bending structure due to the mode stripping properties of the bend. However,

this approach inevitably introduces additional loss. A trade-off between the bending radius
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and induced optical loss clearly exists, and the optimised radius is yet to prove. Furthermore,
the combination of waveguide structure and refractive index engineering may offer an

optimised bandwidth and loss performance.

Therefore, more investigation into the design, fabrication and characterisation of the
multimode polymer waveguides with a wide range of refractive index profiles and different
layouts are worth carrying out. Nevertheless, the theoretical model developed and the
experimental approaches employed in this thesis can certainly lay a foundation for any future
studies.

7.2.4 Toward 100 Gb/s Data Transmission

e Advanced Modulation Schemes

It is unlikely that NRZ can support 100 Gb/s data rates using the existing low-bandwidth
active devices unless VCSELs and PDs with higher bandwidth in the order of ~60 GHz
become available. It has been demonstrated that multilevel modulation format such as PAM-
4 can achieve higher data rates using low-bandwidth devices with FEC. Higher data rates can
be further achieved with the use of equalisation. Therefore, electronic equalisation can be
used in future real-time data transmission over these waveguides. Moreover, FFE/DFE
equalisers used in the simulation model may be disadvantaged by being placed after the
dominant noise sources in the optical link [Figure 7-2(a)]. Transmitter-based equalisations
have been shown to improve the link performance by reducing the noise enhancement caused
by the FFE in the receiver side [10] [Figure 7-2(b)], which can be incorporated into the
current system model. In addition to PAM-4, PAM-8 is worth investigating and the

comparison between the two schemes needs to be conducted.
Waveguide
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Waveguide

N
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FFE/DFE LPF Bessel-Thomson —
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Figure 7-2 Schematic diagrams of the waveguide link configurations: (a) an “Rx-

FFE/DFE” link and (b) a “Tx-FFE/DFE” link.
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Furthermore, carrierless amplitude and phase modulation (CAP), initially used in
communication links over electrical cables, may also be used on short-reach optical
interconnects. It allows the use of low-cost transversal filters to generate multilevel and
orthogonal pulse shapes without the need for mixers. Therefore, it has attracted particular
interest in high-speed optical communications recently. For instance, a CAP-16 system has
two channels in-phase (I) and quadrature (Q) compared to a PAM-4 system. Symbols in I or
Q channels are generated, and then injected into two orthogonal shaping filters. The
combined signal from the | and Q channels is used to drive the VCSEL. On the receiver side,
match filters with the corresponding shaping filter are used to recover the 1 and Q channels.
The architectures of both PAM and CAP systems are illustrated in Figure 7-3 while Table 7-1
summaries the system parameters for different modulation schemes considered for use in

board-level optical interconnects.

Overall, the combination of appropriate choice of advanced modulation formats,
equalisation and FEC can be a promising approach toward 100 Gb/s on-board data

transmission in the near future.

100 Gb/s 100 Gb/s

(a) —{ Fre/pre F—f rec F—fpam-N |—{ pacF—]veseL | waveguide Apc F—f pamiN || FECt || FrE/IDFE }—

PAM HShapingfilter I Matched PAM
100 Gb/s encoder g(t) filter decoder 100 Gb/s

(b) PAM H Shaping filter Matched PAM
encoder g’(t) filter decoder

DAC/ADC: digital to analogue/analogue to digital conversion; S/P: serial to parallel conversion; P/S: parallel to serial conversion.

S/P

Figure 7-3 Schematic diagrams of the transmission systems: (a) PAM-4 and (b)
CAP-16 or CAP-64 [11].

Table 7-1 100 Gb/s system parameters for various modulation schemes.

NRZ PAM-4 PAM-8 CAP-16 CAP-64
Bit rate (Gb/s) 100 100 100 100 100
Symbol rate
100 50 33.3 25 16.7
(Gbaud)
Spectral efficienc
P 4 1 2 3 4 6

(bps/Hz)
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e Wavelength-division Multiplexing (WDM)

In additional to using single wavelength as mentioned above, WDM is believed to be
another potential approach to further increase the on-board data rates by using multiple
wavelengths over the same polymer waveguide. WDM systems can be categorised into two
types, coarse WDM (CWDM) and dense WDM (DWDM). CWDM is one possible way of
achieving 100 Gb/s by using 4 wavelengths with each operating at 25 Gb/s. Currently
developed VCSELs at 850 nm, 980 nm, 1100 nm, 1300 nm and 1550 nm [12] can be used as
the potential sources as it is relatively easy to separate the large wavelength spacing at the
receiver end (Figure 7-4).

MUX DEMUX
[
Waveguide R PD 2
SN T

Figure 7-4 System diagram of wavelength-division multiplexing.

In addition, high-speed tunable VCSELSs operating at wavelength of around 850 nm with
tuning range of 24 nm have been demonstrated in the laboratory enabling the applications of
DWDM [13]. Moreover, novel passive devices such as wavelength multiplexers and
demultiplexers based on polymer materials are essential to enable the deployment of WDM
schemes on board-level optical interconnects. Some preliminary work on the design of a
novel two dimensional integrated optics (2D10) devices has been carried out [14], [15]
(Figure 7-5). Further investigation is required for the design, fabrication and characterisation
of such 2DIO devices based on multimode polymer waveguides. Overall, the potential to
further increase the achievable link capacity by employing WDM schemes to on-board

optical links is worth exploring.
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Figure 7-5 2D10O demultiplexer devices (a) device operation and (b) device
components [15].

e Spatial Multiplexing

As opposed to using one single waveguide channel, spatial multiplexing is an alternative
approach to achieve 100 Gb/s and beyond on-board data transmission by employing multiple
parallel links. As illustrated in Figure 7-6(a), individual waveguide layer can be stacked on
top of each other to form a multilayer waveguide structure. This structure, in conjunction
with VCSEL arrays and PD arrays, can significantly increase the system capacity. However,
there are a few challenges for this approach. One issue is that it is difficult to precisely align
each stacked layer in both horizontal and vertical directions, and therefore a suitable
fabrication process is worth investigating. Even though a number of multilayer optical
structures have been demonstrated, most of the reported structures are only stacking optical
waveguides without suitable coupling schemes employed to enable the out-of-plane and
inter-plane signal transmission [16]. For instance, if 45° mirrors are to use, coupling losses
may experience some variation for different layers of waveguide as the coupling efficiencies
depend on the vertical distances between the VCSELs/PDs and the mirrors. In addition to the
out-of-plane coupling, the design and fabrication of 45° mirrors is crucial to enable the inter-
plane coupling for the communications between different layers [Figure 7-6(b) and (c)] [17].
Limited work has been reported to tackle these issues, and hence this area still offers room

for innovation.
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(b)

Figure 7-6 (a) Cross-sectional of 2-demensional 4x12 waveguide array, (b) two-layer
out-of-plane coupling configuration and (c) two-layer inter-plane coupling
configuration [16], [17].

7.2.5 All-plastic Optical Circuits

Currently, most commercially available optical systems use inorganic lasers, LEDs and
PDs. Organic materials can potentially provide an alternative solution due to their lower cost
and higher flexibility. In fact, organic electronics has attracted particular interests since
polymer-based LEDs were reported by Friend’s group in 1990 [18]. Organic light emitting
diodes (OLEDs) and organic photodiodes (OPDs) have gradually become mature and ready
to use as commercial devices over the past few years. However, most of the OLEDs are used
in the lightings and display applications while OPDs are mainly applied in the area of solar
cells. Therefore, their applications in optical communications can lead to a very interesting
research area. One of the main advantages of OLEDs and OPDs is that they can be readily
fabricated on various substrates including polymers using low-cost ink-jet printing fabrication

process.

The combination of polymer waveguides, OLEDs and OPDs can provide huge advantages
in fabricating all plastic flexible optical integrated systems for future short-reach
datacommunication systems. An OLED fabricated directly on a polymer waveguide have
been demonstrated as shown in Figure 7-7(a) [19], while Figure 7-7(b) illustrates the

proposed concept of fabricating both OLEDs and OPDs on a polymer waveguide substrate
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[20]. Currently, the demonstrated transmission speed based on this configuration is in the
range of several hundreds of megahertz due to the limited modulation bandwidth of the active
devices. In order to further increase the data rates, advanced modulation formats and
equalisation techniques discussed in Chapter 6 can be employed. The bandwidth studies of
the polymer waveguides presented in this thesis can provide a guideline for future
waveguide-based optical links using OLEDs and OPDs. The demonstration of fully
integrated all-plastic optical circuits operating at much higher speed (e.g. gigahertz regime) is

yet to be addressed.
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Figure 7-7 (a) An integrated OLED with polymer waveguide and (b) schematic of
proposed optical plastic integrated devices: OLED and OPD formed directly on a
polymer substrate [19], [20].

To conclude, the work presented in this thesis appears to be a promising candidate to
solve the interconnection bandwidth bottleneck for use in future systems. Clearly, this work
may be extended into many directions. It is greatly encouraging that some of the future
promises mentioned above are being explored by the colleagues at the University of

Cambridge as well as other groups at various institutions and industries worldwide. It is
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hoped that the deployment of this technology will become a reality for use in real-world

applications in the near future.
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APPENDIX

UV Mask Design

The UV mask for various components characterised in Chapter 5 is designed by Dow
Corning. Figure A-1 illustrates the schematic of the UV mask design with all the components
highlighted.
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Figure A-1 UV mask design.
Components:
A: 90° waveguide bends;
B: 90° and 45° waveguide crossings;

C: Reference and spiral waveguides.



