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ABSTRACT

This dissertation presents a detailed study of flexible polymer waveguides for used in short-reach
communication links. Flexible polymer waveguides enable a wider range of applications as compared
to the rigid polymer waveguides, especially for the rack-to-rack links and data bus systems in
autonomous car and avionic industry. However, their optical performance including bending and
twisting loss, crosstalk, bandwidth and mode coupling behaviour hasn’t been studied in detail when
the flexure is applied to the waveguide. This research quantifies those performances when flexible
polymer waveguides are being flexed and provides a useful guideline when designing those flexible
polymer links in the real world. In addition, some suggestions have been discussed, which can be used
to improve waveguide loss performance. A lot simulation work has been done to support the
observations from the experimental results. The flexible polymer waveguides are proven to be robust
and have low propagation loss (0.03 dB/cm) and high temperature resistance (up to 350 °C). They can
be bent down to 2 mm without cracks and the resultant excess bending loss can be less than 2 dB. The
excess twisting loss is also shown to be very low, around 0.02 dB for 4 x 360° full twisting turns as
long as lateral tension is carefully reduced. The crosstalk results reveal their values are < -25 dB under
any launch conditions when waveguides are flexed. The dynamic behaviour study shows that flexible
polymer waveguides are robust and can work dynamically for a long-time horizon. In addition, a new
design of flexible polymer waveguides has been proposed which can reduce the excess bending loss
to around 0.5 dB at 2 mm bending, which is a big improvement. As for the mode coupling behaviour,
both simulation and experimental works have been done to investigate how optical modes will evolve
due to the small bends, micro bends and rough sidewalls. A better understanding of propagation
mechanism inside waveguide is given and discussed. Then, the ultra-short laser pulse measurements
are carried out to get the bandwidth length products (BLP) of the waveguides under flexure. The
results indicate polymer waveguide can support over 100 GHzxm BLP and small bends have the
ability of improving bandwidth performance further. At last, a 40 Gbps transmission over 1-m spiral

flexible polymer waveguides under different bending radius has successfully been demonstrated.
I
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ABSTRACT

This dissertation presents a detailed study of flexible polymer waveguides for used in short-reach
communication links. Flexible polymer waveguides enable a wider range of applications as compared
to the rigid polymer waveguides, especially for the rack-to-rack links and data bus systems in
autonomous car and avionic industry. However, their optical performance including bending and
twisting loss, crosstalk, bandwidth and mode coupling behaviour hasn’t been studied in detail when
the flexure is applied to the waveguide. This research quantifies those performances when flexible
polymer waveguides are being flexed and provides a useful guideline when designing those flexible
polymer links in the real world. In addition, some suggestions have been discussed, which can be used

to improve waveguide loss performance.

A lot simulation work has been done to support the observations from the experimental results.
The flexible polymer waveguides are proven to be robust and have low propagation loss (0.03 dB/cm)
and high temperature resistance (up to 350 °C). They can be bent down to 2 mm without cracks and
the resultant excess bending loss can be less than 2 dB. The excess twisting loss is also shown to be
very low, around 0.02 dB for 4 x 360° full twisting turns as long as lateral tension is carefully
reduced. The crosstalk results reveal their values are < -25 dB under any launch conditions when
waveguides are flexed. The dynamic behaviour study shows that flexible polymer waveguides are
robust and can work dynamically for a long-time horizon. In addition, a new design of flexible
polymer waveguides has been proposed which can reduce the excess bending loss to around 0.5 dB at

2 mm bending, which is a big improvement.

As for the mode coupling behaviour, both simulation and experimental works have been done to
investigate how optical modes will evolve due to the small bends, micro bends and rough sidewalls. A
better understanding of propagation mechanism inside waveguide is given and discussed. Then, the
ultra-short laser pulse measurements are carried out to get the bandwidth length products (BLP) of the
waveguides under flexure. The results indicate polymer waveguide can support over 100 GHzxm
BLP and small bends have the ability of improving bandwidth performance further. At last, a 40 Gbps
transmission over 1-m spiral flexible polymer waveguides under different bending radius has

successfully been demonstrated.
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Chapter 1 Introduction

This chapter introduces the history of fibre optics and shows the motivation behind developing
multimode polymer waveguides, especially flexible polymer waveguides. An overview of polymer
waveguide technology and the progress to date are presented in this chapter. The main applications
are reviewed, such as high-performance computing (HPC) servers in data centres, autonomous cars,
and avionic airplanes based on polymer waveguide technology. Then, the main challenges of
developing such flexible polymer waveguides and their corresponding potential solutions are given

and discussed. The last section presents the aims and structure of the dissertation.

1.1 Motivation of developing polymer waveguides

The very earliest communications were implemented by using smoke signals. Then, in 1839, the
first experimental electrical telegraphy was developed. Before 1964, a wide range of
telecommunications networks were built based on copper cables. However, copper is very heavy,
especially for long-haul communications where a few tons of weight is not acceptable. In addition, the
bandwidth of the copper link is not enough to meet future data demand. To reduce the weight and
increase bandwidth, fibre optics were widely regarded as the most promising candidate for achieving
long-haul communication, especially for undersea communication networks. However, the
development of optical communication was stagnant due to the large fibre loss (~ 20 dB/km). During
the year of 1966, two researchers, C. K. Kao and M. W. Jones, found that such a big fibre loss was
caused mainly due to impurities in the glass [1]. By employing better manufacturing processes and
getting rid of impuirities, the fibre loss was dramatically reduced to 4 dB/km [2]. Today, fibre loss as
low as 0.15 dB/km can be achieved by employing current fabrication technologies [3], and over 150
Gbps data transmission rate on a single fibre channel has been successfully demonstrated [4].
Submarine communication cables and mainland network links are all made of optical fibres. With the
reduction in fibre cost, city residents have started to replace their copper house communication links
with optical fibres in order to increase their download speed. As shown in Figure 1, during the past

few decades, optical fibres have replaced traditional copper links in many areas such as telecoms and



datacoms, because fibre optics provide great advantages such as low attenuation, immunity to
electromagnetic interference, less power consumption (Normally, a 10 Gbps transceiver in a copper
system uses about 6 watts of power while a comparable 10 Gbps optical transceiver uses less than 1
watt to transmit the same signal), smaller size, lighter weight, and much larger bandwidth. It is widely
believed that this trend will continue, and nowadays, fibre optics are replacing copper wires at the

board level, initiating what has been named as the computer-com era.
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Figure 1 Evolution of fibre optics from telecom to computer-com era [5]. Transmission distance decreases from multi-km

range to few-meter range.

In recent years, there has been a rapid increase in data traffic due to the expansion of personal
electronic devices. Figure 2 summarises and forecasts the application traffic growth from 2017 to
2022 and reveals that data traffic will reach around 400 Exabytes per month, which is four-fold
compared to data traffic in 2017. Such a huge jump in data traffic will require high bandwidth in the
link channel to support chip to chip and board to board communications. However, due to the effect of
noise and interference, the speed of copper interconnections cannot run higher than a few gigahertz
[6]. Building a 3-D structure for the board would be a temporary solution, but it requires much more
effort and expenditure. In addition, electrical cables face a fundamental ‘communication bottleneck’.
When signals operate at a high frequency, the skin effect becomes severe, resulting in a large
resistance inside the link and degrading the performance. Another bottleneck of electrical cables
would be crosstalk: electromagnetic interference from a neighbouring channel will generate
disturbance on the current channel. Although researchers are trying to reduce these problems,
sophisticated techniques are needed, which will increase the cost of the whole system and reduce the
stability. One promising technique to solve this bandwidth problem would be employing fibre optics
as on-board communication links, which has the potential of supporting transmission at a few hundred

Gbps.
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Figure 2 Cisco global IP traffic forecast based on applications from the year of 2017 to 2022 [7].

Goodman proposed using fibre optics to build the interconnections on a chip for the first time in
1984 [8] and later, a variety of research has been done on optical interconnects [9-11]. Currently,
there are three main methods for achieving optical interconnects on board: free-space connections,
optical fibres embedded in substrate connections, and polymer material-based waveguide connections.

Figure 3 shows these three different types of configuration.
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Figure 3 Three different methods for achieving optical interconnects, a) free -space connection, b) embedded fibre

connection and c) polymer waveguide-based connection.

There are many research groups studying these three configurations and details of their research
work can be found in: free-space [12-15], optical fibres embedded [16-19], and polymer waveguides
[20-23]. This section gives a brief introduction to each configuration. For free-space interconnects, a
laser and photodetector pair need to be installed on each electronic card. The laser is directly
modulated with the data signal. The data is transmitted to the other card via the free space medium.
Due to the divergence of the laser diode, a lens is needed to converge the laser beam, which increases
the system complexity. In addition, there is a high requirement for the system alignment, especially

when two cards are placed far away with each other. The most severe drawback of free space



interconnects is that this free space medium can be easily influenced by the environment such as air

disturbance, dust, and temperature. These effects could significantly degrade the system performance.

For fibre embedded interconnects, burying silica fibres inside the substrate can provide much
higher performance in terms of propagation loss and bandwidth. Figure 3 demonstrates a fibre
embedded array. It is also easy to connect to this fibre array using the MT connector, which is
currently commercially available. The main challenge of this method is the cost. Traditional printed
circuit boards (PCBs) are made layer by layer with a final lamination process. When fibre arrays are
put between, it is easy to break the fibres. Therefore, a separate process needs to be taken to protect
the fibre from damage, which makes this method not suitable for integration. Meanwhile, optical
PCBs need much more complex optical layouts rather than just a straight fibre link, such as crossings,
Y-splitter, and combiners. Using optical fibres to implement those structures would be very difficult

and the whole system cost would be unaffordable.

Finally, polymer waveguide based optical interconnects are widely regarded as the most
promising candidate for achieving on-board interconnects. Polymer waveguide technology provides
low-cost fabrication of optical PCBs with a relaxed tolerance and a high bandwidth. The basic idea of
polymer waveguides is to generate a channel within which light can propagate. The most common
shape of this channel cross-section is square, and the fabrication process is based on layer by layer
steps. Both rigid and flexible polymer waveguides can be fabricated by depositing waveguides on
different substrates. Due to the nature of the polymer material, polymer waveguide fabrication can be
integrated into the traditional PCB fabrication process providing a low-cost solution. Polymer
waveguides also provide a stable connection between the two ends, and complex structures can also
be easily built based on polymer waveguide technology. Meanwhile, recent research indicates that
they have the ability to support > 100 Gb/s transmission, which is enough to satisfy future data traffic

demand.



1.2 Current polymer waveguide technology and

applications

As mentioned, polymer waveguides can be divided into two groups: rigid and flexible.
Significant research has been carried out on rigid polymer waveguides in recent years [24-26] and
numerous demonstrations have been made of optical backplanes based on polymer multimode
waveguides [27-30]. These waveguides have been shown to exhibit relatively large bandwidth-length
products in excess of 30 GHzxm [31] despite their highly multimode nature, whilst data transmission
of 40 Gb/s using non-return-to-zero (NRZ) modulation [32] and 56 Gb/s using 4-level
pulse-amplitude modulation (PAM-4) [33] have been demonstrated over a 1 m long spiral multimode
polymer waveguide. The combination of large parallel waveguide arrays and high-speed VCSEL
arrays can provide low-cost optical board-level interconnection with aggregate data capacities over 1
Th/s [27]. There is also a group from Keio University focusing on generating circular core polymer
waveguides using the Mosquito method. By controlling the speed and monomer wetting, they can
control the position and the size of the waveguide core. After diffusion, a graded index profile can be
generated which is similar to the optical fibre [34]. Another group from Germany are concentrating on
fabricating an on-board optical coupler for polymer waveguides [35]. This polymer waveguide-based
coupler is interruption-free which makes it suitable for building optical data bus systems and
interruption-free means the waveguide core is intact. Similar to the above research, significant works
by different groups are ongoing for rigid polymer waveguides, therefore, the performance of polymer

waveguides is improving.

Flexible polymer waveguides also have attracted much more attention in recent years due to
the future trend of developing flexible electronics. Flexible polymer waveguides can be made by
depositing polymer waveguides onto a flexible substrate, normally polyimide. The application of
polymer waveguides, therefore, can be dramatically extended, especially in some spaces where shape
and weight are quite important to the system. Developing flexible polymer waveguides also helps to
diversify the electro-optical assembly platform, and thin flexible waveguides offer the great advantage
of being stacked for complex routing and enhanced bandwidth [36]. Various flexible multimode

polymer waveguide technologies have been developed by different groups, and some studies on the
5



performance of the waveguides under flexure have been reported [36-42]. For example, in [36],
bending loss measurements on flexible multimode waveguides using a 62.5 pym multimode fibre
(MMF) input indicated that no significant bending loss is induced by a 360° bend for a radius larger
than 3 cm. In [40] bending loss studies were carried out on flexible waveguides, demonstrating a 4.3
dB excess loss when the sample is bent at 5 mm under a 9 pm SMF input. Similar studies are reported
in [37]. The focus however of these publications has been the development of flexible waveguides
and their related opto-electronic sub-assemblies rather than the performance of the waveguides when
flexure is applied. Additionally, none of the aforementioned studies consider the fact that the loss
performance of such waveguides strongly depends on the launch conditions employed due to their
highly-multimoded nature. Currently, the best propagation loss for polymer waveguides is around
~0.03 dB/cm and can be further reduced in the future by reducing the roughness of the waveguide
side walls. Polymer waveguides have a relatively large alignment tolerance due to the large core size.
Normally, 10 um offset misalignment will result in around 1 dB power drop, which is suitable for
commercial pick-and-place tools. In addition, the crosstalk between adjacent waveguides is less than

-40 dB, and the bandwidth has been shown to support >100 GHzxm bandwidth length product (BLP).
1.3 Review of polymer waveguide technology applications

1.3.1 Polymer waveguide technology for data centre

The dramatic growth of traffic data via the cloud, computers, and smart mobiles has been the
main driving factor for optical interconnects [43]. There were 2.46 billion worldwide social network
users in 2017, and this number is expected to increase to 3.02 billion by 2021 [44]. According to the
statistics [44], Facebook had 2271 million active users in January 2019, followed by YouTube which
has 1900 million active users. WhatsApp, Facebook Messenger and WeChat ranked 3, 4" and 5™,
with 1500 million, 1300 million and 1083 million active users, respectively. Those numbers are
increasing constantly as more and more wireless device infrastructure and networks are installed
worldwide. Therefore, it has been predicted that by 2025, 163 trillion GBs of data will exist [45]. All
this data has to be stored, processed and shared among a number of data centres which are located all

over the world. Therefore, the current network is built based on the support of those data centres.



Such huge data exchange between users requires high bandwidth links communicating between

card-to-card and rack-to-rack.

Over the past few decades, optics have been replacing copper in telecom and datacom areas and
boosted their development. History has proven the great success of employing optics for data
communication. To meet future data demands, the next generation of optics technology for data
centres and High-Performance Computing (HPC) needs to be developed. Simply increasing the
number of cores cannot satisfy ambitious targets anymore, as size fragmentation has already reached
its limits [46]. On-board chip-to-chip communication and intra-rack design are regarded as effective
methods in the industry to reduce physical space, resources and complexity. There are three different
types of interconnects for data centres: on-board interconnects, board-to-board interconnects and
rack-to-rack interconnects. For a typical board, chip processors and memories are located in different
positions. A router is needed on-board to communicate between processors and memories. For
traditional copper wire, the following equation indicates the maximum bandwidth for electrical lines
[47], where A is the cross-sectional area of wiring, L is the length of the wire, and B, is a constant

[48] which is equal to around 10 bits/s for RC limited lines.

B = By (1)

Recent analysis shows that a 1 m long electrical line on a standard FR4 is limited to 5 Gb/s [49]
and this limitation can be pushed to around 15 Gb/s by using new advanced materials [50]. However,
the whole cost of the FR4 board would be much more expensive and complex. In addition, it is very
difficult to increase this value over 20 Gb/s for electrical lines. Therefore, developing a high-speed
PCB board with low-cost fabrication techniques is quite challenging. Polymer waveguide technology

is regarded as one of the most promising candidates to solve this problem.

Figure 4 shows the on-board interconnects implemented using polymer waveguides. To make
communications on board among the chips, o/e and e/o conversion units must be installed. One
challenge is to increase the alignment tolerance so that laser light can be easily coupled into
waveguides, and another challenge it to design appropriate architecture that could reduce the number

of o/e/o units used on board.
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Figure 4 Demonstration of polymer waveguide links on-board. a) 12 parallel polymer waveguides are embedded in PCB
substrate with EO modules and MT interface at each end. b) polymer waveguides with a Y-splitter and a Y-combiner

embedded in PCB substrate [26].

The next level of optical interconnects hierarchy for data centre is board-to-board interconnects.
An on-board optical interface is also designed to allow communication between boards and reduce the
number of o/e/o units. This situation happens when data from one board needs to go to another board
on the same backplane. Figure 5 shows one method of achieving this board-to-board communication.
There is an optical bus link on the side and each board is connected to this bus link via its own optical
interface. A micro lens and reflective mirror are needed at the conjunction point to change the
direction of the optical signal. In most applications, designs require that the boards are pluggable so
that users can easily change the board if it breaks. Another method achieving board-to-board
communication would be using flexible polymer waveguides. Two boards are connected not through
the optical data bus link, but via flexible polymer waveguides. It is easy to connect two boards with
the help of an MT connector. Stacked flexible polymer waveguides also offer the ability for
communication between multi-boards. The flexible polymer waveguide method can provide a

relatively more stable connection and does not need other optical components such as mirror and lens.

PCB board 1
PCB board 2
PCB board 3
PCB board 4

chip

Figure 5 Schematic of board-to-board communications based on optical backplane topology. Four electronic PCBs are

plugged into optical backplane and a 45 °reflective mirror is employed to change the signal direction.



Rack-to-rack interconnects need to be built when different servers need to share data with each
other. As data centres become larger and larger, the data traffic from rack to rack also increases
dramatically. Currently, active optical cables (AOCs) are widely introduced into data centres to
replace traditional copper links to support such high data traffic. AOC is a type of cable which has
electrical connectors at both ends and uses electrical-to-optical conversion on the cable ends to
improve the speed and distance performance of the cable without sacrificing compatibility with
standard electrical interfaces. In the near future, when optical PCBS have replaced electrical PCBs in
data centres, AOCs will not be needed anymore. Only passive links need to be built between racks.
Optical fibre would be the best candidate, however the expensive cost of optical fibre makes it
unattractive. In addition, a fibre-based method for on-board communication is hard to achieve as glass
is easy to break. As a result, for high-level integration, polymer waveguide technology is much better
than optical fibre and, in the meantime, it can provide a low-cost fabrication process. It is better to
develop a low-cost flexible polymer waveguide link for rack to rack communication to match the
cross-section of a polymer waveguide for on-board and board-to-board communication. Flexible
polymer waveguides would be the best solution, as they can provide communication over distances

ranging from 1 m to dozens of metres.

In summary, polymer waveguides can support a high data rate for on-board, board-to-board and
rack-to-rack communication in a data centre. Also, flexible polymer waveguides enable more
applications where space is limited. The most important reason for employing polymer waveguide
interconnects in data centres is cost related. Polymer material can enable a low-cost fabrication
process. However, some challenges remain to be solved, for example, designing an easy, reliable and

stable connector for polymer waveguides is still a problem.
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Figure 6 Optical polymer waveguides connecting chips assembled on carriers. Flexible optical waveguides are employed to

make chip-to-chip and board-to-board communications as suggested in figure [51].



1.3.2 Polymer waveguide technology for autonomous cars

Another future application of polymer waveguide technology autonomous car. In automotive
networking, electrical and electronic systems are not independent but will influence and complement
each other. With the increase in the number of electronic units inside a vehicle, a simple and highly
efficient communication system needs to be built. However, a significant number of cable lines and
plug connections makes the car heavy and redundant. The solution to this challenge will be
introducing serial data bus systems which allow large volumes of data from different electronic units
to be transferred. In 1991, the first serial bus system called Controller Area Network (CAN) was built
by Mercedes-Benz and was used in the Mercedes-Benz 500E. Details of the CAN bus system can be
found in [52-55]. The CAN bus was mainly designed for the automation field, and can be classified as
high-speed CAN and low-speed CAN. A high-speed CAN system can be up to 1 Mbit/s and can be
used to achieve real-time applications such as engine management systems, electronic transmission
control and vehicle stabilisation systems. The data speed of a low-speed CAN system is around 100
Kbit/s, and this system can be used in comfort and body areas such as seat adjustment and control of
the air-conditioning system. However, this CAN bus seems to be very inefficient due to the increasing
use of mechatronic systems inside a car. Thus, in 1998, several vehicle manufacturers collaborated to
try to build a cost-effective bus system as an alternative to replace the low-speed CAN bus system.
The Local Interconnect Network (LIN) bus system was invented by this workgroup and introduced to
Mercedes-Benz SL first in early 2001. The LIN bus is designed for sensors and actuator networking,
and also provide a very low data rate, around 20 KBit/s. The LINK bus system is used as a subsystem
of the CAN bus system and is responsible for control of door locking, climate regulation, and light &
rain sensing. Detailed specifications of the LIN bus can be found in [56-58], which defines

transmission protocols, transmission medium, and interface standard.

With increases to people’s life quality, people are no longer satisfied with buying a car that can
only be used as a commuting tool. Therefore, manufacturers have introduced infotainment systems
into cars to meet people’s requirements. However, audio and video, especially high definition (HD)
video transmission, require a very high data rate. Electromagnetic interference (EMI) is another
problem affecting the performance of an electrical bus. A fibre-optic data link can provide a high data

rate as well as immunity to EMI. Thus, building an optical data bus seems to be the best solution. In
10



1998, the first optical fibre-based data bus, called a digital domestic bus (D2B), was successfully
introduced into Mercedes-Benz cars [59, 60] with a data operating rate of 11.2 Mega-baud. The D2B
bus employs a ring bus topology and 1 mm core diameter polymer optical fibres (POFs). Red
light-emitting diodes (LEDs) are used as transmitters in this system. Such a high-speed optical data
bus can support the transmission of audio and video in a car via low-cost means [61]. Therefore, some
other alternative data buses based on optical links have been proposed, such as ByteFlight bus,
FlexRay bus and Media Oriented Systems Transport (MOST) bus. ByteFlight bus was proposed by
BMW, together with some other manufacturers, and this data bus was designed to solve safety-related
problems [62]. Using fibre optics, ByteFlight provides a data rate of 10 Mbps and shows many
advantages compared to previous data buses, such as fast reaction times, low system cost, and
suitability for an increased number of functions [63]. Similarly, the FlexRay bus is also based on fibre
optics and provides high-speed, deterministic and fault-tolerant communication. The first FlexRay bus
was successfully introduced into cars in 2006 with an operating data rate of 10 Mbps. Details of the
FlexRay bus can be found in [64, 65]. The last and most popular fibre-based vehicle data bus is the
MOST bus. The MOST bus was also developed by BMW (along with DaimlerChrysler,
Harman/Becker, and Oasis Silicon Systems) in 1998 and was initially designed for all kinds of
automotive multimedia applications such as audio, video, CD players, GPS navigation, and
telecommunication [66]. The MOST bus adopted ring bus topology [67] and its generic architecture is

given in Figure 7.
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Figure 7 Generic architecture of Media Oriented Systems Transport (MOST) data bus system. Each unit is connected via

POF link based on ring topology.
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Each unit is this bus is based on a point-to-point network connected by plastic optical fibres
(POFs). Any device, such as video, GPS navigation, CD, and DVD, can be plugged into this ring bus
and the data signal will experience O/E and E/O conversions. The first MOST bus was called
MOST25 which permits ~23 Mbps data transmission. A few years later, MOST50 was proposed,
which doubled the transmission speed and in October 2007, the latest MOST bus (MOST150) allows

~150Mbps transmission. Its physical layer was still based on the POF link [68, 69].

Different bus systems may communicate with each other via a hub or a gateway. Currently the
most popular optical data bus for cars is the MOST bus, which as previously mentioned can carry a
maximum 150 Mbps data rate and is used in more than 150 car models including Audi, BMW,
VOLVO, Land Rover, etc. since 2001. However, 150Mbps seems still not to be enough for future
requirements. In order to further improve the data rate, the MOST data bus organisation is preparing
to publish a high data transmission rate of 1.5 Gbit/s standard. Alternatively, another data bus called
the Intelligent transportation systems Data bus (IDB)-1394a was recently proposed, which allows 400
Mbps transmission in a car [19], and its next version IDB-1394b will be designed to support 3.2 Gbps
transmission. The following table summarises the required data speeds of different video formats
required inside a car. One thing that must be mentioned is that all the data rates are calculated based
on an uncompressed format. From this table, if 4K screens are to be installed in cars, an optical data

bus must be installed that is capable of greater than 10 Gbit/s.

Table 1 Data transmission rate required for common video standards without video compression technique involved [21], i

is for interlaced video and p for progressive scan.

Standard Resolution Frame rate MPixel/s RGB24 (bit/s)
VGA 640*480 60p 18.4 442.4 M
PAL 720*576 50i 104 249.8 M

Full HD 1920*1080 60p 124.4 2986 M

4K 3840*%2160 60p 497.7 119G
8K 7680*4320 120i 1990.6 478G
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Over the past few decades, the data demand for vehicles has undergone a significant increase.
More and more electronic units (estimated over 3000) have been added into vehicles, and it is roughly
estimated that the cost of electrical and electronic unit controllers (EUCs) will occupy 20-40% of a
regular car price [70]. On the other hand, the many EUCs and their cables increase the car weight.
According to [71], approximately 100 kg of wires are added to a typical car. In order to increase the
bandwidth and reduce the car weight, polymer waveguides could be a competing technology for the

automotive industry.

1.3.3 Polymer waveguide technology for avionic industry

The wiring system in the aircraft controls different functions from antennas and landing gears to
audio and entertainment devices. According to estimations, there are more than a hundred miles of
electrical cables on an aircraft, which dramatically increases the aircraft weight. Electromagnetic
interference (EMI) also causes severe problems when maintenance is not done properly. Such a huge
number of electrical cables bundled together can easily cause system failure and fires. In addition,
most of the EUCs in aircraft need real-time communication. Reducing the latency and increasing the
bandwidth would also be another challenge to building on board data bus systems for aircraft. Fibre
optics are regarded as the best candidate, which can solve all those problems above. Fibre optics have
been used for many years in the mission systems of aircraft, since the first experimental link was
introduced in 1988 [72]. Nowadays, fibres are widely employed in modern aircraft. For example, the
Boeing 777 employed an ARINC 636 fibre optical data bus. Details of the ARINC 636 can be found
in [73]. The fibre for ARINC 636 is 62.5 um in diameter and its length is less than 2 km. This data
bus provides a 125 Mbit/s data transmission rate and is based on ring topology. Another example is
the F-35 developed by Lockheed Martin. According to the report, this aircraft employs over 300 fibres
for its data bus, and some channels can support 2 GB/s transmission [74, 75]. The Fly-By-Light (FBL)
control system was also recently introduced into aircraft control systems [76]. As compared to the
conventional Fly-By-Wire (FBW) control system in which all electronics units are connected via
electrical interface, FBL uses the same protocols but provides an optical link and optical connection in
aircraft. Introducing optical fibres reduces EMI, increases the bandwidth and decreases the weight. In

addition, FBL requires less maintenance. Currently, Boeing 787 and Airbus A380 are using fully
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automated FBW control systems while the FBL system is still in the research stage. As FBL offers
great advantages over the FBW system, it has the potential to be the future technology for aircraft

light control systems [77].

Flexible polymer waveguides are the best candidate to replace silica fibres over a short
communication range and can also offer low-cost high-speed links for aircraft. Meanwhile, flexible
polymer waveguides have more mechanical advantages, which make them greatly suitable for aircraft
because some links need to fit into a very small space. In addition, in the future, when PBCs are
co-packaged with on board optical units, flexible polymer waveguides can provide a match in

geometry with other on-board polymer waveguides.

1.4 Challenges of flexible polymer waveguides for

short-reach links

As mentioned before, even though significant work has been done on flexible polymer
waveguides, no systematic studies have been done into flexible polymer waveguides. What are the
loss, crosstalk and bandwidth performance of flexible polymer waveguides when they are bent or
twisted? How would waveguide modes change when bending is applied? And can any approach
overcome those degradations introduced due to the bends and twists? In addition, the performance of
multimode polymer waveguides is also highly reliant on the input launch. Different input launch
conditions will excite different waveguide modes. Such multimode polymer waveguides can support
over a thousand waveguide modes inside, which makes it extremely difficult to carry out waveguide
simulation. Quantifying the performance of flexible polymer waveguides and giving guidelines for
their successful deployment in real-world systems are the main outcomes of this work. The second
challenge is the fundamental study of waveguide mode behaviour. Waveguide modes will experience
mode mixing and mode loss when they propagate along the waveguides. Mode mixing means that
part of the power of the modes will couple into other waveguide modes for various reasons, and mode
loss means that part of the power of the modes is lost, not due to the coupling effect but just through

leakage out of the waveguide. Bends, surface roughness, and material scattering are all reasons that
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result in mode coupling and loss. Therefore, both simulation and experimental work are needed to

explore waveguide mode behaviour.

1.5 Contributions of the dissertation

Flexible polymer waveguides have drawn great interest for use in short-reach high-speed
communications. Flexible polymer waveguides have been shown to be much more flexible and lighter
than optical fibres. In addition, the flexible polymer waveguide is much more suitable for board
integration and interconnects between electronic boards and racks. The cost of flexible polymer
waveguides will be much lower than that of silica fibres in the future development of fabrication
techniques. Compared to POFs, which are the promising candidate to replace silica fibre for >50 m
long communications [43], polymer waveguides concentrate on short-reach communications (1 m to
10 m) and can provide a high bandwidth (>40 Gb/s). To characterise flexible polymer waveguides, a
detailed study of flex effects must first be carried out. Therefore, the contributions of this PhD work

are given below:

i.  The performance of flexible polymer waveguides relies heavily on the input mode excitation.
Different input modes will result in a big difference in waveguide performance. The mode
excitation effect on the waveguide performance and control of this input condition have been
investigated.

ii.  Carried out the investigation of the bending and twisting loss performance of the flexible
polymer waveguide. Quantified the results on how bends and twists would affect the loss and
crosstalk performance.

iii.  Designed a new structure of polymer waveguide which is bend-insensitive. Carried out both
simulation and experimental work to prove the new concept.

iv.  Waveguide mode behaviour studies. Demonstrated how waveguide modes would change
during propagation, especially finding out methods to control mode behaviour such as mode
mixing and mode loss.

v.  Bandwidth studies of flexible polymer waveguides. Due to the highly multimoded nature of
flexible polymer waveguides, the bandwidth of a flexible polymer waveguide is mainly

limited by the mode dispersion. However, due to the mode mixing effect, bends suppress
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modes which could enhance the bandwidth of the waveguide. Experimental work was carried
out on the investigation of bandwidth performance when waveguides are under flexure

vi.  Last, demonstrated that a flexible polymer waveguide is robust even under dynamic states.
Long-time movement under different speeds and vibration were applied, with continual

monitoring of the performance of the waveguide.

A very detailed and systematic investigation into the behaviour of flexible polymer waveguides

under flex is presented using all the experiments and simulations carried out above.

1.6 Structure of the dissertation

Each chapter in this dissertation concentrates on a specific topic regarding the development of
flexible polymer waveguides. The first chapter illustrates the motivations behind carrying this work
and outlines the structure of the whole thesis. The second chapter is mainly a literature review of
polymer waveguide materials, coupling methods, and their fabrication. Chapter 3 and Chapter 4
address simulation work and experimental work, respectively. Further studies and discussion are
carried out in detail in Chapter 5 and Chapter 6 to support the experimental work in Chapter 4.
Finally, Chapter 7 summarises all the work and draws conclusions. Detailed contents of each chapter

are given below.

Chapter 1- This chapter reviews the history of polymer waveguide technology and shows the
current achievements. The motivation behind developing such a technology is also given. This chapter
shows many applications for flexible polymer waveguides including big data centres, autonomous
cars, and avionic industries. However, the widespread deployment of flexible polymer waveguides
commercially is still challenging. Those challenges are also discussed in this chapter. Finally, the

contributions of this work and the structure of this dissertation are listed based on this guideline.

Chapter 2- This chapter is mainly a literature review of polymer waveguide related techniques.
This section introduces the material properties involved in this work and analyses their influence. The
current fabrication methods are described and evaluated, including photolithography, soft lithography,
laser direct writing, and the recent new mosquito injection. Two major coupling schemes, in-plane

and out-of-plane couplings are illustrated, and comparisons are made between those coupling
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schemes. Lastly, analysis is carried out of the important alignment tolerance as well as propagation

loss.

Chapter 3- The methodology is presented in this chapter, including an introduction of mode
calculation based on different methods. Based on the equations involved, the mode profile distribution
can be determined and simulated. Excess bending losses can then be extracted from the simulation
results. The refractive index profile is studied in order to reduce the bending loss, and some
combinations of RI profiles are carried out with the resulting performance evaluated. Finally, the
simulation indicates a new layout of the waveguide structure which could improve the bending loss

performance.

Chapter 4- Detailed studies of flexible polymer waveguides are carried out in this chapter. Much
experimental work is done to support this work. In this chapter, the bending and twisting effects are
investigated regarding losses and crosstalk. In addition, the dynamic behaviour of flexible polymer
waveguides is tested, and the results indicate that robust and stable links could be implemented by
polymer waveguides. Lastly, a new layout for a bend-insensitive polymer waveguide is proposed and

relevant experimental work is done to prove its better performance.

Chapter 5- This chapter further studies the mode coupling effect in flexible polymer waveguides.
Micro-bends and small bending of the curvature are carried out to see the mode coupling behaviours.
The main scattering effects of surface roughness scattering are investigated. This scattering
mechanism is regarded as the main reason for mode mixing inside the waveguides, and the
investigation can help with greater understanding of the behaviour of modes when propagating along

the waveguides.

Chapter 6- This chapter concentrates on the bandwidth and high-speed data transmission of the
flexible polymer waveguide. Ultra-short pulse measurement is used to estimate the bandwidth of the
waveguides. The accuracy of this measurement will also be assessed, and further improvements will
be discussed. This chapter also demonstrates high-speed data transmission over a 1 m long

waveguide.

Chapter 7- The first part summarises all the work | have conducted during the PhD period, and

draws conclusions. The second part discusses future potential work that will be worth carrying out.
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Chapter 2 Polymer waveguide materials
and fabrication

This chapter presents the fundamental knowledge of polymer waveguide technology. In the first
section, the most common polymer materials are given, and details of their properties are discussed.
Once we have decided the material, the waveguide fabrication methods are introduced, including
photolithography, soft lithography, laser direct writing and the new mosquito injection. In the next
section, two main coupling schemes are presented: out-of-plane coupling and in-plane coupling and
lists of each specific coupling scheme are compared. The final part concentrates on basic loss

analysis, including coupling loss and propagation loss of the polymer waveguide.

2.1 Polymer materials for waveguides

Light is confined in the optical waveguide due to the phenomenon of total internal reflection. A
material surrounded by other material which has lower refractive index can result in this total internal
reflection at boundary region. Different combinations of core and cladding materials will generate
different waveguide properties. For example, a smaller refractive index difference between core and
cladding material and a small size of core area will let a waveguide support only one mode, which is
called a single-mode waveguide. If it supports more than 1 mode, it is called a multimode waveguide.
The performance of waveguides from single mode to multimode is quite different. In the waveguide,
each mode is characterised by frequency, effective refractive index, power distribution, electric field,
and magnetic field strength [78]. Polymer materials play an important role in affecting all these
parameters. Normally, polymer materials which are suitable for integrated optics include
polysiloxanes, acrylates, polyimides, polycarbonates, and olefins, and typical processing methods
include photoresist patterning and (reactive-ion etching) RIE. Most optical polymers are highly
transparent and have a low absorption loss (<0.1 dB/cm) over all key communication wavelength
windows such as 850 nm, 1330 nm, and 1550 nm. The scattering loss can also be minimised by using
advanced photopatterning methods and by changing the refractive index profile of the polymer
material. A graded index profile results in a low scattering loss but will also lose the confinement of

optical modes inside the waveguide. Environmental stability is another important consideration when
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choosing a material as most polymers cannot withstand daily operation in communication
environments. Most polymers will undergo significant changes over time when exposed to heat, light,
or oxygen. These changes will have a dramatic effect on the service life and properties of the polymer
and can only be prevented or slowed down by the addition of UV stabilizers and antioxidants.
Polymers that can stand up to 85°C/85% RH conditions have been developed, and some polymer
materials can pass the Bellcore 1209 and 1221 environmental tests [78]. Much research has been done
on developing polymer materials, and currently, polymers are highly transparent and reliable, and

those environmental requirements no longer limit the lifetime of components.

2.1.1 Material analysis of waveguide performance

i) Polarizability, packing density:

The refractive index of a polymer is related to its packing density and polarizability. Dense
packing or large polarizability will result in a higher refractive index. Material polarizability contains
three different mechanisms: electric, atomic, and dipole orientation. Details regarding these three
types of polarizability can be found in [78]. In liquids and gases, dipole orientation polarization
dominates the total polarization, while in the solid phase, electronic polarization dominates the total

polarization. In addition, introducing fluorine atoms into a polymer will decrease its refractive index.
ii) Birefringence:

The birefringence, which is the refractive index difference between the TE mode and TM mode,
indicates the optical anisotropy of the material. In an isotropic material, birefringence can also be
generated by stress and thermal treatment. Some polymers have a large birefringence such as
polyimides (<0.24), however, polymers can be molecularly engineered to achieve very low

birefringence (~ 107°).
iii) Temperature dependence:

The great difference between polymers and traditional optical materials is that polymers are
temperature dependent. The refractive index of polymers changes rapidly as compared to
conventional optical materials, such as glass, when the temperature changes. Normally, a 1 °C
increase results ina 10™* decrease in the polymer refractive index.
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iv) Humidity dependence

Humidity also changes the refractive index of polymer material, and this is much more severe for
single mode waveguides as the core and cladding material may change at different rates. The
humidity dependence is due to the counterbalance between moisture absorption and swelling due to
the existence of hydrophilic groups. Normally for d-PMMA, humidity dependence is ~ 107> /%RH
[79].

v) Wavelength dependence:

Wavelength dependence is also known as material dispersion (dn/dA), which is generally to be
avoided in most optical systems. Polymers have an order of 107>~10"%/nm dispersion which is

similar to SiO,.
vi) Absorption loss:

Both electronic and vibrational absorptions result in an optical loss for polymers. Polymers
normally have a large absorption loss for ultraviolet light due to fundamental excitations of their
electrons. The following figure shows the loss spectrum for a typical polymer material: PMMA.

Normally, the absorption loss for polymers is around 0.1 to 0.2 dB/cm.
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Figure 8 Loss spectrum of PMMA material, several attenuation windows are indicated in visible light range and the unit of

attenuation coefficient is dB/m [20].

vii) Scattering loss:

There are a number of factors which can cause scattering loss, including particles, voids, cracks,

and bubbles. Extrinsic scattering in polymers comes from unfiltered particles, dust, dissolved bubbles,
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and unreacted monomer while intrinsic scattering in polymers originates from density fluctuations and
compositional inhomogeneities. For a normal slab waveguide, a loss of 0.03 dB/cm is caused due to
the surface roughness of the waveguide sidewall (mainly due to side surface). The RMS roughness of
the cladding and core interfaces is around 40 nm. The experimental scattering data can usually be
fitted with an empirical law of the form, where A is the contribution of large particle scattering (>> A),
B is the inhomogeneity known as Mie scattering (~ A), and D is the contribution from small

inhomogeneities known as Rayleigh-like scattering (<< 1) [79]:
Ascatter = A+ B/A* + D /2* (2)
viii) Polarisation dependent loss:

Polarisation dependent loss (PDL) is referred to as the attenuation difference between two
polarisation states. The surface roughness and stress of the material will influence the PDL. The TE
loss in the waveguide is higher than the TM loss as the vertical walls normally have higher roughness
than the horizontal walls. Applied stress on the material will also cause increased losses of both TE

and TM modes [79].
ix) Insertion loss:

Insertion loss is defined as —10log,(Pyyt/Pin) Where P,,; is the output power and P, is the
input power. The total insertion loss achieved in planar polymer waveguides can approach the value

of the material absorption loss when fabrication techniques and coupling method are optimised.
X) Return loss:

Return loss is defined as —10logyo(Prefi/Pin) Where Pyp; is the reflected power and Py, is
the input power. Return loss can sometimes result in severe problems as unwanted laser light is

coupled back to the transmission system.
xi) Radiation loss and fibre coupling loss:

The radiation loss normally refers bending loss, which is caused due to the small bending
curvature of waveguides. Fibre coupling loss can be minimised by matching the mode distribution

side with the fibre and planar waveguides. Meanwhile, roughness on the facet of the waveguide
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cross-section will also result in a large coupling loss. Index matching gel can be used to minimise this

loss.
xii) Mechanical properties:

Polymers can be deposited on rigid and flexible substrates such as glass, quartz, oxidised silicon,
and polyimides. By controlling the spin coating speed and polymer/solvent ratio, the film thickness

can be fabricated in the range of 100 nm to 100 pm.
xiii) Thermal stability and reliability:

It is better to make sure that polymers do not change their behaviours after long time use under
extreme environments. Normally, polymers easily yellow upon thermal aging. However, as mentioned
above, polymers now can stand up to 85°C/85% RH conditions and can pass the Bellcore 1209 and

1221.

2.1.2 Siloxane polymer for this work

The wavelength used for short-reach communications is normally around 850 nm and, based on
the analysis from the last section, there are some polymers which have been engineered to exhibit low
losses and good properties, which are quite suitable for short-reach communications. The following
table summarises the common polymers which are now used for short-reach communications in the

850 nm wavelength window. Details of each polymer material can be found in each reference.

Table 2 Common polymer materials used for optical interconnects.

Manufacture | Polymer material | Patterning methods Propagation loss Ref
Photoexposure / wet
Corning Acrylate etch / RIE / laser 0.02 dB/cm @ 840 nm [80]
ablation

Photoexposure / wet
Dow Corning Polysiloxane 0.04 dB/cm @ 850 nm [20]
etch
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General
Polyetherimide RIE/ laser ablation 0.24 dB/cm @ 830 nm [81]

Electric

Halogenated
NTT RIE 0.02 dB/cm @ 830 nm [82]
acylate

Optical

Acrylate Diffusion 0.18 dB/cm @ 800 nm [83]
Crosslinks

Siloxane polymers exhibit excellent optical and mechanical properties. Figure 9 shows that the
backbone of siloxane is formed of oxygen and silicon atoms, with no carbon atoms being involved in
the backbone, which makes it quite stable at high temperatures and resistant to humidity and oxidation
[84]. It also has a very low birefringence (~ 107%) [84] and low thermo-optic coefficient (~ —

5% 1075/°C) [85].

Figure 9 Atomic structure of siloxane polymer, no carbon atoms involved.

The siloxane material involved in this work developed by Dow Corning® is engineered to
exhibit suitable mechanical, thermal and optical properties. It can withstand temperatures over 350 °C
and can survive the solder reflow and board lamination process without damaging the waveguides.
This material also has a low material loss, see its spectrum loss in Figure 10, which is around 0.04
dB/cm at a wavelength of 850 nm. These materials, known as WG-1020 for the core and WG-1023
for the cladding, can be deposited on various substrates such as glass, FR4, silicon, and polyimide.

The refractive indices for the core and cladding are around 1.5255 and 1.5104, respectively.
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Figure 10 Measured propagation loss of Dow Corning siloxane material within the wavelength range from 400 nm to 1600

nm. Lowest loss value at around 850 nm wavelength window which is less than 0.05 dB/cm [36].

2.1.3 Siloxane based polymer waveguides

The waveguides used in this work were fabricated on 125 um thick polyimide substrates using
conventional photolithography. Details of fabrication methods will be introduced in Section 2.2. They
have a cross section of ~50 x 50 um? and this cross section matches the core diameter of a standard
50 um multimode fibre (MMF). Such a big cross section offers a relaxed alignment tolerance, and
+10 um offset will result in only 1 dB loss [20]. There are many other advantages such as suitability
for integration on PCBs and offering a high manufacturability. The refractive index difference
between the core and cladding materials is ~0.05 at 850 nm, yielding a numerical aperture (NA) of
~0.25 for the waveguides. Such a highly multimode waveguide could support more than several
hundred waveguide modes inside. Figure 11 shows that each flexible sample contains an array of 12
waveguides with a pitch of 250 um, which also matches the standard pitch of multimode fibre ribbons

and VCSEL arrays.

12 waveguide

[ ETES

Figure 11 Siloxane polymer waveguide samples, a) cross-section view: squared-shape polymer waveguide core in the

middle of cladding with FR4 substrate and b) top view: 12 parallel waveguides are deposited on polyimide substrate.
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2.2 Polymer waveguide fabrication

There are various fabrication methods for polymer waveguides, such as photolithography, soft
lithography, embossing, laser direct writing, and the new mosquito method. Different fabrication
methods offer their different advantages. For example, embossing fabrication provides a low-cost and
fast fabrication process as a waveguide mould can be repeatedly used. However, the waveguide
quality is not as good as those made by using photolithography. The mosquito injection method is a
new method which can provide a graded index profile and circular shape of the waveguide, but it is
very different to control its speed and injection depth. Different fabrication methods can then be

chosen depending on their different purposes.

2.2.1 Photolithography

A common way to fabricate polymer waveguides is the photolithography method due to its low
cost and simple steps. The following figure indicates the steps for fabricating waveguides using this

method.

Core Core

Step 1 Step 2 Step 3

LR

Step 4 Step 5 Step 6

Figure 12 Common polymer waveguide fabrication steps based on photo-lithography method. Waveguide core material is

photo-sensitive, and a variety of materials can be chosen as substrate depending on different purposes.

In step 1, a clean substrate is needed, which can be silicon, glass or polyimide, depending on the
purpose for which the waveguide will be used. Cladding material is first spin coated on the top

surface of the substrate, which is known as bottom cladding. To prevent the light leaking out of the
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waveguides, the thickness of the bottom cladding is usually made around 30 um. Then, the sample is
baked on a hot plate and the solvent is evaporated. After a few minutes, the bottom cladding is cured

and stuck to the substrate.

In step 2, siloxane core material is spin coated on top of the bottom cladding. In this step, speed
and time need to be controlled precisely as the core thickness needs to be around 50 pm. After spin
coating, another step needs to be taken to check the surface to see if there are any air bubbles or dust

on top.

In step 3, a photo mask is put top of the sample with some small supporters at the edges. Those
supporters can generate a small gap between the mask and sample, avoiding contact between them.
Then, the whole sample is exposed under UV light for around 30 seconds until the waveguide core is

cured.

In step 4, the generated sample is shown in this step, in which those areas exposed under UV

light are cured and the uncured parts are washed using acetone.

In step 5, after washing, the waveguide channel is almost finished. The whole sample is then
baked to evaporate water and unused solvent. The last step is to spin coat with another cladding layer

on top to protect the waveguide core and then bake the whole sample again.

Finally, a buried slab polymer waveguide is fabricated and shown in this step. The
photolithographic method can only be used for polymer waveguides deposited on flat substrates.

Non-flat substrates are normally fabricated using the soft lithography method.

2.2.2 Soft lithography

Soft lithography is a family of techniques that fabricates structures using moulds or stamps. In
this method, a master (mould) needs to be fabricated first, which normally is made of
polydimethylsiloxane (PDMS). One of the widely used soft lithography methods is called
micro-transfer moulding [86, 87]. As shown in Figure 13, the soft lithography method is normally
done by casting, embossing and moulding these steps, which is quite convenient and reduces the

fabrication costs. The PDMS mould is also reusable if it is carefully peeled off. This method is
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capable of fabricating a large-scale waveguide, and the side face of the waveguide also shows an
excellent performance [88]. However, the core material resin cannot be fully expelled by the pressure,
consequently, it will result in a remnant layer between the waveguide core and cladding, which

dramatically degrades the performance of the polymer waveguide.

PDMS
PDMS
P LR
| Substrate |
Step 1 Step 3
Substrate | | Substrate |
Step 2 Step 4

Figure 13 Soft lithography method for fabricating polymer waveguides. A mould is needed to be built first which is made of
PDMS material. A remnant layer can be generated as the core material cannot be fully expelled by the mould, which results

in a high propagation loss [88].

2.2.3 Laser direct writing

The laser direct writing method is normally used when long polymer waveguides need to be
fabricated. [89] shows that the fabrication error can be controlled within 0.15 um using a 3-axis
air-bearing motion platform. A UV writing beam is mounted on an XYZ moveable stage and the
focused UV beam is scanned along the core material, as shown in Figure 14. Those materials in the
core layer illuminated by focused UV light will be polymerised. Both single mode and multimode
polymer waveguides can be built by controlling the beam size. In addition, this fabrication process is
a non-contact process and exhibits excellent accuracy [90, 91]. The fabricated multimode polymer

waveguides have a propagation loss of ~0.04 dB/cm at 850 nm.
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Figure 14 Schematic of laser direct writing process for the fabrication of polymer waveguides. Core material is
photo-sensitive and being polymerised by focused UV light. The waveguide core size is controlled by the scanning speed and

UV beam size. Both single mode waveguide and multi-mode waveguide can be made using laser direct writing method [89].

2.2.4 Mosquito injection

The mosquito method is a new fabrication method which was proposed by T. Ishigure’s group
from Keio University [92]. The advantage of this method is that it can provide a circular geometry of
polymer waveguide with a graded refractive index profile which perfectly matches the standard 50 um
MMF. The operation steps are shown in Figure 15. First, the cladding layer is coated on the substrate,
and next the viscous monomer for the core is dispensed into the cladding layer by inserting the bottom
of the needle. The needle is scanned along the horizontal direction and core monomer is injected
along the direction. In the final step, both core and cladding are cured under UV exposure and baked
at 100 °C. By controlling the scan velocity, different sizes of the waveguide can be obtained ranging
from 20 pm to 90 um. The group also recently reported that a circular core single-mode polymer
optical waveguide can be fabricated using this method with a low insertion loss [93]. The researchers
believe this mosquito method is a promising method to simply fabricate polymer parallel optical

waveguides with a graded index profile for optical PCB applications.
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Figure 15 Mosquito method for fabricating circular graded index profile of polymer waveguides. Waveguide core material

is injected into cladding via a needle along propagation direction and waveguide core size is controlled by the scanning

speed. After core monomer diffusion, a graded index profile can be formed [92].

In addition to these four polymer waveguide fabrication methods, there are also many other
methods such as hot embossing, roll-to-roll method, RIE, Doctor blade, etc. There is no strict criterion
saying which fabrication method is the best. Researchers can combine those fabrication methods to
design waveguides for their own purposes. A summary table of all those fabrication methods and

details can be found in [94].

2.3 Waveguide coupling scheme

This section reviews the waveguide coupling methods. It is of great importance to develop cost
effective assembly techniques for optical interconnection systems. Good coupling methods can
provide low coupling loss as well as robust connection, while poor coupling may generate many more
modes and severely degrade the system performance. There are two essential coupling configurations,
based on the layout of the active components: out-of-plane coupling, and in-plane coupling. Figure 16
a) shows the out-of-plane coupling scheme. In this configuration, O/E and E/O conversions are placed
at the same electrical layer. Laser light goes vertically and is then transferred into horizontal
propagation via a 45° reflection mirror. In-plane coupling is quite straight-forward, as shown in
Figure 16 b). The active components are placed directly in front of the waveguide end facet. The
signals can be transferred and detected directly at the optical layer. There are various approaches to

achieving both coupling schemes, and details of each are shown in the following subsections.
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Figure 16 Two essential coupling schemes: a) out-of-plane coupling and b) in-plane coupling. In out-of-plane coupling
scheme, the active components are located at the different layer from polymer waveguide while in in-plane coupling scheme,

the active components are placed at the same layer as polymer waveguide [95].

2.3.1 Out-of-plane coupling

2.3.1.1 Grating coupling

There are two gratings on the top surface of the polymer waveguide. According to the refractive
index, and the pitch and depth values of the gratings, specific light with a right angle can couple into
the waveguide and become guided modes inside the waveguide. The larger the diffraction efficiency
of the grating, the large percentage of light will be coupled into the waveguide. Recent research shows
that this coupling method can achieve over 78.8% (1.05 dB Loss) coupling efficiency [96]. However,
the drawbacks of this method are obvious. First, one extra step needs to be carried out to generate
those precise gratings. Second, the alignment of the laser source to the grating is not relaxed. A
specific incident angle is needed and cannot be changed after the grating has been made. The grating
structure also damages the integrity of the waveguide core causing additional losses, and sometimes it

is very hard to peel off the top cladding to generate those grating couplers.

/

Figure 17 Schematic of grating coupling scheme. Gratings are normally made on the top surface of waveguide core. Laser
light illuminates the grating vertically with a specific incident angle and light power can be coupled and transmitted

horizontally within the waveguide. Coupling efficiency can go above 78%.
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2.3.1.2 Prism coupling

In this method, a prism is used to couple the light into the waveguide, as shown in Figure 18.
There are many advantages of employing this coupling method, for example, the facet of the core film
does not need to be polished precisely and sub-micrometre alignment precision is also not needed.
Meanwhile, the diameter of the light beam can be hundreds of times of the thickness of the thin film.
The coupling efficiency of this prism coupling method can go as high as 92% [97]. One challenging
part would be how to clamp the prism onto the surface of the waveguide. In addition, extra space

needs to be reserved for the prisms which makes it unsuitable for system integration.

Figure 18 Schematic of the prism coupling scheme. Two prisms are placed on the top surface of waveguide core. When laser
light hits the bottom surface of prism, total internal reflection occurs, which can generate an evanescent field at the polymer

waveguide core region. Optical power is therefore coupled from outside into waveguide core.

2.3.1.3 45° micro-mirror coupling

In this configuration, a 45° total internal reflection (TIR) micro-mirror is used to guide the
laser beam from the vertical direction to the horizontal direction. Normally, this 45° micro-mirror is
produced by cutting the polymer waveguide itself to form a 45° tilted surface. There is a simple
fabrication method which can create this micro-mirror with a tolerance with +1° and an insertion loss
of the uncoated mirror of around 1.6 dB. Some other techniques such as UV-lithography and diamond
balding can also be used to cut this 45° tilted surface [98]. The 45° micro-mirror coupling method
does not introduce any other passive components, which makes it suitable for system integration. This
is also the reason why this method is normally used for achieving out-of-plane coupling schemes.
However, the divergence angle of the laser beam needs to be considered as sometimes the gap
between the top VCSEL and the mirror is quite big and laser lights will leak out of the waveguide

when coupling. In this case, an extra objective lens is normally needed.
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Figure 19 Schematic of a 45° micro-mirror coupling scheme. The vertical direction of incident laser light is changed to

horizontal direction via a 45° mirror. The resultant light is then confined within polymer waveguide core.

2.3.1.4 Evanescent coupling

An evanescent wave (field) exists where there is total internal reflection. When the laser beam
strikes the medium boundary at an angle which is larger than a critical angle, total internal reflection
occurs, resulting in an evanescent field located very close to the surface of a dense medium. As a
consequence, when we put two optical waveguides very close together, the evanescent field generated
by one waveguide excites a wave in the other waveguide. We could also use this method to guide the
light out from the fibre to the waveguide as shown in Figure 20. This method works very well for
single mode coupling, and the coupling efficiency can reach up to 100% in theory. As for a highly
multimode waveguide, for example the polymer waveguide involved in this work, when putting two
waveguides close enough, the coupling behaviour is much like a directional coupler. Light leaking
from one waveguide will inject into another waveguide, and the coupling efficiency is around 50%

depending on their contact length.

Figure 20 Schematic of evanescent coupling scheme. When total internal reflection occurs, an evanescent filed located close
to the surface of dense medium is generated. Then, this evanescent field is confined within waveguide core. For single mode

coupling, this coupling efficient can reach 100%.

2.3.1.5 Bent waveguide coupling

The bend waveguide coupling method is a recent new coupling method which allows for
bidirectional interruption free coupling [35]. A flexible polymer waveguide on top is bent at a small

radius by introducing a defined force. Then the top flexible waveguide contacts the straight
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waveguide and the power will leak from the top flexible waveguide to the straight one. By controlling
the applied force and coupling length, different coupling ratios can be obtained. Currently, the
coupling efficiency is around 35%. However, this coupling method does not need extra passive
components and does not damage the waveguide core, which makes it perfect for building an optical
data bus backplane. As one of the branches, 35% coupling efficiency is enough for the branch unit to
detect the signal. If the branch unit is removed, only the top curved waveguide (branch unit) is
removed and the main data bus link (straight waveguide) remains intact. There is no degradation of
the whole system if unwanted branches are plugged out. However, there are two drawbacks to this
coupling method which are that the position of these waveguides needs to be controlled precisely, and

the waveguide core is exposed to air without any protection.

defined forced

Flexible or rigid waveguide —p

Figure 21 Schematic of bent waveguide coupling scheme. A curved waveguide is generated due to the defined force. Some
optical power therefore will leak out of waveguide in this curved waveguide region. Partial leakage power will re-couple

back to the straight waveguide. The coupling efficient for this method is currently around 35%.

2.3.2 In-plane coupling

2.3.2.1 End-butt coupling

In this layout configuration, active components (lasers and PDs) are located at the optical layer,
see Figure 22. The laser light emitted from the VCSEL directly goes into the polymer waveguide. Due
to the divergence of the laser beam, sometimes a lensed fibre is introduced to converge the beam. This
often happens when the light is coupled into a single mode waveguide due to its small size. In most
cases, the laser light is directly coupled into the waveguide via a very small gap. For the 50 um

waveguide, this coupling method provides a relaxed alignment tolerance. An offset mismatch of 10
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um will cause around 1 dB loss in power. The whole system normally does not need extra beam

turning elements such as a micro-mirror and prism, which reduces the system costs and complexity.

Heat
Sink

Figure 22 Schematic of end-butt coupling scheme. VCSEL is placed at the same layer as polymer waveguide. The laser light

is directly coupled into polymer waveguide, which is quite simple and straightforward.

Current end-butt coupling is made based on two main different configurations. The first is an
L-shaped connector as shown in Figure 23 a) [99]. This approach allows the pick-and-place technique
that is commonly used in the electronics industries and provides a simple low-cost solution. The
drawback of this method is that a hole needs to be drilled and an alignment reference plane needs to
be designed precisely. The second one is MT connector-based end-butt coupling [100], see Figure 23
b). This design originates from fibre ribbon connections. However, researchers found that a
polymer-based MT connector also works very well. Currently, this MT connector can provide
dimension tolerance less than 2.5 pm, and the corresponding loss is less than 0.5 dB for 50 um

squared core waveguides.

active

components die bonding
w pad .
| y— active
/ device
' 1 copper ; /
" tracks ‘<—I
h y ¥
N ®
/ signal |/ LA+
z

alignment vias
reference planes

a)

Figure 23 Examples of end-butt coupling elements a) L-shape connector and b) Pluggable polymer MT connector [99, 100].

The following table summarises both the advantages and disadvantages of out-of-plane and

in-plane coupling schemes. The comparison is mainly based on achieving complexity and low costs.
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Table 3 Comparisons between out-of-plane and in-plane coupling schemes.

Layout Advantages Disadvantages

e Relies on beam turning components
e Simple PCB board assembly
e Extra passive components such as

Out-of-plane e Simple electrical connections
micro-lenses
among OE devices
e High coupling loss
e Simple, straightforward and
low cost
e  Compatibility with e Complicated PCB board design
In-plane pick-and-place assembly e Needs accurate alignment position
process o Flexibility is worse

e Low coupling loss

e Stable and robust

2.4 Waveguide loss analysis

2.4.1 Alignment tolerance analysis

The end-butt coupling scheme is used in all the experiments involved in this work, due to its
simple and cost-efficient configuration. However, when a laser beam couples into the waveguide, a
small part of the beam will be reflected back at the facet boundary due to the mismatch of refractive
index, known as Fresnel losses, which can be calculated as below, where n., and n, are the

refractive indices of the waveguide and the medium, respectively:

Lossggr = —10 X log (‘mc—"n“) in (dB) (3)

(nco+ng)?

The waveguide samples involved have a refractive index of around 1.52, and the refractive index
of air is 1.0. The Fresnel loss can be calculated based on the equation above, which is around 0.18 dB

for each facet boundary and 0.36 dB for both facets. In order to minimise the loss, index matching gel
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is normally used on both facets of the waveguide. In this way, the Fresnel losses can be reduced to

around 0.

Apart from Fresnel loss, the main coupling loss is caused by the geometry differences in the
input fibres and waveguides. For the un-polished facet waveguides, scratches also are one of the
reasons for coupling loss. In order to have a straightforward feeling of alignment tolerance for
polymer waveguides, the following table summarises the 1 dB coupling loss introduced by a
mismatch of position between the input fibres and the waveguide [99]. From the table, if the gap

between the input and waveguide is 50 um, the maximum offset is observed to be around 20 pm.

Table 4 Input and output coupling loss performance analysis of end-butt coupling scheme for VCSEL to waveguide (input

side) and waveguide to photodetector (output side) [99].

1 dB coupling Input Side Output Side
loss dyay d o
50 um 100 um 50 um 100 um

X —axis Ax (um) +20.2 +15.5 +18.9 +15.2
Y — axis Ay (um) +21.0 +17.2 +18.9 +15.2
Rotation R (°) +7.6 +7.6 +19.6 +8.4
Tilt T (°) +8.5 +8.5 +19.6 +8.4

7 — axis Az (um) +143 +125

2.4.2 Propagation loss analysis

There are many reasons that result in power loss when light propagates along the waveguide,
such as material absorption, scattering loss, and substrate leakage loss [101]. Material absorption
depends on the materials used and can be improved by developing advanced polymer materials.
Scattering loss is due to the roughness of the waveguide facet and sidewalls, which will scatter
incoming light in different directions at random angles, and it can be reduced by employing better
fabrication steps and moulds [102]. Currently, the sidewall roughness of a waveguide is in the range
of 40 to 70 nm while the top and bottom walls are somewhat smoother because rougher sidewall is
generated due to photo-lithography process while top and bottom walls are generated by spin coating
process. As for substrate leakage loss, a small proportion of optical power will exist in the cladding

and show an exponential decay in the cladding area. When the bottom cladding thickness is too thin,
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some power will go through the cladding and leak into the substrate. An approximation method has
been proposed to estimate the substrate leaking loss [101], which shows that leaking loss is around
0.0001 dB/cm for the fundamental mode when the bottom cladding thickness is 2 um, which is quite

small and can be neglected. Also, in real waveguides, the bottom cladding is much thicker than 2 pm.

2.4.3 Bending loss analysis

Bending loss can be divided into two parts: transition loss and radiation loss [103]. When a
waveguide starts to bend, the mode distribution profiles are different in the two sections (straight and
bent). The optical modes in the straight waveguide section cannot fully couple into the modes in the
bent waveguide section and, therefore, result in a loss called transition loss. This loss cannot be
simply eliminated but can be reduced. A large curvature of bending is a one effective way to reduce
this transition loss. In [104], researchers designed a pair of named mode converter structures which
can be used to convert the straight waveguide modes to bent modes with a conversion efficiency of
99.3%. As for radiation loss, bent waveguides only support leaky modes instead of bound modes. For
leaky modes, the power in the outer cladding layer does not show an exponential decay. Instead, the
energy of the light beam will radiate continuously out of the bent waveguides. [105, 106] show that
the power radiation of a specific mode is unique and is determined by the mode order and waveguide
parameters. Details of bent mode studies will be introduced in Chapter 3. In conclusion, the total loss
referred to as insertion loss occurring inside a waveguide can be expressed as follows, where CL and

TL are coupling loss and transition loss, respectively:
LoSStotq1 = CouplinglLoss;, + TransitionlLoss;, + LoSSyqqiation +

CouplingLoss gy + TransitionLossey: + LOSSpropation (4)
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Chapter 3 Simulation of waveguide
modes and bending effects

This chapter introduces the common methodologies used to calculate optical waveguide mode
distributions and contains all the simulation work conducted. Both ray tracing and electromagnetic
wave methods can be used to derive mode distributions inside a waveguide channel. Therefore, they
can also be used to simulate beam propagation along waveguides. This chapter simulates both straight
and bent waveguide modes and analyses their performance. In addition, their performance is
evaluated based on the change in RI profiles (SI and Gl). Bending loss is regarded as one of the key
parameters to evaluate the performance of a flexible waveguide, therefore, an idea for a new

waveguide layout which could improve bending loss is simulated and discussed.

3.1 Methodology

Different approaches can be employed to calculate mode distribution inside the waveguides, each
of which has its own advantages. This chapter concentrates on three main types of approach: ray
tracing analysis, electromagnetic treatment, and simple mathematical calculation. The ray tracing
method is a simple and easy method which can simulate beam propagation in different shapes of
waveguides, and electromagnetic treatment is an accurate but complex method which is normally
used when optical mode behaviours need to be considered. In the last section, a very simple and fast
mathematical method is also introduced which is simply based on Snell’s Law when tracing the rays,

and which can provide a very rough estimation.

3.1.1 Ray tracing method

To simplify the calculation, a parallel planar waveguide is used as a model, see Figure 24. This is
a sandwiched structure and the refractive indices for the layers from top to bottom are assumed to be
ns, ny and n,, respectively. The model goes to infinity in the Z and Y directions, and the

electromagnetic wave is assumed to propagate along the Z direction.
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Figure 24 Parallel planar waveguide model, three layers with infinite width (Y) and length (Z).

Firstly, the electric and magnetic fields of a typical electromagnetic wave in the space can be
expressed in the following format, where E,(r) and H,(r) are the amplitude of the electric and

-

magnetic field at position 7, respectively, w is the angular frequency, t is the propagating time, k

is the vector of the wave number, and j is the imaginary unit:
E(r,t) = Eg(r)e/(@t=F) & H(r, t) = Hy(r)e/(@t-k7) (5)
Because 7 is the vector in space, it can be decomposed as:
r=X+y+7 (6)

Similarly, the wave number vector k can also be expressed as follows, where [ is the unit

vector for x,y and z directions:

k= kely + kyl, +kyl, (7)
For k in each direction, its scalar equation is expressed as k = nky, = ni—” where n is the
0

refractive index for each direction. Due to the continuous properties of wave number at the layer

boundaries, the wave number in each layer remains the same, which is:

kix = kox = k3y (8)
kly =k2y=k3y ( 9)
kiz = ks, = k32 ( 10)

There is no boundary limitation in the Y direction and the wave propagates in the Z direction.

Therefore, the wavenumber in the Y direction is 0, which is:
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k1y=k2y=k3y=0 (11)

Next, the propagation constant which is the wave number in the Z direction is calculated as
below. The following figure shows how to calculate the propagation constant () and the effective
refractive index in the propagation direction. The propagation constant of a sinusoidal electromagnetic
wave is a measure of the change undergone by the amplitude and phase of the wave as it propagates in

a given direction.:

B = ki = ky; = k3, = kony sin(6,) (12)
K| = liilko = 171" (13)
0

A konysin(@,)

Figure 25 Schematic of parallel planar waveguide model based on ray tracing method. A single ray starts from point A, hits
point C and then reflects back to point A’, which is defined as one round trip of propagation. d is the thickness of waveguide

core and 6 is the angle between transmitted light ray and vertical normal line in waveguide core.

The wave number vectors can be rewritten in magnitude format as follows:

—s 2
|k3| =k2n% = k3, + k§y + k2, = k2, + B2 (top layer 3) (14)
—, 2
|k1| = k§nf = ki, + k12y + k%, = k2, + B? (core layer 1) (15)
—s 2
|ka| = kdnd = kZ, + k3, + k2, = kZ, + B (bot layer 2) (16)

Solving the above equations produces:

k2, = kin — B? (top layer 3) (17)
k%, = k3n? — B? (core layer 1) (18)
k2, = k2nZ — B? (bot layer 2) (19)
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First, the mode distribution in the middle core layer can be solved from the definition of the

propagation constant:
B = kon, sin(0;) < kgny (20)
Thus:
k%, =kdn?—-%2>0 (21)

and k,, isareal number. Then, k,, can be substituted back into the original electric field (TE

mode) equation (5), to produce (similar to the magnetic field for TM mode):
E(r' t) = Eo(r)ej(wt_ﬁ?) = Eo(r)ej(wt_(klxx"'ﬁz)) — Eo(r)e_jklxxej(wt_ﬁz) (22)

The mode field equation shows that the former part E,(r) determines the magnitude of the
electric field, and this magnitude does not decrease along the propagation distance z. The following
part e Jkix*gj(@t=B2) has ynit length and only phase changes when the wave propagates along the z

direction.

Second, the mode distribution in both the top and bottom cladding can also be determined. From

the equations above, we get:
k2, = k2n% — B? (top layer 3) (23)
k3, = kin3 — B? (bot layer 2) (24)
In order to confine the modes in the waveguide, § must be:
p? = kin3 (25)
B? = kin3 (26)
Thus, k3, and k2, are less than zero. k5, and k,, are not real numbers.
Let:
p? = —kiy (27)

q* = —k3, (28)



Because ks, and k,, are not real numbers, —k2, and —k2, are bigger than 0, which also

means that p and g are real numbers. Solving above equations, we get:
kox = jp (29)
ksx = £jq (30)

We obtained the propagation constants of the wave in the top and bottom claddings, respectively.
Substituting these two obtained equations into the original electric field equation (5), we finally get

the mode distribution in the top and bottom cladding

For the top cladding:
E(r,t) = Ey(r)e/(@t=F7) = [ (1) el (0t=(kaxx+h2)
= Ey(r)et*ej(wt=F2) (31)
For the bottom cladding:
E(r,t) = Ey(r)e/(@tF7) = [ (1) el (0t=(kaxx+h2)
= Ey(r)etP¥ei(wt=F2) (32)

The final mode field equations show that it can still be divided into two parts. The E,(r)e*P*
determines the magnitude of the field, however, it shows an exponential decay trend in the X
direction, which means that partial modes are confined in the cladding area when propagating, as
shown in Figure 26 [107]. This optical field is called the evanescent field, and the parameters p and
q are referred to as attenuation constants. Also, this magnitude does not reduce along the propagation
direction (Z direction). The following part e/(“t=52) only determines the phase and changes along
the Z direction. Because no optical energy leaks out of the cladding, the optical power is confined
inside the waveguide. The majority of power is confined in the WG core area and a small part of

energy is confined in the cladding.
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Figure 26 a): Upward and downward travelling waves have equal but opposite wave vector, which could form standing

waves between two boundaries. b): electric field of lowest (m=0) mode inside planar waveguide [108].

However, not all the lights with a satisfied propagation constant are able to propagate through the
waveguide. The propagated lights also need to satisfy the transverse resonant condition. Figure 25
shows that a light ray starts from A point, will hit C point, and then is reflected back to A’ point.
The distance that the light ray travels in the X direction is 2d, where d is the thickness of the

waveguide core layer. The total phase change due to this travelling distance can be calculated as:

Ap = 2dk, = 2dkyn,cos6, (33)
X
n, Claddily %
-
A ST =1 Q m=2
Ey) «<t——F---——-= ac-Core---1--- ) --
Y A
n, ( Claddia %

Figure 27 Electric field patterns of first three modes (m = 0, 1, 2) in planar waveguide. Exponential decay profiles are seen

from cladding regions [108].

In addition, when total internal reflection (TIR) occurs, the light ray will undergo a small lateral
distance called the Goos-Hanchen effect, which will also generate a phase shift, as shown in Figure

28.
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Z

Figure 28 Schematic of Goos-hanchen effect. When total internal reflection occurs, incident light ray will get into cladding

in a short range and then is reflected back, which generates a phase shift. Here, n; < n,.

In order to simplify the calculation, the phase shift is denoted by 2&,5; and 2¢,,, where the
subscripts indicate the interface where TIR occurs. The two shifted phases can be calculated

according to the Fresnel equation, which is shown below for the TE mode:

TE _ _1 [(+/sin?6;—(n,/n4)?

®;; =tan (—COS ) ) (34)
TE _ pan—1 (L5n201-(ns/n1)?

di3 = tan ( 0562 ) (35)

Thus, the total phase change A8 for transverse direction can be written as:
AQ = 2dk0n1C0591 — Zd)lz - 2¢13 (36)

Only those light rays which satisfy the transverse resonant condition can propagate along the
waveguide, which means that the total phase changes are 2mm, where m is the positive integer

numbers. Finally, we could deduce dispersion equation which is:
2dk0n160591 - 2¢12 - 24)13 = Zmﬂ (37 )

Where the integer number m is called the mode number.

3.1.2 Electromagnetic treatment

Optical light is a small part of the electromagnetic wave spectrum, as shown in Figure 29, and it
is a transverse wave comprising oscillating electric and magnetic fields. The resultant vibrating plane

is orthogonal to its propagation direction [109].
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Figure 29 Scheme of electromagnetic wave, its electric field and magnetic field are oscillating and orthogonal with each

other and also orthogonal with its propagation direction [109].

Thus, Maxwell equations can be employed to solve mode distributions inside a waveguide by

applying boundary conditions. For a dielectric waveguide, the Maxwell equations are denoted as:

0B

Vsz—Ez—ja)uoH (38)
|7><H=Z—lz=jwereoE (39)
V-D=V-¢E=0 (40)
V-B=V-H=0 (41)

where D is the electric flux and B is the magnetic flux density, D = ¢E and B = uH, ¢ and u
are the permittivity and permeability of the medium, respectively, and E and H are the electric and

magnetic field, respectively. As for operators, V - is a divergence operator which is defined as V -

A =%+aaiyy+%; V x is a curl operator denoted as V x A = (Z—’;Z—%)jx+ (%—%)jy +
(G5
From the first two equations in Maxwell equations, we get:
VX (VXE)=—jouE X jwe &, (42)
V(V-E)—V?E = w?uge,&E (43)
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From the speed of light in a vacuum, ¢ = 1/,/ug€,, the speed of light in a dielectric medium

with a refractive index n, v =c¢/n, and the relationship between the refractive index and the

permittivity n? = &, = /¢, we can obtain:

2
k? = n?kg = gi (2) =L Wl = sy (44)
0

C &o

Substituting this equation n?k2 = ew?y, back into the electric field V(V:E)—V2E =

w?uge-goFE (similar for a magnetic field), the Helmholtz equations are therefore obtained:
V2E + n?k3E =0 (45)
V2H + n?k3H =0 (46)

TE mode consists only of the field components E,, H, and H, while the TM mode only
contains the H,, E, and E, fields. To simplify the calculation, only the E,, field of the TE mode is
calculated here, and the rest of the fields can be calculated using the same steps. In order to solve this

second order differential equation, let us first assume it that has the following general solution format:
E, = E, e/(@t=F2) (47)
Substituting the equation above into Helmholtz equations, we get:

2
9%E,

2+ (kG — B?)Ey = 0 (48)

This is the second order homogeneous equation, and the solutions are dependent on the value of
the term (n%k3 — B?). For n?kZ — B2 > 0, the solution is in sinusoidal format and for n?k2 —

B? < 0, the solution shows an exponential decay format.
For a guided wave in the core layer, we have:
nyko < B < nikg (49)
nsky < B < nqikg (50)

Based on the inequality equations above, we can get general solutions of this second order

homogeneous equation for each layer, which are shown below:
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Ey(x) = A'e% + Ae™4" (51)
Eyi(x) = Fe/h* 4 Fle=Jhx (52)
E,,(x) = CeP* + C'e™P (53)

By applying boundary conditions: 1) the thickness of the cladding layers goes to infinity, and 2)

the tangent vector of E,, should be continuous, we could simplify above equations:

Ae ¥ x>0
Ey(x) = Acos(hx) + Bsin (hx) —-d<x<0 (54)
[Acos(hd) — Bsin(hd)]eP*+d x < —d

where q =/p% —niki, p =+/B%—nik: and h =./n?k3 — B2. Parameters A and B are
real numbers determined by the power distribution of the incident light. The dispersion equation can
be deduced according to another boundary condition (3) 0E, /dx (H,), continuous at x = —d. Due
to the periodicity of tangent function, a set of solutions can be found corresponding to the different

orders of waveguide modes.

tan(hd) = ’;f%;‘f; (55)

3.1.3 Simple mathematical tracing method

This method is also one of the ray tracing methods, which means that the calculation is only
based on the laws of geometric optics. It is the simplest and the most straightforward method to
simulate light propagation inside the waveguide [110]. However, based on the previous analysis, we
know that only some certain light can propagate along the waveguide. This simple mathematic tracing
method allows all the light that satisfies the TIR criteria to transmit inside the waveguide. This
method works very well when there is no mode coupling, and mode loss is involved in the simulation,
especially since the large size of polymer waveguides contain over a thousand modes. This tracing
method is the best way that is both accurate and time saving, but it cannot simulate mode behaviours.

The details of this method are shown below.

A typical slab waveguide is formed of a square channel with a large refractive index, surrounded

by cladding material with lower refractive index. Once the rays are confined (satisfying TIR) inside
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the waveguide, they will continue to be confined unless TIR is no longer satisfied. A laser beam is
regarded as many single rays with different incident angles and powers. There is a relationship
between the initial incident angle 8, and its refractive angle 6,,, and the equation is given by Snell’s

Law:

Nair Sin(6g) = Ocoresin (6;) (56)

——— i waveguide core

Figure 30 Illustration of total internal reflection inside the planar waveguide. 8, is the laser light incident angle, 6; is the

refraction angle, 6, isthe complement angle of 6; whichis90°- 6; and 6. is the reflection angle which is equal to 9,..

Based on this equation, any input beams can be divided into enormous single rays and their
corresponding refractive angles can also be determined. Therefore, a linear equation can be used to

describe each single ray:
y; =b-tan(0) +c (57)

where ¢ is a parameter to be determined which determines the position of this ray, 6
determines the angle of the ray, and b is another parameter that determines the power of the ray. By
generating an array in MATLAB, any input launch is therefore simulated. Next, based on the
parameters of the waveguide such as width and thickness, we can generate another two lines, where d

is the thickness of the waveguide:
y = d (top boundary) (58)
y = 0 (bot boundary) (59)

Combined with all three equations above, the roots can be solved. Those roots represent the
hitting points of the rays. Next, the reflected rays start from the same hitting position, but have

different angle vectors. According to the Fresnel equation, the value of angle remains the same 6, =
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6. but the direction changes. The following equation can then be used to determine the new reflected

rays:
y'y =b-tan(—0) + ¢ (60)

By repeating the above steps above until the rays reach the end of the waveguide, all the

trajectories of the light rays can be traced by this method.

3.2 Simulation of waveguide modes

3.2.1 Optical waveguide mode

Both ray tracing and wave equation analysis as mentioned in Section 3.1 are based on a model of
the parallel planar waveguide. This model assumes that one direction of the waveguide goes to
infinity. However, a real waveguide is normally rectangular, and the optical modes are confined in
two directions. In 1969, Enrique Marcatili proposed a new method which can be used to analyse how
light propagates through a rectangular dielectric optical waveguide [111, 112]. The basic idea of this
approach is that the four corner quadrants are neglected, and the rest of the structure can be treated as
two parallel waveguides. Therefore, the previous analysis methods for a parallel waveguide can be
used. However, as shown in Figure 31[113], when we calculate the 2" parallel waveguide, the core

refractive index is replaced by the effective refractive index of the modes in the 1% parallel

waveguide.
a a
n;
b b
nqy ny Nefp Ms
nz
a) b) c)

Figure 31 a) Configuration of the rectangular dielectric waveguide, b) equivalent confinement of a 1D guide in the y

direction and c) equivalent 1D guide with confinement in the x direction

Based on Marcatili’s method, both mode distribution profiles and their mode simulation can be
calculated as shown in Figure 32.
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Figure 32 Sketch of fundamental mode profile of a rectangular waveguide and its TE-like mode simulation [114]

There are also some other methods which can be used to calculate slab waveguide modes such as
the film mode matching (FMM) method, variational mode expansion method (VMEM), and the finite
element method (FEM) [115-118]. Some methods are quite complex but accurate. In the real world,
when optical modes are calculated inside the waveguides, the Maxwell equations do not need to be
solved by hand. There is commercial software which can be used to simulate those waveguide modes.

However, what the software does is help solve those equations. They are essentially the same thing.

The following simulation work of optical waveguide modes was based on the commercially
available software, OptiBPM. As shown in Figure 33, the cladding size for this rectangular waveguide
profile is 100 x 100 um? and the core cross-section area is 50 x 50 um?. The refractive indices of
the core and cladding materials are indicated on the plot.
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Figure 33 Simulation of optical modes for 50 x 50 um? waveguides under 850 nm wavelength based on OptiBPM

software. Refractive index values for core and cladding are set to be 1.5255 and 1.5104, respectively, which are close to the

values measured from the real waveguide samples.
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The simulation results indicated an agreement with the theoretical waveguide functions. For the
fundamental mode, the peak value was located at the centre. Also, the mode order number could be
easily read from the figure, in the number of valleys in each direction. The last plot shows a very high
order mode. Its power distribution shows that it is roughly uniform. One conclusion which could be
drawn is that the lower the mode, the concentrated the power. During the simulation, when you
multiply any two modes in the electric field, the sum is O, which indicates another conclusion that any
of two optical modes inside the waveguide are orthogonal to each other. The power of one mode

could not transfer to another mode if no disturbance occurs.

3.2.2 Bent optical waveguide mode

Much research has been carried out on exploring bent mode studies [119-126]. Calculations of
bent waveguide modes are quite complex. In order to make the results clearer to understand, some
assumptions are made to simplify the calculations. Currently, there are some new methods, the
Finite-element based perfectly matched layer (FE-PML) method [127] and the transformation optics
method [128], which can be used to calculate the bending waveguide modes. Details of these can be
found in those papers. This section concentrates only on the fundamental equations of deriving bent

mode functions.

First, for a bent rectangular waveguide in a cylindrical coordinate system (r,y, 8), the electric E
and magnetic fields H which propagate along the azimuthal direction can be described as follows

according to [123]:
E(r,0,y,t) = EX(r)EJ(r)EQ (r)e/ (@t=YRO) (61)
H(r,0,y,t) = HX(r)H) (r)H (r)e) (@t=YRO) (62)

where y = B —ja, B isthe phase constant, « is the attenuation constant, y is the propagation
constant of the bend mode, and w is the angular frequency corresponding to vacuum wavelength A.
By substituting the above two equations into the Maxwell equations and calculating a in polar
coordinate system, the Bessel equation can be obtained below, which are used to describe the

electromagnetic field. Details of the calculation are in [129]:
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92 10 2R?
2ty (2 -L)p =0 (63)

ar? r or

The solution for the Bessel equation is the combination of the Bessel functions. In this situation,

[129] has already calculated the solution which is shown below:

AgJy (ngkr) 0<r<R”
() = Aly(nekr) + BeY, (nekr) R™ <r <R* (64)
ACngz) (nckr) R*<r

where J,(x) is the first kind of Bessel function, Y, is the second kind of Bessel function, and
H,EZ)(x) is the second kind of Hankel function, which is equal to J, (nckr)+jY, (nckr). Ag, Af, B

and A, are unknown parameters so far and can be determined by the boundary conditions. The
following figure shows the fundamental mode bending at different curvatures from [130], along with
the bent mode distribution and how well that waveguide confines the bent mode at different bending

radii. Clearly, part of the distribution leaks out of the waveguide continuously, causing radiation loss.

0
z [um]

Figure 34 TE, bent mode profiles and snapshots of propagating bending modes. Waveguide structure is set to be bent at

200 ym, 50 pm and 10 xm from left to right, respectively [123].

The above simulation is based on a single mode waveguide. In order to observe the distribution
of higher order bent modes in multimode waveguides, software named wgms3d is used which is
based on a free full-vectorial waveguide mode solver [131]. The waveguide core cross-section was set
to 50 x 50 um? and was surrounded by cladding with a lower refractive index. In order to get rid of

the boundary influence, a perfect matching layer (PML) was set as indicated by the dashed black line.
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PML had a large attenuation coefficient and the optical field decayed significantly after passing

through this PML.

From the simulation results in Figure 35, the first row shows the waveguide modes in the straight
condition (R = o), where all the modes are symmetric. The second row is the bent modes when
bending at 20 cm. This is a large bending radius, and the centre of all waveguide modes tends to shift
towards the outer layer of the waveguide. The third row is much more obvious when bending at 10
cm. The power for all modes is much more concentrated in the outer area of the waveguide. A real
waveguide experiences power leakage if the confinement between the core and cladding is not strong.
In addition, the area of each mode also became smaller, which indicates that bends have an effect of
suppressing optical modes. This would be very useful as some modes can be suppressed or filtered out

after passing through carefully designed waveguide bend structures.
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Figure 35 Example of some bending modes in multimode waveguides at different bending curvatures, R = 10 cm and R = 20

cm. Waveguide modes in straight waveguide R = oo are given for comparison as well.
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3.3 Simulation of effects of bending on waveguide

performance

3.3.1 Leaking and bending loss in step-index and graded-index profiles

Waveguides can be categorised into two classes based on the refractive index profile of the
waveguide core: step-index and graded index, as shown in Figure 36. A step-index waveguide has a
uniformly raised refractive index profile while the graded-index waveguide has a continuously raised

refractive index profile.

. +x  Step-index waveguide
Core |
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Cladding
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. T M -
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Cladding

Figure 36 Refractive index profile and path trajectories of step-index and graded-index waveguides. Dispersion generated in

Gl waveguide is smaller than SI waveguide due to the faster transmission speed of the rays with bigger incident angle [132].

The main difference of these two types of waveguides is the ability to retain the pulse shape. The
figure above shows that the blue and red pulses have a big offset in the step waveguide as compared
to the graded waveguide, which means that the pulse is more broadening after propagating a long
distance in a step-index waveguide than in a graded-index waveguide. Another difference is that from
the ray paths, for the step-index waveguide, light rays hit the core-cladding boundary and are then
reflected, while in graded-index waveguide, there is no clear core-cladding boundary. This
phenomenon indicates that waveguide will have a smaller propagation loss in a graded-index profile

as rays do not hit the rough boundaries.

However, how will the refractive index profiles affect the performance of waveguides, especially
for flexible waveguides? In order to quantify this question, a simulation of bending loss performance

54



was carried out based on two different refractive index profiles: step-index profile and graded-index
profile. The simulation software was a commercially available software named ZEMAX, based on the

ray tracing method. The whole system setup is shown in Figure 37.

bent waveguide

3

el

&

input laser source core clad coéting

R

eale Juaq

Figure 37 Simulation of bending loss performance system setup using ZEMAX software. The waveguide is formed of two
straight sections and one bent section. Waveguide core cross-section is 50 x 50 um? surrounded by 200 x

200 um? cladding and a polyimide material layer is coated outside surface of cladding layer.

At the input side, we can set different types of input launch conditions. Details of the different
launch conditions will be introduced in Section 4.2. The waveguide had a core size of 50 x 50 um?
which is the same as a real polymer waveguide. The thickness of the cladding was set to be 200 um,
surrounded by a polyimide material coating with a refractive index of 1.72. The core profile was set to
be step-index or graded index, and the cladding material was set to have a refractive index of 1.5104.
The whole waveguide was bent at 180° with a variable bending radius R. In each simulation, the
bending radius was changed, and the related input and output powers were recorded. Thus, the

bending loss could be obtained using the following equation:

Bending loss = 10 log (:ﬁ) in (dB) (65)
out

Figure 38 shows the refractive index distribution used in the simulation for the step-index and
graded-index waveguides. For the step-index waveguide, the core material distribution was uniform
with a value of 1.5255, and for the graded-index waveguide, the refractive index distribution was
parabolic in the x-direction and showed a linear decay in the y-direction. The largest RI area located

in the bottom central area of the waveguide had the same value of 1.5255. The reason for choosing
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this graded index profile was that it shows a similar RI profile as the real waveguide sample, details of

which will be explained in Section 4.1.
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Figure 38 Refractive index profiles used in simulation for SI and GI waveguides. SI waveguide: with core RI value of
1.5255. GI waveguide: with maximum core Rl value of 1.5255 and a parabolic-like RI pattern. Cladding values for both SI

and GI waveguide are the same with the constant value of 1.5104.

The following Figure 39 shows the results of bending loss under different launch conditions for a
step-index waveguide (filled markers) and a graded-index waveguide (unfilled markers). Details of all
launch conditions and their distributions are given and discussed in Section 4.2. More restricted
launch will result in much better loss performance in short. First, under a 4 um SMF launch (restricted
launch), the bending losses were almost 0 dB when the bending radius was greater than 7 mm for both
Sl and Gl waveguides. Then they showed an exponential increase when the bending radius was
reduced to 3 mm. The steepness of the curve for the SI waveguide was much bigger than the Gl
waveguide. The bending loss performance under 50 um MMEF input indicated similar behaviour.
However, there was still around 0.5 dB loss when the bending radius was greater than 10 mm. Details
of the bending loss for each bending radius and each launch condition can be found in the figure. Two
conclusions could be drawn from this simulation. First, a step-index waveguide will result a much
higher bending loss compared to a graded-index waveguide, and second, the bending loss
performance of a waveguide is highly reliant on the input launch conditions. A restricted launch

condition will result in much smaller losses.
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Figure 39 Simulated bending loss performance of step-index (SI) and graded-index (GI) waveguides under different launch
conditions. Filled are SI waveguide simulation results and unfilled are Gl waveguide simulation results. Bending degree is

set to be 180 °in both cases.

3.3.2 Effects of graded-index profiles

The last section showed that graded-index profiles have many advantages compared to step-index
profiles. In this section, based on a real refractive index profile, we will explore how different
refractive index patterns influence the waveguide performance. The following figure shows the
structure chart of the graded index profile mentioned in the last section. The value change of Rl is a

linear decay in the x direction and parabolic in the y-direction.

Rl value Rl value
core RI
=
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a)  x-direction b) © o) x-direction d) y-direction

Figure 40 a) Schematic structure of graded-index profile distribution. b) generated graded-index RI profile for waveguide
core in simulation. c) linear decrease of RI value in x-direction, cut from horizontal dash line in b. d) parabolic shape of RI

value in y-direction, cut from vertical dash line in b.
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First, the value change of RI in the x direction varies linearly with a step value of 0.002 and RI
in y direction remains the same. The resultant RI patterns are shown in Figure 41. The highest
refractive index point at the right middle point remains the same while the value of the left middle

point decreases by 0.002 each time. The RI of the cladding material is set to remain constant.
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Figure 41 Different refractive index profiles of the waveguide core, Rl changes in x direction linearly with a step value of

0.002. These six patterns are employed as waveguide RI profile during the simulation.

During the simulation, 50 um MMF was employed as the input launch, and the resulting bending
losses from different RI profiles are shown in Figure 42. The figure shows that profiles that change in
the x direction have an obvious effect on the bending loss performance of the waveguide. Linear
decay of Rl in the x direction causes a linear upward shift of bending loss curves, which means more
losses. This is reasonable as a smaller RI difference (core and cladding) will have less ability to
confine the light. However, the curve shape remains similar for different RI profiles. All the curves
show a similar slope. The RI profile changes in the x direction do not change the waveguide bending

performance over small bends as compared to large bends.
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Figure 42 Simulated bending loss performance of waveguides for different RI profiles under 50 um MMF, RI changes in a

linear decay in the x-direction. ‘pattern a’ results in the best loss performance while ‘pattern f’ results in the worst.

Next, the RI profile in x direction was set to remain fixed, and the parabolic shape was changed
from a small curvature (sharp) to a large curvature (flat). The resulting patterns are shown in Figure
43. Pattern 1 has the smallest radius of curvature for the parabolic curve while pattern 5 is flat in the y

direction. The simulation was done by using each of the RI pattern profiles below.
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Figure 43 Different refractive index profiles of waveguide core, with parabolic shape changes in y-direction.

All the system parameters were the same as the previous simulation except for the RI profiles.
The resulting bending loss curves are given in Figure 44. The resulting curves are quite different to
the previous ones. RI changes in the y direction change the ability of the waveguide to confine

power at different bending radii. The pattern 5 RI profile resultant in the lowest bending loss while
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pattern 1 showed the worst performance of the waveguide. Pattern 5 had the highest average
refractive index difference between the core and cladding boundary while pattern 1 had the lowest.
During the simulation, the scattering effect is not considered, thus, for an ideal waveguide (0 surface
roughness), the simulation indicated that the RI difference is much more important than the RI
distribution for affecting the bending loss performance of the waveguide. In the meantime, the
simulation also indicated that using the graded-index profile for the polymer waveguide is probably

not the best way to reduce bending losses alone.
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Figure 44 Simulated bending loss performance of waveguides for different RI profiles under 50 um MMF, with Rl changes

in the y-direction (parabolic shape is changed).

A similar simulation was also carried out under a 4 um SMF launch condition and the resulting
bending losses are given in Figure 45. The results indicated a similar trend as shown under the 50 um
MMF launch. However, the difference here was quite small, at a maximum of around 0.1 dB.
Changing the RI profiles does indeed have an influence on the waveguide performance, but it will
have much lesser effect when the waveguide is under restricted launch conditions.
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Figure 45 Simulated bending loss performance of waveguides for different RI profiles under SMF launch.
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3.3.3 Simulation of transition effects

Transition loss is caused by to the mode distribution mismatch between a straight waveguide and
a bent waveguide. The transition loss can be calculated directly from mode profiles based on the mode
coupling equation. This section builds a link from the incident angle to the transition loss based on the
ray tracing method. This method is quite simple and fast and could help in determining the best
transition area to minimise bending losses. The simulation mode is shown in Figure 46, where it
should be noted that there is no gap in the simulation between the straight and bent waveguides. The
gap is shown in the figure in order to show this method clearly. A single ray source is used during the
simulation, and the position p and ray angle 6 are changed each time, as shown in the figure. When
the ray hits the boundary of the waveguide, the resulting angle g is measured and stored. A

relationship between ray angles in the straight waveguide and bent waveguide can thus be built.

Figure 46 Schematic of transition loss. The change of ray angle from straight waveguide section to bent waveguide section
was simulated based on the ray tracing method. The gap between straight and bent waveguide sections is only for the

illustration and there is no gap between these two sections in simulation.

The results are given in Figure 47, where bending radius was set to be 2 mm and waveguide core
width was 50 um. In the first figure (Figure 47 a), y-axis is the distance of the light ray position from
the top (outer), and the distance is indicated by point p in Figure 46, and the x-axis is the ray angle
in the straight waveguide section, which is 6 in Figure 46. The colour represents the value of the
same ray angle in the bent waveguide section, which is £ in Figure 46. The colour in the second
figure (Figure 47 b) shows the angle difference of the same ray in different waveguide sections (8 —
0). The simulation results show that all ray angles are increased, and this angle change is simply due
to the geometry difference in the bending area. Some previous light lies within the total internal
reflection (TIR) angle in the straight section but is then bigger than the TIR angle after coming into

the bending area. As a result, those rays leak out of waveguide causing transition loss.
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Another conclusion can be drawn from the second plot. The angle increment is much smaller
when the ray position is located near 0, which means that if the rays are more concentrated on the top
area (outer) of the waveguide, the angle increment is smaller, or in other words, the resulting
transition loss is smaller. This method provides useful information for designing real waveguides. If
the waveguide bends in only one direction, we can design and put the high RI region of the core much
closer to the outer (bend) area of the waveguide. However, this conclusion is drawn based on the fact

that the straight and bent sections of waveguides are in a step-index profile.
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Figure 47 a) Ray angle generated in the bent waveguide section as a function of ray angle and ray position in straight
waveguide section. b) ray angle difference of the same ray measured in straight waveguide and in bent waveguide as a

function of ray position and ray angle.

3.3.4 Bending loss improvement

Based on previous studies, we know that when the waveguide is bent, power will leak out of the
waveguide causing bending loss. A graded-index waveguide performs better than a step-index
waveguide. However, this bending loss is still a little bit high, especially for a small bending radius.
Reducing excess bending loss for a small bending radius would be an exciting work as sometimes
tight bending is needed in the real world. Previous simulation has shown that even for a graded-index
waveguide, the RI difference between the core and cladding is much more important than the profile
distribution itself. Thus, increasing the RI difference is a promising way to reduce the bending loss by

quite a lot. Fortunately, some work has been done in [133] that has experimentally proven this
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concept. The best way to increase the RI difference is to remove the top cladding material in the
bending area, as the RI of air is 1. As a result, the waveguide is surrounded by air and the refractive
index difference is around 0.52 in the bending area. Bottom cladding remains to support the
waveguide core. Thus, some light can leak out of the waveguide via the bottom boundary after hitting
the outer side wall of the waveguide. The simulation model was also built in ZEMAX, and the model

structure is shown in Figure 48.

Figure 48 Waveguide structure in simulation of air-exposed waveguide model based on ZEMAX software. Section 1 and
section 3 are straight waveguide sections and section 2 is bent waveguide section without top cladding. In section 2,

waveguide core is directly exposed into the air.

The model consists of three sections: two straight parts, and one 90° degree bending part. As can
be seen, the top cladding is removed in the bending area and bottom cladding remains to support the
waveguide core. The structure indication shows that some light rays leak out of the waveguide via the
bottom cladding. Three different input launch conditions were employed in this simulation: VCSEL,
50 um MMF, and uniform input. VCSEL and 50 pm MMF are commonly used in the real world, and
uniform input was employed to simulate the worst performance case of a waveguide. The simulated

results are given in Figure 49.
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Figure 49 90° bending loss of normal waveguide structure and air-exposed structure under different launch conditions

based on ZEMAX software.

The circular markers are the results of 90° bending loss of a normal graded-index waveguide
while the squared markers are the results of the new air-exposed waveguide. The bending losses were
carried out under three inputs. The results showed a significant improvement in reducing bending loss
by employing the air-exposed structure no matter which input launch condition was used. For a small
bending radius, for example, at a 1 mm bending radius, the new air-exposed structure had a 10 dB
improvement compared to a traditional waveguide, and its performance was still quite good even
under uniform input launch. One drawback of this new structure is that the waveguide core is
unprotected. It can be easily contaminated or damaged by the outside world. Section 4.9 introduces a
new design layout of waveguide. It has great waveguide bending performance while the waveguide

core remains fully protected.

64



Chapter 4 Flexure effects of polymer
waveguides on flexible substrates

This chapter introduces a detailed study of flexible polymer waveguides. First, the parameters of
polymer waveguides are given and then mode excitation studies are carried out. It is well known that
the performance of polymer waveguides is highly reliant on the mode excitation at the beginning of
the transmission. Thus, the mode excitation of different input launch conditions needs to be studied
and controlled. Bending and twisting performance are then investigated regarding losses and crosstalk
performance under different bending radii and numbers of twisting turns. Next, the dynamic
behaviour measurement results of flexible polymer waveguide reveal that polymer waveguide links
are stable and robust. Finally, a new layout for a bend-insensitive waveguide structure is proposed,
and the experimental results indicate that it has a significant improvement in bending loss

performance.

4.1 Profiles of flexible polymer waveguides

The polymer waveguides employed in this work were fabricated from siloxane materials
developed by Dow Corning Corporation for use in PCB board level integration and optical backplanes
for server racks in data centres. Details of the siloxane materials can be found in Chapter 2. These
materials, known as WG-1020 for the waveguide core and WG-1023 for the waveguide cladding, can
be deposited on various substrates and show very low losses, at around 0.04 dB/cm at the
datacommunication wavelength of 850 nm. They can also withstand the high temperatures in excess
of 350°C which make them suitable for traditional solder reflow and board lamination process and
give them long-term stability [36]. All the waveguides used in this work were made using the same
fabrication process, which means all the waveguide samples show similar refractive index profiles
and similar behaviour. Those waveguides were fabricated on 125 pum thick Polyimide substrates using
conventional photolithography. They have a cross section of around 50 x 50 um? as this is
comparable to the core diameter of standard 50 pum MMF and offer a 1 dB alignment tolerance of
+10 um which can be readily achieved with conventional pick-and-place tools [20]. The refractive

index difference between the core and cladding material is around 0.02 at 850 nm, yielding a
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numerical aperture (NA) of ~0.25 for the waveguides. NA defines the maximum acceptance incident

angle of the waveguide, and its formula is given below:
NA =n-sin(Opmax) = [N2ore — NE0a (66)

Samples of different lengths were produced, including spiral flexible polymer waveguides, see
Figure 50. In all experimental work, the waveguide facets are exposed with a dicing saw and no
polishing steps are undertaken to improve the quality of the facets produced. Each flexible polymer
waveguide sample contained an array of 12 waveguides with a pitch of 250 pm. This matches the
standard pitch of multimode fibre ribbons and VCSEL arrays. The samples could be bent down to a 1

mm radius during experiments without any racking or delamination.

cross-section (zoom in)

12 waveguide
channels

waveguide sample B

Figure 50 a) Flexible polymer waveguide samples used in this work, provided by Dow Corning company. b) cross-section
view of the flexible polymer waveguides, facet is not polished. c) two flexible polymer waveguide samples with different

lengths and widths.

The refractive index distribution of the samples is given in Figure 51 a), and all the waveguides
have very similar RI distribution. This RI pattern was engineered to show this specific distribution
and details of the engineering process can be found in [134]. Figure 51 b) shows the captured
near-field image of the waveguide cross-section using an 850 nm VCSEL. It shows the power
distribution and indicates that the majority of power concentrates at the bottom area of the waveguide

core in the high RI region.
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Figure 51 a) Measured refractive index profile of the real waveguide sample and b) its near-field image of the waveguide

output facet (illuminated by 850 nm laser light)

4.2 Mode excitation from different inputs

Due to the highly multimodal nature of these waveguides, the waveguide performance was
investigated under different launch conditions. In this work three different input launch conditions
ranging from restricted to relatively overfilled were employed: a 4/125 um SMF (NA of 0.13), a
50/125 pm MMF (NA of 0.2) and a 100/140 pum MMF (NA of 0.29) input with a mode mixer (MM,
Newport FM-1). The 4/125 pm SMF input excited the lowest number of modes inside the waveguide,
while the 100/140 ym MMF input with a mode mixer excited the largest, which represents a
‘worst-case’ excitation with respect to bending loss as a larger percentage of power is coupled to the
higher order modes which are more susceptible to bending loss at the waveguide input. The 50/125
um MMF input consists of a launch that is between these two extremes (4 um SMF and 100 pum
MMPF) and represents a common multimode fibre. The following figure shows the system setup for
measuring the far-field profile of these three different fibre inputs. Two VCSELs were used as laser
sources. For SMF input, the VCSEL light was coupled into an 8.3 um SMF patch-cord via two X 10
lenses and the fibre patch-cord was connected to another 4/125 pm SMF. For the 50 pum MMF and
100 um MMEF inputs, the VCSEL light was coupled into a 50 um MMF first and then went into their
respective fibres. An additional mode mixer which could generate micro bends was introduced on the
100 um MMF input to make output distribution much more uniform. At the receiver side, a
broad-area photodetector (PD) was used, placed on a horizontal moveable stage. There was a metal

mask in front of the PD with a 1 mm wide slot in the centre. During the experiments, the distance
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between the fibre output and PD was set. In order to measure the far-field instead of the near-field, the

distance should be larger than a certain value which can be calculated by:
2D?
d>»—= (67)

Taking the 100 um MMF input, for example, the distance between the fibre output and PD

2X100 um?

oosm = 23.5mm so that the far-field can be measured. By measuring

should be larger than

the shifting distance of PD Ax and its corresponding power, we could get the output distribution of

each input. The shifting distance relating to far-field angle is given below:

6 = arctan(4x/d) (68)

850 nm VCSEL1

I OO 83umSMF [ 4umSMF
|
ALl

X 10 x 10

850 nm PD

850 nm VCSEL2

e P M
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Figure 52 System setup for measuring far-field distribution of fibres. Laser light was coupled into the fibre first via a pair of

%10 lenses. A mask with a 1 mm wide slot in the centre is placed in front of the broad-area photodetector (PD).

The results are given in Figure 53. The 5% far-field intensity angle (FFA) of each input was
found from the measured normalised far-field profile (-13 dB points) and was used to characterise the
launch condition by comparing it with the acceptance angle (AAwg ~14.5°) of the waveguide. The
5% half FFAs of the three input fibres used in the experiments were found to be 7.1°, 10.9° and 16°
for the SMF, 50 ym MMF and 100 pm MMF input, respectively, while the respective calculated
values using the fibre NA were 7.5°, 11.5° and 16.8° for the SMF, 50 pum MMF and 100 um MMF
input, respectively. The measured FFA values were in good agreement with the theoretical values and
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confirmed the characterisation of the SMF input as restricted launch (FFA < AAwg), the 50 um MMF

as typical (FFA ~ AAwg) and the 100 pum MMF input as relatively overfilled (FFA > AAwg).

-4 ym SMF -®-50 ym MMF ~ -#-100 um MMF
0

]
w

'
D

Normalised output power (dB)

Far-field angle (°)

Figure 53 Far-field intensity profiles of three different launch conditions. Intersection points between intensity profiles and
the horizontal red line (-13 dB) are corresponding to the 5% far-field angles. 4 um SMF is used to simulate restricted launch
condition, 50 um MMF is used to simulate most common launch condition and 100 um MMF is employed to simulate

overfilled launch condition.

Near-field images of the three fibres were also carried out. The system setup was similar to the
far-field one. On the receiver side, the photodetector was removed and replaced by a camera which
could catch 850 NM light. At the end of the fibre output, another x 16 lens was employed to

concentrate the divergent output lights, followed by an attenuator which was used to reduce the

saturation of the captured images.

850 nm VCSEL1
Attenuator

83umSMF [ 4umSMF
[ ] camera
AL B

x10 x 10 X 16

Figure 54 System setup for measuring the near-field image of input fibres. Laser light from 850 nm VCSEL is coupled into
an 8.3 um SMF first via a pair of 10 lenses. Then, laser light is focused on a CCD camera via a x16 lens. An attenuator is

employed here to adjust the brightness of the light spot.

The near-field images are shown in Figure 55. As is clearly shown in the figure, the near field has

a clear and pure circle shape due to the single mode nature of the 4 um SMF. The 50 um MMF is a
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rough circular shape with the majority of its power concentrated in the centre, while the power

distribution for the 100 um MMF tended to be uniform across the whole section.

o
=)
=
3

50 ym MMF 100 pm MMF

Figure 55 Near-field images of the cleaved input fibre end for three launch conditions.

From the section above, we can see that different launch conditions have different output
distributions and near-field images. This difference will have a large influence on the performance of
the waveguides due to the excitation of different modes. However, from the near-field images, we can
see that these three different fibres have different diameters which could result in a geometry
mismatch when aligning with the waveguide sample. This geometry mismatch will cause extra

coupling loss, especially for the 100 um MMEF. This part briefly discusses coupling losses caused by

this geometry mismatch.
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Figure 56 Coupling losses for different waveguide samples under three input launch conditions.

Figure 56 shows the measured coupling losses of three different waveguide samples under
different launch conditions. Index matching gel was applied on the end facet of waveguide to
minimise both its scattering loss and Fresnel loss caused by RI difference. From the results, the

coupling losses under 4 pm SMF and 50 um MMF were quite small, both being around 0.4 dB. For

70



the 100 pm MMF with mode mixer, the coupling loss went up to ~4.7 dB, which is quite big as
compared to the other two input launches. There are two main reasons. The first one is the geometry
mismatch between 100 pum MMF and 50 um squared waveguide, shown in Figure 57. The 100 pm
MMF has a larger diameter than the waveguide, and thus a large percentage of power is lost when
coupling into the waveguide. A rough estimation of this geometry mismatch loss can be gained by
calculating the ratio of the areas which is —101og(50 x 50/( X 50 x 50)) = 4.97 dB. The second
reason is due to the large number of modes that the 100 um MMEF input carries. Such a highly
multimodal fibre will result a large divergence angle. When coupling into the waveguide, some light
will leak out of the waveguide, causing losses. We notice from the first reason, that geometry
mismatch will result in 4.97 dB loss, however, the measured coupling loss is around 4.7 dB which is
below the theoretical value. In addition, adding up the mode loss due to the large divergence angle,
the measured coupling loss should be bigger than 4.97 dB. The for this lower measured coupling loss
is due to the non-uniform distribution of the output power. Although the 100 ym MMF is used to
simulate a uniform distribution, it is not strictly uniform input, which can also be confirmed from its

far-field distribution in Figure 53.

50 um WG

4 ym SMF
50 um MMF
100 um MMF

Figure 57 Mathematic illustration of the geometry mismatch between the waveguide and different fibre inputs.

4.3 Effect of bending radius

Bends play an important role in flexible polymer waveguides as they are normally involved when
the waveguides flex. Thus, exploring the bending effects and especially bending losses is promising
work for flexible polymer waveguides. This section explores the bending loss performance under

different launch conditions. The system setup is shown in Figure 58. An 850 nm wavelength
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vertical-cavity surface-emitting laser (VCSEL) was used as the input source and the emitted light was
coupled into fibre patch-cord via a pair of x 10 microscope objectives with a NA of 0.25. A second
fibre patch-cord of the same type with a cleaved end was used to couple the light into the waveguides.
The flexible polymer waveguide was 13.5 cm long and was bent around a cylindrical mandrel for a
given specific angle of curvature. At the end of the waveguide sample, a x 10 microscope objective
with NA of 0.32 was used to collect the transmitted light and focus it onto an optical power meter. All
the NAs of the objectives was ensured to be larger than the NA of the waveguide, ensuring that all the

light was transmitted and collected via the whole system.

10x 10x fibre cleaved

g () () patchcord input fibre »
850 nm | — D U

VCSEL 16x _
broad area flexible polymer
detector waveguide sample

Figure 58 Experimental system setup for bending loss studies. An 850 VCSEL is used as the input source. Laser light is
coupled into fibre patch-cord first and next coupled into the bent waveguide. The waveguide sample was bent at 180°. At the

receiver side, a broad-area PD is used to collect the power via a x16 lens.

Index matching gel was applied at the waveguide input to minimise the Fresnel loss and
scattering loss due to the rough surface roughness. Mandrels with different radii of curvature between
2 and 15 mm were used during the work. The bending angle was set to be 180° and a straight
waveguide was also used as a reference. An image of the bent waveguide sample under illumination
with red light is given in Figure 59, in which FLW indicates the flexible waveguide. For each
measurement and launch condition study, the insertion loss of all twelve of the waveguides in the
sample was obtained and the average value was calculated. In order to obtain the excess loss due to
waveguide bending, the insertion losses of waveguides were measured for all different launch
conditions when no flexure was applied. The average insertion losses for the straight waveguides were
found to be ~1.4, 1.5, and 5.9 dB for the 4 um SMF, 50 um MMF, and 100 um MMF launches,

respectively.
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Figure 59 Image of the bent waveguide sample illuminated with red light.

The measured excess bending losses (indicated by markers) for all launch conditions are given in
Figure 61. As expected, the use of the 100 um MMF input resultant in a large excess bending loss due
to the excitation of higher order modes at the waveguide input. For the less overfilled launches,
however, a good bending loss performance was recorded. The minimum radii to achieve 1 dB bending
loss were found to be 3 mm and 6 mm for the SMF and 50 pm MMF inputs, respectively. Ray tracing
simulations were carried out with ZEMAX to validate the observed results. The refractive index (RI)
profile of the waveguide was assumed to have a gradient profile similar to the profile obtained from
waveguide samples fabricated on rigid substrates, as shown in Figure 60. Details of the RI pattern

effect can be found in Chapter 3.3.
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Figure 60 Measured refractive index of the waveguide sample and simulated profile in ZEMAX for flexible waveguide

studies. The simulated profile has roughly the same RI distribution as the real waveguide sample.

The different launch conditions used in the experiments were implemented in the simulations by
matching the angular profile of the ray source at the waveguide input to the far-field profile of the
respective fibre input (Figure 53). The excess bending loss was once more obtained by subtracting the

insertion loss of the waveguides when no flexure was applied (straight waveguides). The obtained
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simulation results are plotted in Figure 61 with solid lines. Good agreement was achieved between the
simulated and experimental curves. Simulations were done to assess the effect of the graded-index
(GI) shape in the RI profile on the loss performance of these flexible waveguides in comparison with
the case of the step-index (SI) shape. It was assumed that the waveguides had the same RI difference
between the core and cladding, and the same dimensions but with a uniform RI profile over their cross
section. The obtained results are also plotted in Figure 61 for a SMF and a 50 um MMF input. As
expected, the graded-index profile provided an improved bending loss performance due to the

increased mode confinement within the waveguide core.

4 um SMF
50 pm MMF

Experimental 100 pum MMF

/ 4 um SMF Sl Simulation

50 pm MMF Sl Simulation
100 pm MMF Gl Simulation
50 pm MMF Gl Simulation
4 um SMF Gl Simulation

180° excess loss (dB)

S = N W s 3~ 0 WO
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2 3 4 5 6 7 8 9 10 11 12 13 14 15
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Figure 61 Excess bending loss for different bending radii under three launch conditions: experimental results (markers),

simulation results with GI profiles (solid lines) and simulation results by employing Sl profiles (dash lines).

Near-field images of the waveguide output were also captured and stored under different bending
radii and different launch conditions. For the same waveguide, the captured near-field image pattern
became smaller and smaller as the bending radius decreased, which proves that there is a suppression
effect of the higher order modes for all inputs due to the tight bends. For small radius bends, the

higher order modes easily leak out of the waveguide while lower order modes can still propagate.
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Figure 62 Near-field images of the waveguide output for different bending radii under different inputs. Bending radii were

chosen to be 2 mm, 4 mm, 6 mm and 12 mm.

4.4 Effect of bending angle

The bending loss of the waveguide was also recorded when the angle of curvature varied
between 0° and 180° for a fixed radius of curvature. The system setup is shown in Figure 63. All the
setups were the same as for the previous bending radius test. Once the bending radius was set, the
bending angle varied every 30°. This section studies how light leaks out of the waveguide along

bending sections.

fibre cleaved flexible polymer
patchcord input fibre waveguide sample

850 nm
VCSEL

Figure 63 Experimental setup for the bending angle effect. Flexible polymer waveguide sample was bent on a mandrel with

different bending angles from 0° to 180°.

The results are given in Figure 64. It can be observed that the excess bending loss curve exhibited
a decreasing gradient with increasing bending angle. Similar behaviour was observed in multimode

waveguide crossings [135], and can be explained by the fact that the majority of the power in the
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higher order modes is lost in the initial parts of the bends, with the remaining lower order modes, that
exhibit lower bending loss, left to propagate along the remaining length. The effect is more
pronounced for the 100 um MMF input as a higher percentage of power is coupled to the higher order

modes which are more susceptible to bending loss.
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Figure 64 Excess bending loss as a function of bending angle for (a) 3 mm and (b) 5 mm radius for the three launch

conditions studied.

Near-field images of the waveguide output were recorded for the different angles of curvature
when a 3 mm radius was used, see Figure 65. The images confirm the above observations, clearly
showing the suppression of the higher order modes for the 100 um launch as the bending angle
increased. Alternatively, for the SMF input, the light was well confined in the waveguide bottom

centre (region of higher RI) with the relative intensity over the waveguide core not changing

significantly.

76



120° 150°

Figure 65 Near-field images of the waveguide output for different bending angles for a 3-mm bending radius under three

100 ym MMF 50 yum MMF 4 ym SMF

launch conditions. 0° means waveguide sample is in straight condition.

4.5 Effect of bending direction

Due to the asymmetry in the RI profile of the waveguides, the bending loss was expected to be
different when the same sample was bent in two opposite out-of-plane directions as shown in Figure
66: upwards (with the top side located in the inside part of the bend) and downwards (with the bottom
side located in the inside part of the bend). For upwards bending, the substrate lay in the outer layer of
the bend, resulting in protection of the waveguide. The polyimide substrate was stretched, and the
polymer waveguide layers were squeezed. Thus, the waveguide was hard to break. However, in
downwards bending, the waveguide lay in the outer layer and was stretched. The sample was easier to

break under this bending direction at a small bending radius of curvature (1 mm).

Bending directions
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Figure 66 Schematic illustration of the two out-of-plane bending directions. Due to the asymmetric RI profile, different

bending directions will generate different configurations (A and B).
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Measurements were carried out to quantify the bending direction effect on a 24 cm long sample
when the sample was bent in these two directions using the setup shown in Figure 58. It was expected
that the upward bending (type A) should result in a larger excess loss as the region of higher Rl was
positioned towards the outer side of the bend, resulting in worse mode confinement, while the
difference in performance was expected to be much larger for tighter bends (smaller radii) and more
overfilled inputs. Figure 67 shows the difference in obtained excess bending loss between the upward

(type A) and downward (type B) bends for 3- and 5-mm radius.
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Figure 67 Difference in excess bending loss between directions A and B when the sample is bent 180° with a 3- and 5-mm
radius, respectively. Positive values mean that the bending loss in A configuration is higher than the bending loss in B

configuration.

The obtained results were in agreement with the expected performance. The 100 um MMF input
resultant in a 1.5 dB difference in loss between the two bending directions for the smaller 3 mm radius,
whilst the 50 um MMF input yielded a much smaller difference of ~0.4 dB for the same bending
radius. Overall, the obtained results indicated a small difference in bending losses between the two

opposite bending directions.

4.6 Effect of twisting

Twisting is another important behaviour of flexible polymer waveguides, and during the
experiment, the loss performance of the flexible sample was also investigated under in-plane twist

using same launch conditions. The main system setup is shown in Figure 68.
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Figure 68 System setup for the twisting loss experiment. 850 nm VCSEL was employed as laser source. Waveguide was

twisted by different number of twisting turns.

Twisting is a quite complex action, especially for an elastic polymer material. The thickness,
applied force, waveguide width and number of twisting turns will all have an effect on the shape of
the waveguide, with different effects on performance [136]. Thus, in this work, three different
waveguide samples were employed for measuring the twisting performance of the waveguide. The
first flexible polymer waveguide sample had a length of 10 cm, width of 1 cm, and a thickness of 0.02
cm. The resulting twisting patterns are given in Figure 69. Due to the tension of the polymer material,
the sample generated a twisting node (indicated on figure) when two or and more twisting turns were
applied. This twisting node was in a spiral shape and had similar performance to the bending circle.

As for twisting turns equal to or less than 1, the light path was more likely to be a straight line.

twisting node "twisting node

Figure 69 Twisting patterns of a flexible polymer waveguide sample for different numbers of twisting turns. When twisting

turn is bigger than 1, twisting nodes are generated. Waveguide sample is 10-cm long and 1-cm wide.

The measured excess twisting losses vs the number of twisting turns is given in Figure 70, where
1 full twisting turn indicates 360° twists. Obviously, the results can be divided into 2 parts. For the
first three twisting losses, there is no twisting node involved, and the resulting excess twisting loss is

near 0. The waveguide sample has 0.5 dB excess loss only under 100 um launch. However, for the
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last three results, the excess twisting loss increased a lot due to the existence of a twisting node,
especially under 100 um launch. Once a twisting node has been generated, the excess twisting loss
will be relatively stable. As mentioned in the bending angle loss performance study, the majority of
the power was lost in the first 90° of bends. The following loss increased slowly when the bending
degree increased further. Due to the small length and large width of the waveguide sample, a large
force needed to be applied to generate two or more twisting turns. Thus, the measured loss for the last

three twisting patterns resultant in a large fluctuation.
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Figure 70 Average excess twisting loss for the 10 cm flexible polymer waveguide sample as a function of twisting numbers.
When number of twist turns is bigger than 1, twisting nodes are generated, which results in bigger loss. Three different input

launches are employed.

In order to reduce the fluctuation and get rid of the twisting node effect, the second and third
waveguides (named as sample A and sample B) were chosen to be 24 cm long and 0.6 cm wide. The
average insertion loss of the waveguides was measured when no twist was applied, and this was found
to be ~3.2, 3.6, and 9 dB for the 4 um SMF, 50 um MMF, and 100 um MMF inputs, respectively. The
waveguide samples used in this section their twisted images are shown in Figure 71. The waveguide
sample was stretched in order to ensure that the length of the twisted sample was similar to that when
no twist was applied (straight samples), and was then clamped. In order to minimise the effect of

lateral tension on the samples, the third sample width was reduced from 6 mm to 2mm (Sample B).
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Figure 71 Flexible polymer waveguide samples used in twisting loss measurements: (a) sample A 24 cm long with 6 mm

width and (b) sample B 24 cm long with 2 mm width, and (c) image of twisted sample B under 5 full (360°) twist turns.

The obtained excess twisting losses for both 24 cm long samples are shown in Figure 72. For the
sample with reduced width (sample B), only 4 waveguides were operational, and these were used to
determine the average insertion loss for each number of turns. The twisting losses of sample A are
plotted in unfilled bars while the losses for the width-reduced waveguide are plotted in filled bars. For
all launch conditions and for both samples, the excess twisting loss was below 0.8 dB even for four
full 360° turns. For the SMF and 50 pm MMF input, the excess twisting loss for up to four full turns
for sample A was below 0.3 dB. The reduction of the sample width in sample B minimised the lateral
tension induced in the sample, resulting therefore in an improved twisting loss performance for all
launches. A negligible excess loss of 0.1 dB was obtained for sample B for the SMF and 50 um MMF

inputs for up to four full twisting turns.
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Figure 72 Average twisting excess loss for samples A and B as a function of the number of full 360° twists for the different

launch conditions. Unfilled bars are the results of sample A and filled bars are the results of sample B.
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From the twisting loss results, it can be seen that a pure twisting effect has only a small influence
on the waveguide performance unless twisting node is involved. Details of helicoids, wrinkles and
loops in twisted ribbons have been studied in [136-138]. The different shapes of the resulting twisted

ribbon and their phase (twisted angle) diagram are given in the figure below.
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Figure 73 a) Buckling modes of twisted ribbon, there are five patterns: helicoid, longitudinal buckling, transverse buckling,

creased helicoid and loop, b) experimental phase diagram in the tension-twist plane [137]

The figure above shows that many twisted patterns can be generated when twisting an elastic
ribbon, especially in the last loop pattern. It was observed when we twisted the 10 cm long waveguide
over one twisting turn (see Figure 69), a twisting node (loop) was generated, causing a much higher
twisting loss. Using the equations provided in [137], phase diagrams were plotted based on the
parameters of flexible polymer waveguide samples, which are given in Figure 74. Depending on the
material, Young’s modulus was found to be 2.77 Gpa for all three samples. Details of the parameters
for each sample are listed on their plots, respectively. The x-axis is the force, and the y-axis is the
number of full twisting (360°) turns. Although the plot is divided into three parts, we only
concentrated on two parts: the self-contact part and the helicoid part. Above the red line, the twisted
waveguide sample will be in self-contact, generating a loop (twisting node), or below the red line,

showing only a helicoid shape.

From the results below, the 10 cm long waveguide sample went into self-contact when there
was more than one full twisting turn, which occurred in the real world during the measurements. For
waveguide sample A, the maximum twisting turns obtained for the helicoid shape during the

measurement was six full turns, which also agreed with the plot. And for waveguide sample B, the
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theory predicted that it could be twisted up to around 45 full twisting turns without generating any
loop. However, during the measurement, only up to six twisting turns were applied and the sample
could be very easily twisted into a helicoid shape. Based on this mode, when a twisted polymer
waveguide needs to be designed, the waveguide length and width and the number of twisting turns

can be therefore calculated to avoid any loops developing, thereby achieving a very low twisting loss.
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Figure 74 Phase diagrams of all three twisted flexible polymer waveguide samples. The maximum number of twist turns can

be therefore obtained from the plots.

4.7 Crosstalk performance under flexure

The crosstalk performance analysis of polymer waveguides was also carried out. From previous
studies, [139] has shown that the crosstalk of a straight polymer waveguide is below -40 dB, which is
good enough for use in the real world. However, due to the flexure involved, more power will leak out
of the waveguide core. That leakage power is likely to couple back to an adjacent waveguide resulting
in a high crosstalk value. Therefore, in order to better determine the crosstalk performance, crosstalk

measurements and simulations of flexible polymer waveguides under flexure must be performed.

4.7.1 Simulation of crosstalk performance

Simulation of waveguide crosstalk performance was carried out first. The simulated 50 um MMF
input was set to have the same angular profile as the real 50 um MMF input, and also to have the
same beam size. The following figure shows the input and output side of the simulation setup. It can
be seen that three waveguides were built with a pitch value of 250 pm. During the simulation, the
position of the input fibre was shifted horizontally from the left to right, and at the receiver side, a

photodetector was set to measure the power inside the middle waveguide. The whole waveguide
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structure was surrounded by air that has a refractive index of 1.0. As the input launch moved, the

received power of the middle waveguide output was recorded.

Input Output

Figure 75 Input and output side of the simulation setup for crosstalk measurement in ZEMAX. Three waveguides are
designed with a pitch value of 250 um. At input side, laser light was coupled into middle waveguide and at output side, the

power in adjacent waveguide was measured.

The results of the simulated crosstalk performance of the polymer waveguide are given in Figure
76. A 180° bend was introduced in the middle of the waveguide structure and different bending radii
were applied, ranging from 1 mm to 10 mm in steps of 1 mm. The x-axis is the position of the input
fibre where 0 means that input fibre was well aligned to middle waveguide, and the y-axis is the
normalised received power of the middle waveguide at the output side. The three waveguide positions
are indicated on the graph by red dashed lines. It can be seen from the results that the crosstalk values
under 50 um MMF input were less than -30 dB when the bending radius was larger than 4 mm.
Further reducing the bending radius resultant in much greater bending loss. The lost power remained
in the cladding and would re-couple back to adjacent waveguides. Thus, the crosstalk value for small

bends is quite high and can go up to -15 dB for a 1 mm or 2 mm bending radius.
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Figure 76 Simulation of the normalised received power at the waveguide output as a function of the input source position for

different bending radii for the 50 um MMF input. Waveguide positions are indicated by red dash lines.

4.7.2 Experimental results of crosstalk performance of bends

The crosstalk performance of the 24 cm long sample under a flexure 180° bend was also
investigated. The system setup employed was similar to that used in the bending loss measurements,
as shown in Figure 77. On the receiver side, the lens was replaced by a 62.5/125 um graded index
MMF. The use of the fibre was preferred for these measurements as it minimised the collection of
stray background light at the waveguide output, while the size and NA of the 62.5/125 um graded
index MMF used ensured the collection of the majority of the power received at the waveguide
output. Similar to the simulation, the output fibre was aligned with one of the waveguides, while the
position of the input fibre was offset between the two adjacent waveguides. The optical power
received for each input position was recorded and the crosstalk was derived by comparing the output
recorded when the input was well aligned with each of the adjacent waveguides. The measurement
was repeated for the different launch conditions and for different bending radii. Index matching gel
was applied to both the input and output waveguide facets to minimise additional loss and crosstalk

due to facet roughness.
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Figure 77 Schematic of crosstalk measurement of the bent waveguide sample. Fibre launch was employed at input side with
adjustable position. Output side, a 62.5 um MMF with fixed position was used to collect the power. Index matching gel was

applied on both side of couplings.

Figure 78 shows the normalised received power at the waveguide output as a function of the
position of the input fibre for the 4 um SMF launch for different bending radii. The small peaks
observed in the figure occur when the SMF input was positioned at the waveguide edges (left/right
sidewall) and are due to the additional scattering induced by the core-cladding boundary. This effect
was observed in all measurements (straight and bent waveguides) but became less pronounced as
larger and more overfilled inputs were employed. Similar measurements were also carried out under
50 pum MMF and 100 um MMF inputs as well, and their crosstalk behaviour is shown in Figure 79.
When the position of the input fibre was placed to the cladding area (between two slab waveguides),
the resulting crosstalk was less than the value obtained when the fibre was placed to adjacent
waveguide. This phenomenon occurred in all three launch conditions. When the fibre input was
placed at the cladding area, all the light power was injected into the cladding and is confined in the
planar waveguide formed by the cladding and air. After the bending area, only a small portion of the
power was coupled back to the waveguide again, resulting in a low crosstalk value. However, when
the fibre input was placed at the centre of the adjacent waveguide, all the power was confined inside
the waveguide and propagated until reaching the bending area. In the bending area, some power will
leak, and that leakage power more easily couples back to the adjacent waveguide, causing higher

crosstalk.
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Figure 78 Normalised received power at the waveguide output as a function of the input position for different bending radii

for the 4 um SMF input.
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Figure 79 Normalised received power at the waveguide output as a function of the input position for different bending radii

for the 50 um MMF input (left) and 100 um MMF input (right), respectively.

A summary of the obtained crosstalk values as a function of bending radius for the different
launch conditions is given in Figure 80. The crosstalk was found to increase slightly with decreasing
bending radius, with the worst-case values of -36, -30 and -26 recorded for the SMF, 50 um MMF and
100 um MMF inputs, respectively, under the 2 mm bend. In all cases, the obtained crosstalk values
were below -25 dB for all launches and all bending radii, indicating good performance even under

tight bends and relatively overfilled launches.
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Figure 80 Crosstalk performance of the flexible waveguide sample when bending at different radii under different launch

conditions. Results when waveguide sample was in straight condition are also indicated by unfilled markers.

The length effect on bent waveguide crosstalk performance also has been done. The shorter

waveguides show similar behaviour to longer waveguides.

4.7.3 Experimental results of crosstalk performance of twists

The crosstalk performance of the twisted sample was also investigated using the same
experimental setup. The obtained crosstalk values under three inputs are shown in Figure 81. Unlike
the bends, the resulting curves for different numbers of full twisting turns were almost the same. The
results indicated that twists do not have an obvious effect on the crosstalk performance of the
waveguide. One reason for this is that long twisted waveguides have an excess twisting loss near 0, as
mentioned in the twisting loss performance section. There is no loop involved and the light path is
likely to be a straight line. All power is confined inside the waveguide and no extra power can be used
to couple into adjacent waveguides. Therefore, the resulting twisted crosstalk performance is much
better than bent waveguides. Figure 81 d) summarises the crosstalk values as a function of the number
of full twisting turns for the different launch conditions studied. No significant difference in crosstalk
performance was observed due to the waveguide twist with recorded crosstalk values ~ -40 dB for a

well-aligned SMF and 50 um MMF inputs and -30 dB for the 100 pum MMF input.
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Figure 81 Normalised received power at the waveguide output as a function of the input position for different bending radii
a) SMF; b) 50 pm MMF input; and ¢) 100 pm MMF input. d) Summary of the crosstalk of a twisted sample for different

numbers of full twisting turns and the different launch conditions.

In conclusion, for bent waveguides the crosstalk values increased slightly with reduced bending
radii, for twisted waveguides the crosstalk values mainly remained at the same level no matter the
number of twisting turns applied. The measured results show that even under the worst performance
case: at 2 mm bending under 100 MMF input, the crosstalk value was still below -25 dB, which is

good enough for use in the real world.

4.8 Effect of dynamic bending of flexible polymer

waveguide

Much previous work has been done on flexible polymer waveguides regarding bending, twisting
and crosstalk performance. However, all experiments done have been based on flexible polymer
waveguides in a static state, which means that waveguide sample is fixed at its position, and then
measurements are carried out. In the real world, some waveguides need to work under a dynamic

bending environment, providing a robust performance. Thus, in this section, experimental
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measurements were taken in real time when flexible polymer waveguides were bending. The bending
loss performance and bit error rates were obtained as a function of the stage moving speed. In
addition, the standard deviation of the power fluctuation was also extracted based on the measured

results.

4.8.1 System setup and moving path profiles

The system setup for measuring dynamic bending is shown in Figure 82. The 850 nm VCSEL
was directly modulated using a pattern generator (Anritsu MP1800A) of 256 bits. Then the laser light
was coupled into a 50 pum MMF input via a pair of X 16 objectives. A free space variable optical
attenuation (VOA) was placed in between objectives to change the input power as indicated in the
figure. Similar to previous experiments, a cleaved fibre was used to do the end-butt coupling to the
waveguide sample. In order to reduce the Fresnel loss and scattering loss due to surface roughness,
index matching gel was applied at both ends of the fibre. On the output side, another 50 um cleaved
MMF was employed to collect the received power. In addition, in order to obtain the bit error rate and

eye diagram, the oscilloscope, pattern analyser, and related units were also employed at the receiver

end.
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Figure 82 System setup for dynamic bending performance measurement. An 850 nm VCSEL was modulated by data via a
bias tee. Then modulated laser light was coupled into flexible waveguides via a cleaved MMF. At the output side, the dashed
sections were placed on a movable stage which can move horizontally and vertically. The corresponding power, bit error

rate and eye diagrams were recorded.

The input section of system was fixed and did not move during the whole experiment, while the
output section indicated by the dashed rectangle was placed on a movable stage and could move in the

horizontal and vertical directions. A 24 cm long, 6 mm wide flexible waveguide was used and was
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confined between two metal pads, see Figure 83. The confined waveguide sample shows a bent shape.
By moving the output metal pad horizontally and vertically, the bending position and bending

curvature could be changed, respectively.

metal pad

Figure 83 Image of flexible polymer waveguide confined by two metal pads in dynamic system setup. Pads employed here to

confine the shape of bent waveguide sample.

There were two different moving path profiles, as shown in Figure 84. Path 1 scanned the
horizontal direction first including forward and backward, and then reduced the vertical distance,
repeating these steps until the bending radius reached its minimum allowed value. Path 1 investigated
the effect of bending position when bending radius was fixed for each horizontal scan and only the
position of the bends changed. Path 2 scanned the vertical direction first, including forward and
backward as well, and then moved forward to a different bending position, repeating the same steps.
There was no minimum bending radius limitation, and as a result, path 2 could run for dozens of

cycles. Path 2 was employed to measure the dynamic bending loss caused due to bending radius.

Path 1 Small radius End Path 2 Small radius
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Figure 84 Stage moving paths for dynamic measurements. a): move horizontally first (bend position) and then move

vertically (bend radius). b) move vertically first (bend radius) and then move horizontally (bend position).
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The output power was collected in real time with the movement of the stage. The recorded
normalised bending losses are plotted in Figure 85 based on their path profile. As can be seen, the
power fluctuation was big when path 1 profile is used and there were very few high jumps during the
measurements. However, aside from the results in the last column (smallest radius), almost all the
excess bending loss values were less than 1 dB. In the path-2 profile, the resulting loss change was
guite smooth and stable. It can be clearly observed that excess bending loss goes up with reduced

radius and remains stable with the change of bending position.
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Figure 85 Normalised received power as a function of moving path profiles (path 1 and path 2).

4.8.2 Horizontal movement

Next, bending radius was set to be fixed and the stage only moved horizontally but at different
speeds. During the experiments, the bending radius was set at 5 mm and the moving speed ranged
from 0.5 mm/s to 16 mm/s. The received power was recorded for a large number of repetitions and
normalised to its mean value. The corresponding histograms are also plotted to show their fluctuation,
as shown in Figure 86.
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Figure 86 Normalised received power at the waveguide output over time and the corresponding histogram when (a) there is

no movement, (b) a slow (0.5 mm/sec) and (c) a fast (16 mm/sec) dynamic movement applied.

For reference measurement in a), when the waveguide had no movement, the received power was
quite stable, and its histogram is very narrow. When the waveguide output side moved at 0.5 mm/s,
the output power tended to fluctuate, which also can be observed from its histogram. As for 16 mm/s
moving speed, the normalised received power became much more fluctuating and there were some
peaks out of the normal range. Its histogram shows the worst power concentration. For each type of
movement, the standard deviation o of the output power variation was extracted and compared with
the case when no movement was applied, and the results are shown in Figure 87. The fluctuation of
power remained stable, and for all types of movements studied, robust operation was demonstrated

with g-values below 4% recorded in all cases.
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Figure 87 Obtained standard deviation values as a percentage of the mean value of the received power for different bending

radii and translation speeds.
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4.8.3 Vertical movement

The bending position was set to be fixed, and the bending radius was changed repeatedly
(vertical movement). A long-time (cycles > 200) measurement was carried out to test its robust
performance. The results indicated that the flexible polymer waveguide performed very well after a
long-time flexing. The recorded values are given in Figure 88. The left figure records the received
output power in mW, the middle figure is the normalised received power, and the right figure shows
the corresponding histogram. The results show that the power fluctuations for both low and high
speeds were very similar, and there are some abnormal values in the high-speed movement, which is a

similar result to that of horizontal movement.
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Figure 88 Vertical movement of dynamic bending measurement, a): received output power in mW, b): normalised output

power based on mean value and c): corresponding histogram.

The received power changed along with the change of bending radius, resulting in an “m” shaped
curve, as shown in the figure above. The orange solid lines were fitted based on the average value.
However, from previous experiments, the bending loss increases exponentially with a reduction in
radius. Therefore, an exponential curve should be used to fit the curve. Figure 89 shows an

exponential curve that fits the output power for periodic measurement.
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Figure 89 Vertical movement of dynamic measurement based on path 2, received power (markers) fitted using exponential

curves (colour solid lines).

The results can be well-fitted using exponential curves, and the fluctuation range is within 0.01
mW. Based on the new fitted curves, the standard deviation of the normalised output power was
extracted for different moving speeds and is given in Figure 90. The standard deviation indicates an
upward trend with increased moving speed. However, the o-value is still below 3.5% under the speed

of 16 mm/s.

Both horizontal and vertical measurement indicated that the power fluctuation inside the flexible
polymer waveguides is small (<4%) under dynamic bending. In addition, the long-time measurements
and flexing did not degrade the performance of waveguides, which also shows that flexible polymer

waveguides are quite robust for use in the real world.
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Figure 90 Obtained standard deviation values as a percentage of the mean value of the received power for different

translation speeds for vertical movement.
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4.8.4 Bit error rate performance under dynamic bending

The bit error rate performance as a function of received power was also investigated under
dynamic bending measurement. The transmission data rate was 25 Gbps based on the
non-return-to-zero (NRZ) scheme, and the obtained results are plotted in Figure 91. For each
measurement, the output received power was controlled to be the desired value: -0.5, -5.5 and -8 dBm

using VOA.. On the receiver side, both the power and bit error rate (BER) were recorded in real time.

Figure 91 a) shows that the initial received power set to be around -0.5 dBm and an error-free
(error rate < 10~12) rate for 25 Gbps transmission was achieved (Figure 91 a.2). Although, the power
fluctuated during the dynamic bending, there was no influence on the error rate performance. Then,
the received power was adjusted to around -8 dBm, and the corresponding BER was around 1077,
Meanwhile, the BER change was quite symmetric with the received power change. In conclusion,
dynamic bending does not change the BER performance as long as the received power is over a
certain value, and a free error rate can be obtained. When the received power falls below the
threshold, the BER increases linearly with the reduced received power and dynamic bending may
result in a worse BER performance due to power fluctuation. Similar results will be discussed in

Chapter 6.
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Figure 91 Bit error rate performance as a function of received power under dynamic bending measurement for 25 Gbps

transmission, a) received power was set to be -0.5 dBm and b) received power was set to be -8 dBm.

4.9 New proposed bend-insensitive polymer waveguides

A lot of work has been done on flexible polymer waveguides in terms of bending, twisting,
crosstalk performance, and dynamic bending behaviour. As we can see bends play a very important
role in the performance of flexible polymer waveguides. The last section noted that as long as there is
enough output power at the output side, a high data transmission rate can be obtained easily with an
error-free rate. Based on these previous studies,

this section, proposes a new layout of
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bend-insensitive flexible polymer waveguide. The result indicates that the excess bending loss is less

than 1 dB under 50 um MMF at a 2 mm bending radius, which is a great improvement.

4.9.1 Fabrication of bend-insensitive waveguides

The simulation of the air-exposed bend structure in Chapter 3.3.4, showed that the resulting
excess bending loss was quite low due to the large refractive index difference between the core and
the cladding material. However, there was no protection of the waveguide core for the air-exposed
structure, meaning that the core channel can be easily contaminated by dust in the air or damaged by
the outside environment. Thus, the best solution would be covering the core by a layer of cladding on
top with a low refractive index material. However, the material with lowest Rl is air. One alternative
method is that the thickness of the top cladding could be reduced to few micrometres, so the
waveguide core can still be protected. Meanwhile, due to the low thickness of the top cladding, the
bending loss is still determined by the difference in RI of the waveguide core and air. Figure 92
compares this new layout of bend-insensitive structure with the traditional waveguide structure.
Another bottom layer of waveguide is added to reduce the bending loss in case of different bending
direction, and this bottom layer uses polydimethylsiloxane (PDMS) material that has a refractive

index of ~1.41 at 850 nm.

siloxane
cor

PDMS

Bend-insensitive waveguide Traditional waveguide

Figure 92 New proposed bend-insensitive structure of polymer waveguide as a comparison with traditional flexible polymer

waveguides. New proposed waveguide has one extra layer (PDMS layer) and also has thinner top cladding.

The detailed steps for fabricating this new bend-insensitive waveguide are shown in Figure 93.

Step 1: The siloxane material is spin-coated on the surface of the polyimide substrate. The
thickness of the siloxane cladding is fabricated to be ~ 5 um and the substrate thickness is around 125

pm.



Step 2: After baking, the commercially available PDMS material (sylgard 184) is spin-coated
(2500 rpm for 60 sec) on the top of the bottom cladding. Experiments have shown that PDMS
material can be coated on the surface of siloxane material with a good adhesion. The thickness is ~20

um. The sample is then baked for 10 minutes.

Step 3: During fabrication, the siloxane material can be spin-coated on the surface of PDMS
layer but with poor adhesion. As a result, oxygen plasma is taken first on the surface of PDMS to
increase its adhesion as oxygen plasma can deeply clean the top surface of PDMS. Then, siloxane
material is spin-coated (3000 rpm for 60 sec) on top of the PDMS and the sample is baked for 3

minutes at 110 °C.
Step 4: Siloxane core material is spin-coated at 600 rpm for 60 seconds, to a thickness of 50 pum.
Step 5: Waveguide mask is put on the top of the waveguide core material.
Step 6: The whole sample is exposed to UV light and the waveguide core is cured.

Step 7: Using acetone to wash out the uncured core material, an air-exposed flexible polymer

waveguide sample is made. The whole sample is baked to evaporate the acetone and IPA.

Step 8: Siloxane cladding material is spin coated on top of the waveguide core. The spin speed is
set to be 2000 rpm for 60 seconds to get a very thin cladding protection layer. The new proposed

bend-insensitive flexible polymer waveguide sample is then complete.

Compared to the traditional waveguide fabrication process, this new fabrication process only

needs two more spin coating steps.
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Figure 93 Fabrication steps of flexible polymer waveguides for the new proposed bend-insensitive structure.

Step 6 Step 7

Figure 94 shows the top and cross-section views of the fabricated new bend-insensitive
waveguide. The waveguide is measured to be ~50 um and the PDMS layer is ~ 20 pum. It is hard to
observe the bottom siloxane cladding layer as it is covered by PDMS due to the dicing process.
Obvious siloxane cladding tails are observed beside the waveguide core due to the fast spin-coating
process. In the final step, after the fast spin-coating process, a very thin cladding layer is generated
covering the waveguide core. However, due to the gravity effect, the un-baked liquid cladding
material tends to accumulate at the bottom side, resulting in these cladding tails. Currently, there are
no other good methods to remove these tails. However, the experimental results indicate that these

tails do not degrade the bending performance of the waveguide.

Top view Cross-section view

Figure 94 Top and cross-section views of bend-insensitive waveguide sample. a): top view, measured waveguide width is

52.58 um. b): cross-section view, waveguide core is surrounded by a thin top cladding layer.
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4.9.2 Performance analysis of bend-insensitive waveguides

Near-field images of the bend-insensitive waveguide facet were recorded, and they are shown in
Figure 95 under different launch conditions at 850 nm wavelength. As can be seen, below 50 um
MMF input, the laser light was confined inside the waveguide core due to the existence of the
siloxane cladding, while for the 100 um MMF launch, the majority of the power propagated in the
waveguide core with the rest confined to the siloxane cladding areas. Because the diameter of the 100
um MMF was larger than the waveguide core, some power was injected into the cladding. Due to the

air coating outside, another waveguide (siloxane cladding and air) channel was formed.

50 pm MMF 100 pum MMF

Figure 95 Near-field image of the bend-insensitive waveguide facet under 50 um MMF and 100 um MMF input launches.

Bending loss measurement was taken for the new waveguide. Due to the asymmetry of the
waveguide structure, different bending directions were applied. The excess bending loss results for
different bending directions were compared with a traditional waveguide and are given in Figure 96
under 50 pum MMF input. The results of the traditional waveguide are plotted in triangle markers and
the new results are shown using filled and unfilled square markers. When the polyimide substrate
(PDMS) faces the outer direction of the bent waveguide, this resulting bending structure is named as
structure 2 (MMF50_PDMS). and vice versa for structure 3 where the air cladding is the outer layer

of the bent waveguide.
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Figure 96 Excess bending losses of bend-insensitive waveguide facing different directions in comparison with traditional
waveguide. Loss performance of tradition waveguide is indicated by triangle markers. MMF50_air (unfilled rectangular
markers) means that thin top cladding layer facing outside when bending the waveguide while MMF50_PDMS (filled

rectangular markers) means that thin top cladding layer facing inside during bending.

The results show that excess losses of the traditional waveguide are much higher than the new
waveguide, especially compared with the unfilled markers. When the new waveguide was bent
towards the PDMS layer, the excess losses lie between the other two curves. This is a great
improvement for the new bend-insensitive structure of the waveguides. The measured excess bending
loss was less than 1 dB even when bending at 2 mm under 50 um MMF launch. The rest of the results

for bending losses under 4 um SMF and 100 pum MMF input were also carried out and are given in

Figure 97.
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Figure 97 Excess bending losses of the bend-insensitive waveguide for different bending directions in comparison with a

traditional waveguide under all three input launch conditions.
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In conclusion, below 100 um MMF input, a great decrease in bending loss was observed for the
new waveguide. As for 50 um MMF, the resulting losses were still much better than traditional
waveguides. For the restricted launch (4 um SMF), this improvement was not obvious as the resulting

bending losses of both waveguide samples were quite small and can be neglected.
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Chapter 5 Analysis of mode coupling in
flexible polymer waveguides

The waveguide performance obtained relies on both the mode excitation at the waveguide input
and the evolution of the mode power distribution along the length of the waveguide. The latter
contains two behaviours: mode loss (coupling to radiation modes) and mode mixing (coupling to
other guided modes). In the experiments, the excess loss (the difference in insertion loss from the
reference measurement) indicates the amount of additional mode loss induced in the waveguides,
while the 5% far-field angle (FFA) characterises the output beam divergence angle and indicates the
amount of power coupled to higher order modes at the waveguide output (mode mixing). In this
chapter, both excess loss and 5% FFAs are measured to analyse the mode changes inside the
waveguide. Mode coupling effects caused by the existence of small bends and micro bends are
studied. Surface roughness scattering, the main factor dominating the mode mixing scheme for the
straight waveguide, is then investigated. Waveguide samples used in this chapter are provided by
Dow Corning company which were shown in Figure 50 (not the new proposed bend-insensitive

polymer waveguide samples).

5.1 Mode coupling effect due to small bends

As shown in previous investigation, bends indicate the potential suppression of higher order
modes inside the waveguides. However, a 180° bend cannot show an obvious effect. In this section,
several full bending turns (N x 360°) are applied to the flexible waveguide and both power losses
and far-field distribution are recorded. The system setup is shown in Figure 98, which is the same that
used for bending loss measurements. The flexible polymer waveguide was wrapped around a mandrel
for different numbers of turns and the far-field measurement is taken at the output side. The setup can
be found in Figure 52. Figure 99 shows an image of the wrapped waveguide setup in the experiment.
The flexible polymer waveguide is illuminated with red light and several bending turns can be clearly

observed.

104



x16 x16

50 pm MMi ge,l Flexible WGs 4 —
MMF cleaved Val
\ 1. Bending radius

2. No. of bending cycles

Figure 98 System setup for the small bends effect on flexible polymer waveguides. Waveguide sample was bent by several

number of turns.

o

mandrel

Figure 99 Experimental setup for the small bends effect on a flexible polymer waveguide which is illuminated with red laser

light. Here, waveguide sample was bent by 5 turns.

The waveguide used in this work were 24 cm long and 2 mm wide. Three mandrels with different
radii of curvature were employed (5, 6 and 8 mm) and tests were carried out using a varying number
of full turns around the mandrel (0 to 3, 360° each). Three input launch conditions: 4 um SMF, 50 um
MMF, and 100 um MMF with mode mixer were employed as well. The excess bending losses are
indicated in Figure 100. Due to the limitation of waveguide length, it was not possible to test three

bending turns on an 8 mm radius mandrel.
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Figure 100 Excess bending losses of a flexible polymer waveguide for the small bending effect under three different input

conditions. Mandrel radius is set to be 5 mm, 6mm and 8 mm. Bending turns is chosen from 1 to 3.
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From the results, as expected, excess bending losses increased with the number of turns applied
and the smaller radius employed. Details of the bending loss effect can be found in Chapter 4. These
losses in waveguide power are caused due to the mode losses (radiation modes) inside the waveguide.
However, how the mode mixing behaves inside the waveguide due to small bends cannot be obtained
from these excess loss results. Thus, the 5% far-field angles (FFAs) were measured and recorded at

the same time, as shown in Figure 101.

SMF 50 um MMF 100 pm MMF
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Figure 101 5% FFAs of the emitted beam at the waveguide output under different bending radii and turns and different input

launch conditions.

The first bar in each plot shows the 5% FFA of the input fibre. As can be noticed, the number of
modes significantly increases under the 4 um SMF and 50 um MMF inputs when the fibre modes
launch into polymer waveguide exciting waveguide modes for the straight waveguide. As for 100 um
MMF input, the number of modes in the fibre with mode mixer is much larger than that of the
waveguide accommodated modes, therefore, a decrease was observed. In the subsequent wrapping
process when the waveguide sample was wrapped in 1, 2, 3 turns, the 5% FFA results show a
consistent trend for all inputs. Longer bends (large numbers of turns) result in a reduced far-field
profile, which indicates a reduced percentage of power carried by the higher order modes at the
waveguide output. This means that the power carried by the higher order modes is suppressed due to
the wrapping rather than being enhanced via mode mixing. Similarly, a smaller bending curvature
also has the same effect on the waveguide modes. Figure 102 shows that the suppression of
higher-order modes means that the output power distribution is narrower than before (reduced modal
dispersion), thus a better bandwidth performance could be obtained. However, a small bending
curvature and long bending distance will result in a big excess loss, which will degrade the bandwidth
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performance as there is not enough output power for the photodetector to detect, see Figure 91 for

more details.

Y
Normalised output power

mode loss s Position

mode
coupling

Power distribution at input side

Power distribution at output side
Figure 102 Schematic diagram of mode loss and mode coupling schemes. Mode loss refers to the total power loss while
mode coupling refers to the coupling process between different modes. Power reduction for a specific mode is consist of

mode loss and mode coupling.

5.2 Mode coupling effects due to micro-bends

A similar experiment was done to investigate the micro-bends effect on the flexible polymer
waveguide. A commercially available fibre mode scrambler (Newport F-1) was introduced here to
squeeze the waveguide. It has a pair of corrugated surfaces (“teeth”) to apply a micro-indentation to
the fibre core. Details of the mode scrambler and an image of the real scrambler are shown in Figure
103. The teeth period was 1.1 mm [140]. During the experiment, the middle part of the waveguide
sample was inserted into the mode scrambler, and the separation distance Ax was adjusted as

indicated on the figure.

indentation teeth

flexible sample

waveguide core

1D NZAN
’7 —

) ) Flexible polymer WG
indentation teeth \ &

1.1 mm

Figure 103 Schematic diagram of mode scrambler and an image of the system setup for micro-bend measurement. Force is

applied on the waveguide due to the squeeze of teeth, generating micro-bends.
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The measurement began when the teeth just touched the waveguide surface, and this
separation distance value was defined as 0. It should be expected that there is an optimum tooth
separation that promotes mode mixing, as a large separation has little effect on the light propagation
in the waveguides while a small separation will cause significant excess loss due mode losses. Both
excess losses and the 5% FFA were measured under 4 um SMF and 50 um MMF launch conditions,

and the corresponding results are shown in Figure 104.
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Figure 104 Obtained 5% FFAs and excess losses for the 24 cm long waveguide as a function of the reduction in separation

distance between the indentation teeth under 4 um SMF (left) and 50 um MMF inputs (right)

The values obtained from the waveguides when the mode scrambler was not used are also shown
for comparison, named as “Ref” value. The figure shows that reducing the tooth separation results in
an increase in the 5% FFA and excess losses for both launches, which indicates that both mode
mixing and mode loss are promoted due to the micro-bending. A reduction of 75 um in the tooth
separation resultant in an increase in the far-field beam divergence with a small increase in insertion
loss of ~0.2 dB and ~0.3 dB for the SMF and MMF inputs, respectively. Separation values 4x above
87.5 um resultant in even larger output beam profiles but also in larger excess losses above 1 dB for
the MMF input. The obtained results indicate that micro-bending is more efficient in promoting mode
mixing in such waveguide systems, and can be used in real-systems to ensure a more uniform power
distribution at the waveguide output. This can be beneficial for avoiding modal noise in such systems

[141, 142] or for ensuring uniform splitting at Y-splitters and couplers [20, 135, 143].

Near-field images under both input launches were also recorded during the experiments and

those figures are given in Figure 105. Mode losses can be roughly estimated from the brightness of
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the images. The near-field pattern tended to vanish when separation distance was over 87.5 um. The
mode coupling during propagation can also be estimated from the change of light concentration at the
waveguide output side. An obvious mode coupling effect due to micro-bends could be observed when
the 50 pm MMF input launch was employed. When there was no micro-bend applied (Ref or 0), the
majority of power concentrated at the bottom area of the waveguide. However, after squeezing the
mode scrambler by 100 um (introducing micro-bends), the distribution of power inside the waveguide
seemed to be quite uniform, which indicates that light power located in the bottom area (lower order

modes) was coupled into the outer core area of the waveguide (higher order modes).

50 62.5 75 87.5 100

Figure 105 Near-field images of flexible polymer waveguide outputs as function of different squeezing distances under SMF

and MMF inputs.

Compared to small radii bends, both micro-bends and small bends result in mode losses during
the propagation inside the waveguide. As for mode coupling, small bends have a suppression effect on
higher order modes along the waveguide propagation. A longer length and a smaller radius of
curvature will enhance this mode filtering effect. Micro-bends cause mode mixing during light
propagation, as higher order modes are excited when lower order modes encounter micro bends

during propagation.
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5.3 Surface roughness effect

The waveguide surface roughness effect is mainly dominated by the sidewalls, and it is
characterised by its root-mean squared (rms) value a,,,s. [144] indicates that the sidewall roughness
of multimode waveguides fabricated using the same siloxane materials is measured to be around 40
nmin o,,s, Which satisfies low loss propagation (< A/10). This section discusses in detail the surface

roughness effect, including power loss and the mode mixing effect.

5.3.1 Propagation losses due to surface roughness

A simulation model was developed using ZEMAX software to simulate propagation losses. The
system setup is shown in Figure 106. A 50 um MMF input was used as a simulated light source and 1

million rays were set during the simulation.

50 um MMF input photodetector
4/ \ I

N

Figure 106 Simulation of propagation loss due to surface roughness, waveguide core sidewalls were set to be rough. Power

at input and output sides are recorded.

The surface roughness was set to be from 10 nm to 50 nm in ZEMAX, and the waveguide length
ranged from 1 cm to 7 cm. Due to the nature of the simulation software, all the walls of waveguide
core were set to be rough. The simulation results are plotted in Figure 107. The split function is on in
the right figure, which means that one single ray will scatter into five reflected rays after hitting the
rough surface and those five reflected rays will generate 25 rays for next hit in total. On the left figure,

only one main reflected ray is collected and as a result, there is a slightly higher propagation loss.
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Figure 107 Simulation of propagation losses as a function of waveguide length due to different surface roughness. Slope

values are the propagation losses and inception values are coupling losses (almost 0).

The slope values are the propagation losses per centimetre of the waveguide for different surface
roughness, assuming that all the waveguide walls are rough. A rougher surface will result in a bigger
loss, and the incremental loss also increases. From the results, if 40 nm a,,,,s is set, the resultant
propagation loss is ~0.11 dB/cm which is bigger than the real waveguide sample (~ 0.04 dB/cm). The
reason is due to the rest of scattering rays not being collected and some light rays below the minimum

threshold values not being traced in the software.

5.3.2 Single ray response of waveguide rough surface

The ABg scattering model in ZEMAX was employed to describe the ray scattering at each
reflection on the core-cladding boundary [145-147]. As for the single ray response, a single ray with a
designed angle 6; was injected onto a rough surface and the scattered output rays were recorded and
named as the single ray response. The following figure shows the scattering process [148] of a single
ray response. The figure does not consider the transmitted plane waves for the total internal reflection

in the waveguide.
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Figure 108 Geometrical arrangement to describe a local scattering event at a rough surface [148]. When ray hits the rough

surface, both reflected scattered rays and transmitted scattered rays are generated.

The reflected rays can be divided into two groups: guided rays and radiated rays. All the radiated
rays contribute to the waveguide loss (propagation loss) and the guided rays are further traced along
the waveguide length to determine the ray power distribution at the waveguide output. The following
figure shows a single ray output response, assuming that the incident ray angle is 5°, for an example.
As for the output response, the reflected ray with a 5° angle retains the majority of its power (~0.999)
and the rest of power is coupled into other rays with different angles, according to the mode coupling.
The power level of each coupled ray is around 1075 and the sum of all reflected rays is not 1. The
lost power part is the propagation loss (dB/hit). The later calculation can transfer the unit of

propagation loss from dB/hit to dB/cm according to the incident ray angle.
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Figure 109 Example of single ray response of scattered ray, incident ray angle of 5°. A single incident ray is scattered into

hundreds of sub rays after hitting rough surface.
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The relation between the ABg model parameters and the surface roughness parameters can be
found in [149]. For a given surface roughness, the values of the ABg model parameters determine the
strength and shape of the scattered rays at the reflection boundary (core-cladding boundary). The

following figure summarises the effect of each ABg parameter to the scattered ray response.

Normalised power
Normalised power

a) Angle (deg) b) Angle (deg) C) Angle (deg)

Figure 110 Scattered ray responses due to the change of ABg parameters, a) change of parameter A, b) change of parameter

B and c) change of parameter g.

In order to see the mode coupling effect clearly, the main reflected ray with the majority of
power is removed from the figure and then y-axis can be scaled to a proper range for the response. It
can be noticed that parameter A only changes the level of response, but could not change the shape,
which means that the reflected rays have the same distribution profile but at different absolute values.
Parameter B changes the response distribution, in that a larger value of B will result in a broader
output response (a more uniform response). The power becomes much more concentrated near the
input rays with similar angles by employing a smaller value of B. Parameter g has a similar effect as
parameter B, but the generated uniform response has a much higher power level. Many simulations
have been done to validate this model with realistic values for the surface roughness and loss
performance. Finally, the parameters A, B and g are reasonably chosen to be 5.5x 107>,

1 x 1078, and 1.8, respectively, to simulate the surface roughness of o,,,; = 50 nm.

Based on the ABg values above, a step-index RI profile was assumed for the waveguide, and the
angle of incident ranged from 0.01° to 8° with a step of 0.01° in order to simplify the analysis. The
following figure indicates the ray power loss coefficient (power coupled to radiated rays) and power

reduction (power coupled to both guided and radiated rays) as a function of the incident angle of the
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guided rays, and an example of the obtained ray coupling coefficients (ray response) for two different

single incident rays with 6, of 2° and 6°.
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Figure 111 Radiation and reduction loss coefficients as a function of propagation angle 6 due to the surface roughness and

ray coupling coefficients for the reflection of a single incident ray of unit power at two different 6 angles [150].

The ray coupling coefficients can be well fitted with exponential curves (see Figure 112) which
is in agreement with the literature and obtained via the electromagnetic theory assuming an

exponentially decaying surface roughness correlation function [151, 152].
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Figure 112 Ray coupling coefficients for the reflection of a single incident ray at two different angles fitted by exponential

curves (red lines) in linear scale.

During the simulation, the launch condition was employed by using the same size and the output
beam profile as SMF input. The evolution of the ray power distribution (Gaussian profile) along the

waveguide length can be characterised by the following equation:

dp, N
—E = —2q,p, + Z huy (By — P)
v=1
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where P, is the ray power at a specific angle 6,, «, is the ray power reduction loss (power

loss of mode p itself), hy, is the ray power coupling coefficient for the ray at angle 6, due to the
propagation of a ray at an angle 6, and z is the propagation distance. For the single ray response
simulation, once we have obtained «, and h,,, we can derive the next input light rays after the
distance dz. By repeating above two steps, the whole propagation paths and power distribution can
be extracted. Figure 113 shows the propagation loss and evolution of the ray power distribution after
propagation up to a 100 cm long waveguide when an input beam with Gaussian ray power distribution
with a standard deviation of 2.5° is assumed. It can be noted that the ray loss is dominant over ray

coupling and the output power distribution shows a decreasing trend along the waveguide length.
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Figure 113 Simulated ray power distribution and propagation loss for different waveguide lengths for a Gaussian ray input

power distribution with a 2.5° standard deviation [150].

The single ray response simulation showed that the strength of mode mixing due to surface
roughness is not obvious enough. Mode loss dominates the power distribution along the waveguide
length. Higher order modes (rays with large incident angles) experience larger losses than lower order
modes (rays with smaller incident angles). Cutback measurements on the 24 cm long waveguides

were taken to confirm this observation.

5.3.3 Cutback measurements of the scattering effect on a 24 cm long waveguide

According to the simulation of the single ray response, surface roughness dominates the mode
losses along the waveguide length. In this section, an experiment was carried out to observe this

phenomenon. The waveguide sample employed was initially 24 cm long and 6 mm wide. The system
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setup for far-field measurements was the same as the one used in section 4.2, and a simple schematic

is given in Figure 114.
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Figure 114 System setup of 5% FFA measurement. Waveguide samples with different lengths were employed. At the output

side, far-field distributions were measured.

No polishing step was taken on the facets of the waveguide, but index matching gel was used at
the input side during the measurements. The far-field profiles of a 24 cm straight waveguide sample
were measured first and then this sample was cut into 2 pieces: 4.9 cm and 15.8 cm. The following
far-field profile measurements were carried out based on these three sub-samples. As before, three
different input launch conditions were employed to simulate the different excitations of waveguide
modes at the input side. At least three waveguide channels were measured, and the averaged values
are obtained. The 5% FFAs results of the waveguide samples with different lengths are given in

Figure 115.
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Figure 115 5% FFAs of straight flexible polymer waveguide samples for different lengths under different launch conditions.

The results confirmed the conclusion inform the single ray response simulation. For a longer

waveguide, mode loss is dominant over mode coupling as a longer waveguide sample results in a

116



smaller 5% FFA. This conclusion works well no matter which input launch condition is employed.
However, the main drawback of using this system setup is that the measured far-field distribution is
strongly dependent on the uniformity of the waveguide output facet. A rough facet may have a large
variation in the resulting 5% FFA. Therefore, in order to double confirm the conclusion, another
method was used to re-measure the far-field profiles of the waveguide outputs: the 1SO 11146-1

standard based beam divergent angle measurement.

5.3.4 1SO 11146-1 standard beam divergent angle measurement

In this section, a new far-field measurement was introduced with a smaller error range. Far-field
profiles of waveguide output beams for different lengths were measured under different launch
conditions. These new measurements were done to double check the mode coupling and mode loss
behaviour along the waveguide length caused by surface roughness. The details of the new far-field
measurement setup can be found from in the ISO 11146-1 standard [153]. Figure 116 shows a
divergent beam. The idea of this method is to capture different images of the output beam at different
propagation distances. Then, the divergent angle can be calculated based on the effective diameter and

standard deviation of the output beam profile.

Image 2

focal beam

—

> Image 1

Figure 116 Schematic of a divergent beam [153]. Bean width is the smallest at focal plane.

The system setup is shown in Figure 117. All the setups prior to the waveguide output were the
same as the previous FFA measurement setup. On the output side, a x 16 objective was used to
focus the output beam onto a CCD camera. The beam images and corresponding propagation distance
(Z) were recorded in the computer and propagation distance (Z) was defined as the distance from
waveguide focal plane to the position of X 16 objective. For the focal plane, the propagation

distance was regarded to be 0, (Z = 0). Then both the objective and camera were moved slightly
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away. The new divergent image and new position were recorded again. The captured image is the
divergent beam profile of the waveguide output. The above steps were followed until ten more images

were recorded.
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Figure 117 System setup for measuring far-field profile based on 1SO 11146-1 standard. Un-focused near-field images at

different positions together with focused image at focal plane were recorded.

Some captured output beam profiles along propagation distance are shown in Figure 118 by

employing a 50 um MMF fibre.

Figure 118 Captured images of 50 um MMF output beam profiles along the propagation distance.

The first and second order moments of a power density distribution are needed to calculate the

effective diameter of a capture beam profile, and their equations are given below.

15t order moments:

= _ f_woo fjooo E(x,y,z)x dxdy
@) = B (69)
- I 15 E(xy.2)y dxdy

I 5 E(x,y2) dxdy

2" order moments:
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2 _ f_oooo f_oooo E(x,y,2)(x—%)? dxdy
ox(2) = 1% 12 E(xy.z) dxdy (71)

I 5 E(ey,2) (y-9)2dxdy

2 —
9% (@) = S ey axay (72)
Beam widths in the direction of its principal axes are given:
1
5 5132
G () = zﬁ{(a,g +a2) +v[(07 - 03) +4(c3) ]Z} (73)
2
2 ~)2
dgy(x) = 2\/7{(0,? + 03%) 4 [(03 - 03%) + 4(09?3;)2]2} (74)
where y is a sign function which is defined as follows:
— 2 22\ — 09%_032’ 75
Y Sgn(o-x Uy) |02_02| ( )
x~ Oy

Based on the equations above, we can calculate the beam diameter in pixels. In addition, the
beam width calculation shows that the effective diameter is the angle values when power drops to
1/e? compared to its peak. However, a link needs to be built to transfer the pixels unit into the real
um unit. This could be done by changing the position of waveguide output in um and measuring the

corresponding change of position on computer screen in pixels.

the waveguide output position and recording the change of pixels captured on the computer screen.
The results are plotted in Figure 119. The left figure is for the horizontal x-direction while the right
figure is for the vertical y-direction. The slopes of these two lines indicate that 2.75 pixels in the x

direction and 3.05 pixels in y direction are equal to 1 um in the x and y directions, respectively.
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Figure 119 Relationship between distance in pixel values and um values. Slop values indicate how many pixels can represent

1 um in real world.
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The beam width (d,) and propagation distance (Z) can then be expressed in pm units and the
relation between them can be plotted. The hyperbolic curves can be fitted to the measured beam

diameter along the propagation distance:
ds(z) =Va+ bz + cz? (76)
The far-field angle is defined as the tangent value of the fitted curve when the beam propagates

to infinity, which is:

Z — 00

(d () = zm Ve

(77)

It should be noted that 6, is the full angle of the far-field profile. The following example shows
the far-field measurements carried out using both methods and indicates that they are in good
agreement. The blue dotted line is the far-field profile based on previous measurement, and the 5%
FFA is around 6°. The same plot shows the new results when power drops to 1/e?2, and the angle is
around 4.3°, as indicated by red dashed circles on the plot. The right figure indicates the beam
diameter curves along the propagation distance. The far-field angle could be calculated at around 4.3°
using the fitting equations. The results from both the previous and the new far-field measurement
show the same FFA values, which proves that both methods work well in measuring far-field profile
of the waveguide output beam. However, the new method collects the whole profile image of the
beam instead of just collecting the slotted power, and can provide a smaller error range compared to

the old method.
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Figure 120 a): Blue dotted line is the far-field power distribution of the SMF output. 5% FFAs are the angle values when its
far-field profile intersects with red dash line (-13 dB). Green dash line indicates the new far-field angle results obtained
from using 1SO-11146 method. b): curve fitting of un-focused beam width. New far-field angle is calculated as square root of

first coefficient according to 1SO-11146.
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Far-field measurements were taken again by employing the new method for the waveguide

samples with different lengths: 2.5 cm, 4.9 cm and 15.8 cm. The results are given below in Figure

121.
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Figure 121 New far-field angles of waveguides in different lengths measured by ISO 11146-1 standard.

As can be seen, the shortest waveguide sample resultant in the highest divergence angle at 1/e?
while the longest sample caused the lowest divergence angle under the SMF and 50 um MMF
launches. As for the 100 um MMF launch, the results also indicate the same trend in general. The
same conclusion can be obtained that the mode loss dominates over mode coupling in the longer
waveguide. The mode coupling caused by the waveguide side rough surface was not obvious enough
to be observed in the experiments. However, the mode loss due to surface roughness can clearly be

seen.
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Chapter 6 Bandwidth investigation of
flexible polymer waveguides

Polymer waveguides are used to achieve high-speed short-reach communications. Bandwidth is
the key parameter which defines the maximum data rate that waveguides can support. This chapter
introduces an ultra-short pulse system which could be used to estimate the bandwidth of polymer
waveguides as well as analyse their accuracy. It is well known that the loss performance of a flexible
polymer waveguide is highly reliant on the input mode excitations. This chapter first carries out
experimental work to show the bandwidth behaviour under different excitations. Then, the waveguide
is bent at different bending radii and the according bandwidths are also measured. These results
indicate how bends will affect the bandwidth performance of the waveguide. Finally, 40 Gbps
transmission of a flexible polymer waveguide under flexure is successfully demonstrated. Waveguide
samples used in this chapter are provided by Dow Corning company which were shown in Figure 50

(not the new proposed bend-insensitive polymer waveguide samples).

6.1 Ultra-short pulse measurement

The bandwidth parameter of a polymer waveguide is quite important as a larger bandwidth can
provide high data rate communications on board or board-to-board. Similar waveguides based on
siloxane material have demonstrated 40 Gbps transmission over a 1 m long waveguide [32].
Currently, recent research indicates that the maximum operating speed for VCSELs with error-free
rate is 57 Gbps, which can increase to 71 Gbps when an equalization technique is employed
[154-159]. For optical receivers, 1x12 high-speed photodiode arrays with each diode operating up to
40 Gbps are commercially available at 850 nm [159]. However, these active electronic components
are still far from measuring the bandwidth of polymer waveguides, as siloxane-based polymer
waveguides have the potential ability to support 100 Gbps transmission under restricted launch
conditions [160]. As a result, this thesis introduces an indirect method to estimate the upper
bandwidth boundary of flexible polymer waveguides. The main idea for this new measurement is to
send an ultra-short laser pulse to the waveguide sample, and to capture and measure the laser pulse at

the waveguide output side. By comparing the pulse width of the input and output pulses, modal
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dispersion can be obtained. In addition, in the frequency domain, we could extract the maximum
frequency that the waveguide can support. The reason for using an ultra-short laser pulse is that it

contains a very broad spectrum in the frequency domain.

The system diagram for the short pulse laser is shown in Figure 122. There is no 850 nm
femto-second laser in the lab. Therefore, a femto-second erbium-doped mode-locked fibre laser
source (TOPTICA FemtoFiber Scientific [161]) was used which operates at ~1550 nm. This
femto-second laser can generate laser pulse width (FWHM) ~300 to 400 fs with peak power around
+10 dBm. The fibre went through a polarizer and was then injected into a frequency doubling crystal
(second harmonic generation, SHG (MSHG1550-0.5-1 [162])). The crystal only accepts one specific
direction of polarized laser beam, which is the reason why a polarizer was employed prior to the
crystal. The frequency of the output laser pulse was doubled to ~787 nm, collected via an objective.
The femto-laser used in this work consisted of all the above components. The average output power of

this laser was around 0 dBm to +10 dBm, which is sufficient for use in the following measurements.

Short pulse laser

Frequency
doublin:
- {} -
~1550nm ~787nm

Figure 122 Ultra-short pulse laser used in this bandwidth measurement. Laser light generated from a 1550 nm femto-laser
goes through a frequency doubling crystal which can generate second order harmonic of the input light. Frequency is

doubled and wavelength is changed into around 787 nm.

On the receiver side, an autocorrelator was employed to detect the laser pulse. The system
diagram is given in Figure 123, which is quite complicated. The basic idea of this autocorrelator was
that the received laser beam was split into beams via a beam splitter. These two beams were then
recombined after an adjustable optical delay was introduced into one beam path. This adjustable
optical delay was made by using a mirror mounted on a loudspeaker. The combined beam went
through an objective and an optical chopper and then entered another SHG crystal. The chopper and
lock-in amplifier are employed to increase the signal to noise ratio. The SHG signal is detected and

amplified by a highly sensitive photomultiplier tube (PMT). In the intensity autocorrelator, the input
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laser pulse is used to measure itself. The field has an intensity that’s proportional to the product of the
intensities of the two input pulses:

ISHC @, T) o I(t) X I(t — 1)

Detectors are too slow to resolve this beam in time, so they will measure:
Iy (T) f I(OI(t —1)dt

In the experiment, all the response fields superimpose at the plane of detection and the detector
does not have spatial resolution. Therefore, the fringes are averaged and there is a background. The

signal to background ratio is given in [163] for the nth-order autocorrelation:

n b in-2 1 ’
n!(n — 1)! Z Z o ZOX [(n — D!l = 1) Gy — i) G !

i1=0 i2=0 ln-1=

For the SHG, a second-order autocorrelation, this equation yields a ratio of 3:1.

Autocorrelator

Motor +
Lock-in Computer loudspeaker
Amplifier P ——

mirror

CF 780 nm filter

Figure 123 Diagram of the home-made autocorrelator used in this work.
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The intensity autocorrelation traces of the laser pulse can be obtained from the autocorrelator.
Three common pulse shapes such as Gaussian, Sech?, and Lorentzian are used to fit the
autocorrelation trace of the received optical pulse. Then, the full width at half maximum (FWHM) of
AC pulse can be extracted based on the fitting curves. The conversion from the FWHM AC trace
width (At) to the FWHM original width (At) can be found based on the following figure below [163,
164].

124



o Time-bandwidth Ar
Pulse shape I(t) Product Ay . At As
Gaussian exp( — %’3) 0.441 V2
Secant hyperbolic sech? %) 0.315 1.55

Lorentz 1/(1+ %)z 0.221 2

Figure 124 Relationship between the autocorrelation width and pulse width for commonly used pulse shapes, Gaussian,

Secant hyperbolic and Lorentz.

Therefore, based on the fitted AC curves, the original pulse shape and FWHM can be calculated,
followed by a Fourier transform. Finally, the spectrum of the femto-second laser pulse can be
extracted. Before taking any measurement, a back-to-back measurement needs to be taken for each

input launch condition. In this example, 50 um MMF is employed as the input launch and the output

beam is directly focused on the autocorrelator viaa x 20 objective.

50 um MMF
patchcord

Short pulse == m {0 Autocorrelator

laser U

Figure 125 Back-to-back system setup of the ultra-short pulse measurement using 50 um MMF as the input launch.

Autocorrelator measures the pulse that directly from short pulse laser.

The measured AC laser pulse is indicated by the blue dashed line in Figure 126, and it is fitted by
Gaussian, Sech? and Lorentzian curves. It can be seen that the measured AC pulse can be well fitted

by a Sech? curve in this case, and the obtained FWHM of AC pulse is 0.64968 ps. Then, the original

laser FWHM can be calculated based on Figure 124, which is 0.64968 ps X %55 = 0.419 ps.
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Figure 126 AC laser pulse under the 50 um MMF input fitted by Gaussian, Sech? and Lorentzian curves. FWHM of AC pulse

is measured to be 0.64968 ps.

Once the original pulse is determined, the frequency spectrum can also be calculated using a

Fourier transform, which is given in Figure 127.

Normalised amplitude in dB
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Figure 127 Optical spectrum of a 50 um MMF input laser pulse based on Sech? curve fitting.

6.2 Mode excitations on bandwidth performance

The performance of a flexible polymer waveguide highly relies on the mode excitation inside the
waveguides. From the previous bending performance in Chapter 3, a more uniform input condition
will result in a worse bending performance, while a restricted input launch produces a much better
performance. In addition, Chapter 4 showed that we get higher order modes are easier to leak out of
waveguides resulting in a big scattering loss. As a result, to better study the bandwidth performance of
a polymer waveguide, the input mode excitation must be controlled effectively. Thus, four different

input launch conditions are introduced here: x 10, X 16, x 40 objectives, and a 50 pm MMF input.
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The system setup is shown in Figure 128. The laser pulse from the short pulse laser box was injected
into a straight flexible waveguide via an objective. To control the mode excitation, different
objectives were used here from X 10 to X 40. In addition, the normally used 50 um MMF input was
also employed, as shown in the following figure. At the receiver end, a x 20 objective was used to
focus the laser pulse onto the autocorrelator. The previous 24 cm long, 6 mm wide flexible polymer

waveguide sample was used in this work.

fibre
patchcord :
\ i x10, x16, x40 20x
Short pulse ]_i i auto-
laser | | ] correlator
o PR I ——
20x

i 50 pm
: ‘ MMF i auto-
N | | correlator
A 24 cm
1x10

Figure 128 Investigation of mode excitation effects on the bandwidth performance of a flexible polymer waveguide. Short
pulse laser was employed as input source and auto-correlator was used at output side to measure its AC pulse width.

Flexible polymer waveguide was employed in the middle with different input launch conditions.

Before taking the AC pulse measurement, the 5% far-field measurements were taken based on
those different input excitations. Those 5% FFA results can help to indicate the mode distribution
inside the waveguide. The results are given in Figure 129, where x 25 and x 50 objective inputs
were also added during the measurement. Six waveguide channels were measured, and their average
values are listed on the chart. The results show that the x 10 objective input is also a restricted input
launch and the x 40 objective input has a similar FFA to the 50 um MMF input. It should be noticed

that all those input launches above are still far from uniform launch conditions.
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Figure 129 5% FFAs of different input excitations for ultra-short laser pulse measurements. Input launch conditions are

chosen from most restricted one: x10 lens to relatively restricted one: 50 um MMF. All launches are under-filled.

The calculated bandwidths of the straight waveguide sample under different input launch
conditions are shown in Figure 130. The waveguide bandwidth was estimated using pulse broadening
measurements and the corresponding bandwidth-length product (BLP) was calculated, which is a
common metric used in multimode fibre transmission systems to quantify the induced dispersion. As
the main dispersion component in such systems is multimode dispersion [165], its magnitude scales
linearly with link length, resulting in a constant BLP value that characterises the fibre performance

[166]. A similar approach is taken here for these straight multimode waveguides.
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Figure 130 Bandwidth length product (BLP) of a straight polymer waveguide under different launch conditions.

The influence of input mode excitation on the bandwidth performance of the flexible polymer
waveguide is clearly seen from the results above. Although, this is an indirect method for measuring
the bandwidth of the waveguide, the values still indicate the potential ability to achieve high speed
transmission. The results for the x 10 objective input, which is a restricted input launch condition,

indicate that the waveguide could support over 300 GHz-m BLP. The 50 um MMF input, due to the
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many higher-order modes it excites at the waveguide input side, has the lowest BLP, but is still over

150 GHz-m.
6.3 Bend effects on the bandwidth performance

6.3.1 Bend effects on the bandwidth performance of flexible polymer

waveguides

The bandwidth of the flexible polymer waveguides was investigated when a flexure is applied.
The system setup was the same as previous one, with the straight flexible polymer waveguide sample

being replaced by a flexible one, as shown in Figure 131.
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laser flexible polymer V correlator

10x waveguide sample

Figure 131 Experimental setup for bandwidth studies using a lens launch and a 50 um MMF input.

Different launches were employed at the waveguide input implemented with microscope
objectives with different magnifications: 10x and 16x and a short 50 um MMF patch-cord. The
flexible sample was wrapped 360° around a cylindrical mandrel of a certain radius of curvature, with
the position of the bend being roughly in the middle of the waveguide length. The output light was
collected with a 20x microscope objective and delivered to a matching autocorrelator. Typically,
restricted launches result in Sech?-shaped output pulses as these types of launches mainly excite lower
order modes inside the waveguide that exhibit small differences in their group velocities. On the other
hand, more overfilled or offset launches result in output pulses that are better fitted by
Lorentzian-shaped pulses due to the excitation of higher order modes at the waveguide input and the
larger induced multimode dispersion. The calculated bandwidth length products of the waveguide

sample under flexure are shown in Figure 132.
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Figure 132 Bandwidth length product (BLP) of the flexible polymer waveguide sample under flexure. Several bending radii

were employed and three different launch conditions were used.

BLP values larger than 150 GHzxm were recorded for all the launch conditions studied and the
bending radii used. As expected, the use of the 50 um MMF input resultant in lower bandwidth values
due to the excitation of higher-order modes at the waveguide input. The lens input yielded
substantially larger BLP values of >250 GHzxm. No significant degradation in bandwidth
performance was observed when the waveguides were flexed, with similar BLP values obtained for
the straight and bent waveguides down to 3 mm radius. The suppression of higher-order modes cannot
be observed from the results above. However, flexing the waveguides is expected to have a beneficial
effect with respect to the waveguide bandwidth when compared with the same waveguide without any
flexure (straight) under the same launch, as higher order modes are suppressed along the bend
therefore reducing multimode dispersion. Similar behaviour has been recorded in in-plane 90° bends
[167]. Estimation of the bandwidth using ultra-short pulse measurement is not accurate when
multi-waveguide modes are involved. Simply, those waveguide modes can overlap with each other in
spatial domain which can severely degrade the measurement of pulse mode autocorrelation. This will

be discussed in detail in Section 6.4.

Apart from BLP, 5% far-field half angles were also recorded for the different launch conditions
in order to characterize the modal extrication inside the waveguides. Their values are summarized in
Figure 133. The figure also indicates the numerical aperture (NA) of the waveguide, showing that all

three inputs relatively underfill the modal volume of the waveguides. More overfilled launches were
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tested during the experiments, however, the results indicated a very large variation due to the poor

fitting of the AC trace.
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Figure 133 5% far-field half angle of the waveguide output laser beam. Numerical aperture (NA) of the waveguide is
indicated by red dash line. All the launches employed during the experiment were under-filled (below red dash line). The 5%

FFAs of straight flexible polymer waveguide are also measured as the reference.

The 5% FFA results indicated a similar trend in BLP values. The more waveguide modes are
excited, the lower the BLP obtained. Mode mixing can have a significant impact on the performance
of multimode waveguide systems, and it can happen during propagation along the waveguide or
entering into the bending area of the waveguide. The BLP values show that the mode mixing effect on
the waveguide bandwidth performance caused due to bends does not have an obvious impact. By
contrast, input modal excitation at the waveguide input side can significantly influence the bandwidth

performance of the waveguide.

6.3.2 High-speed data transmission on flexed polymer waveguides

Some demonstrations of high-speed data transmission of polymer waveguides have been
successful. For example, record non-return-to-zero (NRZ) 40 Gb/s and 4-level pulse-amplitude
modulation (PAM-4) 56 Gb/s data transmission have been achieved over a 1 m long polymer
multimode waveguide on a rigid substrate [168, 169]. Although data transmission at rates up to 25
Gb/s has been reported over flexible polymer multimode waveguides [29, 139, 165], these
demonstrations only involved straight waveguides with short lengths of < 20 c¢cm, and no particular

studies have been carried out on their performance under flexure. This section demonstrates
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high-speed data transmission up to 40 Gbps when a waveguide sample is under flexure under different

input conditions.

The flexible polymer waveguide sample was fabricated from siloxane material provided by Dow
Corning company. The waveguide channel was 1 m long in a spiral shape and deposited on 6-inch
125 um thick Polyimide substrate. Figure 134 indicates the spiral waveguide sample illuminated by
red light. Similar to previous experiments, the input and output facets were exposed using a dicing

saw and no polishing steps were taken.

Figure 134 Image of flexible waveguide sample with size noted and a 1 m long spiral waveguide illuminated with red light.

Waveguide sample was provided by Dow Corning.

Figure 135 shows the experimental setup of this work. The top diagram indicates the system with
a 1 m flex spiral waveguide sample involved, and the bottom system shows the back-to-back test. A
VCSEL with a bandwidth of 25 GHz and a 30 GHz fibre-coupled (VIS D30-859M) photodetector
were employed as the transmitter and receiver, respectively. Two pairs of X 16 objectives were used
as input and output sides to couple in and out the laser light. A free space VOA was also introduced
between the microscope objectives to adjust the received optical power. The VCSEL was directly
modulated via a high-speed bias tee, and at the receiver side, a 38 GHz RF amplifier (SHF 810) was
used to amplify the received signal to a suitable power level for bit error rate (BER) measurements. A
wide-bandwidth digital sampling oscilloscope (Agilent 86100A) was used to observe the electrical
waveforms and a BER test set (Anritsu MP1800A) was used to record the eye diagrams for each link.
A short 27 — 1 pseudo-random binary sequence was used as the data signal as it emulates the short

pattern lengths typically employed in datacommunication protocols. First, the whole system without
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employing waveguide sample was measured, see Figure 135 b), the measured results are used for the
reference, which is also known as back-to-back (b2b) results. Then, the spiral waveguide sample was
introduced into the system and the whole system was measured again under the same launch
condition. The latter results are used to compare with previous b2b results and the pure performance

of polymer waveguide sample can be therefore obtained.
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Figure 135 Experimental setup for the data transmission tests, back-to-back system was measured first as the reference

results and then 1 m flexible spiral waveguide sample was employed into the system [170].

Figure 136 shows images of the 1 m spiral waveguide sample being wrapped around a mandrel
and illuminated with red light under a dark environment. Two metal pads were used to ensure the

sample was wrapped tight around the mandrel.

planar view
with red light

Figure 136 Images of the sample wrapping around the mandrel of 12 mm radius and illuminated with red light.

The insertion losses of the system setup were also recorded, and were found to be 6.9, 7.0, 7.6,
and 8.7 dB for straight, 12 mm, 8 mm, and 4 mm radius of the bent waveguide sample, respectively.

The excess losses were 0 dB, 0.1 dB, 0.7 dB, and 1.8 dB, respectively. The following figure shows the
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corresponding near-field images of the waveguide output under flexure and some expected
suppression of higher-order modes for a smaller radius of bending were observed as the intensity of

waveguide edges was reduced.

Straight

Figure 137 Near-field images of a 1 m spiral waveguide output under flexure. Employed source wavelength is 850 nm.

The recorded eye diagrams of different data transmission speeds, including 25 Gbps, 36 Ghps
and 40 Gbps when the waveguide sample was flexed are shown in Figure 138. Measurements of the

back-to-back and flat sample were also taken for comparison.

b2b flat sample R =12 mm

5 psi/div

v - o

P.=—15dBm P.=-15dBm P.=-17dBm P.=-12dBm P, =—27dBm

Figure 138 Received eye diagrams at different transmission speeds for the b2b and waveguide links for the different radii

applied to the 1 m spiral waveguide sample.

Open eye diagrams were obtained at 40 Gbps transmission under all bending radii. Compared to
the b2b result, the additional noise and distortion introduced by the 1 m flexible polymer waveguide
were quite small. If the devices had higher bandwidth, over 40 Gbps could be successfully
demonstrated. Bit error rates as a function of the received optical power were also studied. The

following figure below shows the BER curves for all data rates and radii of curvature down to 4 mm.
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Figure 139 BER plots at 25 Gbps, 36 Gbps, and 40 Gbps for the b2b and waveguide links for the different radii applied to

the 1 m spiral waveguide sample [170].

The error free rate (BER < 10712) that can be achieved for the 40 Gbps data rate and the
minimum required received optical power was less than -1.7 dBm. It should be noticed that, the
required received optical power for 4 mm bending of the sample was much less than for the flat
sample, which can be attributed to the suppression of the higher order modes along the waveguide
bends. The obtained results were in agreement with the results obtained from bandwidth studies on
multimode waveguide bends on rigid substrates [167]. The mode mixing (mode loss) effect was
observed in this demonstration and it proves that small bends introduced into a waveguide link could
improve the bandwidth performance of the waveguides. By contrast, in previous ultra-short pulse
measurement, we could only reach the conclusion that bends do not degrade the bandwidth

performance of the waveguides.

6.4 Current limitations and further improvement

6.4.1 Limitation of ultra-short laser pulse measurement

The system works very well if only a single mode is involved during the measurement. However,
the flexible polymer waveguides are highly multimodal waveguides. If a single laser pulse is injected
into the waveguide, the output pulse may not be a single pulse due to modal dispersion or scattering
effects inside the waveguide. The output pulse may have a post-pulse in the time domain and the
resulting AC trace might not be simply fitted by Gaussian, Sech? or Lorentzian curves. The following
figure illustrates this property. As can be seen, the resulting AC pulse has two additional sub-peaks on

the sides. However, in reality there are hundreds of post-pulses in the time domain. The resulting AC
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pulse becomes much wider than expected, and the post-pulses also beat with each other, resulting in a

higher background level.
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Figure 140 Laser pulses with post-sub peaks and their resultant AC traces [171].

During the measurement, the waveguide was excited by two different input conditions and the
corresponding AC pulses were recorded, as shown in Figure 141. The left figure is the AC trace when
a 50 um MMF input was employed. The sub-peaks can be clearly observed due to the multimode
nature of the input launch. However, the AC traces can still be fitted if those sub-peaks are ignored
and FWHM can be estimated within a small error range. After the input fibre is offset to generate a
more uniform input launch condition, the resulting AC trace is given in the right figure. Due to the
separation of hundreds of modes in the time domain, the resulting AC trace is much wider than the
real one. In addition, the ratio in the right figure is much less than 3, due to the higher background
level. Different modes have different speeds when propagating in the waveguide and at the output
side, those waveguide modes overlap with each other. When measuring the pulse modal dispersion,
overlap parts are also measured and counted into AC pulse width. We can see the obtained FWHM of
AC trace is 2.66 ps which is almost four times wider than the left AC trace. Poor fitting was obtained
from this AC trace, and as a result the bandwidth length produced based on the poor fitting would be
very inaccurate. This is also the reason why, during the experiments, we kept the input launch

conditions far away from the waveguide NA to avoid overfilled excitation.
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Figure 141 AC traces of waveguide output pulses under two different launch conditions. Restricted launch condition results

in a better and clearer curve while over-filled launch generates a bad curve and poor fitting.

6.4.2 Calculation of error range

We have seen that higher-order modes involved in the system would cause the results to be very
inaccurate. As for the previous results in Section 6.3, it is better to calculate their error ranges to make
sure the values are meaningful and can be used as a guide in the real world. First, according to the
theory, bandwidth (BW) is proportional to 1/7, where 7 is the pulse broadening and can be

calculated as:
— 2 2
T= (Tout — Tin ( 8 )

where 7., and 1;, are the pulse widths of the output and input, respectively, and can be

obtained from the measurement. According to the propagation of error formula At can be calculated:

At = J(%t M) + (2= tr)’ = J(@ M) + (22 87y,) (79)

If it is assumed that At,,; = At;,, At could be simplified as:

2 2 2 2
_ ’Tout"'fin _ To+2T,
AT = ATOILt —‘L'2 = ATout 72 ( 80 )

The equation BW = % was used to fit the results in Figure 133, where a and b are fitting

parameters to be determined. The fitted results are given in Figure 142. From the results, we can see

that the bandwidth measurements carried under 50 um MMF input launch show a very good fit. All
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the results lie on the fitted curve line. However, the values obtained by employing x 10 lens input

have the worst fit and the results are scattered.
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Figure 142 Bandwidth values as a function of pulse broadening.

Assuming that At;, has an error of 20 fs in the bandwidth measurement, the error of the
bandwidth could be determined, where a, b, At and 7 are known from the above calculations as

shown in Figure 143.
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Figure 143 Bandwidth error calculation in BLP measurement under different launch conditions.

The error bar range of each BLP value could be obtained from this plot. The maximum error is
around 90 GHz X m under x 10 input, however, the measured BLP under this launch is over 450
GHz x m. This error could not generate great uncertainty in the measurement. The error range for the
common 50 um MMF input is around 20 GHz X m, which is relatively small compared to its

measured BLP values. Thanks are due to Dr. Nikos for the help with the calculations.
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6.4.3 Further improvement of ultra-short pulse measurement

The multimodal nature of waveguides limits the accuracy of ultra-short pulse measurement. The
post-pulses caused by higher-order modes in the time domain will beat with each other in the AC
trace and the resulting AC traces are thus much wider and in worse shape. The calculated bandwidth

based on the poor fitting is far away from the real values.

Currently, there is no excellent method to solve this problem, and the way we chose to solve it in
the lab was to avoid introducing many modes inside the waveguide. At the waveguide output side,
far-field measurements were taken to estimate the mode distribution inside the waveguide to ensure

that the mode number was not too high and thus remained far away from the uniform input.

There is a complex technique called frequency-resolved optical gating (FROG) which can be
used to completely characterise ultra-short pulses [172, 173]. FROG is simply a spectrally resolved
autocorrelation, which allows the use of a phase-retrieval algorithm to retrieve the previous pulse
intensity and phase vs. time. Currently, FROG is a standard technique for measuring ultra-short laser
pulses and is beginning to replace the old autocorrelation method which only gives a rough estimation
for the pulse length. There are many variants of FROG and details of these system setups can be

found in [174, 175].
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Chapter 7 Conclusions and future
research directions

This chapter summarises all my PhD research work. Important findings and improvements are
recapitulated in the first section. Many things still need to be done in this flexible polymer waveguide

field. Therefore, in the second part, | will present some future work which I think is worth doing.

7.1 Summary of work

Optics play an important role in achieving high-speed communications. In the past, optical fibres
have replaced copper links in long-haul communications. Optical fibres are currently installed
everywhere in our buildings, providing high data transmission to satisfy our data demands. It is
believed that optics will replace copper links for board-to-board level or on-board level
communications. Flexible polymer waveguides are regarded as promising candidates, which can
achieve high speed communication and at the same time provide low-cost solutions. Much research
work has been done on polymer waveguides, references for which are given in Chapter 1 and Chapter

2. However, no detailed work has been done on flexible polymer waveguides.

Chapter 1 of this thesis summarised the challenges and motivations for developing flexible
polymer waveguides. Those waveguides can be employed to support high data transmission in data
centres, autonomous cars, and airplanes. There are variety of polymer materials that can be used, and
discussion and comparison of their properties was involved in Chapter 2. After comparison, Siloxane
is chosen to be the waveguide material used for this thesis as it exhibits excellent mechanical and
optical properties. For example, it can withstand temperatures over 350°C and thus can survive the
solder reflow process, and it shows a very low material loss of ~0.04 dB/cm at 850 nm. A fabricated
waveguide polymer waveguide can be bent down to 2 mm without any cracks. After the discussion of
polymer materials, a literature review of polymer waveguide technology was given in this chapter,
including polymer waveguide fabrication, waveguide coupling schemes, and basic loss analysis.
Before doing experiments, the methodology studies and all the simulation work were carried out first
in Chapter 3. The methodology introduced three different methods to simulate waveguide modes and
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trace light rays. Both straight waveguide modes and bent waveguide modes were simulated. The
results showed that the bent waveguide modes are not symmetrical and tend to drift to the outer area
of the waveguide. Meanwhile, the evanescent field in the outer cladding is no longer a power decay.
Power is lost continuously via this outer cladding region, causing radiation loss. There are many
parameters affecting the bending loss performance of the waveguide, such as refractive index
distribution inside the waveguide, input source distribution, and the refractive index difference
between the core and the cladding. In Chapter 3, simulation work was done to evaluate those effects.
The simulation results showed that the performance of graded-index waveguides is better than
step-index waveguides in terms of bending loss. Chapter 3 also discussed how different graded-index
distributions also generate different bending losses. From the transition loss simulation, the results
indicated that the change in ray angle is the smallest when the ray is located to the outer region of the
waveguide core. Careful design of the waveguide structure or input source can minimise the transition
loss based on this simulation result. Next, there is an existing air-exposed waveguide structure which
can dramatically reduce the bending loss. A simulation carried out on this air-exposed waveguide
shows that the excess loss can drop to ~2 dB from the previous ~8 dB. However, since there is no
protection of the waveguide core, this structure can be easily contaminated by dust in the air or

damaged by the outside world. After simulation, experimental work was carried out.

A detailed study was made of flexible polymer waveguides including launch conditions, the
bending effect, the twisting effect, crosstalk performance and dynamic-robust behaviours. The first
parts introduced the three different input launch conditions and indicated how much difference they
may have on the waveguide performance. In the following sections, the bending loss, twisting loss
and crosstalk performance of flexible waveguide samples were studied when the samples were bent
down to 2 mm radius and twisted up to four full turns, and when different launch conditions are
employed at the waveguide input. The obtained results demonstrated very good performance and
reliable operation even under tight bends and multiple twists. Bending down to 3 mm with relatively
low loss and small crosstalk degradation was achieved, while showing that twisting had a negligible
effect on the loss and crosstalk performance of the samples as long as lateral tension in the samples
was minimised. The flexible polymer waveguide was tested under a dynamic moving state, and the

results showed that the power fluctuation remains within 4% for all moving speeds. Last, based on the
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ideas explored in Chapter 3, a new layout structure for a flexible polymer waveguide was fabricated
and tested. The resulting bending loss was around 1 dB compared to the ~4 dB achieved by traditional

waveguides, which is a great improvement.

Chapter 5investigated the mode behaviour inside the waveguide. The mode mixing effects due to
two common waveguide structures (micro-bend and small bend) were studied. The experimental
results indicated that micro-bends increase the mode coupling while small bends result in mode loss,
though both cause power losses inside the waveguide. The excess losses and 5% far-field angles were
measured. The fundamental mechanism of propagation loss was then studied. Propagation loss is
caused mainly by the rough surface of the waveguide sidewalls. The single ray response was then
introduced to simulate the scattered rays after a single incident ray with specific angle hits the
core—cladding boundary. Mode coupling effects can be retrieved based on the single ray response. In
the last Chapter, the bandwidth performance of the flexible polymer waveguides was studied based on
ultra-short pulse measurement. The experimental results indicated that flexible polymer waveguides
can support over 150 GHz-m BLP under different launch conditions and down to 2 mm of bending. A
40 Gb/s data transmission over a 1 m spiral flexible polymer waveguide under flexure was
successfully demonstrated. The BER plots experimentally proved that bends have the ability to
suppress higher-order modes inside the waveguide and can improve the bandwidth performance of a

flexible polymer waveguide.

The set of results showed a detailed study of flexible polymer waveguides and indicated that they
have a strong potential for use in environments where shape flexibility and resistance to vibration and

lateral movements are of great importance.

7.2 Future work

7.2.1 Pluggable optical bus coupler

There are a variety of waveguide couplers, such as prism couplers, grating couplers and end-butt
couplers. Currently, the connection between two flexible polymer waveguides is mainly achieved by
the end-butting coupling (MT connector), as it is easy to use, and can be plug-in and plug-out.

However, this MT connector is quite inconvenient when building an optical data bus. For example,
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the MOST data bus in cars is based on a ring topology. All the units are connected via an optical fibre,
see Figure 7. At each connection, some power will be lost due to coupling losses. This architecture is
not suitable for future extension and also experiences a great loss if there are too many electronic
units. A potential solution is to build an optical data bus system, as shown in Figure 144 [35]. All the
data is communicated in the main data bus link and drops out if there is an EUC. In the future, many
new EUCs can be added to the system without changing the main bus link, just simply plugged-in to
the board. In addition, if the old EUC is removed, the power will still remain inside the waveguide

and the main data bus link remains intact.

Side view Top view

Liquid crystal

=
o
=
o
(=]
=
<
7]
o
=,

Flexible or rigid waveguid

apin3anem piSu 1o 3|qIxa|4

Figure 144 a): side view of new coupler design by introducing liquid crystal in intersection region. b): top view of the new

coupler design, curved waveguide is not placed at the same plane as straight waveguide.

This researcher provides a method in which a force is applied to the top of the waveguide to
generate a bent curve. Then, the different coupling ratio can be obtained by adjusting the force. This
coupling idea is great, however, the implementation of this optical bus coupler is not suitable for
integration. A potential solution is leaving a small gap between two flexible waveguides that is filled
with liquid crystal. By controlling the voltage applied onto the liquid crystal (LC), the refractive index
of the liquid crystal can be changed. Then, we can switch-on and switch-off the gap ‘status’. For the
high RI LC (on state), the top waveguide is in contact with the bottom waveguide, and the power can
be coupled between the two waveguides, while for the off state, the RI of the LC is lower, and the
power is blocked by the liquid crystal gap. By employing this method, we can control the coupler
electronically, which is suitable for board integration. In [176], the author successfully demonstrates
the use of liquid crystal to switch the power between two straight waveguides. The main challenges to

achieving this method are the encapsulation of the liquid crystal and the large switching voltage.
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Through careful design of the waveguide coupling position, the gap distance can be reduced, resulting

in a small switching voltage and good encapsulation.

7.2.2 Bulk material scattering

Apart from the surface roughness scattering, the light rays inside the waveguide also experience
bulk material scattering. This scattering is caused mainly due to the fluctuations of the local dielectric
constant. In [177], the author investigated total intrinsic coupling strengths and coupling coefficients
by numerically analysing the frequency responses of graded-index plastic optical fibre. However, the
author’s analysis is based on the assumption that the predominant mode coupling mechanism inside
the fibre is forward scattering due to the microscopic heterogeneities [178-180]. Compared to plastic
optical fibre, polymer waveguides have much rougher waveguide side walls. This gives rise to the
guestion: which scattering mechanism dominates the total mode mixing effects inside the rectangular
polymer waveguide, surface scattering or bulk scattering? Some preliminary results have been done to
simulate bulk scattering in polymer materials, as shown in Figure 145. The incident ray is scattered
from a single ray to a ray distribution by the polymer material. We can clearly observe the mode
mixing from the simulation. However, there is currently no data for the simulation of siloxane
material. In the future, we can measure the bulk scattering of siloxane material and use the relevant
parameters to fit the simulation work. A better understanding of the bulk scattering mechanism inside
the waveguide can be obtained and then a comparison between surface scattering and bulk scattering

inside polymer waveguides can be drawn.
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Figure 145 Simple demonstration of bulk scattering in polymer materials. A single input ray will generate hundreds of

scattered rays after passing through a bulk material (bulk scattering).
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7.2.3 Extra-long flexible polymer waveguide fabrication

All the flexible polymer waveguides involved in this work were less than 25 cm long. This is due
to current polymer waveguide fabrication methods. In the lab, the longest polymer waveguide sample
we have is around half a metre long on rigid substrates. However, this is not long enough. Longer
waveguides can help to investigate mode coupling behaviour much better and also can provide
communications in the range of a few metres. Currently, the metre range of communications is
dominated by optical fibres or POFs. However, there is a geometry mismatch between circular optical
fibres and rectangular waveguides, and this mismatch results in power losses and reduces bandwidth
performance. Long polymer waveguides can replace traditional optical fibres in metre range
communications as they can directly connect to the optical PCBs at low cost. In addition, polymer

waveguide films can be stacked providing easy management.

There are several types of method which can be used to fabricate longer flexible polymer
waveguides, such as the roll-to-roll embossing method and the laser ablation method. Details
regarding roll-to-roll method can be found in [37]. However, roll-to-roll embossing method provides
high fluctuation in the performance of each waveguide. How to fabricate flexible polymer waveguides
a few metres long with a small standard deviation ensuring that each waveguide has a great

performance is still a worthy work to be done.
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