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Abstract

Standard single mode fibre has almost explored all degree of freedom, making it
hard to accommodate considerable further enhancement in data carrying capacity
in next generation optical networks. As a repercussion of the posing threat of a
future capacity crunch, the consequential global effort to search for a viable
alternative has been mobilised in recent years. The idea is to explore new fibre
types, new photonic devices, and system, aiming to support much higher capacities
by orthogonally combining multiple transmission paths over the same fibre,
thereby upgrading or replacing the current optical communication system by the
spatial dimension. The hope is to provide means of higher information stream per
unit area to enable cost reduction and power saving benefits through the improved
optical device integration and system interconnectivity.

This thesis presents a few novel types of researches in the area of optical
photonic devices for space division multiplexing system. The research comprises
the design of two different mode converter devices; one is based on the two multi-
ring core fibre, and the other is based on a tilted fibre assisted by the dual arc
waveguides; and modelling of two novel high dispersion fibres using LP-mode
matrix method. The thesis also discusses high-speed mode division multiplexing
transmission supporting four signal mode channels.

The design of the first converter device involves varying the lateral height
and the distance that separates the two multi-ring core fibres, yielding a 94%
coupling efficiency. The second converter device uses a multilayer core multimode
fibre due to its low bending loss, high precession in mode confinement and ease of
fabrication. The converter input was tilted at an optimised angle of 12° in order to
align perfectly with the waveguides connected to the horizontal fibre having the
same properties. Mode conversions of an LPy; to LPo1, LPoz> to LP11, and LP,1 to LPos:
were achieved with the conversion efficiency of 89.6%, 91.2% and 94.34%
respectively.

Furthermore, a novel dispersions equalisation technique for multilayer core
four-mode fibre using LP mode-matrix method is presented. Each of the core ring
radii of the alternating centre-high and centre-low core index profile was optimised
to a specific thickness value. The core ring radius was varied in each case to
determine the optimised thickness for the dispersion equalisation. The optimised
thickness of the centre high index core fibre denoted by R;, R;, and Rz were found
to be 4.25 pym, 2.6 um and 2.3 um respectively. Similarly, an optimised thickness
of the centre low index core fibre, which was denoted by Xi, Xz, X3 and X4 was

found to be 2.0 ym, 3.0 ym, 4.20 pm and 1.60 pm respectively. At 1.55 uym



wavelength, these values were used to model the two fibres to achieve an
equalised modal dispersion.

Finally, performance analysis of high-speed mode division multiplexing
transmission system was carried out. The binary non-return-to-zero and return-to-
zero-on-off keying modulation at 10 Gb/s and 20 Gb/s bit rate were adopted using
direct detection. The transmission distance was optimised by employing the dual
port dual derive Mach Zehnder modulator. Expanding the proposed devices to
accommodate more high order modes can enhance the bandwidth of a future

spatial mode based-communication system.
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Chapter 1 Introduction
1.1 Background

The impetus that necessitates the move towards the adoption of the space domain,
as the next frontier in optical fibre network is the impending capacity crunch due to
the single-mode fibre (SMF) having achieved its fundamental transmission limits of
100-Tb/s in the early 2010s [1]. This is further fuelled by Kerr nonlinearity [2], and
the emergence of bandwidth-demanding systems and applications such as video-
on-demand (VoD) and multimedia broadcasting [3][4][5]. In recent vyears,
wavelength division multiplexing (WDM) [6] was able to meet the internet traffic
demands as it has the capabilities to improve spectral bandwidth of an optical fibre
communication network by 2-folds. Coherent detection is also considered as an
alternative approach towards increasing capacity of an optical communication
network where it enhances the signal-to-noise ratio (SNR) of fibre network
channels beyond that of the direct detection [7]. Optical quadrature amplitude
modulation (QAM) with coherent detection helps in enabling high spectral efficiency
(SE) as data are transmitted using both the amplitude and phase of the carrier
signals. The scaling in SNR can only be realised by maximising power, where
channel capacity scales logarithmically as the signal power increases. Ultimately,
increasing channel capacity by way of maximising power is not feasible to address
the demands of the rapid traffic growth from both the technical and power
consumption perspectives as the intrinsic nonlinearity nature of optical fibres limits
the amount of signal powers.

The experimental capacities evaluation of the SMF over the last couple of
decades comprises different multiplex schemes. These include time division
multiplex (TDM), which consists of producing a series of time slots and allowing a
single scalar quantity of the amplitude or phase to change within each time slots,
hence the formation of symbols, which are transported in temporal succession at a
given symbol rate. If each symbol represents one out of M possible level, for a
pulse amplitude modulation (PAM), there will be log;M bits of data transported per
symbol. Pulse shaping can be further implemented to compress the network
spectral pulses subject to time-frequency constrains [8]. However, frequency
division multiplex (FDM) is unsuitable for continuous signals, it requires extra
guard time and synchronisation that transport multiple communication signals in
parallel to a K-independent carrier frequency over the same medium such as on
the existing shared-transporting medium of mobile wireless channels. Scalability of
FDM is typically bounded by regulatory bandwidth constraints, while natural

physical properties are added constraints when twisted-pair or fibre cables are
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employed [9]. Polarisation division multiplex (PDM) via coherent detection optical
network exploits the vector nature of electromagnetic waves to transmit two
separate information streams simultaneously on a set of dual orthogonal
polarisation. PDM increases transmission capacity by 2-fold compared to the non-
polarised network. Fig. 1-1 (@) illustrates the exhausted physical domain and Fig.

1-1 (b) is the corresponding proposed space division multiplexing (SDM) fibres.

WMun-core fiber (MCF)

ESingle-mode fber WAuis-mods MCE

= .

(@) (b)

Fig. 1-1: (a) Different techniques for channel multiplexing and modulation
to increase optical communication system capacity (b) fibre types
for an SDM communication system.

The dual polarisation can be further enhanced by introducing correlations between
symbols to give four-dimensional modulations that optimise network performance
at the expenses of spectral efficiency [10]. It is important to mention that the
significant difference between the TDM and wavelength division multiplexing
(WDM) is the system requirements, where the former requires an increase in the
electronic speed and optical transmitter and receiver, whilst the latter requires
broadband optical amplifier and optical signal components. In addressing the
earlier mentioned challenges and fulfilling the future requirements of high-capacity
optical transmission systems, SDM appears to be a viable solution and has recently
received a lot of research attention [2].

Furthermore, analysis of the metro system traffic growth carried out by the
Bell Labs, Alcatel-Lucent [11], and the recent traffic growth projection given by the
Cisco visual network index shows a manifold increase in data traffic. The metro
area network (MAN) traffic increased by 560% in 2017, and the data traffic in
mobile is expected to grow close to 49 Exabyte (EB) per month by the year 2021
[12]. This is a 7-fold increase over that of the year 2016. And the global mobile
traffic is anticipated to rise at a compound annual growth rate (CAGR) of 47% from
2016 to 2021 as illustrated in Fig. 1-2.
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Fig. 1-2: Global mobile Forecasts 49 Exabyte per Month by the year 2021[12].

Metro network has grown double, which is more than the traffic stream into the
backbone in the year 2017. This fast growth increase will undoubtedly need a
network upgrade in MAN in the next three to five years [13].

Concurrently, the demand for data storage in data centres (DCs) has
expanded. For example, every video streamed or downloaded has to be stored,
and the same for social networking. This makes most of the information
transmitted over access network travel back and forth between DCs and the users.
State-of-the-art centres now operate at high-speed of 10 Gb/s or even faster,
which favours transmission over optical fibre cables. Large DCs have quite a huge
number of connections, with the average link distance of 100 m, which
necessitates the use of multimode fibre (MMF) cables. To support higher
bandwidth, an optical cable with the higher fibre counts was introduced. The early
traffic growth projection of the worldwide internet and the wide area networks
(WAN) is to increase by 3.3 zettabytes (ZB) each year by the year 2021 [14]. This
amount of the expected yearly worldwide traffic increase has already hit 6.8 ZB in
2016 and expected to reach up to 20.6 ZB per year by the year 2021. The increase
in the global data traffic signifies a 25% CAGR. Table 1-1 illustrates the details for
global DC traffic growth rate between 2016 and 2021.

In view of the global rapid traffic demands, many types of research have
considered a spatial domain as the only new technology (FMFs and MCFs) that can
greatly alleviate the optical fibre capacity limit by adding additional spatial
dimension. As discussed above, the metro communication systems are approaching

their traffic growth limit, unless viewing from high data capacities such as Tb/s or
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even Pb/s, which will inevitably require a new dimension to address the huge traffic

growth.

Table 1-1: Global data centre (DC) traffic growth rate from 2016 to 2021 [15].

Classification or task

2016 2017 2018 2019 2020 2021 CAGR2016-

2021

By Category (EB/ Year)

DC to user 998 1,280 1,609 2,017 2,500 3,064 25.2%

DC to DC 679 976 1,347 1,746 2,245 2,796 32.7%

Within DC 5,143 6,831 8,601 10,362 12,371 14,695 23.4%

By segment (EB/Year)

Consumer 4,501 6,152 8,052 10,054 12,401 15,107 27.4%

Business 2,319 2,391 3,505 4,070 4,716 5,449 18.6%

By Type (EB/year)

Cloud DC 5,991 8,190 10,606 13,127 16,086 19,509 26.6%

Traditional DC 826 897 952 997 1,030 1,046 4.8%

Total (EB/Year)

Total DC 6,819 9,087 11,557 14,124 17,116 20,555 24.7%

Other factors such as cost-effectiveness, characterisation by interoperability, and
most importantly flexibility in reaction to a system failure must be taken into
consideration. Spatial domain as a new technology could only be the available
dimension that can cope with most of these issues [16]. As illustrated in Fig. 1-3,
transition from SMF technology to the SDM would require S-Mux/S-deMux.
Although remarkable progress has been achieved in terms of SDM amplifier
solution for MCF, FMF and other spatial approaches [17], a lot is still expected to
be done in order to come up with a viable solution. On the other hand components
such as switches, spatial reconfigurable optical add/drop multiplexers (ROADM)
proto-types were already printed for capacity multiplicity enhancement, with both
the WDM and spatial signal channels [18-20].
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It is worth mentioning that ROADMs are often considered the integral
component of metro communications. This is because they serve as the major
interconnection nodes between transmission network linking cities, DCs, etc.
Therefore, it is absolutely necessary to have an SDM prototype implementation for
the next generation multidimensional transmissions. Thus, one of the transition
obstacles from the existing network to the new spatial multiplexing approach is

that the metro network is typically a brownfield.

SMF links

¥ - ,
: l SDM switch

Single-Mode
Tx and Rx

iy

Fig. 1-3: A spatial multiplexing metro transmission system with the essential space
division multiplexing components [21].

Furthermore, SDM technologies that include spatial amplifiers, ROADMs, S-Mux/S-
deMux are inversely compatible with the existing multi-elements fibres. Lastly, an
SDM accommodates resilience and failure recovery function due to the fact that it
consists of multiple spatial channels. If for one reason or the other a particular
channel fails, an adjacent one can substitute it immediately.

Similarly for a future data centre network (DCN) that demands capacity
above 100 Gb/s consisting of 10x10 G, or 1 Tb/s (32x25 G) [22] will absolutely
require a novel modulation technique that can consist of TDM-SDM-WDM plus a
DSP. This combination may not be cost-effective, and its maintenance will be
expensive as well.

As illustrated in Fig. 1-4, a single SDM fibre (multicore or FMF) can address
these challenges, giving the same capacity with better spectral efficiency or even
higher [21]. A recent investigation based on all-optical upgradable intra-data
centre network employing SDM [23] shows that this can be achieved at no
additional expenses.
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Fig. 1-4: A spatial multiplexing DC communication system [21].

A hybrid of the multi-element fibre and TDM was experimentally achieved. It is
worth noting that spatially integrated devices like transmitters (Txs)/receivers
(Rxs), converters that facilitate through coupling with spatial optical fibres,
minimise valuable space and resources within the DC racks, which leads to an
increase in energy efficiency [11]. A key feature to be considered in an optical
system is the low level of power consumption; this might be realised if only SDM
network is employed, compared to using a combined WDM-SDM hybrid. In
addition, employing a low-cost/power VCSELs with a grey interface in the distinct
mode channels of the SDM fibre can contribute to achieving higher capacity and
energy efficiency.

The concept of an SDM allows minimisation of the network cost per bit for
data capacity enhancement. Cost savings can effectively be improved by
implementing device integration, which includes integrating multiple Txs, Rxs, and
optical amplifiers such as erbium-doped amplifiers (EDFA) in a single circuit with
the aid of switches. Different proposal to achieve multiple spatial signal channels
has been studied. Fig. 1-5 illustrates the three basic SDM fibres: fibre bundle;
multicore fibre (MCF); and multi-mode/ few-mode fiber (FMF).
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Fig. 1-5: SDM fibres: (@) fibre bundle (b) multicore fibre; and (c) multi-
mode/ few-mode fibre

The least complex is to utilise fibre bundle (fibre ribbon/multi-element fibre) as the
fibore management is similar to the multiple SMF systems. Hence, it can
accommodate a smooth transition during system upgrade by adopting the existing
components [24]. MCF is another interesting SDM fibre where individual fibre cores
are incorporated in a common glass cladding. Among the superior features are: the
optical path length of neighboring cores of MCF suffers less temperature instability,
and MCFs can adopt a simpler system architecture as the local oscillator (pilot
tone) can be transmitted and shared on the MCFs [25]. Also, weakly-coupled MCFs
provide a more straightforward and promising approach as it targets minimum
crosstalk in the adjacent cores so that multiple-input-multiple-output (MIMO)
digital signals processing is not required for signal recovery. FMF uses mode
orthogonality to constitute multiple signal channels [26]. Here, eliminating mode
coupling is a major concern, compelling the use of MIMO and DSP. There are also
strongly-coupled MCFs, which are in some manner similar to FMF but has the
additional advantage of reduced differential mode group delay (DMGD) [27]. It is
also plausible to combine MCF with FMF of a common cladding [28]. The highly
achieved spatial mode signal multiplicities demonstrated to date adopted fibres of
this configuration, which comprises 3-modes x 36-core FM-MCF, and 6-mode x19-
core MCF [29].

The above-mentioned technologies that employ SDM domain by adopting MCF
or MMF/FMF are independent technologies that require different approaches.
Combining them in an appropriate way can open up a new path of possibility in
realising a dense optical communication that employs SDM signal channel higher
than 30 to 100 in wavelength division multiplexing (WDM) system [30][31]. Detail
reviews on the MDM, MCF and multi-element fibres are presented in Chapter 2.
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1.2 Problem Statement

Due to the required optical signal to noise ratio (OSNR) on the SMF and adoption of
conventional amplification technique, the use of higher order modulation formats is
limited to short haul communication [32]. For a data rate of about 400 Gb/s or
beyond, a new low loss fibre with the large effective area (Aer) and low modal
dispersion (MD) are required to extend the distance. Nonetheless, using FlexiGrid
to improve the system spectral efficiency over SMF increases the capacity by only
20%. Several possibilities were adopted for enhancing transmission capacity, for
example, a modulation that adopts different amplitude levels, two orthogonal
subcarriers [33], and polarisation frequency [34] used in WDM. Hence, the only
untapped dimension is space. The new approach of employing SDM has indicated
significant potentials, but these potentials can only be exploited if certain
challenges are addressed. The most prominent challenge in MCFs is the crosstalk
between the adjacent cores, which can be explained as the leaking of optical signal
power between the cores. Thus, research addressing the interference caused by
the transfer of power in the MCF [35][8] is ongoing. It was shown that crosstalk
minimisation can be achieved by employing a step index fibre with a trench-
assisted core [36] or using a fibre-bend [37], and can also be mitigated by
introducing enough space between the fibre cores. It was also reported that using
the bi-directional signal in the cores to avoid lengthy co-propagation can
successfully minimise interference [38]. For the MMF/FMF based SDM system, the
major obstacles arise when a large number of mode channels are involved. These
include the MD [39][40], mode coupling (MCP) [41], and differential mode group
delay (DMGD) ([42]), making it extremely difficult for long distance
communication. In addressing this issue, large MIMO digital signal processing can
be employed on the receiver side. It is crucial to note that MIMO complexity scales
up with an increase in the number of modes. Recently, a 22.3 km transmission that
includes spatial and polarisation with 30x30 MIMO-DSP was reported [43].
Employing MMF/FMF for MDM system or a vortex fibre for orbital angular
multiplexing in long-haul communication is extremely difficult. This can be justified
from the previous investigations [44-46], in which both the optical signal and their
corresponding OSNR are affected largely by MDL, DMGD, and MD even with the
implementation of a complex MIMO DSP.

Other challenging issues with the SDM approach are components integration,
compatibility with existing infrastructures, and cost implication for modification.
Still, more investigations would be required to access the benefits and at the same

time establish its merits when compared with the various network so far used. An
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important step toward an SDM realisation would include the standardisation of the
transporting medium to engage more research towards fibre deployment.
Moreover, a large bandwidth provided by the SDM fibres can largely contribute to
the component's integration (Txs/Rxs, S-Mux/S-deMux, EDFA, MCs, and so forth).
Scalability in both routing and switching in the SDM network provides great
potentials as predominant drivers to the next level of research in this field.

For the backbone and metro systems, new spatial or MM-EDFA amplifiers,
particularly those operating based on a cladding pump [47], can be companionable
with existing SMF-based system structure to improve integrations. Hence, cutting
down in resources, for example using a single MM-EDFA can contribute significantly
to power savings. Evident issues related to power and gain balancing still require

intensive studies [21].

1.3 Research Aims and Objectives

The research aims to model novel optical devices, specifically MCs and high
dispersion optical fibres and investigate a high-speed MDM transmission network
that can support four modes (non-degenerative signal mode) channels. The
research mainly focuses on the MDM-based device and transmission over
MMF/FMF.
The objectives of this research are:
i) To design a novel conversion device with low loss coupling power, this
device precisely expected to convert LP1; to LPo1 mode channel
ii) To design a novel mode converter (MC) device using a dual arc
waveguide (DAW) to convert three mode channels
iii) To present a mathematical model based on a finite difference time
domain (FDTD) for modelling the proposed MCs
iv) To present a mathematical formulation based on the LP-mode matrix
method (LP-MMM) for the modelling of two high dispersion fibres
v) To design two novel high dispersion fibres: a high dispersion four-mode
fibre with the centre high (CH) refractive index profile, and another one
with the centre low (CL) refractive index profile core.
vi) To investigate the transmission performance of a high-speed MDM

system adopting NRZ/RZ-OOK using DD approach.

1.4 Scope of the Research

An SDM transmission system comprises multi-element, multi-core, and multi-mode

or few-mode communication-based network. The research work is explicitly
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proposed for the MDM-based transmission applications and combines different
approaches as listed below:
i) Modelling of the MDM photonic device (MCs) for communications based
on the MDM transmission network
ii)  Optimisation through parametric variations to design models of novel
high dispersion fibres and
iii) Numerical investigation of system performance of high-speed MDM
transmission network based on the NRZ-RZ-OOK modulation format

using DD.

The research work is restricted to consider four distinct modes to represent
the channels rather than going down to each degenerate. This is because they are
costly and complicated to de-multiplex at the receiving part of the network system.
Specifically, the study focuses on the LPoi, LPi1i, LP2i;, and LPo2 only. The

degenerative modes under each spatial mode are considered as one spatial mode.
1.5 Contribution of the research

MDM communication photonic devices are numerically modelled and studied in this
thesis. Hence, each of the contributions below is based on MDM applications:

i) Review of the basic concepts and investigation of the state-of-the-art of
the optical devices that incorporate many aspects of the SDM-based
communication system. This includes optical MCs, multiplexers, MM-
EDFA, and different fibres for the SDM communication system.

ii)  Modelling of the MC devices that were achieved based on the finite
difference time domain (FDTD) method, which includes:

a) MC based on the lateral misalignments between two identical multi
ring cores (M-RCF).

b) Modelling of an MDM MC based on a tilted MC-MMF assisted by the
DAW. The proposed device can be employed in both multiplexing and
demultiplexing due to the expected multi-conversion behaviour.

iii) Demonstration of the new fibres with the equalised MD for the MDM
transmission. In this case, two novel high dispersion fibres are
modelled:

a) A high dispersion fibre with the CH refractive index profile, and
b) A high dispersion fibre with the CL refractive index profile
Both the two fibres demonstrate dispersion equalisation of the four spatial
non-degenerate mode channels.
Fig. 1-6 illustrates the flow chart describing different components investigated in

the research work.
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Fig. 1-6: The device design modelling and system analysis presented in the research

work are highlighted.

1.6 Software and Computer Aided Tools

The simulation tools used to carry out the research work are:
1) OptiFDTD 12.0
2) OptiFibre and

3) Optisystem 15.20 communication package.
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1.7 Thesis Organisations

This section describes the layout of the thesis. The thesis Chapters are:

Chapter 2: Literature review incorporates a review of the SDM system.
This includes recent progress in MCs and S-Mux/S-deMux. The chapter also reports
on recent finding in the optical amplifiers, fan-in-fan-out (FI/FO) devices. It
provides a comprehensive review of the challenges in the optical fibres such as
DMGD, MCP, mode dependent loss (MDL). Furthermore, different SDM approaches
such as MCF, MMF/FMF, and the fibre-bundles are also discussed.

Chapter 3: Mathematical model presents the mathematical formulation
employed for modelling of the devices. Two-dimensional (2D) FDTD equations, TE
wave equations, light source model, spectral response model, and power models
were presented. Likewise, the mathematical model based on LP-MMM for the MD
parameter optimisation is reported.

Chapter 4: Mode Conversion presents modelling and investigations of the
MCs. The first converter comprises two identical M-RCF fibres where the effects of
cleaving the fibre output at a different angle were examined. The effects were used
to model a converter by laterally misaligning the second fibre of the same
properties to determine the best position to couple the power. Furthermore, the
second mode converter was designed by optimising a tilt angle at the MC-MMF
input. This converter, unlike the first device, converts up to three higher order
mode channels.

Chapter 5: High Dispersion Fibres discusses two novel high dispersion
fibres were modelled by employing LP-MMM. This method was adopted because of
its accuracy in calculating dispersion. The optimisation was accomplished by
shifting the core layer thicknesses (core-ring radius) to a specified optimised
thickness (OPT) value, these values would coincide with that used to optimise the
Aerr. The goal here is to match the dispersion of the individual modes to a specific
reference value of 17ps/(km.nm); this is because most of the practical glassy fibre
operates around this value. Additionally, equalising the dispersion close to this
value can allow a mode signal to transmit and receive without using the
complicated MIMO-DSP module for the dispersion equalisation. The Aer of the
modes were evaluated in a similar manner. It is important to mention that the OPT
values in the two cases must be the same; this is to avoid conflict between the two
parameters (MD and Aer).

Chapter 6: MDM System model demonstrates the transmission system
model supporting two and four nondegenerate spatial modes. An LPo; and LPi:
transmission performance of high-speed MDM system adopting NRZ/RZ-OOK using

DD were examined. It was found that replacing the conventional modulator with
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the DP-DD-MZ modulator can extend the transmission distance. The effects of
misalignment between the transmitter and receiver for the two modes (LPo; and
LP11) were also discussed. Correspondingly, the performance of a transmission
system supporting four non-degenerative spatial modes at 10 Gb/s was explored.
The analysis here adopts the NRZ modulation format to evaluate the system
performance in terms of the minimum power needed (Pn) and the nonlinear
threshold power (Pru) at a bit error rate (BER) of 107°. The receiver sensitivity, an
OSNR, and the maximum transmission distance were examined.

Chapter 7: Conclusions and Future Works presents a summary of the
key findings and the general conclusions of the research work. Finally, an outlook
for future research was highlighted in this chapter. All the optimised table of values

obtained during the ring thickness optimisation are contained therein Appendix A.
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Chapter 2 Literature Review

2.1 Overview

The adoption of space domain as the next frontier for optical communication has
received considerable attention in the last few years. Optical devices are the
integral parts of an MDM transmission. Therefore, conducting an intensive review
on such devices is paramount to the successful realisation of the overall system.
This chapter presents a review of the recent advances in the inline components of
an MDM system, consisting of MCs, S-Mux/S-deMux, optical amplifiers, and FMFs.
Also presented are different mode conversion and multiplexing schemes. Recent
techniques of minimising differential mode gain (DMG) in the optical amplifiers are
also reviewed. The review covers other types of amplification schemes and their
current standing in the MDM system. This includes optical semiconductor amplifier
(OSA) and Raman amplifier (RA). Finally, the chapter also highlights the role of
FMF, MCF, and their relationship with FI/FO devices.

The successful deployment of an MDM communication system relies solely on
the successful development of novel optical components such as converters, FMF,
S-Mux, optical amplifiers and so forth [48][49]. In addition, FMFs for MDM poses
various challenges such as large DMGD, MCP effect, MD, and bending loss.
Crosstalk (XT) and MDL also require careful design, fibre modeling, and overall

system level control.

2.2 Mode Division Multiplexing (MDM)

An MDM transmission system (Fig. 2-1) is made up of spatial mode dependent
optical components, which may include spatial laser source (S-CW Laser) that
directly generates higher order modes, S-Mux/S-deMux for spatially
combining/separating signal mode channels, and MC for the conversion between an
LPo1 mode and higher order modes channels. At the input transmission side, an S-
CW Laser that can generate distinct LP modes are required, and S-Mux is employed
to combine the distinct modes into an MMF/FMF. If the S-CW Laser can only
produce an LPo1 mode, MCs are required to convert the LPo: to higher order modes.
Correspondingly at the receiver side, an S-D-Mux is required for spatial separation
of the modes plus a conversion device to convert the distinct higher order modes

back to an LPo; for detection.
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Fig. 2-1: Illustration of the MDM communication system that employs MCs.

2.2.1 Mode Conversion in MDM System

An MC is one of the critical optical devices used for multiplexing in the MDM
communication system and can be realised using various types of mode conversion
techniques such as phase plate, a spatial light modulator (SLM), spot, planar
Lightwave circuit (PLC), fibre coupler, and photonic lantern. Some of the mentioned
types can achieve selective LP mode excitation, which is an important aspect of
MDM, in which separate signal channels are combined using distinct excitation
modes. Most of the available mode conversion techniques concentrate on
conversion between the fundamental (LPo:) mode and higher order LP modes.
Conversion of higher order LP modes was reported in [50], where a PLC-type mode
rotator was designed and fabricated for the conversion of an LPi1a (LP11s) mode to
LP11p (LP11a) mode [22]. Perturbation of an incident field propagating in an optical
fibre can induce mode coupling where modes are converted as it tranverse the
structure. For example, cleaving a fibre at an angle can influence coupling between
mode degenerates [51].

MC/(de)multiplexing using liquid crystal on silicon (LCOS) [52] was realised
by utilising SLM. On exciting the device with an LPo; mode, the power loss of the
(de)multiplexer is around 16 dB, which was increased to 25 dB when employing
the masks for an LPi: conversion. The additional multiplexing losses were
contributed from mode conversion. Furthermore, the use of a phase plate
technique was demonstrated [53] with a beam splitter, mirror, phase plate, and
lenses aiding the mode multiplexing by means of conversion with coupling loss in
the LPg1, LPo1a, @and LPo1p Of 9.6 dB, 9 dB, and 7.8 dB, respectively. Thus, the mode
multiplexer/converter demonstrates mode selectivity of greater than 28 dB.

Free space optics mode conversion approach is insensitive to polarisation and
broadband but has higher insertion loss (IL) and is usually bulky. An all-fibre MC
based on long period fibre grating (LPFG) written in the FMF is reviewed [54]. An
LPo: to high order mode conversion (LPi1, LP21, and LPo> modes) was demonstrated
using a single LPFG. The conversion efficiency (CE) of 99% was realised at 1553

nm wavelength. Inter-modal crosstalk on system capacity performance can be
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minimised using dynamic routing, spectrum and mode assignment (MC-CA-RSMA)
algorithm over SDM-EONs [55]. Here the converter was not only implemented and
positioned at each node for flexibility in the conversion but is capable of converting
up to twelve spatial modes. The algorithm adopted can highly mitigate crosstalk
that influences system-blocking performance when compared to other algorithms.
General purpose converter capable of converting virtually any given mode to any
desired mode in FMF/MMF for spatial mode application was reported [56]. This was
achieved using a phase-only SLM by programming it to a binary phase filter using
the SA algorithm. The work precisely demonstrates conversion within LPoi, two
degenerates of LPi1 (LPiia, LP1ib), LPo2; two degenerates of LP.i (LP2ia, LP2ib),
and two degenerates of LPi» (LP12a, LP12v) with more than 80% correlation
coefficient and selectivity of over 12 dB was achieved. In addition, MC contributes
to the interferometric composition, wavelength filtering, and loss compensation in
the MDM system. Finally, the overall applications of MCs contribute greatly to the
success of mode multiplexing and amplification in the MDM system. Table 2-1
summarises the recent advancement in MCs and shows that most of the recently
reported work concentrates on the conversion of an LPo; to the higher order
modes. The conversion approach with minimum IL (0.2-0.5 dB) reported here is
the mechanical mode converter [57], which employs periodic structure using the
grating period (PSG). The all-fiber-doubly tapered converter demonstrates higher
conversion efficiency (CE) between 97-99% [58].

The following abbreviations were used in Table 2-1: converter model types
(Conv. Type), mode conversion involved (M-Conv.), techniques applied (Method),
insertion loss (IL) and extinction ratio (ER). In addition, operating wavelength (OP-
WL), and applications (Appl.) of each of the converters are highlighted. Other
abbreviations used in the table are centre launching (Cel), femtosecond laser
techniques (FLT), a periodic structure using the grating period and bipyramid
combined structure (BCS). Also, the remaining abbreviation used includes
ultra-compact mode converter (U-CMC), double fibre taper-based mode converter
(DT-MC), 1.6°-tilted FM-FBG (FM-FBG), and spatial spectral matching (SSM),
higher order mode (HOM) and original to any desired mode (O-ADM).
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Table 2-1: Recent progress in conversion device for MDM system.

S/N  Conv. Types Method M- Conv. IL(dB) ER (dB) CE (%) OP-WL Appl. Ref
1 Mode-selective couplers CelL LPo1 SMF to 1.7-2.1 Not reported 62-71% C-band WDM [59]
LPo1 MMF
2 integrated MC FLT LPo1 to LPo2 <1 Not reported >80% C-band MDM [60]
3 Mechanical MC PSGP LPo1 to LPy4 0.2-0.5 Not reported 89 % Not reported MDM [57]
4 All fiber MC BCS LPo; to LPy, 0.5 12 89% C-band MDM [61]
5 Perturbed waveguide U-CMC LPo1 to LPim 0.5 >13 Not C-band MDM [62]
reported
6 All-fiber-doubly tapered DF-MC LPo1 to LPo2 Not 19-30 97-99% 0O-, S-, C- WDM/MDM [58]
MC reported Band
7 Reflective MC FM-FBG LPos to LP11 Not Not reported 99.5% C-band MDM [63]
reported
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2.2.2 Mode Multiplexers in MDM System

One of the vital devices in an MDM network is the S-Mux, which combines K spatial
modes into an FMF. S-deMux operates in the inverse way in which it separates the
combined modes back to K spatial signal modes. Different strategies are employed
to control the spatial modes of the FMF/MMF. For example, by exciting the fibre
input with set of orthogonally combined eigenmodes [2]. Thus, the mode channels
are strongly coupled. This brings complexity in demultiplexing and requires full
modal diversity and using complicated DSP. Another option may include using fibre
and optical components that employ weakly coupled (uncoupled) spatial modes,
reducing the DSP complexity to jointly detect the degenerate mode groups [64].
Regardless of the two approaches chosen, there must be a mode-selective S-
deMux. The uncoupled approach requires a reduced modal cross talk generated by
the S-deMux, so that mode selectivity ensures low MDL. This gives room to
compensate the DMGD [65], which drastically reduced DSP complexity during
transmission. Other essential issues for S-deMux are IL and the bandwidth to be
large enough for compatibility with the WDM. Mode selectivity in multiplexers has
been proposed using different techniques. The currently used mode multiplexers in
the MDM network is designed based on the free space components such as SLM
[52], and phase plate [66]. These are relatively large, with a high cost of
productions, and above all demonstrates high IL. Phase plate converters [67] are
widely adopted because of their simplicity, at the expenses of high IL. Using mode-
selective photonic lantern (MSPL) as an alternative with the distinct input SMF can
minimise the IL [65]. However, achieving mode selectivity still remains a
concerning issue due to the complication in the fibre modeling. A 10-mode S-
deMux demonstrating higher mode-selectivity, using MPLC, with a reduced IL over
the full C-band and L-band was reported [68]. It demonstrates average crosstalk of
-26 dB, mode selectivity of 26 dB, and higher CE (low IL less than 4 dB when
coupled to the MMF) and very low MDL (average MDL 1.2 dB).

Moreover, all fibre MDM multiplexers, which includes LPFBG [69], mode
selective coupler [70], adiabatically tapered fibre multiplexer [71], photonic lantern
[72], and PLC [73] are compact, cheap to produce, and demonstrate low IL with
high CE. The photonic lantern has the ability of multiplexing many modes with low
loss at the expenses of fabrication difficulty. LPFBG multiplexers are small in size
and demonstrate low IL, with the narrow operating bandwidth. In opposed to the
LPFBG multiplexers, selective mode couplers have the larger working bandwidth,
minimum loss, and can be fabricated easily. All fibre selective mode
(de)multiplexer for weakly coupled application is reported [74]. Based on the

selective mode coupling, a composition of SMF and FMFs were used with the LPo1
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mode in the SMF coupled to an FMF supporting high order modes. It was achieved
by adopting cascaded couplers with the distinct matched-effective indices and by
so doing a pair of 6-mode (de) multiplexer was fabricated. The performance of the
device was evaluated experimentally by transmitting 6-mode using the DP-QPSK
modulation. An OSNR penalty of 3 dB while using partial 6x6 MIMO equaliser was
achieved. On replacing it with the full 12x12 MIMO, the OSNR penalty was lowered
to less than 1 dB. Recently, a novel three mode scrambling-type multiplexer [75]
was reported with a less wavelength dependence, and low ER. Nevertheless, the
design is still superior over the conventional S-Mux that works based on the
asymmetric directional coupler, especially in terms of scalability to accommodate
higher number of modes and fabrication tolerance. This multiplexer was made by
cascading a y-branch waveguide with the rotator on silica planar circuit. Table 2-2
presents a summary of the recent technology reported in mode multiplexing for an
MDM system; under each device, a brief of the basic finding is highlighted. These
include XT, IL, MCP, and ER.

Table 2-2: Summary of the recent technology in mode multiplexing for the MDM system.

Device Technology Device Properties
XT (dB) IL (dB) MCP(dB) ER(dB) Ref.
Few/single mode Fibre coupler

LPN.HQESMF Taper part NOt
/ <-20 —-2.2to <-20 reported [74]

¥ n LP,, from FMF 1.5
B
o FMF ' P, from SME

Integrated mode
(de)multiplexer
e THIMUX, e

525'“0'9'“““‘9 o, o -20 <2 Not 14.5t0  [76]
Ampliude Phase reported 16.3
' controller controller
51 /
<~— RXDEMUX — two-mode wg

All-fiber mode MUX

Mode MUX Mode DeMUX
ur‘.\u B oy - | Mrn [77]
LPy port KULPM LPMEKI‘PUIP‘J" -22 to -20 0.3 (LPo1) Not 15
iy port O (a) O * P 1.8 (LP11) reported
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Device Technology

Device Properties

XT (dB) IL (dB) MCP(dB) ER(dB) Ref.
DC-based mode (de)multiplexer 9.6 (LPo1)
< =55 (LPox to 12.8
(LP11b) 0.95 Not [78]
reported
3-mode MUX based on MPL
i
W \ / m
¢l 4 -26 <4 Not Not [79]
%T.§§ | '
/ e, Y reported reported
Pasepae /'7\ oy
w,
Six mode Mux PLC coupler
W LB -23to -16 1.3 Not >15 [73]
N reported
Mode wide bandwidth (de)
multiplexer
< =20 < —0.05 Not Not [80]
reported reported
2 x 2 dual-mode 3 dB coupler
DPH/
Input 43‘,
CO”/,'
\N 14 0.25 <1 Not [81]
7y ¥ (average) reported

Output!
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Device Technology Device Properties

XT (dB) IL (dB) MCP(dB) ER(dB) Ref.
Compact 3D Waveguide Mode
Multiplexer
—-23.2 to 1.7t0 6.4 10 Not [82]
-14.6 reported
unrlaray
Multiplexer based on FM- FBG
. “MUX
T
Circulator NOt NOt [69]
i FBG H > -20
= o : 4 reported  reported
a
e
LPy+LPy,
OAM mode sorter
b Not
A =" Not -9 <1.5 reported  [83]
s
f R i reported
J =
PLC-Based 4M-(de) multiplexer > 20
- — (S,L),
1) e 1,} Not <3.5 <1 >15(C)  [84]
' L - reported

|
i U "l !
¥

2.2.3 Optical Amplifiers in MDM System

The most recent and crucial optical amplification technique is the EDFA. This
technology has the advantage of avoiding optical signal conversion into an
electrical signal before it undergoes reconversion again into an optical one. Unlike
other conventional optical amplification schemes, it has the advantage of reduced
system complexity and power consumption. Fig. 2-2 (a-b) shows the schematic
and mode of operation of an EDFA. It consists of an optical fibre doped with Erbium
ions. The input signal is coupled into the fibre with the help of a pump signal at a
wavelength of 980 nm or 1480 nm. Signal pumping can be injected from both or
either side into the Erbium-doped fibre (EDF). This results in co- or contra-
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propagating pump signal (Fig 2-2). Within the EDFA, the photons of the input
signal at a wavelength of around 1550 nm can force the erbium ions to go back to
the initial lower energy state and hence generating replicas of the signal photons
by a process called stimulated emission [85]. In some cases, the Erbium ions can
fall back to their initial energy level without experiencing any stimulation by signal
photons, which referred in the literature as spontaneous emission. The produced

photons is amplified by the same mechanism as in the initial photons.
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Fig. 2-2: (@) Schematic of a typical EDFA and (b) Basic amplification

principle in Erbium-doped amplifier.

This process describes the amplified spontaneous emission (ASE) [86] and
considered as the main source of noise generation in optical amplifiers. The noise
figure (NF), is a quantity of an amplifier due to generated ASE and quantified by
analysing the physical process inside the amplifier.

Optical amplifiers are crucial to the successful deployment of large data
capacity within an MDM system. MDM fibre amplifier design to support many
spatial mode channels can be engaged to extend transmission to a longer distance
(long haul communications) and improve bandwidth in the SDM system. However,
there are certain issues with the Erbium-doped amplifiers in FMF. One of which is
getting an adequate amplification gain at less differential mode gain (DMG)
between the entire transporting mode channels for the overall performance of the
MDM network. This is because the translation of the DMG to excessive MDL can
lead to system outage [87]. In reducing DMG in MM-amplifiers, it is crucial to limit
the overlapping integrals of the distinct modes which serve as a measure to
minimise the overlapping between the excited ion, and signal mode intensity
profile.

Different techniques can be used to reduce DMG. For example, it can be

achieved through adaptive equalisation or reconfigurable mode gain. This can be
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achieved in two different approaches. One of which is to put a control measure for
the modal content of the pump (core or cladding). Here, the distinct pump mode
powers are excited to a few-mode-EDF with parallel mode signals. The differential
gains can be reduced by varying the pump power to the desired value. Some
theoretical explorations have adopted using this approach, in which the gain of an
MM-EDFA can be controlled by turning the mode contents of the pump. It has been
achieved by varying the power and input orientation, which allows a dependent
gain to be tuned over a given dynamic range [88]. In addition, using SLM was also
proposed as a technique to equalise the differential gain by adjusting the pump
modes power [89]. Varying the powers of the separate amplified modal signals was
achieved by placing an SLM immediately after the amplifier to equalise the
differential gain. Using higher-order mode pumping to minimise the differential
gain has also been investigated experimentally. A 2-mode group amplifier (LPo:
and two degenerates of LPi11) was demonstrated by adopting a step-index fibre
consisting of a doped profile core region [90]. Furthermore, an investigation of all-
fibre type MM-EDFA and control DMG using LPG was reported [91]. It was
demonstrated that the DMG can be altered between the range of -7 dB to 5 dB.
The differential gain control was achieved by adjusting the LPo1 to LPi1 pump
mode-ratio.

The second technique that minimises DMG is by controlling the doping level of
the Erbium ions to the modes power distribution by, for example, the ring dope
ions. An investigation of the 4-mode amplifier has been demonstrated [92], which
involve the use of a fibre design constituted by two sections of distinct-doping
levels. It demonstrates a low gain of less than 1 dB in the 4-mode EDFA that uses
simple pumping configuration by adopting the LPoip and LP4ip as the pump modes.
Moreover, a five-mode amplifier using a ring-doped profile has achieved a gain
greater than 13 dB at DMG of less than 5.7 dB [93]. Similarly, a 6-mode EDFA with
circular ring-structured profiles was initially used on Er3*-doped for the gain
equalisation that employs a conventional fibre fabrication procedure [94].
Nevertheless, gain equalisation through this technique is difficult to realise
experimentally. Thus, a new approach based on a ‘pixelated’ Er**-doped core was
implemented to achieve gain beyond the initial limit. In addition, a six-spatial mode
optical amplifier with a reconfigurable DMG control was demonstrated using a
bi-directional pumping technique in association with the Erbium doped amplifier
[95]. A specially tailored doped-profile leads to achieving a gain greater than 20
dB for the LP-modes, demonstrating DMG of less than 2 dB. The photonic lantern
was used to achieve mode selective amplification in a large mode area cladding-

pumped Yb-doped fibre [96]. This reported signal gains of around 19 dB and
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output power greater than 1 W. In another report, a gain control six-mode EDFA
was demonstrated by adopting MSPL for the pump light control. The device shows
the ability to amplify the six modes separately with DMG value of less than 1 dB
and a signal gain of around 16.17 dB [97]. An DMG can be reduced using ring-core
EDFA (RC-EDFA) as reported in [98], a ring core and conventional step index EDFA
are compared in terms of DMG. It was found that the RC-EDFA demonstrates lower
DMG of 1.6 dB and 1.8 dB for LPo; and LPi11, respectively. While a 9.2 dB and 6.1
dB are respectively determined for the LPo1 and LPi1 using a conventional step-
index EDFA.

Multicore EDFA (MC-EDFA) is also considered as a key element for the
integration of MCF SDM-based network. A cladding pump approach was reported
for an SDM-EDFA to realise 18 channels (comprising 6-core by three-modes) [99],
which utilises a common pump diode that exhibits similar complexity of a single
mode EDFA (SM-EDFA). The amplification delivered a total power of greater than
20 dBm per core and NF of less than 7 dB over the C-band. This SDM-EDFA can
combine SDM-WDM over parallel MMF span. In addition, a core with the multi-ring
index profile adapted to MC-FM-EDFA was reported. Fig. 2-3(a) depicts a cross-
section of the fabricated MC-FM-EDF [100], which consists of 7-cores, all laid close
to each other in hexagonal form. The core pitch of 40.3 um housed by a cladding of
153 pym in diameter was employed. The core in each of the FMF supported 2 modes
(LPo1 and LPi11), cutting-off the LP21 mode at 1470 nm wavelength.
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The MC-FM-EDFA connection was made to a WDM coupler modules (using free-
space coupling), which comprises of optical isolators and changeable binary phase
plates to pump the light to achieve mode conversion [101] with the help of FI/FO
device. As reported in [101] both the gain and the noise characteristics of the MC-
FM-EDFA are calculated core by core. The amplification gain and the NF values are
shown in Fig. 2-4(b) [100]. Table 2-3 summarises the recent progress in
SDM/MDM-EDFA technology. It includes the method applied in the amplification
process, the NM involved, and the average gain (AG) obtained. Also included in
table 2-3 are the DMG, NF, and the pump power (PP). Other abbreviation used in
the table includes nondominated sorting genetic algorithms (NSGA-II), intensity
and field model (IFM), intensity model (IM), Field model (FM). Cladding-pump (CP),
few-mode distributed Raman amplifier (FM-DRA), and ring-core erbium-doped fiber
(RC-EDFA). Also, overlap integral (OI), mode-selective bidirectional pumping (M-
SBP), extra annulus doping (EAD) and semiconductor optical amplifiers (SOA) are

used.
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Table 2-3: Recent progress in SDM/MDM optical amplifiers.
Opt. Amp Method NMs AG(dB) DMG (dB) NF (dB) PP (mW) Ref.
FM-EDFA NSGA-II 12 (7- 22.2 3.3 Not reported 300 [102]
group)
6-modes FM- IFM 6 17.1 7.1-15(IM) Not reported 600 (300 for each [103]
EDFA 0.3-0.8(FM) vector mode)
RC-MC-FM- CP 18 >20 Not reported <7 15 x 103 (6-cores x 3 [99]
EDFA modes)
FM-DRA SOA 2 15.46 < 0.4 1.2 (LPo1) 30-260 [104]
1.1 (LP11)
Elliptical-core Not reported 5 17.5 7 4.3-15.1 (all 100 [105]
FMEDF modes)
RC-EDF 0] 2 17 1 <5.2 (LPo1) Not reported [101]
<5.8 (LP11)
FM-EDFA EAD 22 (6- >20 < 0.9 Not reported =220 [36]
group)
6M-EDFA M-SBF 6 >20 <4 (all modes) Not reported 338.8 [95]
FM-EDFA CP 6 >20 ~3 6-7 1300-3100 [106]
TM-TDFA CP 2 (group) 17-18.3 Not reported 7-8 3200 [107]
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Besides EDFA, another type of optical amplifiers can be employed to enhance
performance in an MDM system. For example, semiconductor optical amplifiers
(SOAs) such as the one reported in [108], and RAs [109] can be engaged for the
MDM communication. The SOAs are not frequently used today in the long-haul
communication because of their drawbacks such as high noise, polarisation
dependence, and nonlinear effect or fast gain response.

Fig. 2-4 (a-c) compares the relative intensity noise, relative noise frequency,
input output power, EDFA pump power and SOA deriving currents [108]. The SOA
indicates a greater noise level than EDFA, which is because of higher involvement
in ASE, higher optical absorption, and higher instability in the electron density
injected. However, the OSA has a peculiar feature that helps in reducing the RIN of
the light at the output below the input intensity level under some conditions. The
line-width spectrum is very difficult to increase in the case of both SOAs and the
EDFAs in linear operation. The noise effect in SOA was reported in [110] and is
caused due to the counter phase fluctuation in the electron density, which was
associated with optical power [111]. This is not observed in the case of EDFA,
because it has less instability in atomic density [112]. However, a four-mode OSA
was recently demonstrated, which aimed to suppress equalise gain issue in EDFA
for an MDM, and has demonstrated the potential of providing an equalised-gain for
multiple input signal mode channels without introducing additional complexity, and
economically more affordable than EDFA [113]. Moreover, RAs are hardly used in
the current commercial system because of their complexities and requires high
pumping power. One of the advantages of RA over EDFA and SOA is that it gives
room for achieving distributed amplification [104], which in turn reduces noise
generation. Therefore, combining EDFA and RA technologies can allow extending

transmission distance more than adopting only EDFA.
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dependency versus Noise [108].

2.2.4 Uses of FMF in MDM

The concept of using FMF for MDM is to restrict the number of spatial modes
propagation in a fibre to avoid MD. This is because the higher the number of
propagating modes the more severe the MD and the less bandwidth available [26].
Significant progress has been made to minimise the MD. For example, recently two
novel high dispersion fibres with equalised MDs were reported [114]. Spatial
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modes transmitted through a single core and modes in an FMF are assumed
orthogonal with respect to each other. Theoretically, each of the independent signal
channels can be modulated onto each spatial mode, transport them through the
same fibre and retrieve the signal at the output with minimum or no loss of
information [115]. The data capacity per fibre is multiplied proportionally to the
number of spatial modes transported by such fibres. This is in analogy to MCFs
where the increase in system capacity is multiplied by the number of cores or
number of fibres itself [30].

Fig. 2-5 depicts the basic of the most commonly adopted approaches in MDM,
it consists of two techniques, one uses linearly polarised modes as the independent
channels (Fig 2-5a), and the other includes each degenerate as a separate signal
channel (Fig 2-5b).
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Fig. 2-5: Schematic of the basic concept of an MDM using FMF:

(a) Constituted by an LP mode only, resulting in four-mode
operation and (b) Both spatial and polarisation modes are
included, which results in six-mode fibre operation.

Fig. 2-5 (@) is restricted to using four distinctive modes (LPo1, LP11, LP21, and LPg2)
each representing a signal channel rather than going down to each degenerate,
this is easier to deal with during mode (de) multiplexing. In Fig 2-5 (b), the
degenerate modes (LPoi, LPi1x, LPi1y, LP21x, LP21y, and LPo2) under each spatial
mode is considered as one channel, this adds more capacity to the system. X-pol
and Y-pol are costlier and more complicated to de-multiplex at the receiving part of
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the network. It is difficult to perform PDM for SDM network. The technicality of the

implementation is challenging for both experiment and numerical investigation.
2.2.4.1 Strong and Weakly Coupled Approach in FMF

FMFs have so far demonstrated higher potentials compared to their counter MCF.
The main challenge is reducing the DMGD and MCP among propagating modes.
Two approaches are now under intensive research: weakly and strongly coupled
approaches.

Weakly-coupled approach [116][117] targets at reducing coupling effect
between the propagating modes so that each LP mode can separately serve as an
independent channel and can be detected separately using simple MIMO technique
irrespective of the number of LP modes involved. To achieve this, the FMF must be
carefully designed in such a way that MCP is drastically mitigated to an acceptable
level. Compatibility of the step index fibre (SI-fibre) with existing SSMF technology
makes it promising and proven to be the most effective to utilise under weakly
coupled regime [118]. It is worth mentioning that such approach contributes very
high DMGD. However, looking at the simplicity it offers in design and
manufacturing processes, it is considered as a good alternative. To design an FMF
under this regime, the highest normalised frequency value is chosen, which allows
N number of modes to propagate in the fibre, cutting off the next remaining high
order modes. The core index is optimised after knowing the value of V-parameter

(V). The core diameter is obtained from the V, relation, which is given by:
V, = 2ma/A. (nZ. — n%)Y/? Eq (2.1)

where a is the core radius, n. is the core index, ng, the cladding index, and A
represents the operating wavelength. Setting the index spacing {Anes} > 1.0x1073
for any two adjacent LP modes can reduce coupling effect [119-120]. Bending
losses must be reduced to a minimum value (at a radius 32mm) to ensure
robustness for all LP modes within the intended value of V,. Aer is expected to be

>100um2 to suppress intra-model non-linearity along the fibre [118].

The strongly coupled approach aims at mitigating the DMGD so that the LP modes
are simultaneously detected using complex MIMO technique [121-122]. In this
approach, the coupling is not viewed as an issue, but the fibre requires a careful
design strategy to minimise DMGD. A fibre with the graded index profile (GI
profile) is prepared for high-bandwidth FMF targeting low DMGD. Such type of
fibres is capable of demonstrating DMGD of as low as 0.1 ps/m at a wavelength of
850 nm with the expectation of high bending losses [123]. This configuration is
nevertheless well adopted to strongly coupled fibre for MDM systems [124][125],
for which the DMGD has to be drastically reduced. The same modeling procedure
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as in the weakly coupled fibre can be adopted for the V, selection. In addition, the
exponent value that predicts the index shape may slightly differ from 2 to reduce
DMGD [124]. The optimisation became more difficult as the humber of transporting
modes increases, most especially when good mode robustness (low bending loss
per turn at a specified bending radius at 1550 nm) is targeted. DMGD can increase
to a value higher than 0.1ps/m as the mode count in the propagating fibre is
greater than or equal to four. However, it was reported that introducing a trenched
cladding can minimise the bending sensitivity [126], and help improve a trade-off
in DMGD and the bending losses [127]. It has been reported that DMGDs of below
0.025 ps/m was achieved for trench-assisted GI supporting six-LP-modes [128].
This fibre design has a sensitivity to small profile variations, which occurs while
manufacturing. A better way to minimise DMGD is to adopt DMGD-compensation
technique for FMF links [129]. This approach was implemented long ago in MMFs
and seems to work perfectly well with FMF [130].

2.2.5 Challenges of FMF in MDM System
2.2.5.1 Distributed Mode Coupling

As discussed in section 2.2.4.1 under the weakly coupled regime, it is significantly
important for the FMF to have minimum MCP between the supporting modes. This
reduces crosstalk between the multiplexed data streams (channels) [126]. The
guided modes in an ideal fibre must satisfy orthogonality and hence, energy
remains uncoupled among the transporting modes. This orthogonality can suffer
breakage in a real fibre due to the imperfections, which include inhomogeneity in
the fibre index or deformations in core size and non-circularly core shape. These
effects can give rise to energy coupling between the modes. In addition,
imperfections in the channel path or coupling points can cause excessive power
exchange among the optical modes. As demonstrated in some reports [131-132],
such issue can be dealt with by implementing MIMO signal processing, but for the
sake of understanding of the rationale behind FMF characteristics, one must have a
proper view of the potential and effects of MCP. Note that MCP between
degenerates (modes with the identical phase constants) is stronger, which means a
substantial amount of optical power would be transferred between the modes
within a close distance (very small distance) [133]. In the case of other modes
with reasonable differences in propagation constant e.g. between LP1; and LPo1, the
coupling can be much weaker. Thus, the optical signal may cover up to tens of
kilometers without significant coupling among the modes. Theoretically, for
imperfect optical waveguides, the energy will couple between modes when the

perturbations have a longitudinal frequency component, which could be introduced
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from the difference in longitudinal propagation constants {AB} of the modes. The
strength of coupling between two modes is a function of AR [134-135]. It was also
reported that the coupling between modes of adjacent mode groups is given by:

MCP = (Ap)~¢*+29 Eq (2.2)

where g characterises the power spectrum of the changes and typically carry
values between 0 and 2, depending on the nature of the external perturbations.
Thus, the best way to reduce MCP is to increase the value of AR between the

modes.
2.2.5.2 Differential Group Delay (DGD)

Modes group velocities that carry independent MDM data stream are different.
Thus, pulses can be launched simultaneously into the various modes of the optical
fibre, which propagate and arrive at the receiver at different times. MCP and DMGD
may both be present and could lead to crosstalk that spread across multiple bit
periods. The MIMO signal processing components that suppress signal channel
crosstalk become complex due to the accumulated DGD between the individual
modes and the crosstalk induces over many bit periods [136]. The DGD is

expressed as

i (nim — nlp") Eq (2.3)

where nes is the effective index, |, m, are the azimuthal and radial number
respectively, c is the velocity of light. This effect would be more severe for a long
haul SDM transmission [115]; hence, it is crucial to develop means to minimise the
DGD. It is also extremely challenging to reduce both the DGD and MCP

simultaneously.

2.2.5.3 DMGD Accumulation with Transmission Distance

DMGD accumulation is proportional to the transmission distance, as well as to the
magnitude of AB. Mode coupling effect depends on the issues related to fibre
deployment. Moreover, cabling and splicing effects need to be considered
thoroughly. Cabling stress increases the distributed MCP by inducing some
additional source of perturbations in the fibre. Additionally, splices and connectors
also bring some discrete MCP [137]. Even by taking into account small and random
MCP, it can be proven that the DGD grows linearly with increasing length [138].
When a short signal pulse is launched simultaneously in each mode, the variation

in arrival times of the pulse is given as a function of the fibre length, L [139]:
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where |. represents correlation length, T is the time-of-flight through the fibre
length. Note that from Eq (2.4), the spread in signal arrival time normally scale up
with the product of square root of the correlation length and the fibre length (I.L).
This scaling law can similarly be adopted for any guides irrespective of the humber
of modes involved [140][141].

2.2.5.4 Measurement of Impulse Response

The method of launching light pulse at the same time in the various modes has
been in practice for a long time. DGD in FMFs is relatively large to quantify by a
mere comparison of the difference in arrival time of the light pulses that were
launched simultaneously into different modes. It is the same approach that has
been adopted in DGD measurement in MMF [142]. The difference in arrival time of
the modes at the end of fibre allows determination of the DGD. To determine the
sign of the DGD, it is crucial to figure out which mode corresponds to which pulse
at the receiver. This can be achieved by demultiplexing the mode at the receiving
end or by varying its launching properties (relative power in the two modes). Fig 2-
6 shows an example of an impulse response schematic splicing at a point, on two-
mode fibre (TMF), which adopts an overfilled launch condition. The LPo1 was
converted to LPi; mode at the splicing point. The additional pulses (coupling

pulses) are caused by coupling initiated at a splicing point.
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Fig. 2-6: A diagram depicting an impulse response at a point of splicing
[137].
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2.2.5.5 Differential Mode Attenuation (DMA)

One of the key issues in FMF transmissions is the attenuation of individual mode as
it propagates along the fibre length. The major challenge is the fact that MIMO
processing technique is unable to compensate for DMA effects. It has been
reported in [143] that the signal degradation does not depend on the DMA over the
entire end-to-end optical link. For example, a 20 dB DMA results in a loss of system
capacity of approximately 20%. This 20 dB is equivalent to 0.02 dB/km of DMA for
a 1000 km link, 0.05 dB/ km for a 400 km link, 0.1 dB/km for a 200 km link, and
0.2 dB/km over a 100 km link. Hence, it is inevitable to device a means of limiting
DMA to a lower value to support backbone signal propagation over traditional
distances. An indirect way of assessing DMA effects is by optimising channel
performance, which can be done by optimising the power launch into each mode,

the difference in the required power between modes is due to DMA [26].

2.3 Spatial Division Multiplexing (SDM)

A practical SDM system realisation can be comprehensively understood by clear
identification of the four main approaches illustrated in Fig. 2-7 (a-d). The key
difference is based on the employed fibre category, which determines the type of
system to deal with. It is crucial to have unanimity between the individual spatial

signal channels to minimise the required space needed of the SDM system.
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Fig. 2-7: Common SDM fibre and corresponding transmission systems:
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and (d) example of a DSP complexity table suitable for a six-
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This can reduce the overall cost of both system operation and deployment. The
unanimity anticipated across the system includes the entire fibre length, optical
amplifiers, and transceivers as illustrated in Fig. 2-8 (a-c). Another important issue
is reducing performance-limiting interactions in spatial channels and transmitting
signals. Considering the mentioned criteria, each of the proposed approaches has
specific potentials and challenges in MIMO complexity (Fig. 2-7d). In the following

section, each of the four approaches would briefly be reviewed.
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Fig. 2-8: Different SDM transceivers: (a) Avago Minipod™ adopting 12-
single mode ribbon [144] (b) multicore fibre photonic transceiver
chip [145] (c) VCSCEL/PD (4x12), which interfaces a multimode
fibre bundle opto-chip that support a 480Gbps transreceiver
[146].
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2.3.1 Multi-element Fibre (Fibre-Bundle)

The data, capacity over a conventional SMF has become insufficient to match the
demands of the current optical systems. One of the approaches considered to
increase communication bandwidth is to deploy multiple numbers of SMF in
parallel. Theoretically, this approach is visualised as one form of the SDM [21].
Unlike in multiple packed coaxial copper cables, optical fibres demonstrate no
crosstalk between the associated fibres in a bundle when putting them as multiple
elements. Deploying a single mode fibre-bundle (SMF-B) demonstrates no
additional propagation impairments compared to SMF-based network [21]. The first
demonstration of SMF-B was reported using core-pumped spatial amplifier [5], a
3-SMF-B and 7-SMF-B with no crosstalk was demonstrated. Fig. 2-9 (a) shows the
schematic cross-section of the 7-SMF-B core-pumped fibre. The major drawback
with this approach is the higher cost of production because of using a single diode
assigned to each core. The cladding-pump that implements a single common pump
diode was developed.
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The launching into the cladding pump was achieved using a delivery fibre element
that finally coupled the pumping light to the fibre element. Fig. 2-9 (¢) and
Fig. 2-9 (d) illustrates the extension of the SMF-B in the fabrication of the passive
MDM fibre for data propagation. Also showing in Fig. 2-9 (e) is an extract of the

7-SMF-B assembled preform on the draw tower.

MEF-

preform
Assembly

Furnace

pn Coating
Assembly

Rewinding
Drum

e)

Fig. 2-9: Cross-section of multi-element fibre fabrication: (a) demonstrate
in core-pumping optical amplification (b) using the cladding-
pumping technique (c) and (d) transporting fibre and (e) diagram
depicting seven multi-element preforms on the draw
tower[5][24].

Another key issue for realising fibre bundle is the connecting devices such as FI/FO
component. It aligns and couples each of the single core (de)multiplexer coupling
individual FM with the parallel SMFs. The requirement is either to combine FI/FO
device to a few mode-multicore fibres (FM-MC) and arrange them in an array of
mode (de)multiplexers for the individual FMF or integrate them in a similar way as
in FI/FO integrated photonic lantern, with fabrication achieved using ultra-fast laser
inscription [147]. The model of the FI/FO so far reported mainly targeted single
mode multicore fibres, including multi-element type [148], a fused taper [149],
and the one applicable to a free space optics [150]. Recently, FI-FO device with
improved alignment aimed to achieve low loss, low MDL (less than 2 dB) at
connection terminals was reported [151]. The report described in detail the design
processes and fabrication procedure of the FI/FO device, which can be a good
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candidate in the fibre bundle for FM-MCFs. As shown in Fig. 2-10, the configuration
of this device comprises two ferrules and split sleeve. A cladding of 246 uym was
used, and the FM-MCF insertion was made to couple into the micro-holes, which
fit into the ferrules. In addition, the single core FMFs was made to fit the hexagonal

micro-hole of the ferrule.

Flange Ferrule Split sleeve

/Spring

—-—

T
r

L -

19-FMFs in hexagonal hole

Fig 2-10: Diagram of a fabricated multi-elements type pluggable FI-FO
device [151].

Single fibre bundle technology can be considered a candidate to burst data capacity
through SDM implementation in optical fibre communication. It provides a crosstalk
free platform between the spatial mode channels and can splice using conventional

splicing procedure.
2.3.2 Coupled and Uncoupled MCF

The uncoupled approach adopts transmission of independent signals through
distinct cores of the same or similar fibres. The promising advantage of this
approach is that it demonstrates no significant crosstalk. This is realised through
employing high integration in the inline fibre. Although crosstalk is not much
anticipated, the cores must have enough separation distance from each other
[150]. As shown in Fig. 2-11 (a-b), a different approach can be employed to design
uncoupled-multi core fibre (U-MCF), for example, design an MCF with
heterogeneous core arrangement consisting of two distinct cores to reduce inter-
core crosstalk (IC-XT) using the multistep index as reported in [152]. Adopting this
core profile reduces and control DMGD without trade-off to intermodal crosstalk.

38| Page



Fig. 2-11: (@) Cross-sectional diagram of the fabricated multi-step three-
mode twelve-core uncoupled fibre consisting of a square-lattice
configuration. The separations between two cores are denoted by
odd, and even numbers respectively. A, T, represents core pitch,
and the outer cladding thicknesses respectively, and Dc
represents cladding [28] (b) Cross-section of 6-mode 19-core
uncoupled fibres [153].

Furthermore, a square lattice structure permits the inclusion of twelve cores in the
cladding of 230 pm diameter. This fibre demonstrates inter core-crosstalk (IC-XT)
and low DMGD. Moreover, homogeneous core fibres can be employed for the U-
MCF. Recently, an ultra-dense SDM optical transmission over six-mode nineteen-
core fibres (6-mode-19-core fibre) was achieved [153]. The cross-section of the
fibre is shown in Fig. 2-11 (b). Here, the fabrication of the six-mode, 19-CF was
processed in such a way to minimise crosstalk between the associated cores, as
well as the MCP, which results in a large cladding with a diameter greater than 300
Mm and the index contrast (A) greater than 1%. A system of 4.5 THz bandwidth
capacity at C-band, (19x114x2.05 pbit/s) was demonstrated [153]. This
experimental demonstration is the highest recently reported aggregate spectral
efficiency of 456 bit/s/Hz.

2.3.3 Coupled Multicore Fibres (C-MCFs)

The core adopted to C-MCFs is closer to one another compared to that in U-MCFs.
The cores closeness initiates coupling between the signal mode channels
propagating through the multicores. Due to the formation of supermodes, C-MCFs

imposes minimum constraints in terms of fibre design and productions. This is at
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the expanses of complex MIMO-DSP at the receiver for decoupling the supermodes.
Quite reasonable progress has been reported on the experiment using supermodes
to achieve transmission. For example, a distance of 1200 km and 4200 km [154-
155] was achieved, and the work was presented during the post-deadline
conference (ECOC2011, OFC2012). The modulation at 20 GBound was
implemented and the supermodes were successfully decoupled by employing a 6x6
MIMO including two polarisations in each mode. Recently, a C-MCF consisting of
four-core that demonstrate low MD (3.14+0.17ps/vkm) operating in the C-band is
realised [156]. The design recorded ultra-low mode attenuation (0.158 dB/km),
these are the lowest reported dispersion and attenuation in the optical fibre that
utilises couple multicore approach. It was achieved based on employing the index
profile of ultra-low-pure silica core single mode fibre shown in Fig. 2-12 with a
larger Aef Of 112 pm?2,

Dertipr uﬁ- 04 Toore
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cladding =
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e
27 0 Y
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T _125pm | Fiber radius [pm] on a core center
Fig. 2-12: Cross-section and refractive index profile of the C-MCF with a
radial line on a core centre [156].

A recent comparison between the commercially available ultra-low losses SMF
(ULA-SMF) [157] and a four-core C-MCF [158] that are virtually of the same core
configuration was carried out. The two fibres employed are of the same length of
110 km using the same optical equipment. The result indicates that the four-core
C-MCF can demonstrate a 0.7 Q-factor higher than that of the ULA-SMF. The
maximum launch power targeted a distance range between 500 km and 10,000 km
using both QPSK and 16-QAM. This was determined using a combination of the
WDM-SDM on 30 Gbaud and a 33.33 GHz channel spacing (15-WDM channels); a
1115200 bit/s/Hz record of spectral efficiency distance product was achieved for
the SDM transmission [158].
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2.4 Literature Review Summary

A review was presented on the recent achievements in the optical fibre devices,
which are paramount to the successful realisation of an SDM system. Different
mode conversion techniques were discussed, and it has shown that more effort is
needed for the higher order mode conversions as most of the recently reported
work centred on LPy; mode conversion. Moreover, the recent finding in different
mode multiplexed schemes were discussed, including the one exhibiting the
highest demonstrated LP-mode selectivity in a ten-mode multiplexer with the
average crosstalk of -26 dB, reporting higher coupling efficiency (low IL less than 4
dB when coupled to the MMF) and very low MDL (average 1.2 dB), over the entire
C and L band. In addition, the recent advancement of various schemes to
minimising DMG in FM-EDFAs and MC-FM-EDFAs is being studied. It also highlights
the advantages of RAs over EDFA and SOA, which includes achieving distributed
amplification and reducing noise generation. Combining the two technologies EDFA
and RA allows extending transmission distance than adopting only EDFA. Finally,
recent work on the SDM system was reviewed. It is crucial to have unanimity
between the individual spatial signal channels to minimise the required space
needed of an SDM system. This can reduce the overall cost for both system

operation and deployment. Fig. 2-13 illustrates the chapter summary.

MDM System

4

Mode Mode Op:_i:ial Uses of FMF in SDM
: - . Amplifiers MDM
Conversion Multiplexers in p + Multiele
* Recent MDM System *» EDFA + Challenges ment
T L Recent -, . um- ™ . Distributed WP Fibre
» Recen
MC " EDFA Mode * MCF
ac't"e_"em . 0SA Coupling o C-MCF
;n ; in . RA o DGD o U-MCF
LS o DMGD
Multiplex o Impulse
e response
Fig. 2-13: Chapter summary
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Chapter 3 Device Mathematical Model

3.1 Introduction

In multi-mode photonic (MMP) information of the high order modes in optical
communication devices provide means of increasing channel count for data
transmission [126]. It also provides flexibility of device modeling and design.
However, the design of MMP devices is different from the conventional SMF that
involves only a single mode.

This chapter presents a different mathematical model that serves as the basis
of the algorithms implemented in the modeling and analysis of the proposed
devices. The formulations for the converter devices include 2D FDTD equations, the
TE wave equation, light source model, spectral response model, and power model.
An FDTD [159] technique is employed for developing the simulation framework of
the two proposed conversion devices. This is due to the capability of the FDTD to
concurrently model light propagation, diffraction, scattering, reflection and
polarisation effects. Moreover, it has the ability to model material anisotropy and
dispersion without making prior assumptions in respect of a field behaviour, which
includes slowly varying envelope approximation. This makes the FDTD approach a
perfect domain for photonic device modeling. Employing this technique can allow
analysing sub-micron optical photonic devices with very good structural details,
which signifies a high level of light confinement [160].

On the other hand, an LP-MMM is employed to model two novel high
dispersion fibres (CH and CL-fibres) for the MDM system applications [161]. It was
achieved by using a matrix to describe the layers, which are written as a 4x4
matrix for the vector modes and a 2x2 matrix for the LP-modes. Details of the

mathematical formulations are presented in section 3.4.
3.2 FDTD Formulation

In this section, the mathematical formulations used for the modelling of different
conversion tools are presented.

3.2.1 Two Dimensional (2D) FDTD Equations

The FDTD method employs direct mathematical evaluation of the time-dependent
Maxwell’s curl relations. The following expressions define the lossless and source

free relations [162].
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OH, 1 [6Ey OEZ] Eq (3.1)

ot uo| oz dy

%_i[% 0Ex] Eq (3.2)
ot  uylox 0z
LI 0&] Eq (3.3)
ot  pyloy ox
OF _ l[aﬂ o] Eq (3.4)
at  elaz oy
9Ey _ l[ﬂ f’"x] Eq (3.5)
at  elox oz
oE, 1[6Hx BHy] Eq (3.6)
at ~ eloy 0x

where ¢ is the dielectric permittivity and p, is the permeability. By employing
FDTD, the proposed device is placed in the XZ plane with the propagation along the
Z direction and the structure is assumed infinite on the Y-axis. As the model is
infinite along the Y-axis, it eliminates any term comprising a spatial derivative in
the Y direction from Maxwell's relations. Thus, the six expressions in Eqs (3.1) to
Eq (3.6) are converted to partially uncoupled relations and are grouped into two:
(E,,H,H,) and (H,,E, E,). The two field groups illustrate TE and TM modes
respectively; nevertheless, different conversions are adopted with regards to which
group of fields changed to which group. Here in our case, we adopt the TE
designation. The numerical software uses conventional standard based on
waveguides that look at the solutions to the field components which results in a
given wave equation, comprising of E, and H,. In this case, the TE designation
moves to the group with the electric wave equation on the axis perpendicular to
the Z-axis (direction of propagation of the fields) that is (E,,H,,and H,). However,
the TM designation moves to the group with the magnetic wave relation on the Y-
axis (H,,E,,and E,).
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3.2.2 Transverse Electric (TE) Wave

As already highlighted, the 2D scenario evaluates the relations for E,,H, and H, by

setting the remaining components to zero, which yields

0E, _ l(aHx 8HZ) Eq (3.7)
ot e\dz 0z
OH, _ 10E, Eq (3.8)
at  py 0z
OH, _ 1 0E, Eq (3.9)
Jat Uy 0x

where
€ = €,6, defines the material, ¢, =8.854185 x 107*? C?/(N m?) and ¢,= 3.7 to 10
(for glass), u, defines a free-space magnetic permeability, and the material

refractive index, n is determined by :

n= (Er)l/z Eq (3.10)

To evaluate a given designation accurately, each field is characterised by a 2D
array: E,(i,k),H,(i,k) and H,(i,k). The two indices, which are denoted by i and k
quantify for the actual number of space steps in both the X and Z axis,
respectively. For the TE designation, the field’s location in the mesh is illustrated in
Fig. 3-1. As can be seen, the separation of the TE fields is evaluated based on the
concept of the 2D Yee Cell [162]. Each spatial cell is allocated to a given field, for
example, the Ey field is assigned to the centre of the FDTD cell which is illustrated

by the dashed lines.
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Fig. 3-1: Location of a transverse electric field (TE) in the computational
layout.

H, and H, are the magnetic fields related to the cell edge. The offset fields signify
that the derivatives within Maxwell's equations are to be discretised and expressed
by employing finite differences, this ensures second-order accuracy in space and

time. It is also important to mention that:

e E, field is related with the indices j and k;

e H, field is related with the integer value j and (k+1/2); and

e H, field is related to the integer value indices (i+1/2)
The following relations defined the discretisation of Maxwell’'s equations along the
grid [163].

1

At n— 1 n-3 1
E7(i, k) =E§'1(i,k)+£[Hx Z(i'k +§)‘”x Z(i"‘ﬁ)] (3.11)
Eq (3.11

At Hn_%('+1k) Hn—%(_ 1k>
edx| 2 \'T2 = \'772

n+% . 1 n—% : 1
H, (l,k+—>=Hx (l,k+—)
2 2 Eq (3.12)

At
HoAz

+ [En(i, ke +1) — E2(i, k)]
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n+1 ) 1 n—1 ) 1
H 2(1+—,k>=HZ 2(l+—,k)
2 Eq (3.13)

At
HolAx

[ERGi+1,k) — ER(, k)]

where n is the DTS (discretised time step); Ax is the size in real units of a space
step (RUSS) along the direction of Az in the Z-direction and At is the size in real
units of the time step.

In order to ensure the accuracy of the source representation, the spatial step
size is set between the range of 10 to 20 steps per wavelength [164]. Moreover, to
guarantee numerical steadiness of the algorithm, the sampling in time is chosen by

the Courant condition. Thus, the time step is evaluated by:
1

(@ @)

At < Eq (3.14)

As defined in the 2D formulations, the FDTD algorithm evaluates the fields within
the time layout. The output data at each position of the computational domain for a

time t are of the form

E(x,y,z) = A.G(x,y, z)sin(wt + ®;) Eq (3.15)

where A donates the field amplitude at a specified location, G is the wave envelope
or profile, and &; represents the corresponding phase.

To obtain the full amplitude wave information as the function of frequencies
during simulation, the stationary complex field corresponding to the waveform of
Eq (3.15) must be obtained. Thus, the complex field is finally evaluated by
performing a DFT on the time domain results of the FDTD simulation. In addition,
the final complex wave fields are computed at the particular planes and can be
visualised as depicted in Fig. 3-2. The information being sought (amplitude)

determines the appropriate position of the output planes.
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Fig. 3-2: Total field technique for the input plane.

The section in the transmission region for the plane consists of the total field area
and the information recorded contains propagation properties of the space that is
modelled. By putting the observation line at a position of interest or along the

transmission region, a power or any quantity can be determined.

3.2.3 Light Source Model

A light source is considered as the main source that injects energy for the mode
excitations in the simulation domain. It can be achieved by either employing an
input plane or a point source. Here, in the work carried out, an input plane is
employed as the means of injecting energy to the simulation layout. This is due to
the ability of the input plane to propagate in a specified direction with the intensity
distribution along the incidence plane. The numerical method adopting FDTD
produces the solution based on the initial value problem in which on the first time
step on numerical evaluation, the entire fields are set to zero.

As shown in Fig. 3-1, the algorithm needs the initial mode excitation to
propagate in the computational domain. Because of the 2D implementation here,
the propagation is along the z-direction. It is also important to mention that a
continuous wave (CW) excitation is adopted. Thus, the incident field is assumed of
a single frequency sinusoidal function that provides field amplitude modification.

The incident E,, field can be determined using the following expression [159]:
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Ei(x,Z) = A.F(x,Z)+[1 — e7t/tr[eSin(wt + 6)) Eq (3.16)
Here,

e A denotes field amplitude;

e A.F(x,Z;) denotes the transverse field profile at the Z;;

e 0, is the initial phase offset, this defines the phase difference points along
the incidence plane, the offset is used to define the direction of the
incident field;

e w represents an angular frequency of the input field; and

e t,. denotes a constant given by A/c, this expresses the rise time coefficient
of the exponential term employed to ramp the continuous wave signal to
full amplitude. When CW source is used, the optical wave propagates until

it covers the entire computational domain.

3.2.4 Spectral Response Model

In the FDTD, a single simulation contains a broadband spectral response, this is
due to the fact that FDTD is a time domain numerical technique. Fourier transform
is employed to determine the spectral response. The solution is computed through
the DFT, which is of the form:

S(w) = JS(t)e‘j‘*’fdt Eq (3.17)
0
=ZN S(n) e~ f@4t At Eq (3.18)

n=0

where S(n) defines the DTDS sampled in given steps of At, N represents the
number of samples in time, and the angular frequency is denoted by w. Here for
the work carried out, the FFT algorithm through which a level of accuracy is
attached to the computational speed is adopted. Moreover, in the FFT algorithm
employed, the spectral response that was determined is within the frequency range
between 0 and f; [0, f,], where f, denote the sampling frequency depending on the

step size in time while taking the Nyquist condition into consideration:

fo— Eq (3.19)
S T2A¢t

Thus, the frequency domain sampling step size is determined by:
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_fs Eq (3.20)

Af, N
1 Eq (3.21)
Afs = 2NAt

Therefore, based on the defined values, the observation line is computed to

determine the power at a given region.
3.2.5 Power Model Based on the FDTD Method

The power at a given region is evaluated using an observation line that is mainly
applicable to the 2D computations. An electromagnetic power for the propagating
waves depends on both the intensity and the area over a given surface. This
intensity is defined as the time-average of the Poynting vector. The Poynting vector

S is expressed as:
S—ExH Eq (3.22)

where, E and H are denoting the complex vector fields, which are defined through

the following expressions:

E = E e/(@t-k) Eq (3.23)

H = Hye/@t-kn) Eq (3.24)

where w denotes the angular frequency, the wave vector is represented by k and
the position vector by r. The two symbols E, and H, are representing the complex
field amplitudes. Thus, the time-average of the Poynting vector < § > is evaluated

by substituting the complex quantities

(s)= %Re(E0 X H}) Eq (3.25)

1
() = ERe(EyOH;O — ExoH}o)2
1 . . e Eq (3.26
+ER6(EZOHxO - EXOHZO)y 9 ( )

1 * * Fay
+3 Re(EHyo — EyoHy)Z

Note that the complex quantities are transformed into amplitude in the

computational domain.
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Furthermore, the intensity of the electromagnetic field is expressed in terms
of the time-average of the Poynting vector while the power as an intensity surface
integral. Here, the power over XY-plane is needed, therefore, in this case, the

z-component of the Poynting vector is employed, thus, the power is determined as
P, =14, Eq (3.27)
P, =(S;) Ay, Eq (3.28)
1 * *
P, = ERe(ExOHyO - EyOHxO)Axy

1
= EﬂRe(Eon;o - EyOH;O)dxdy Eq (3.29)
S

This expression provides means for the power to be interpreted as two quantities:
P, is expressly based on the E, component, which is denoted by P,_, and P, that

is expressed based on the E, component denoted by P,_,.

Thus,
P=P, .+P, Eq (3.30)
where
1
P, .= EJfRe(ExH;,dxdy) Eq (3.31)
N
1
Pzy = EJLRe(EyH;;dxdy) Eq (3.32)

3.2.6 Mode Converters Design Workflow

Fig. 3-3 illustrates the FDTD simulation design procedure, which involves the
following steps:
() Define the simulation domain
(i) Select and define the materials and profiles to be implemented
(iii) Create a model by selecting
(@) Appropriate light source
(b) Detectors
(iv) Run the simulation

(v) Analyse the results

50| Page



K T

Define materials and
profiles

Create Models \
Create Sources i
Create Monitors

L et Computer
l Aided
PRI, SESNAS T Design
- T Software
7 Assign Simulation y
g parameters _ A
5 Run simulation » Simulator

Analyse the Data Results
Analyser

Fig. 3-3: Design workflow for the proposed different mode converters.

3.3 LPi11-LPo1 MC Design Parameters
3.3.1 Multi-Ring Core Fibre (M-RCF)

Fibres with multi-step index profile (MSP) configuration have extensively been
studied because of their advantages over conventional step index fibre (CSIF) due
to their ability in mode confirenments and control in a core. It is attributed to the
presence of MSP, which prevents the desire modes to get propagated in the
cladding and operates in a similar way as graded index core (GIC). The index
profile is radially decrease from the core centeral axis to the core-cladding
interface. Another advantage is the simplicity in manufacturing the MSP during
fabrication process. Avoiding the challenges being experienced in fabricating a GIC
index with an optimum index profile that is expected to remain stable for a long

period. The desired characteristics can be easily achieved using MSP. The core is
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made to consist of MSP that performs a similar function as a parabolic curve in a
series of steps, merging these steps is easier during the drawing process. As
illustrated in Fig 3-4 (a), the light in M-RCF does not propagate along continually
curved paths as in the GIC but on the multiple diffracted ray path. Fig 3-4 (b)
shows the schematic of the CSIF consisting of a single layer core and a cladding.

(b)

Fig. 3-4: (@) Schematic cut of the M-RCF; and (b) CSIF schematic as
the light propagates along the fibre in 2D (xz-plane); MSC
stands for the multi-step core.

Fig. 3-5 depicts an index profile of the M-RCF. The fibre comprises a central core

having radius r; starting from the central axis and a refractive index nji.
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Fig. 3-5: M-RCF core profile, comprising the central layer, three outer cores, and
a cladding, each with different refractive index; a central core layer is
having the highest refractive index value.

The first outer core (1% outer core) is of radius ‘r2’ with the refractive index ‘n2’
lower than ‘n1’ that surrounds the central core. The second outer core (2" outer
core) consist of the radius ‘r3’ and refractive index ‘n3’ smaller than ‘n2’ and
surrounds the 1%t outer core. Next is the third outer core (3™ outer core) ring
comprising a radius ‘'r4’ and the refractive index ‘n4’ that is lower than '‘n3’. And
finally, a cladding surrounding the third outer ring having radius ‘r5’ and refractive
index 'n0’. The refractive index of the first, second and third core ring is calculated
using Eq (3.33). The relation can apply to any distribution of a refractive index
profile [165].

n(p) = ng, (1 —A (;l))a Eq (3.33)

Eq (3.34)

A= (ngr - n?l)/zncr

where p is the total core radius, r is the central core radius, « is the index profile
parameter, ng is the centre core index, and ng is the refractive index of the
cladding. Eq (3.34) can be approximated to A= (n,, — n.)/n.-, when n.. —n, is very
small. The index parameter (a) determine the shape of the profile. When it is equal
to 1, a triangular or cone-shaped index distribution is obtained. If « =2, an index
profile with parabolic or hill shape is produced. Moreover, when « is equal to
infinity (c0) a stepped index distribution is obtained. Table 3-1 summarises the
design parameters calculated using Eqn (3.33); it consists of the three-core outer

ring radius and an outer refractive index.
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Table 3-1: Fibre design parameters for the outer rings.

Outer Rings Radius (pm) Outer Rings Refractive Indices
r2 r3 r4 n2 n3 n4
4 6 8 1.4497 1.4467 1.4445

The two-mode fibre parameters in Table 3-1 were used to define the outer rings

refractive indices and material properties in the device setup.
3.3.2 Modeling of the M-RCF and CSIF converters

The commercial software named OPTI-FDTD 12.0 has been used to model the two
converters. Fig. 3-6 shows the geometry of two identical fibres that can support
two modes used for the modeling.
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Fig. 3-6: Geometry of the two identical fibres that can support two modes
separated by distance d between centres of the two fibres and a
lateral displacement h.

3.3.3 Design of MC-MMF

This section presents the design parameters of the converter model based on
multilayer core tilt fibre assisted by DAW.

3.3.4 MC-MMF Parameter Evaluation

The first parameter calculated to control the four-mode operation of the fibre is the
V, that was evaluated using Eq (2.1).
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Fig. 3-7 depicts the graph of the core radial index profile distributions of the
MC-MMF, the fibre is designed to operate at 1550 nm wavelength, this makes it
easier to manufacture and reproduce. It comprises the fibre central core (FCC)
having radius ‘r1’ starting from the central axis and a refractive index ‘nl1’. Next is
the first outer core (FOC) layer of radius ‘r2’ with the refractive index ‘n2’ lower
than 'nl’ surrounding the central core; the second outer core (SOC) layer
consisting of radius ‘r3’ and refractive index ‘n3’ smaller than ‘n2’ surrounding the
first outer layer. The third outer core (TOC) layer comprising a radius ‘r4’ and
refractive index ‘n4’ that is lower than 'n3’. The layer close to the cladding is the
last outer core (LOC), with radius ‘r5’ and refractive index ‘n5’ lower than ‘n4’.
Finally, a cladding surrounds the last outer core layer having radius “r6” and

refractive index “n0”.

FOC
x ¥ soc
-
32 TOC
g
24
LOC
i ol
T &0 -30 0 k] 60

Radial distance[um]

Fig. 3-7: Refractive index profiles of the four outer layers of the MC-MMF.

The V, is optimised to 5.378 by determining the core radius at a fixed wavelength
of 1550 nm, with the cladding index of 1.4409 and a numerical aperture of 0.147.
In order to model a fibre with the low loss [165], less pulse dispersion, large
information capacity and low sensitivity to index variation [166], an MC-MMF is
considered here. Fig. 3-8 illustrates the basic ray theory that governs the MC-MMF
with M+1 layer. The light passes through M internal layers while the outer layer
represents the cladding. If only the meridional rays are assumed present and skew
rays having a negligible light power after propagating a sufficient length of a fibre,

then the ray will be confined in the core layers satisfying Eq (3.35) [166]:

Eq (3.35)

cos0;, = cosO;, = Ny /1y

55| Page



Fpgsa

Ay

fs

ny

f;

;

1 O

Fiber axis

Fig. 3-8: A longitudinal cut of MC-MMF with M core layers.

where, 6, represents the angle between the ray and the fibre axis. As illustrated in
Fig. 3-8, n; is the i-th layer refractive index. Assuming that the outermost radius of
the i-th layer is r; = iC where C is a constant, then the index of the i-th layer can be
determined by [166]:

e hea(5] 39

where, A represents the overall index contrast between a middle core and the
cladding, and a denotes a core index profile parameter.

Fig. 3-9 illustrates the calculated ratio of the width of a fibre constituted by M
number of layers and fibre with a conventional core (M=2), a variation of owm/01
(pulse broadening) with a. This was achieved by assuming an index contrast (A) of
0.01 (typical practical value of the step index fibre) [166]. The depicted curves are
for M= 2, 3, 4, and 8. From the graph, the pulse dispersion is significantly
minimised as the number of layers increases. This justifies that the minimum of the
curves appears broad, which means variations of the layer indices around the
optimal value would not bring significant pulse broadening. Hence, a conclusion can
be drawn that MC-MMF can enhance information capacity, a bit rate higher than a
C-SIF [166].
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Fig. 3-9: Pulse broadening (ow/01) decrease with increase in the
core layer [166].

The behaviour of the MC-MMF depends on the parameters such as refractive
indices, core thickness, Ae#, and A. The optimisation can be achieved by
considering the attributes of these parameters.

Fig. 3-10 illustrates the role of the third layer radius r3 on the A< that
determines the bending effect [37]. The A.s for each mode was determined by
varying the thickness of the third layer (r3). As shown in Fig. 3-10, the effective
areas increase with an increase in the thickness rs. The values of the Ae+ were

chosen at r3=7 pm because it corresponds with the thickness of the arc bend.
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Fig. 3-10: Variation of the effective area with a change in the layer radius

(rs).

3.3.5 Principle and Model of the Arc Waveguide

An arc waveguide is chosen other than using a hard corner to minimise loss
between the tilted and collecting fibres interfaces. As illustrated in Fig. 3-11 (a-b),
the arc waveguide consists of four outer cores; outer core 1 (OC1), outer core 2
(OC2), outer core 3 (0OC3), and outer core 4 (0C4) with radius rz, r3, ra, and rs,
respectively. It retains the same values as the straight fibres (MC-MMF). The
central core (CC), which is the innermost core of the arc waveguide has the same
diameter and refractive index as the FCC in the tilted (input) and horizontal

(output) fibres.
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Fig. 3-11: (a) Cut off of the core layers in the multistep arc waveguide; and
(b) Layout of the arc bends in the simulation domain.

The arc fibre is modelled based on the multilayer core configuration due to two
reasons. One is due to the low loss [165] and the second is the decrease in pulse
broadening (Fig. 3-9) and less sensitivity to refractive index variation [166]. As
illustrated in Fig. 3-12, when an LP, m» mode polarised beam is launched into the
input fibre with a bend region, the mode degenerates are assumed nearly equally
excited. The mode conversion occurs as the mode propagates along the arc
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waveguides due to the coupling at the bending region [167]. When a given mode is
incident on an inhomogeneous region such as arc bend, a fraction of the mode
power is converted to a radiation loss and some part to a guided mode. This makes
the mode to lose some of its power and the original pulse is distorted. It is also
important to note that radiation loss due to transitions from the straight fibre to
the arc bend as depicted in Fig. 3-12 (a) is much higher than that due to a uniform
bend when large R is used [167]. Assuming a smooth fibre bend at the junctions
between ¢= 0 (straight region) and the curve portion (L region), the reflected

waves are neglected.

(&Y
Fig. 3-12: (@) Connection of straight and bend (arc) fibres with core radius
r, where R is the bending radius, nere represents the refractive
index of the core, and nqaq denotes that of the cladding, CV is the
centre of curvature and (b) Illustration of a bend round MC-MMF
with radial core indices of ni, nz, n3, and n4. The refractive index
ns is for the cladding.

Table 3-2 summarises the parameters used to model the arc bends.

Table 3-2 Summary of parameters of the arc waveguides, these parameters
corresponds to that of the core layers in the tilted and horizontal fibres.

Layer Radius (pum) Layer Refractive Indices
OC1 0oC2 0OC3 oc4 N> ns Na Nsg
3 5 7 9 1.4514 1.4496 1.4476 1.4445

3.4 High Dispersion Fibre Model

This section presents a formulation of the high dispersion fibres equalisation model.
The model can be applicable to both a vector and the LP-mode, this research
adopts the linearly polarized mode matrix method (LP-MMM) due to the fact that
the proposed fibre is assumed weakly guided.
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3.4.1 LP-MMM Model

Different types of optical fibres can be modelled by employing various method.
Here, the SI fibres that are constituted by the concentric layers of loss-less
dielectric material are proposed. The aim is to develop a novel model for high
dispersion fibres with the reduced MD. For fibre structures with a small index
contrast, it is appropriate to employ a scalar wave equation to determine the LP
modes [168]. Nevertheless, when the index difference becomes larger, the LP-
mode approximation turns out to be inaccurate, thus, a full vector method is
necessary [168]. In this approach, within each layer, the field components (FCs)
are considered the linear combinations of both the ordinary and modified Bessel
functions (MBFs). The solution is based on matching the tangential FCs of the
adjacent layers that lead to the solution of a linear system. Different options can be
adopted while arranging a linear system [169]. For a complete computation to be
achieved, the efficient method for a general, fast algorithm is implemented [170].
The technique can be described as one that has an intuitive application in its
similarity to the transfer matrix employed in the planar waveguides analysis [171].
Both the approaches adopt the matrix technique to express the wave fields in one
layer and give their values at the other layer. Thus, the overall fibre structure is
finally characterised by cascading the layers using matrix multiplication. For the
vector modes, the two tangential field components (electric and magnetic) are
included, as there is no specific approach of separating into TE and TM
polarisation. Hence, instead of a 2x2 matrix at the layer boundary, a total of the
4x4 matrix is observed in the fibre because of the four transverse components

(vector modes).
3.4.2 Dispersion Model Using LP-MMM

To determine the EM field in the fibre structure, the cylindrical coordinates (r, 6, z)
is adopted and combined with the Debye potential (DP), which is in parallel with

the rotation axis, Z [169]:

1
E=Vx@¥)+-Vx (2¢) Eq (3.37)

1
h=Vx (p2) +7V x V) Eq (3.38)

The solution is obtained by using boundary conditions that are applied by a
physical consideration on Eq (3.37 and 3.38). The modes are supposed to form
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from the potential expressed in Egn (3.40), in which a solution of the variable

separation is needed.

Y(r,6,z) = ¥,(r)exp[j(vd — Bz)] Eq (3.39)

where ¥ is the potential and B, is the propagation constant. If the same term is
applied to DP, ¢, and by expanding Eq (3.40) (Helmholtz equation) in the

cylindrical coordinates and substitute into Eq (3.39), then
V2Y + k2e¥ = 0 Eq (3.40)

If the region is assumed to have a constant permittivity (¢), then the relations
follow the Modified Bessel functions (MBFs). In this case, the solution will be a
linear sum of the Bessel functions (BFs) with an integer order represented by v,

therefore, in any specific layer
¢y (1) = 4], (ur) + BY,(ur)

Y, (r) = ClL,(ur) + DK, (ur) Eq (3.41)

where, u = (k?s — %)¥?; J and Y are BFs; I and K are modified BFs; A, B, C, and
D, are the coefficients. In the layers where a square of the propagation constant
(B?) is greater than k2?e¢, then, BFs, J and Y are substituted by MBFs I and K

respectively, giving:
®,(r) = Al(wr) + BK,,(ur)

¥,(r) = CL,(ur) + DK, (ur) Eq (3.42)

where w = (B2 — k%¢)V/2, Thus, Eq (3.39), (3.41), and (3.42) are inserted into the Eq
(3.37) and (3.38), to determine the EM fields in which the tangential components 6
and z are required; this is because the tangential components of E and h fields are
needed to match at the layer boundary. These EM field components of the Eq (3.37
and 3.38) are expressed in relation to A, B, C, and D; which are the coefficients

represented in the following 4x4 matrix:

E, [uzjv (ur)/ke  u?Y,(ur)/ke 0 0 Al Eq
_he| | —wy(ur) —uY,(ur) nj,ur)/r nwY,(ur)/r||B
F= h,| 0 0 u?f,(ur)/k qu,,(ur)/kJ c| (3.43)
Eq nvf,(ur)/er nvY,(ur)/er —uj,(ur) —uY,(ur) 1D
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The components order within the vector (f) are selected to assist factor the matrix
in Eq (3.45), into two matrices expresses by Fg = D¢, ¢ represents the coefficients
[A, B, C, and D].

ow
VIV (29)] - V22¥) — k22w = U Eq (3.44)

Which is true for any W that satisfy Eq (3.44) in a constant permittivity region.

Therefore,
£ 0 0 0
F= 0 -1 nvk/ru? 0 Eq (3.45)
0 0 1 0
nvk/ru® 0 0 -1
And
[wW,/k uY,/k 0 0
D=| uf, uy, 0 0 | Eq (3.46)
| o 0 w,/k u?,/kl
L o 0 W,  wy, |

k =wm, where k is the wave number. Note that factoring here simplifies the
process of determining an expression for the two inverses. F! is obtained by two
row reductions and D! through matrix inversion of 2x2 (block diagonal).
Moreover, such matrices are needed to determine the succeeding layer coefficient,
in which cn represents the m-th layers coefficients. Thus, the coefficient in the

succeeding layer is calculated by the matrix multiplication:

Eq (3.47)

Cmi1 = Doy ) F s () Fi! (1) Dy (1) €y
Using the factorised matrix indicates that crossing the boundary requires four
matrix multiplications (not two) to avoid the task of determining the inverse
matrix. The matrix method employed in the multilayer is expressed as a 4x4
matrix [170], which is the multiple effects of all layers, an expression of a single
layer represented in Eq (3.47). The equation that calculates dispersions is
constituted when the determinant of this 4 x4 matrix product is set to zero. Fibres
with low A may demonstrate similar modal indices, making them difficult to trace
by numerical means.
In addressing this issue, a rectangular matrix is implemented at the initial
and final layers. In the initial layer that includes r=0, the two coefficients B, and D,
must be set to 0 so that the first matrix, Do, will be 4x2 which contain the first
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column of the D matrix in Eq (3.46). Likewise, in the last layer, the two coefficients
Ay and Cy will now be set to 0 as illustrated in Eq (3.42), this is because such
matrix contains solutions I, that has no physical growth. Therefore, a final Dv™* will
be constituted by the size of 2 x 4 that includes the initial and third rows of D™,
The combinations of all the matrices will contain the size of 2x2, [171] which is
referred here S(n), (where n indicates explicitly the dependence on the modal
index). A mode is calculated at a specify n value for a non-trivial solution
expressed in Eq (3.48),

0 =S(n) [‘gz] Eq (3.48)

The condition that the determinant det(S) set to zero is enough for a non-trivial

situation.
3.4.3 Linearly Polarised Model (LP-Model)

LP-Modes can be determined with the same method described in section 3.4.2, by
employing a transfer matrix method of the multilayer fibres. On adopting LP
analysis, the initial excitation is presumed to have a linear polarisation, here, a
study that supports only one field is adopted. This method is assumed to be a good
approximation with low A. Considering the wave Eq (3.49) and using the vector
identity in Eq (3.50), then, Eq (3.51) can be obtained without using DP.

VXVXE—Kk*¢E=0 Eq (3.49)
V(V.)-V2=VxV Eq (3.50)
V2E — V(V.E)E + k*¢E = 0 Eq (3.51)

substituting the divergence Eq (3.52) into Eq (3.51)
V.(¢E) =0, VH=0 Eq (3.52)
yields

0 =V.(¢E) = E.Ve + £(V.E) Eq (3.53)

Thus,

v
V2E + k?¢E + V(E.TE) =0 Eq (3.54)

It is important to note that most of the practical fibres have a low A, hence, the
last term in Eq (3.54) is very small and can be neglected. This last term is the only
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one contributing coupling between the electric field components. Being ignored, the
proposed model will preserve polarisation. For an LP-excitation parallel to the
X-direction, the model is simplified further by taking only the X component. This
illustrates that for an LP-model, the equation that determines the field is the
Helmholtz Eq (3.40) that applies to the Ex field.

LP mode solution is constructed in the same way as the vector mode.
Construction of Ex field in each layer is achieved based on the linear combination of
BFs Eq (3.42) and Eq (3.43). Here, only two coefficients are required, and the
continuity of the Ex and boundary condition is applied. The two conditions are
associated with the two coefficients A and B by the 2x2 matrix. The modes are
determined by setting up an evaluation that considers A, B1=1,0, respectively, for
the innermost layer, after which the coefficient in each of the coming layer is
calculated through matrix manipulations. The final layer has to satisfy the condition
that the Am of the Bessel function Iy is set to zero, this is because the BF is not
bounded at infinity. The modes are bounded by determining the zero of the

coefficient Am (n).

3.5 Summary

Different mathematical formulations for the device modeling that includes the
FDTD and TE-wave equations were presented. In addition, the light source model,
the spectral response model, and the power models based on the FDTD are also
explored. In Section 3.2.6, a brief description of the simulation workflow was
illustrated. Moreover, in Section 3.3, LPi1 to LPo1 design parameters were
determined, and section 3.3.4 examined the converter parameters based on the
tilts MC-MMF. Theory and principle of an arc waveguide were discussed in section
3.3.5. Section 3.4 presents an LP-MMM model used for the modeling of the high

dispersion fibres.
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Chapter 4 Mode Conversion for MDM System

4.1 Introduction

This chapter presents the research work carried out on two models of the MC devices
employing the FDTD formulations presented in Chapter 3. In section 4.2, mode
conversion based on the lateral misalignment between two M-RCFs and CSIF is
discussed. The main aim here is to model a device that can convert an LPi; to LPo;
mode. Section 4.3 discusses a model with improved performance compared to the
initial model. Here, mode conversions of LP1; to LPg1, LPo2 to LP11, and LP2; to LPo1 were
demonstrated based on a tilted fibre assisted by the DAW. The fibre employed for
modelling an MC device based on the DAW is the MC-MMF supporting four spatial
modes.

Mode conversion from one LP mode to another is a crucial aspect of multiplexing
in the MDM system. Mode conversion can be achieved using different approaches as
highlighted in several reports [67][63][172-176]. The realisation of an MDM system
depends largely on the mode multiplexing, which can be enhanced significantly
through mode conversions. MCs can also play a key role during mode separation so

that each mode can be transmitted as an independent signal channel [77].
4.2 LP;; to LPo1 MC Using M-RCF and CSIF

In this Section two new LPi1 mode converters are reported and compared, one
employing two-mode conventional step index fibre (CSIF) and the other using M-RCF.
In each case, the two fibres constituting the proposed devices were laterally
misaligned. With the appropriate adjustments of the lateral displacements, ‘h’ and
separation distance 'd’ between the axis of the identical CSIF and M-RCF, an MCs with
the CE of 69% and 94% were achieved, respectively. The performance of the two
devices is compared in terms of the CE and mode purity (MP) at the outputs. The
results based on the coupling power indicates that M-RCF-based device offers higher
CE and MP than the CSIF-converter, which is due to the presence of multi-ring core.
An MP of 84% and 58.8% were respectively determined for the M-RCF and CSIF
converters. Fig. 4-1 illustrates how an LP mode is coupled into the input of the CSIF.

The fibre comprises a cladding with a single layer core having a high refractive index.
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Excited A
LPim Ttk
mode
Fig. 4-1: Illustration of the light coupling into the angled-cleaved

CSIF

Fig. 4-2 shows the model schematic used for the simulations of the proposed CSIF and
M-RCF mode converters. It is important to mention that the multilayer-core is shown,
but in CSIF converter, only a single layer core was used. Both the converters consist
of two parts (A and B): The M-RCF-based converter comprises of two identical M-RCF
with cleaved-angle at the end of the input fibre (Fig. 4-2-part A) and was employed to
investigate cleaving effects at different angles. Similarly, the CSIF-based converter

comprises of two identical CSIF, adopting similar configurations.

Fig. 4-2: Model of the proposed mode converter; CR is the coupling
region; MST: multistep core. A similar model was used to
simulate the CSIF with a single layer core.
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The cleaving angle ‘0’ in the two converters models (M-RCF and CSIF) was adjusted by
changing the coordinates of the waveguide. The ‘0’ can be defined as the angle
between the normal at cleave point of the fibre A and the central axes, it can also be
considered as the beam incident angle that propagates onto the CR [35]. Similarly, ¢
represents the angle between the normal of angled-cleave and the beam propagation
axis (refracted angle). As illustrated in Fig. 4-2, the input fibre A (M-RCF and CSIF)
having length ‘x’, was excited with an LP:;. The end face angle was cleaved at 42° (the
same angle was maintained for the two models). This is because of the high coupling
demonstrated by the two converters at this angle, it is due to the closeness of this
angle (42°) to the critical angle (43°). The beam in fibre A was collected by fibre B of
length 'y’ having similar properties but longer than A (to properly observe the output
beam). The fibre B of each model was positioned at a distance ‘d’ away from fibre A. It
is important to note that the input of fibre B of the two converters was fixed at 0°, this
is due to the observations made when the two converters were excited with an LPo; at
0°, no effect was seen. Thus, angle 0°is taken as reference for the two models at the
input of collecting fibre. A lot of efforts were made before making the light beam to
get confined into the collecting core of each model. This was achieved by varying ‘d’
that separates the centres of the two identical fibres in the two models. The light from
the input fibres of each model was made to couple into the collecting fibre by carefully
varying the ‘h’, the vertical offset between the central axes of the two models.

The parameters presented in Table 4-1 were used for the simulations of the two
converter models. This is to make a proper comparison between the device’s
performance. The table includes the lengths of the fibres used, in which the same fibre
lengths were maintained for the two simulations setup (M-RCF and CSIF converters).
The distance of separation ‘d’ of CSIF-converter was reduced by 1 um in order to
achieve a maximum CE. The same length and width of the wafer are maintained in the
two design layouts. There was a slight variation in the vertical height ‘*h’ for the two

models and the operating wavelength ‘A" was fixed the same.
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Table 4-1: Design parameters of the M-RCF and CSIF mode converters.

Properties M-RCF-Converter CSIF-Converter
Fibres A B - - A B - -
Measurements (um) X y d h X y d h
Length (um) 87 100 83 20.50 87 100 82 222
Wafer length (um) 450 450 - - 450 450 - -
Wafer width (um) 300 300 - - 300 300 - -

4.2.1 Mode Orientation

Another critical aspect is the mode orientation. As shown in Fig. 4-3, the fibre is
assumed to have weak guiding characteristics with the less core rotation of fibre B.
Here, an LPi; mode, which consists of two lobes (LPii1x and LPi1y) is excited at the

input of fibre A.

Fiber A LPy;
’4

Fiber B LPo;

Fig. 4-3: Two M-RCF (ring cores are not shown) each supporting two LP
modes. An LP;; is excited at the input of fibre A and LPo; is
collected in fibre B.

The LPo; is collected at the core of the fibre B. As illustrated in Fig. 4-3, the field
orientation of an LP1; mode depends on the angle 8, which is defined as the angle
between the normal and the central axes of fibre A. It is also equivalent to an incident

angle of the propagating beam onto the cleaved-angled fibre end. When 8=0°, the
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coupling Ciix-11y between LP11x and LP11y modes (degenerates) is negligible. Along the
propagation axis (z-axis), a periodic variation in 6 leads to a change in the coupling
coefficient. The results of this effect are shown in section 4.3, Fig. (4-6) through
Fig. (4-13). It is worth mentioning that an LP mode demonstrates an intrinsic rotation
even in a perfectly homogeneous fibre. Here, the coupling between LP11x and LP11y is
assumed to be as results of the cleaving effect at the end facet of the fibre A. When
the two modes of the LPi; are considered phase matched (with the same propagation

constant B), the forward modes coupled relation are determined by [177]:

P gD, ) ~ jEocos®)Doy2) Fa (4.1)
PO _igp,,, @ - jEsin@)Des(2 Fa(4-2)
And for the LPo; in the fibre B
Do1lD) — 1BD oy (2)  [Eacos(O)D11,(2) ~ JEosin(0)Dos () Eq (4.3)

where D11x(z) and D11y(z) are the electric fields of the two modes (LPiix and LPi1y) in
fibre A. Do1(z) denotes the electric field of the fundamental mode in fibre B and E, is
the mode initial amplitude.

If coupling between the cores of fibre A and fibre B depends on the fibre and
source parameters then, the radial dependence of the coupling coefficient can be
determined by [178]:

2V2kp, Ay uy (1r ) y K, (wid/p1) Eq (4.4)
p1v1v3 (e 1)/ Ky (W1)y Ko W) Ko (W)

G = (_1)l

where p; represents the core radius, 4A; is the core-cladding index difference, u; and w;
denotes the core and cladding indices, respectively. The core index is represented by
ne; and d is the separation between the centres of fibre A and B. The Ks
(K;, K,_,,and K;,,) represents the MBFs, v; is the normalised frequency and the
subscripts represent the fibre mode order. A circle-core fibre has a continuous

rotational symmetry; therefore, the mode lobes pair are considered degenerates.
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4.2.2 Simulation Setup

The simulation was run in the 2D domain under TE type with wafer dimension of
length 450 um and width 300 ym and the wafer material is air. The cells size was
fixed at 100 nm; in order to achive good convergence, the step size was set to auto
in oder to allow runing up to 4000 time steps (maximum runing time) to have a
complete trip from input to the output. This process was ensured during the simulation
of the two converters. Furthermore, the layout region was run in the XZ-plane, where
X and Z represent vertical and horizontal components respectively. A dielectric
material (glass) was used for the fibre profile in both converters. The modal light
distribution was used with the plane positioned in the Z-direction. The fundemental
requirement to setup a simulation domain is the energy or power source to provide
(inject) modal field into the simulation region. It can be achieved using an input plane,
which was employed to produce the modal field. Fig. 4-4 (a-b) illustrates the M-RCF
and CSIF-converters simulation layout of fiber A. The main difference in the two
setups is the core structure, the CSIF is of single layer core. This is to investigate the
effect of different cleaved-angles for both converters. The position of the light source
was mantained at the input of each model, by varying coordinates of the waveguide,
the angle of interest is calculated.

The main reason for choosing the input plane is because of its ability to
propagate in a spacific direction with the intensity distribution across the plane of
incidence. A vertical input field was positioned at the input plane, which is
perpendicular to the Z-aix and comprises of four input fields properties: modal field,
Guassian field, rectangular, and user defined field. Here, the modal field is used to
calculate the number of modes supported by the fibres, and any desired mode can be

chosen to excite the fibre.
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Fig. 4-4: The 2D-layout setting of the: (a) M-RCF (fiber A) to determine the effects

of cleaving fibre end facet and (b) CSIF setup with a single layer core.

Both the LPo; and LP11 modes are independently excited to examine the cleaved-angle
effect on each of them (the results are presented in section 4-3, Fig. 4-7 to Fig. 4-13.
It is crucial to remember that modes of similar or identical propagation constants are
expected to share power due to coupling effect.

Fig. 4-5 (a-b) represents the simulation layout of the M-RCF and CSIF
converters, consisting of the fibre cleaved at 42°. The refracted beam from A was
collected at B, by determining a proper coupling point at the input of B. The overall
length of the M-RCF-converter is 270 um, and that of the CSIF-converter is 269 um.
The 1 um difference in the device length is due to the variation in the distance of
separation.
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Fig. 4-5: 2D simulation layout of: (a) M-RCF-converter and (b) CSIF-converter,

each consists of fibre A and fibre B. An LP11 mode is launched at the input

side of fibre A.

Fibre B is used to collect the refracted beam from A and is achieved by adjusting B to

a proper coupling point. The entire length of the proposed device is 270 um, this
includes the distance of separation between the two fibres.

4.3 Results and Discussions

Fig. 4-6 depicts the simulated profile of the LPo; and LPy; at different angles (23°, 39°,
42°, 60°, 70°, 80° and 0°). The calculated results were determined using the CSIF

model of Fig. 4-1, the one lobe in the LPo; and two lobes of the LP1;1 are shown.
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LPy; 23° LPo; 39°

LPy; 70° LPy; 80° LP;; 80°

Fig. 4-6: Mode profiles of the CSIF at different cleaving angles.

Fig. 4-7 to Fig. 4-13 is the simulation results of the effects of an angled-cleave
(Fig. 4-5 A) excitations of both LPg; and LP11 modes for the M-RCF. The investigation
was carried out at various angles (23°, 39°, 42°, 60°, 70°, 80° and 0°). As can be seen
from Fig. 4-7 to Fig. 4-13, at these angles, an LPy; has one lobe and LP:; has two
lobes except at 42°. In this angle (42°) only one lobe is dominant for the LPii. This
may be due to its closeness to the critical angle (43°). The graph at the right of each
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modal excitation at all the angles corresponds to their amplitudes. For LPoi, a single
amplitude is observed while for the LP;; double amplitudes are observed. This shows
that each amplitude represents one lobe except for the 42°, which indicates the

existence of coupling between the two lobes of an LP1; at this angle.
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Fig. 4-7: Mode excitation for LPo; and LP:; at angled-cleave 23°.
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Fig. 4-9: Mode excitation for LPo; and LP;; at angled-cleave 42°.
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Fig. 4-14 shows an M-RCF-converter 3D diagram, which was proposed in Fig. 4-5; the
letters A, B, and C stands for the input fibre under excitation, fibre at the output
(collecting fibre), and the waveguides employed to vary the coordinates while
calculating the angles, respectively. A similar diagram can be shown for the
CSIF-converter.

N

C

xfjﬁa
l

B

A

Fig. 4-14: M-RCF-converter 3D-model, a similar
diagram can be obtained for the CSIF-
converter.

The two waveguides, which are of air index profiles, were used to set up the
coordinates used to determine the cleaved-angle.

Fig. 4-15 is the 2D index distributions of the two proposed converters, Fig. 4-15
(a) is the M-RCF-convert distribution and Fig. 4-15 (b), the CSIF-converter index
distribution. In each case, the two fibres (A and B) are clearly shown. The major
difference between the two is the core structure, in which the M-RCF has multiring
core configuration, and the CSIF has a core with a single layer. The two index
distributions can be used to evaluate accuracy in setting the simulation layout of the

devices.
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Fig. 4-15: (a) M-RCF-converter index distribution and (b) CSIF-converter
index distribution during simulations.

The performance parameter of the M-RCF and CSIF that was initially evaluated for this
study is the refraction angle. Fig. 4-16 shows the plot of the angle of refraction versus
the incident cleaving angles. The results for the M-RCF-converter was deduced from
Fig. 4-7 to Fig. 4-13, and that of the CSIF-converter can be determined using a similar
procedure, this is due to the fact that the figures in the two cases look similar. The
refracted angle of an LPy; and the degenerates of LP11 (LP11a and LP11p) Of both devices

increases with variation in 6.
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Fig. 4-16: Plot of the M-RCF- and CSIF-converter Refracted
angle versus incident cleaved-angles. The blue,
red, and green markers illustrate the graphs of the
LPo1, LPi1a, and LPii1p for the M-RCF-converter,
respectively. Similarly, the magenta, black, and
yellow, colour markers represent the mode
excitations of the LPoi, LPi11a, and LPiip for the
CSIF-converter, respectively.

Fig. 4-17 illustrates the behaviour of CE with variation in lateral misalignment *h’. The
red curve represents the CE of the M-RCF, and the blue curve represents the CE of the
CSIF converter. In the absence of Fresnel losses/reflection and other constraints such
as forward and back scattering, a CE close to 100% can be achieved. In both
converters, the CE decreases with the increase in misalignment between centres of the
two fibres. Shifting away from the coupling point can immediately lower the efficiency.
For example, at 20.5 ym and 22.2 pym, which are the coupling points of the M-RCF and
CSIF converters, respectively, the efficiency of the M-RCF is 94% while at 23 um it
dropped to 49% (0.49). Similarly, the CE of the CSIF device is 69% at the coupling

point (22.2 pm). It must ensure that the final coupling point determined is not
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displaced as slight variation can lead to excessive power loss, particularly at the

interface of fibre B.
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Fig. 4-17: Effect of *h’ on CE (a) of the M-RCF (red curve) (b) CSIF (blue

curve). The coupling point of the M-RCF and CSIF (red and blue
circles) is 20.5 ym and 22.2 ym, respectively.

Another important design parameter in this study is the distance of separation ‘d’
between the two fibres. Fig. 4-18 depicts the effect of coupling length variation with
the separation distance ‘d’ between the two fibres in the M-RCF and CSIF converters
at the operating wavelength (A=1550 nm). In each case, the position of fibre B varied
at fixed fibre A position. As shown in Fig. 4-18, both converters demonstrate similar
behaviour of the exponential increase in coupling length with the increase in ‘d’
(between the centre of the two-fibres), mainly due to model interaction and power
exchange. This explains the fact that coupled-power can be improved by bringing the
two fibres closer. The two curves indicate similar behaviour of the two devices in

terms of the coupling length relations with ‘d’.
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Fig. 4-18: Coupling length variation with the separation distance. The red
curve is for the M-RCF and the blue curve for the CSIF converter.

Fig. 4-19 (a) is the overall conversion of LPi; to LPo; of the M-RCF -converter, it can be
observed that the converter demonstrates low power loss (Fig. 4-24) and high CE (Fig.
4-17) compared to the CSIF converter in Fig. 4-19 (b), which indicates significant field
radiations at the coupling point. The high CE demonstrated by the M-RCF may be

attributed to the core multi-ring nature.

83| Page



=

[
FdE
, -
=t

Mode Excitation (LP11}

&0 30
Length (num)

(a)

7
i
A, 10
=
=]
=)
[
=
¥}
(!
= Field
STl radiation
Q
]
=i
0 100 200 300 400
Length (um)
(b)
Fig. 4-19: Mode profiles of the proposed mode converters (Fig 4-2) and

simulated using the layout in Fig. 4-5: (a) M-RCF and (b) CSIF

It is crucial to mention that the entire dark blue region shown in Fig. 4-19 (a-b)
represents the wafer region of dimensions 450 umx300 um. As already presented in
Table 4-1, the length of M-RCF is 87 pym and 100 um for the fibre A and fibre B
respectively, with the ‘d’" having a value of 83 ym. Furthermore, the CSIFs maintained
the same lengths with ‘d” of 1 um less than the M-RCF converter. Thus, the total
length of the M-RCF and CSIF converter device is found to be 270 ym and 269 uym
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respectively. The dark region past the mode profile on the right of the collecting fibre
is the wafer offset of 180 um for the M-RCF and 181 pm for the CSIF converters as
shown in Fig. 4-19 (a-b). It can be observed from Fig. 4-19 (a-b) that the profile
distributions demonstrated by the two devices do not exactly match an LPoi. This may
be attributed to the power loss at various transition points (Pac, P.1i, and Pw). To
address this challenge, an alternative design model is proposed in section 4.4. For
example, by coupling the two fibres without any separation, which can be achieved by
tilting the input fibre A to a small angle and connecting it with fibre B with the help of
DAW to minimise power loss at the corner. This can significantly improve device
performance in terms of the exactness of energy distribution and power efficiency. The

proposed design may also provide means of accommodating higher order modes.

Fig. 4-20 (a) and Fig. 4-20 (b) shows the discrete Fourier transform (DFT Ey) fields of
the M-RCF and CSIF converters, respectively. From the two field profiles, it can be

seen that the power loss in the CSIF is clearly visible, justifying Fig. 4-19 (b).
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Fig. 4-20: (a)Discrete Fourier transform field of the M-RCF mode converter
and (b) Discrete Fourier transform field of the CSIF mode
converter.

Fig. 4-21 (@) represents the amplitudes at the output of the M-RCF and Fig. 4-21 (b)
the amplitude of CSIF converters. The amplitude of the CSIF seems to be distorted
probably because of the mode instability as it propagates in the core, which is contrary
to that of the M-RCF, the mode amplitude appeared to be stable and may be linked to

the mode confinement nature of the M-RCF.
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Another important performance parameter is the mode impurity, which occurs due to
various factors that will cause the LP mode being distorted when propagates in a fibre.
Therefore, it is important to quantify the distortion level to detect the purity of the
mode. Fig. 4-22 evaluates the wavelength dependence of the proposed converters. It
was achieved by positioning an input plane at the device input to inject modal energy
at the range of wavelength from 1.480 um to 1.610 um. The mode purity of each
mode converter was measured (using detector/observation point) at a different
wavelength. As illustrated in Fig 4-22, the bandwidth of 85% for the M-RCF and
58.8% for the CSIF falls within the devices operating wavelength (1550 nm) and
degrades as the operating wavelength shifted away from this wavelength. The
wavelength dependence may be attributed to the phase mismatch at different

wavelength in the angled-cleave CR.
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Fig. 4-22: LPo1 mode purity of the injected model field as a function of wavelength.

Fig. 4-23 illustrates mode evaluation and stability process by calculating the mode
purity as the function of lateral height ‘h’ between centres of the two fibres that
modelled both the M-RCF and CSIF devices. The *h’ of each proposed converter was
varied between 19 pym and 28 pm (the coupling point that provided the higher
efficiency falls within this range). It can be seen that the mode purity of the M-RCF
converter (red curve) increases from approximately 62% to 85% and stabilized at the
range of ‘h’ value between 20.5 pm to 21.8 uym, which means the best LPy1 modal
purity (85%) is determined within this range. A similar analysis for the CSIF converter
shows that mode purity increases from approximately 15% to around 58.8% between
the range of ‘h’ from 19.5 pm to around 22.4 pm, then start degrading a bit. It is
important to mention that the mode purity in each case was determined by placing an

observation point (detector) at the relevant positions along the fibre.
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Fig. 4-23: LPo1 mode purity as a function of the lateral height of the two converters.

Fig. 4-24 illustrated the wavelength dependence of the M-RCF converter. The blue
curve is the LPi1 power before the conversion and the red curve is the LP11-LPo1
converted output power. In order to analyse the dependence of the converter on
wavelength. The measured power was determined using the observation line (OL),
which was placed in the two positions. The power before the conversion was evaluated
to be 5x10° W/m, and the power after the conversion was calculated to be around
4.7%x107° W/m as shown in Fig. 4-24 (at 1550 nm).
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Fig. 4-24: Converter wavelength dependence.

The coupled power of the two devices was determined by placing the OL at the point
of interest. The OL centre can be defined horizontally along the Z-axis or vertically
along the X-axis. Note that in order to compute correct power results, it is necessary
to align the OL with wafer orientation. It is defined as a function that consists of the
intensity over a specified surface (time average of the Poynting vector). The power in
the two models was calculated by positioning the OL at three different points: at the
cleaved region to determine the power at cleaved-angle (Pac), which is then coupled to
fibre B; the next is to evaluate the coupled power at the input of B (Pi). The last is
coupled power (Poc) at the fibre B output. The difference in Pac and Py (input power)

determines the coupling loss at angled-cleave (P.1).

Py =Py =Py Eq (4.5)

Similarly, the difference between Pz and Pac defines the loss in the transmitted

power along the ‘d’ as it couples at the input of fibre B (Pr2).
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Py =Pyc—Pp Eq (4.6)

A summary of the calculated power of the M-RCF and CSIF converters at different
positions are presented in Table 4-2. This includes Py fibre A, Pac, and the P, also
presented are the Poc, P11, and P, ».

Table 4-2 Calculated power of the M-RCF and CSIF devices at ‘h’ value of 20.5 pm, for

M-RCF and 22.2 pm for the CSIF-converter. The approximate output power of
94 % and 69 % for the M-RCF and CSIF converters were received at fibre B

output.
Power (W/m) Pn A Pac Pis P P2 Poc
M-RCF- 2.054x108 2.009%108 1.891x108 4.45x1010 5.6731.89x1012 1.89x108
Converter
CSIF- 2.054x108 1.54x108 1.438x108 5.14x10° 1.025x10° 1.42x108

Converter

4.4 Mode conversion Based on Tilts MC-MMF

In this section, mode conversion based on the MC-MMF assisted by the DAW s
presented. The MC-MMF is used to model the device due to their low bending loss,
high precession in mode confinement and ease of fabrication during manufacturing. In
order to improve the performance of the device investigated in section 4.2, a new
model is presented. Here, the proposed configuration consists of a 12°-tilted MC-MMF
(optimised angle) at the device input. A horizontal fibre of the same properties at the
output is connected with the help of the DAW to form a corner. This was achieved by
making proper alignment between the core layers of the two fibres and the arc bends.
Mode conversions of LP1; to LPo1, LPo> to LP11, and LP2; to LPo1 were achieved with the
CE of 89.6%, 91.2%, and 94.34%, respectively.

4.4.1 Optimisation of the tilts input MC-FMF

In order to optimise a suitable angle at which the input fibre to be inclined, a range of
values (10°-45°) are considered. The effect of tilting the fibre at various angles was
examined. This was achieved by varying the tilted angle using the layout depicted in
Fig. 4-25.
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Fig.4-25: 2D Simulation layout of the tilted fibre, the modes are excited
from the left using an input plane as the energy source.

It was found that increasing the tilted angle beyond the critical angle value (43°) could
lead to amplitude decay and distortion. This is because as the tilted angle increased
the effects of radiation also increases.

Fig. 4-26 (a-c) illustrates such effects at 8:=45°. The amplitude of each mode
decreases as it propagates through the tilted fibre at this angle. Fig. 4-27 (a-c) depicts
the mode amplitude at the tilted angle of 12°. Fig 4-27 (a) is the LP;; with two lobes
clearly visible. Fig 4-27 (b) represents LPy; mode amplitude, the three lobes are visible
and clearly represented. Fig 4-27 (c) depicts an LP>; mode amplitude, the four lobes
are visible, compared to Fig. 4-26 (c) where the lobes are almost disappeared at 45°.
Because of the proper mode amplitude displayed by 12°, it was chosen to model the

device input.
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4.4.2 Device Setup

As presented in Section 3.3.3, the design parameters were evaluated based on the
FDTD analysis. The simulation was run in the 2D domain under the TE type. A wafer
dimension was set to 300 umx200 pm (lengthx width) and the wafer material index is
air. The cells used are of 100 nm size and 2700-time step. Thus, the time step size is
set to auto to ensure good convergence of the solutions. This is run for 2700 time
steps in order to have enough trip from the input of the tiled fibre through the DAW to
the horizontal fibre. The transverse input field (light source) was positioned at the
device input in Z-direction. Here, the modal field is used to calculate the number of
modes supported by the MC-MMF. Each of the modes (LPoi, LP11, LPo2, and LP2y) is
separately excited to study the behavior of each independently. Table 4-3 presents the

parameters used in the simulation domain at the operating wavelength of 1.55 um.

Table 4-3 Converter design parameters.
Fiber/ WG Length Layer Diameter (um) TA
(Hm)
FOC/0C1 SOC/0C2 TOC/0C3 LOC/0C4

Tilted fibre 37.5 6 10 14 18 120
H. Fibre 40 6 10 14 18 -
DAW 20 6 10 14 18 -
Wafer 300/200 - - - - -

4.4.3 Conversion Design and Analysis

Fig. 4-28 depicts the model of the proposed device that consists of three sections. The
input section (I-Section), conversion region (Cr), and the output section (O-Section).
If a field is incident from the left (I-Section), theoretically on reaching the Cg, it will be
scattered into four distinct components. The components include back radiation,
reflected propagation, propagation modes, and forward radiation field. To mitigate the
effect of the reflected field and backward radiation, the core-cladding index contrast
was made small and the fibre diameter made large. Moreover, the radiation field is
cause mainly by mode propagation near cut-off. Therefore, by making the tilt angle

small, radiation field can be made negligible [179].

94| Page



In order to achieve an efficient conversion, the device FOM (figure-of-merit)

design parameters that determine its performance were linked to the CE. Thus, it is
defined as [180-181]

P
CEp11-LPo1) = % Eq (4.7)
11
P
CE(LPOZ—LPll) = % Eq (4-8)
02
P
CEp21-Lpo1) = % Eq (4.9)
21

where, Py,, P, P,;, and Py, denotes the output power of the converter in the LPoy,

LP11, LP2; and LPo; modes, respectively.

Fig. 4-28:
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Schematic of the proposed conversion device consists of three
sections that include an input section (I-Section), conversion
region (Cr), and the output section (O-Section).

Fig. 4-29 illustrates the device evaluated IL as a function of the layer offset in the

profile steps at the conversion length of 20 um. The bending loss can be evaluated by

computing the mismatch in the field distributions of the arc bends and the straight

fibre [182].
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Fig. 4-29: Effect of varying the layer offset as a function of IL.

The minimum value of IL is obtained when the offset is 2 pm for the LP2; to LPo1, LPo2
to LPy1, and LPy;1 to LPg; mode conversions. It can also be seen that when the positions

deviate from 2 ym point, the IL tends to increase to a higher value.

4.5 Results and Discussions

Fig. 4-30 to Fig. 4-32 illustrates the results of the mode energy distributions achieved

on the excitations of LPi1, LPo2, and LP2;, at 12° tilts angle.
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The results in Fig. (4-30 to 4-32) justified the results shown in Fig. 4-27, in which all
the mode lobes were clearly visible. Therefore, the two results are in good agreement
with the theory mentioned earlier. Hence, it can be concluded that the radiation loss is
negligible at this angle (12°).

Similar behavior was observed with LPy> and LP2; when each was excited, all the

lobes are clearly seen at the output as depicted in Fig 4-31 and Fig. 4-32, respectively.
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Fig. 4-32: LP,; mode excitation at the input of the tilted fibre with the
four lobes visibly seen at the input and output.

Fig. 4-33 illustrates the relationship between the mode amplitudes and the tilt angles.
The amplitude of the propagating LPo; mode decreases close to zero at 43° (critical
angle), then increases a bit to a small peak. Moreover, the higher order modes (LPi3,
LPo2, and LP21) demonstrate similar behavior, starting with a tilt angle equal to zero
(0°). When the tilt angle is greater than the critical angle an approximate equal

distribution is observed.
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Fig. 4-33: Modes amplitude as a function of tilt angles.

Fig. 4-34 is the 3D layout of the converter comprising of the tilted fibre, dual arc, and

the horizontal fibre.
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gend
Fig. 4-34: 3D layout of the device displayed during simulations. The
components that constituted the device were well aligned to give
the overall device architecture.

Fig. 4-35 illustrates the 2D refractive index distribution of the the proposed device at
the simulation point. It comprises a multilayer core, a cladding and the wafer (blue

region), which housed the device setup. From Fig. 4-35, it can be seen that both the
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cladding and multilayer core of the tilted fibre, DAW, and the horizontal fibre are well
joined to avoid power leakages. The index distribution is a very important aspect in
running successful simulation. Because only at this point one is able to check the

connectivity of all the components (tilted fibre, DAW, and the horizontal fibre) involved
in the design.
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Fig. 4-35: 2D Refractive index distribution of the proposed model.

Next is the results of the overall device. The proposed model depicted in Fig. 4-28 was
simulated by exciting one mode at a time to the input of the tilted fibre. The results
were shown in Fig. 4-36 to Fig.4-38. Fig. 4-36 depicts the conversion of an LP1; to LPo:
mode, the two lobes of the LP11 can be seen at the input. After propagating through
the Cg, only one lobe appeared at the output. This indicates that conversion has taken
place due to the coupling between the two lobes (degenerates) of the LP1; because of
the bend. The lobe appears at the output fibre assumed to be an LPo1. This is because
it is the only mode having one lobe supported by the fibres.
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Fig. 4-36: LPy1 to LPo1 Mode conversion. An LPi; mode was excited at the
input of the tilted fibre. After propagating through the bend, an
LPo1 mode is observed.

The entire dark blue region is the wafer which is of 300 um (length) and 200 pm
(width). Fig 4-37 illustrates the result of the conversion of an LPg> to LP11. An LPg2 was
excited at the input of the tilted fibre (Fig 4-28). In this case, three lobes are clearly
observed in the entire length of the tilted fibre (input fibre). On propagating through
the Cg, two lobes are dominant at the output of the horizontal fibre due to coupling.
This indicates the presence of an LPii, as it is the only mode having two lobes
supported by the fibres. The inset of the mode distribution is for a better

understanding.

101|Page



2-Lobes

LF02Z Mode Excitation

=00
Lerwgeh [um)
Fig. 4-37: LPo; to LP11 Mode conversion. An LPo; mode was excited at the
input of the tilted fibre. After propagating through the bend, an
LP11 mode is observed at the output of the horizontal fibre.

Fig. 4-38 is the conversion result of an LP,; to LPo1 mode. At the input of the tilted
fibre, an LP>; was excited. Four lobes are clearly visible at the entire length of the
input fibre. On passing the bend (Cr), only one lobe is observed at the output of the
horizontal fibre. This indicates a conversion of LP,; to LPo;. The other lobes are

believed to be affected by coupling at the Ck.
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Fig. 4-38: LP,1 to LPo1 Mode conversion, LP; mode was excited at the input
of the tilted fibre. After propagating through the bend, an LPo:
mode is observed at the output of the horizontal fibre.
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Fig. 4-39 depicts the calculated absolute power spectrum at the output of the
proposed device. The pick of the spectrum is within the range of C-band, which is the
operating wavelength of the device. As illustrated in Fig. 4-39, the absolute power
spectrum of the conversions of an LPo; to LPi1 (Red curve) and LPi1 to LPo1 (blue
curve) is the wavelength dependence. It can also be observed that the peak of the

spectrum in both cases falls within the operating wavelength.
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Fig. 4-39: Output absolute power of LPg, to LP1; and LP1; to LPg1 mode
conversions.

The device CE was evaluated using Egn (4.7) through Eqgn (4.9). It was calculated by
determining the power at the output of the tilted fibre (interface between the tilted,
the input of the arc bend and the power at the output of the bend (interface between

the bend output and the horizontal fibre input). This is due to the conversion taken
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place within the DAW. The CE of the LP11 to LPoi, LPo2 to LP11, and LP21 to LPo1 were
found to be 89.6%, 91.2%, and 94.34%, respectively. Similar fabrication procedure
proposed by [165][183][184] can be upgraded and implemented for the proposed
devices. Finally, on comparing the proposed devices presented in this Chapter with the
one reported in Table 2-1, one can see that most of the work in Table 2-1 targeted the
conversion of fundamental mode to higher order modes whilst the work reported here
is the reverse. Another important point is the simplicity in our approach, in which all

the proposed devices are fibre-based.

4.6 Summary

In section 4.2-4.3, two different mode converters are modeled to convert an LPi; to
LPo1 mode. The first converter employs CSIF, and the second converter employs M-
RCF. In both cases, the distance of separation ‘d’ between the two fibres and their
lateral misalignment ‘*h’ were varied to determine the maximum coupled power. Each
of the two fibres were used independently to study mode conversion on LPii. The
performance of the two converters were evaluated and compared. It was found that
the M-RCF -based converter demonstrates high CE, high MP, and low loss at the
coupling region. By cleaving the fibre under excitation (fibre A) in both CSIF and M-
RCF at angle 42°, the CE of the two converters at the output fibres were found to be
69% and 94% with the MP of 58.8% and 85%, respectively.

Section 4.4 presented the conversion of multiple high order modes. In this case,
a numerical demonstration of higher order mode conversion is investigated and
achieved using MC-MMF assisted by the DAW. The radiation loss was suppressed by
tilting the fibre at 12°. It was shown that tilting the fibre at an angle greater than the
critical angle could lead to amplitude distortion/decay due to the field radiation.
Another relationship investigated is the variation of mode amplitude on tilt angles by
exciting different LP modes from the input of the tilted fibre. The amplitude of the
propagating LPo; mode decrease close to zero at 43°, then increases a bit to a small
peak. Moreover, the higher order modes (LPi1, LPo2, and LP;) demonstrate similar
behavior, starting with a tilt angle equal to zero (0°). It was found that when the tilt
angle is greater than the critical angle, an approximate equal amplitude distribution is
observed. Finally, an LP1; to LPo1, LPo2 to LP11, and LP2; to LPg1 mode conversions were
achieved. The CEs of the LP11-LPo1, LPo2-LP11, and LP,1-LPo; were found to be 89.6%,
91.2%, and 94.34%, respectively.

104 |Page



Based on the calculated results the device can be a good potential for mode

conversion in mode multiplexing for MDM systems due to their low loss.
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Chapter 5 Novel High Dispersion Fibres for MDM
System

5.1 Introduction

For the successful realisation of an MDM communication network, it is essential to investigate
the MD [40], and MDL [185] of a fibre. Relevant research dealing with this concept has
already been published, in which the idea of PSP has been extended to the FMF/MMF [186].
The statistics of the comparable (GD) group delays and crucial remarks on the dynamics of
the MDL were also reported [187]. Nevertheless, a thorough investigation of the true nature
of these scenarios can highly benefit the overall idea of the analytical tool that is indispensable

to the study of polarisation.

Linearly polarised (LP) modes can be used to describe light transmission in a fibre under
the weakly guiding approximation [16]. Thus, a group of 2-4 (quasi) degenerate hybrid
modes constitutes each of the LP modes. Therefore, the MD of a fibre originates from two
viewpoints. The one that leads to the inter-modal dispersion (I-MD) arises due to the
dissimilarity in the propagation constants of the LP modes having distinct order. Moreover, the
other comes from the dissimilarity in the propagation constants of the hybrid modes
constituting each LP group of the degenerate modes. This describes intra-modal dispersion. In
FM/MMF, the effects of I-MD is superior over the intra-modal one. It can be mitigated or
eliminated completely if the LP groups are degenerating modes (can be strongly coupled)
[188]. One of the adopted techniques in MDM is to mitigate coupling effects between the LP
modes. This can allow each group of a quasi-degenerate mode to be employed as an
independent transmission channel, which can minimise complexity or eliminate using MIMO
equaliser at the receiver [40][126]. In such case, I-MD has a smaller effect. Moreover,
principal modes (PMs) were also engaged for MMFs as the generalisation of PSP in SMF to
overcome MD [186][189][40]. The temporal distortions can be minimised using complex
MIMO technique but can increase system cost. An MMF in a long-distance transmission was
initially deserted due to the MD between the transporting modes. It is only available when
distinct signal mode channels transmission occurs in the MMF/FMF. In the SMF, there is no
MD as there is only one exciting mode and the total signal power remains in the LPy; mode. In
addition, an OFDM has been adopted to provide high dispersion tolerance in MMF [190]. An
OFDM method can be employed in the MMF optical network regardless of the humber of the
mode count [23]. Here, the signal has to be coherently detected, which increases receiver

complexity as well as overall system cost.
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5.1.1 Modal Dispersion Equalisation

Several techniques on MD equalisation were reported regarding the FMF. For example, by
employing equivalent planar waveguide [39]. The technique developed a numerical method
to determine the propagation constants in the fields and group velocities of an arbitrary mode
in a weakly guiding symmetric fibre. The employed program confirmed the dispersion
equalisation in a known index profile solution and can also be applied to optimise other
profiles. Here the work only restricted to three spatial modes. In another report [191], an
index profile capable of supporting four LP-modes propagating with the same group velocity
was investigated. A numerical technique was proposed for computing the GD of the LP modes
involved (LPo1, LP11, LPo2, and LP21). The index profile that employs a power-law for the index
variation was constituted using multiple index exponent in the fibre over distinct radial
distances along the axis. In this case, the fibre propagates four modes, which are I-MD free.
However, adopting multiple exponents makes this approach more difficult.

Large mode area fibre can be used to mitigate I-MD. The main challenges are their
incompatibility with standard mode fibre components, and most of the available fibre-optic
components still maintain the standard modal size. Therefore, fusing spliced can bring a large
mismatch in the mode area, which can lead to excessive power loss at the fibre joint [192].
Moreover, controlling the As+ can minimise mismatch at the expenses of a nonlinearity [193],
also one important point to note is that lowering the Ae+ can increase dispersion [194].
Enlarging the Aer is achieved by decreasing a core-cladding contrast (which decreases the
numerical aperture). However, this can initiate some other limitations [195], such as
weakening the guiding capability of fibre and significant losses can surface due to a small
imperfection of the optical fibre (bend loss) [196]. Thus, there should be a limit on how small
the numerical aperture values can be reduced. It has been reported that the value should not
be below 0.06, however, in an ultimate case, a value close to 0.04 has been adopted [197].

The magnitude of an MD can also be accessed from the level of the DMGD (differential
mode group delay). It relays tightly on the index profile of the optical fibre (in or around
the core) [198]. It can be observed in fibre with SI profile that the higher-order LP
modes possess a lower group velocity. This leads to a DGD (close to 10 ps/m) and can make
it very difficult for such fibres to achieve high-speed data capacity rates of multiple Gbit/s in
an optical transmission link even for a kilometer length [199]. In a fibre-based link
employing MMF, the MD severely reduces the achievable bit rate. Therefore, to deal with
signal mode distortion, it is extremely crucial to set the pulses to maintain equitable temporal
overlapping components from the distinct modes. The perfect means of eliminating MD is to

use SMF-based fibre transmission links; however, using MMF with a parabolic index profile
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also serves as an alternative way of reducing MD [200] at the expenses of employing
complex MIMO DSP. Swens Zlong et al. [201], reported a novel multiple-ring core single-
mode large A« fibre, composing of a periodic alternating CH, and CL index profile and
demonstrating large area fibre with low bending loss. The fibre targeted high-power
applications. However, the work restricts to a single mode operation.

As opposed to the previous approaches, the proposed model here was extended to a
four-mode fibre supporting LPo1, LP11, LPo2, and LP»1. Using the two different refractive index
profiles (CH and CL), an optimised thickness (OPT) value was determined by adjusting each
of their core-ring radii. At 1550 nm wavelength, these values were used to model the two
fibres to achieve an equalised MD. The main difference between the proposed model and the
principle mode model is that our model intends to work in the weakly coupled regime. In this
case, each mode is transmitted separately as an individual signal channel, without using a
complex MIMO technique. While the principle mode approach provides an effective method to
reduce the temporal distortions particularly in the strong coupling regime, in such a case,
MIMO digital signal processing is inevitable. The complexity of the MIMO scaled up as the
number of spatial mode increases, thus, increasing the system cost.

In this chapter, a novel dispersion equalisation technique employing MC-MMF
using LP-MMM approach is presented. Each of the core ring radii of the alternating CH
and CL index profile was optimized to a specific thickness value. The core ring radius

varied in each case to determine the OPT for the dispersion equalisation.

5.2 Multilayer-Core Design Property

Fig. 5-1 depicted a schematic of the core-ring cross-sections of the proposed four modes
(4MF) fibres. The core structures composed of an alternating CH and CL-refractive-index
layers. The yellow-green and grey colors are representing high and low index region
respectively.

As illustrated in Fig 5-1 (a-b) two types of fibre core cross-section structures are
presented. The structure schematic with a center ring having high-index value (Fig. 5-1a) is
referred here the CH-ICF. The structure schematic with a center-ring having low-index value
(Fig. 5-1b) is referred here as CL-ICF. Raising the high index can be achieved by adding
erbium/aluminum as proposed in [201]. Similarly, the low index regions can be doped with
fluorine. The cladding material is assumed to be pure silica with a diameter of 125 ym, and a
refractive index of 1.444.
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Fig. 5-1: (@) Cross section of the proposed CH-ICF. R1, R2, and R3 are
the layer thicknesses and (b) Cross section of the CL-ICF with
the X1, X2, X3, and X4 as the thickness of the rings.

The two core structures consist of the following parameters. The core rings thicknesses of the
CH-ICF structure are R; (high index centre layer), R> (low index ring second layer), and Rs
(high index ring third layer). Similarly, for the CL-ICF; X; (low- index rings thickness at the
centre layer). Xz (high index ring thickness, second layer), Xs (low index ring thickness, third
layer). And X4 (high index ring thickness, fourth layer). The difference in index between the
high index ring and the cladding defines by Ax=nh.nqad, Where ny is the refraction index of the
higher index, n4aa represents the cladding index. In addition, the index contrast between the
cladding and a low index ring defines by Ay= ndas-n.. The fibre wavelength was fixed at 1550
nm for the entire operations. To ensure the four-mode operation at this wavelength, the Vp
was determined to be 5.378 using Eq (2.1). The relations between A+ and thickness of the
lower index regions are investigated. It is observed that mode confinement in the core
reduces as the diameter of the lower core region increased, which results in the Ae# increase.
Therefore, the ring thickness Ry of the high-index core was optimised such that the mode
confinement is not affected. The Aer of each of the modes in relation to the structural
parameters of both CH-ICF and CL-ICF was also investigated. The remaining parameters used
in the core-cladding design are Ax=0.017, A,=0.007, R;=4.25 pm, R;=2.6 uym, and R3=2.3
pm. Also, X1=2 pm, X2=3 um X3=4.2 um, and X4=1.6 pm.

Fig. 5-2 depicts the field distributions and intensities of the four modes displayed by the
CH-ICF. The LP modes can be determined using a transfer matrix analysis of the multiple

layer fibres. By employing an LP-analysis, a modal excitation with the linear polarisation is
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assumed, thus, a modal analysis supporting a single field was employed. For a fibre with low
index difference (practical optical fibres), a solution of the given LP-modes is constituted
almost in the same way as the vector modes. The Field pattern seems to distribute in the core
layers of the fibre as shown in Fig. 5-2. In addition, the CL-ICF demonstrates similar field

distributions.
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Fig. 5-2: Simulated modal distributions and field intensity of the multilayer-
core CH-ICF.
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5.3 Optimisation of the Design Parameters

A commercial OptiFibre numerical software package was used to investigate the effect of
varying the core rings thickness on MDs. An LP-MMM was chosen for the calculations of the
dispersion because of its accuracy over the finite difference method. Details of this method
were presented in chapter 3, section 3.4.1. The choice of the number of rings for a given fibre
design plays an important role in the equalisations. The overall core radius was held fixed to
maintain the intended number of mode count by the fibres. The optimisation was achieved in
two stages. In the first stage, the thicknesses RI, R2, and R3 of the CH-ICF and XI, X2, X3,
and X4 of the CL-ICF were adjusted until the MDs are equalised. In the second stage, the
effects of varying thickness of the lower index rings on the A+ of the four modes in each core

were investigated.

5.3.1 Inter-Modal Dispersion Optimisation

In an MMF/FMF, the signal pulse broadening is caused by combining the effects of the
following three circumstances. (1) the group dispersion, which is because of the dielectric
characteristics in fibre material. (2) because of the dispersion effect in a waveguide, and (3)

due to the group velocities (GV) variation between the individual modes. The third one has
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been assumed the major cause of the signal broadening. In an SMF, the group dispersion can
be reduced by nonlinear variation of the dielectric constant in an optical wavelength greater
than 1300 nm (anomalous dispersion) [202]. However, in MMF, the dominant dispersive
effect is due to the variation in the GV of the modes propagated by a fibre. Therefore, the
same approach is not applicable [160]. Different techniques can be employed to achieve both
relatively large Ae+ and negligible I-MD at a wavelength of 1550 nm. For example, in the case
of a core with the GI profile [199], MD can be reduced by minimising spread in the group
velocities. Moreover, dispersion impairments can also be tackled through a complex MIMO-
DSP implementation at the receiver side [21]. This brings more complication to the system
due to a strong MCP in the fibre. To avoid such MIMO complexities, new and simple fibre

models are proposed in this work, which has been published in [114].

5.3.2 Modal dispersion Optimisation in the CH-ICF

An MD is equalised by varying the dimensional parameters of the core index profiles. The
optimisation was achieved by varying the core layer thicknesses (core-ring radius) to a
specified OPT value. These values would coincide with the one used in optimising the A« (for
the case of R2 and X3 in the low index region of the two fibres). The target here is to match
the dispersion of the individual modes to a specific reference value of 17 ps/(km.nm). This is
because most of the practical glassy fibres operate around this value. Moreover, equalising
the dispersion close to this value can allow a mode signal to transmit and receive without
using the complex DSP module for the dispersion equalisation [203]. Note that the overall
core radius was kept fixed throughout the optimisation process to sustain the four-mode
operation. The thickness varying must occur simultaneously to achieve equalisation (this
means R1, R2, and R3 were varied concurrently to achieve equalisation at A= 1550 nm).

The best thickness value of each ring at which dispersions of the four modes converges
is referred here as the OPT value. Fig. 5-3 to Fig. 5-5 depicts the effect of varying the core
rings thickness (R) on the dispersion of the CH-ICF. As shown in Fig. 5-3, the convergence in
the dispersion of the four-LP modes started from R; = 4 ym to 4.5 um. However, the
dispersion of LPo; rises slightly from R1 =4.3 um, where the dispersions of LP11, LP21, and LPo;

remained converged.
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Fig. 5-3: The effect of R1 on the dispersion of the CH-ICF.

Fig. 5-4 illustrates the change in the dispersion as a function of the lower ring thickness (R2).
Convergence in the dispersion of the four modes was observed from R; = 2.3 um to 2.7 um,
after which there is a little divergence of LPo; and LPi1, while an LP2; and LPog; still remain
converged. Therefore, the 2.6 pm is chosen as an OPT because both the dispersion
convergence and an optimised value of the A coincide at this point. Note that the criteria for
choosing the optimum values are to make sure that each value coincides in the two
optimisations (dispersions equalisation and the Ae+). The measured dispersions for the
corresponding core ring thickness variations are presented in Appendix A. It is also important

to mention that the index contrast was made fixed during the dispersion optimisation.
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Fig. 5-4: Graph of R2 on versus dispersion CH-ICF.

Fig. 5-5 depicts the effect of varying the outer core ring thickness (R3) on dispersions. Here
the convergence in the dispersion of the four modes occurred in three different points
(R3=1.6 pm, 1.75 pm, and 2.3 um).
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Fig. 5-5: Graph of the effect of R3 on dispersion CH-ICF.
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To choose an appropriate OPT other factors must be taken into consideration. For example,
being the outer ring, its thickness must not go below or beyond a value that will decrease or
increase the overall core radius. Therefore, to satisfy this requirement an OPT of 2.3 pm is
chosen to maintain the four-mode operation. Thus, the OPT values of R1, R2, and R3 that
constitute the three rings of the CH-ICF were found to be 4.25 ym, 2.6 um, and 2.3 ym
respectively. Hence, the sum of these thicknesses gives an overall core radius of 9.15 pm
(18.3 pm in diameter). Note that convergence in dispersions at a given thickness indicates

equalisation in the dispersion at that point.
5.3.3 Modal dispersion Optimisation in CL-ICF

The optimisation of the CL-ICF was carried out in a similar way as CH-ICF, Fig. 5-6,
Fig. 5-8, Fig. 5-9, and Fig. 5-10 depict the graphs of the measured dispersions against
variation in the core rings thicknesses of the CL-ICF.

Fig. 5-6 illustrates a variation in the dispersion as a function of X1 (centre ring
with the low index). Convergence in the dispersions occur at several points (for
example, at X1=1.6 pm, 1.85 ym, and 2 pm). An OPT of 2 ym was chosen because

the modes are more confined to the core centre at this thickness.
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Fig. 5-6: Graph of change in X1 versus dispersion CL-ICF.

Fig. 5-7 (a-d) illustrates the modes confinement demonstrated by the CL-profile

fibre at the specified thickness of (2 um). It can be observed that the modes are

114 |Page



confined toward the centre for all the spatial modes. In each of the figures, the mode
consists of the mode field, confinement graph, and the field distributions. It is crucial
to mention that mode confinement at the core centre minimises power loss as the

mode propagates through the fibre.
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Fig. 5-7: (@) CL- profile of the LPo1 mode confinement (b) CL- profile of the
LPo2 mode confinement (c) CL- profile of the LP,; mode confinement
and (d) CL- profile of the LPo, mode confinement.

Fig. 5-8 illustrates the variation in MD as a function of the change in the second ring radius X2
(high index layer). As can be seen, the best OPT value is when X2 is 3.0 um. This is because

the dispersions at this thickness are closer to the reference value (17 ps/[km. nm]).
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Fig. 5-9 depicts the effect of increasing the thickness X3 (third layer with low index) to MD. The

requirement for choosing an OPT here is not only limited to the convergence in dispersions
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Fig. 5-9: Graph of the effect of varying thickness X3 on dispersion
CL-ICF.
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but also requires optimision to a thickness that can suite the A« simultaneously. Therefore,
the best OPT that satisfies both conditions in this ring is when X3 is equal to 4.2 pm as shown
in Fig. 5-9.

Fig. 5-10 illustrates variation of dispersion as a function of the thickness of the fourth
layer (X4). At the outermost ring, the optimisation here should not decrease or increase the
initial overall value of the core radius. Therefore, the OPT is chosen to be 1.6 pm. Thus, the
overall core radius constituted by the sum of the individual ring thicknesses. Hence, on
combining the optimised values X1, X2, X3, and X4 equal to 2 ym, 3 ym, 4.2 um, and 1.6 um

respectively, the overall core radius is 10.8 um (21.6 um in diameter).
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Fig. 5-10: Graph of measured dispersions against change in the

thickness (X4) CL-ICF.

To justify the OPT calculated values, a plot of dispersions of the four modes at a various
wavelength of both the CH and CL -ICF were plotted in Fig. 5-11 and Fig. 5-12 respectively.
From these graphs, the dispersions of the four LP modes were converged at the operating
wavelength (A=1550 nm) of the two fibres. This demonstrates tolerance in dispersions of the
two fibres at the specified wavelength. The inset values are the achieved dispersions of the

four modes at the converging wavelength.
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5.3.4 CH-ICF and CL-ICF A.s Optimisations

To optimise the Ae# of the CH-ICF, the central ring thickness is fixed to a value corresponding
to the OPT of the dispersion equalisation. The thickness of the low index ring R2 varied to
examine the effect on the A« of each mode in the fibre. It is observed that as the thickness of
the low index ring increases the Ae# also increased. In addition, decreasing the index of this
portion brings a benefit of increasing the As, which moves away the dispersion from 1.55 pm.
The cladding indices or its dimensions can be adjusted to restore the dispersion to 1.55 um.
The challenge here is that the extent of modifying the indices and the dimensions depends on
other factors such as the size and index of the lower index region. Therefore, the radius or
thickness of the lower region can be varied to 2.6 pm to optimise the Ae

Fig. 5-13 illustrates the relation of the thickness of the low index region (R2) of the CH-
ICF and the Aew At the thickness of 2.6 um, the values of the Aer of the LPo1, LP11, LP21, and
LPo, are found to be 72.03 pm?, 81.72 pym?, 89.23 um?, and 94.82 um? respectively.
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Fig. 5-13: Relation of the thickness of the low index region (R;) of the CH-ICF
and the Aer.
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These values are chosen at 2.6 pm thickness because it coincides with the thickness at which
the dispersion is optimised (Fig. 5-4). Thus, shifting it away from this thickness (R2=2.6 um)
could move the dispersion equalised point away from the OPT.

Similarly, Fig 5-14 illustrates the relationship of the A« as a function of the thickness of
the lower index region of the CL-ICF. Here, two low index regions exist in the core (Fig 5-1b),
one at the core centre and another in the third ring (X3). The low index at the core centre
(X1) was held fixed for the same reason stated in the CH-ICF. The lower index region of the

third core layer X3 (Fig 5-1b) was adjusted to optimise the Aes.

Aeff [pm2]

1 2 3 4 5
X3 [pm]
Fig. 5-14: Relationship of the Aefr as a function of the thickness (X3) of the

lower index region of the CL-ICF.

The optimisation was achieved when the thickness X3 reach an OPT value of 4.2 uym. This
thickness is chosen as it coincides with the thickness in the dispersion optimisation. Fig 5-15
and Fig. 5-16 depict the relation between A<+ as a function of the wavelength. As can be seen
from these figures in both cases, the A« of CH-ICF and CL-ICF increases as the wavelength

moves from 1.3 pum to 1.6 pm.
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Fig. 5-17 depicts relations between the core-cladding index contrast (Ax) and the Ae As the
core-cladding index difference increases, the Aer decreases exponentially. In addition, the
parametric characteristics observed in relation to the cladding-low index ring difference
illustrated in Fig. 5-18. The increase in index difference Ay of low-index rings increases the
Aerr, Which may be because of the increase in R2 or X3 in a CH-ICF and CL-ICF respectively.
However, this can trigger the decrease of the core index; thus, bring in the decreases of the
effective indices, which finally can attribute to a mode coupling. It is important to mention
that care must be taken during fabrications to avoid varying the radius of the ring by more
than £1%. It can shift the equalisation value away from the operating wavelength (1550 nm)
[201] [204].
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100 .
o
£
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=
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<
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40 | 1
20 | | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03
Ax
Fig. 5-17: Relation between the core-cladding index contrast (Ax)
and Aef.
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Fig. 5-18: Relation between the cladding-low index contrast (Ay).

Table 5-1 summarises the optical properties of the two fibres.
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Table 5-1: Summary of the optical properties of the two fibres (CH-, CL- ICF at 1.55 pm). It includes Acx, dispersion

(Disp.) of the four LP modes, and the OPT.

FIBER CH-/CL - ICF Actr (LmM?) CH-/CL - ICF Disp.ps/ (km. nm) CH-/CL - ICF OPT (pm)
T LPO1 LP11 LP21 LP0O2 LPO1 LP11 LP21 LPO2 R1/X1 R2/X2 R3/X3 X4
CH-ICF  72.73 81.72 89.23 94.82 18.24 17.02 17.36 17.23 4.25 2.6 2.3 -
CL-ICF 88.29 92.73 102.56 111.33 17.21 18.29 17.13 17.38 2.0 3.0 4.2 1.6
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5.4 Summary

An LP mode matrix method was numerically used to investigate the effect of core
structural parameters variation with the modal dispersion of different modes. The
dispersion equalisation of the modes was demonstrated, and their effective areas
were optimised at the same values. A new and simple approach was proposed and
presented, where the modal dispersions are equalised by varying the dimensional
parameters of the core index profiles. The optimisation was achieved by varying
the core layer thicknesses (core-ring radius) to a specified OPT value. These values
would coincide with the one used in optimising the A (for the case of R2 and X3 in
the low index region of the two fibres). The thickness of the low index ring (R2) of
the CH-ICF and that of the CL-ICF (X3) were varied to examine the effect on the
Aerr of the fibres. It is observed that as the thickness of the low index ring increases
(R2 and X3) the Aes also increased. In addition, decreasing the index of this portion
brings a benefit of increasing the A, this moves away the dispersion from 1.55
MM regions. The relations between the cladding-low index contrast (Ay) and the Aes
was also investigated. As the cladding-low index difference increases, the Aes
decreases exponentially. It can be concluded that if more properties of the
proposed structures can be investigated, the FMF can be a good potential medium

for MDM systems, due to the high dispersion tolerance.
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Chapter 6 High-Speed MDM Transmission

6.1 Introduction

This chapter investigate the transmission performance of a high-speed short
distance MDM system. The communication network model was examined in two
models. The first one presented in section 6-3 transmits two spatial signal mode
channels (LPo1 and LPi1) as signal carriers. In this proposed structure, an NRZ and
RZ-O0OK modulation formats were adopted in order to carry out the investigations.
The two-mode channels were recovered by DD. This was achieved by a spatial
receiver at the two aggregated bit rate of 20 Gb/s and 40 Gb/s optical link
operating at 1550 nm. The performance of the system was successfully optimised
to extend the transmission distance by varying the bias voltages of the DP-DD-MZ
modulator. Thus, extending the transmission reach compared to that of the C-MzZM
by 8 km and 7 km, at the bit rate of 10 Gb/s and 20 Gb/s respectively. Each of the
LP-mode carriers was examined in terms of the receiver sensitivity, OSNR, and the
maximum transmission distance. It is important to mention that the DP-DD-MZ
modulator operates based on the quantum confined stark effect and was employed
to enhance the system reach at the two bit rates. The optimisation was realised by
controlling the amplitude of each of the mode channel eye level. This requirement
was achieved by employing a DP-DD-MZM, consisting of the dual ports-dual arms
(DP-DA). Where its input side is having a Y-branch splitter, while at the output, a
Y-branch combiner configuration is attached. Thus, both the attenuation as well as
the optical pulse phase constants pass through the waveguide. Moreover, this
depends on the bias voltage that is applied to each of the dual arms of the device.
Hence, by varying the bias voltages the eye opening can be improved. It is
suggested that this technique offers the optimal amplitude distribution that
enhanced the eye-opening of both the LPo; and LPi1 signal at the targeted BER of
10°°.

Furthermore, in section 6-5, an MDM transmission supporting four
non-degenerative spatial modes at 10Gb/s was examined. The analysis adopts the
NRZ modulation format to evaluate the system performance in terms of the Py and
Pry for each mode at the BER of 107°. The receiver sensitivity, the ONSR, and the
maximum transmission distance were also investigated using the DD at 10Gb/s bit
rate. By properly analyzing the MM-EDFA, the system performance can significantly
be enhanced. This is because the Er-doped fibre can support multiple modes at the
pump, ASE, or signal wavelength. An EDFA with the step index profile was
considered to carry out the investigations. The fibre supports four spatial non-
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degenerative modes with the EDFA core radius larger than the Erbium-doped core

size.

6.1.1 Optical Transmission System

Due to the high cost and complexity in a short reach optical communication system
such as metro and data centres (DCNs), system deployment has been inclined
more toward the intensity modulation (IM) and DD [205]. Currently, optical
transceivers of high bandwidth are available [206], including a spatial transceiver.
Thus, a simple binary RZ/NRZ and possibly a partial response modulation
technique can be used. The electric duobinary (EDB) can also be employed, which
is promising for high-speed short reach system [207] [208]. Furthermore,
advanced modulation formats that include 4-level PAM4 [209] and discrete
multitoned (DMT) were reported. The two formats support a single lane high-speed
transmission, which was achieved with a relaxing requirement on the system
bandwidth. In addition, a short reach system, which requires a few kilometers is
recently investigated. This was achieved when an advanced modulation
transmission (employing a high data rate) with a single mode (about 1.5 pm) when
VCSEL [210] was used. It has shown an interesting result to match the important
requirement that comprises footprint, cost, and energy/power consumption. This
indicates the potential for a smooth and continuous extension to a long-term mode

multiplicity facilitated by the SDM approach.

6.2 System Theory
6.2.1 MDM System

Fig. 6-1 depicts the schematic of the basic principle and mode of operation of an
MDM network using MMF. At the system input, a spatial laser source that is divided
into N number of modulators was used as spatial transmitters. Each encodes a
separate signal mode ki(x) on the optical carrier that modulates the optical signal
gi(t). The field distribution is matched to a linearly polarised-mode in the S-Mux
and transported via MMF that support N number of modes. At the system output
(receiver end), the modes are separated using S-deMux and are detected using N
corresponding photodiodes or Ryx. The spatial mode data signals are finally

recovered at the data recovery units.
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Fig. 6-1: Mode of operation of the MDM system. Ry: spatial receiver.

Moreover, an MDM system can be modelled in a form of spatial super-channels so
that the spatial paths can originate and terminate at the same transponder. This
technique was used in the MIMO wireless communication (long-term evolution or
LTE) systems [24]. The spatial super channel provide means for further
optoelectronic integration, which can improve system capacity beyond what can be
achieved using parallel WDM channels. For a successful implementation of an MDM-
WDM hybrid, operation of the MDM must be independent of wavelength [211]. This
is explained by the fact that any attempt to allow multiple distinct wavelengths
through spatial modulation over a single transmitting fibre can cause channels
overlapping. In addition, this can create signal crosstalk among the transmitting
modes. Moreover, if the MDM output does not depend on the wavelength of the
input, one can guide the individual signal modes into the MMF. Thus, in an MDM-
WDM hybrid structure [212], the signals can be separated using the conventional
WDM de-multiplexing procedure or a using S-deMux. On the other hand, if MDM
signals are wavelength dependent, the signal mode of the distinct wavelength may
be difficult to route to the intended fibre for subsequent transportation over a given

distance link.

6.2.2 Two-Mode Fibre

Fibre with the SI profile is adopted here because of its simplicity in the fabrication
process. It consists of a core of high refractive index region (np«), sandwiched in a
cladding layer having a lower refractive index (nqs¢) and an infinite radius (a) for a
given M number of LP-modes. The highest achievable value of V, is chosen in order
to allow for the first M number of LP modes to propagate and cutting-off the next

undesired modes. By adopting this procedure, the M number of modes would have
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the normalised propagation constant (B) given by B = (nZ;; —nZ.,)/(n2 — n?aa)-
Here, ne+ represents the effective index of the modes close to their highest
achievable values. Thus, making it less vulnerable to bending effects [37]. Once
the value of V, is set, the core radius (a) is optimised to maintain its value. Thus,
the difference in the core-cladding index (npk—ncad), being subsequently determined
from the V, relation. Fig. 6-2 schematically illustrates a fibre cut of section along

the xy-plane.

Fig. 6-2: Section cut of a step index MMF.

To model the two-mode fibre component using Optisystem software, a general
purpose measured index multimode fibre (MI-MMF) was used because it allows the
refractive index profile to be defined. The SI profile is constituted from the core
refractive index peak, index cladding, core radius and cladding thickness values
using the following relations.

n@) =ny (1-4-[]]")  For r<a Eq (6.1)

n(r) =np - (1 —A4) = ngaq For r >a Eq (6.2)

where a represents the core radius, nqsq¢, the refractive index of the cladding, «,
the alpha profile. npy« is the peak core refractive index, and A, the index contrast.
Alternatively, the cladding index can be defined based on the parameters of A or
numerical aperture (NA), in such case, the index of the cladding is calculated using
the following relation

n(r) = ny (1 —A- [ﬂa) For r<a Eq (6.3)

Nelaq = |(npk - NA)2| Eq (6.4)

Note that the main results of the fibre computation target the following three
parameters: spatial profiles, coupling coefficients and the time delay for each fibre

modes. Therefore, the final solution for the output field, which is the combined
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effects of the temporal and spatial characteristics of the fibre for an arbitrary
number of modes, is calculated as

Epue(,0,8) = Z [CiEin (t — T]E;(r, B) Eq (6.5)

i=1
where Ej, is the field that denotes the input signal, Ci represents the coupling
coefficient among the fibre supporting modes and its spatial profile. E; is the fibre
field for each given index i. Thus, when the power of (G Ein) is below a certain
value (Min. signal power), the signal /i is discarded. Fig. 6-3 (a-e) depicts the

simulated field distribution of an LPo1, LP11 mode signal channels.
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Fig. 6-3: Spatial mode profile distributions and 2D intensities of the fibre
signal modes: (a) LPoi, before multiplexing (b), LPi; before
multiplexing (c) LPoi+LP11 (after multiplexing) (d) LPo1 3D
intensity and profile distribution after separation using spatial
de-multiplexers and (e) LPi1 3D intensity and profile distribution

after demultiplexing.

The fields calculations were made using a spatial visualiser component.
6.2.3 DP-DDMZ Modulator

As depicted in Fig. 6-4, the DP-DDMZ is made to consist of an input with the dual
waveguide arms. It is constituted by a Y-branch configuration so that the input
launched light E; (t) is made to split and pass through the dual waveguide arms.
These arms are constituted with a separately applied voltage V; (t), driven the
electrodes to provide ABi (phase difference) and then recombined at the output
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end with the help of a Y-branch combiner, generating Eo..: (t) as a modulated

optical signal.
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Fig. 6-4: DP-DD-Modulator layout.

The output signal of the modulator which is in the form of an electrical field can be
determined by [213]:

E,(V,,V,) = E; (t)cos (L w> exp (jL w> Eq (6.6)

Here, the first term, cos (L ((AB2 — AB1)/2)) represents the IM, and the other
term, exp (GL((AB2 —AB1)/2)) represents the phase modulation.

6.2.4 Signal Pulse of NRZ and RZ Modulation format

Pulses in modulation formats can be described in the form of NRZ and RZ. The
extra optical modulator is needed for the RZ format to generate the 1 NRZ to RZ as
illustrated in Fig. 6-6. The main function of the additional modulator is to
interchange position with each other without affecting pulse generation. The extra
modulator is considered as pulse carver. It is important to note that the bandwidth
provided by the modulators regulates the rise and fall time of the edges of the

pulse.
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Fig. 6-5: Illustration of how optical signals of format NRZ are
generated using an external modulator.
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Fig. 6-6 Illustrations of how optical signals of format RZ are generated.

Once the laser source is switched on, its lightwave is modulated through electro-
optic modulator by employing the concept of interferometric interference
(constructive and destructive) to represent the ON/OFF states of the wave. The RZ
is similarly generated by adding an optical modulator so as to generate periodic
pulses of width half of that of the bit period. The phase and frequency of the
modulated signals are generated through electro-optic modulation. It is achieved

by biasing and controlling the signal amplitude of the pulses.

6.3 Two Channels MDM System Model

In order to design an efficient MDM system, it is important to employ an accurate
simulation model for the multiple mode channels-based transmission. The model
would not only be restricted to the accuracy of the individual components.
Nevertheless, can allow combining them to examine and optimise their

contributions to the overall system performance. In addition, it requires a simple
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model based on MMF and OOK with a transmitter based on spatial CW Laser [214].
This can substantially reduce system cost. An Optisystem 15.20 commercial
communication package was used in order to model and study the system
performance. The analysis was conducted in two phases. Fig. 6-7 (a-b) illustrates
the MDM setup for the two cases. In the first stage Fig. 6-7(a), the setup in the
dashed rectangle consists of a spatial transmitter comprising a transverse mode
profile in its optical output. It is a unit in the system build by employing a WDM
transmitter optical and the MM-Generator. This allows adding a given transverse LP
mode profile (LPo:1 and LP11) in the optical signal by using spatial transmitter, which

assign a given mode by specifying its azimuthal and radial nhumber.

Mode Channels
I
e [ | [ Jlem > smo s g
2=10Gbs - — » »
2%20Gb/s | NRZ/ vez || g MMF / = QE LPIL.BER
RZ rz || 5 - EDF4 V04 > SRa s Toppp |
e o e — 1
MDM -MUX @
a
Vi(t) = me'sl + Vmar!‘.‘lfﬂ e
. 1 MMF
L] . Y |/ I?’ \I BER
33 L Py / TS SRx LPOULPLI
EDFA recovery
DP-DD-MZE
A=1550 nm g;{iﬁ ®
Po= dBm Vz(t) = V!Jm'sZ + vmdzfﬂ T )
Fig. 6-7: Simulation setup of the proposed 2-mode channels MDM system:
(@) Using a conventional modulator, S-Txi: Spatial transmitter for the
LPo1, S-Tx2: a spatial transmitter for the LPi1 mode channel. Ideal
mux: LP-mode spatial multiplexer. VOA: variable optical attenuator,
STS: signal type selector. Pin = input power (b) MDM optimised
transmission setup using DP-DD-MZ.

The MDM signals were modulated using NRZ and RZ-OOK data format and a spatial
CW-Laser at 1550 nm. To avoid signal mode channel overlapping, the launch
power is set to a low value of 0 dBm. Initially, the signal of 10 Gb/s and then
20Gb/s with the pseudo-random sequence are generated with the 10 dB ER, O-
chirp factor, and a linewidth of 10 MHz. The modulated signal of both LPy: and LP11
was combined using ideal multiplexer with the user-defined number of inputs WDM
signal channels. Two input ports were chosen, each allocated to one of the two LP-
mode channels. To confirm the presence of the two modes, a spatial visualiser was
used to measure the LP-mode profile distribution. Fig. 6-3(a-e) depicted the profile
at both input and the output of each of the spatial transmitter and receiver. The
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entire modulated mode signals were fed into the MMF. The fibre was modeled using
Egn 6.1 through Egn 6.3. To maintain the two mode operation, the V, was
determined using Eq (2.1) to be 3.0 [126]. With the core radius a=10.4 pm and
the core, cladding refractive indices of 1.462 and 1.46, respectively. The reference
frequency of the fibre was set at 1550 nm and attenuation of 1.4 dB/km. An EDFA
with the fixed gain of 20 dB and NF=6 dB was used to boost the signal from the
two modes. In order to separate the LP-modes, an S-deMux was employed. The
multiplexer is user defined with the number of WDM spatial channels. We
maintained the default value of 10 GHz for the 3 dB filter bandwidth. The
maximum attenuation for the filter (depth) was set to 100 dB. Because of the
presence of the two-mode channels, the Gaussian filter order was assigned to be 2
so that each signal mode will have a dedicated port. Also, the default value of
193.1 THz for the filter centre frequency was maintained throughout. And the
additional loss (ripple) of the filter for both the two channels were set to 0 dB, after
which the spatial mode associated with each channel is separated. The level of
crosstalk associated with both multiplexer and demultiplexer components was
determined by three factors: bandwidth, ripple, and depth of the filter. Here, the
filter depth was considered the most crucial parameter, as it is the determining
factor in accessing the power level associated with the neighboring channels. A PIN
photodetector with a Bessel filter and 3R regenerator constituted the spatial optical
receiver component. The circular aperture having a width diameter of 10.4um with
a gain of 3 dB was adopted and a photodetector responsivity of 1 A/W. For the
low-pass filter, the 3-dB cutoff frequency of 0.7*Bit rate for the NRZ which
optimised to 2xtimes for the RZ format was adopted. The IL was fixed at zero and
the 100 dB maximum attenuation value of the filter was retained. The receiver was
centred at the maximum power; all the noise sources are included in the
calculations: amplified spontaneous emission (ASE) noise, short noise as well as
the thermal noise). For the 3R generator, the two-reference bit rates (10 Gb/s and
20 Gb/s) were used. This is for the decision instant evaluation and 0.5 bit for the
bit sequence recovery.

Similarly, in the second stage (Fig 6-7b), which was the optimised version of
Fig. 6-7 (a), the setup was modeled by replacing the C-MZM in the spatial
transmitter with DP-DD-MZ. This component allows for adjusting the applied bias
voltages so that the amplitude of the eye level of the two signal modes can be
varied. The MDM signals are employed to modulate th SCW-Laser at 1550 nm and
the data from the 2-mode channels for the total aggregated bit rate of 20 Gb/s and
40 Gb/s were treated separately. In order to achieve the maximum ER, the
splitting ratio was set to 1 and modulating voltage (Vmnog) at 1.2 V. The optical MDM
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signal is boosted with an EDFA and the NF was fixed at the same value with the
previous setup. It is also useful to mention that the signal type selector (STS)
component was used in the two setups to filter signal types from the input. These
signal types will then reach the individual spatial receivers (5-Rx) dedicated to the

two modes.

6.4 Results and Discussions
6.4.1 NRZ and RZ MDM performance at 10 Gb/s

The system performance using NRZ and RZ modulation formats with the C-MZM
was first examined. Fig. 6-8 depicts the bit-error-rate (BER) of the LPo1 and LPi1
signal channels for the back-to-back (B2B) and at different distance link
configurations. For the B2B link, the LPo1 and LPi1 receiver sensitivity of NRZ at
BER of 107 is about -15.5 dBm and -11 dBm), respectively. This introduces a power
penalty of about 4.5 dB between the two-mode channels. Similarly, for the RZ B2B
configuration, the LPo; and LP;; receiver sensitivity at BER of 10®° is -16 dBm and

-11.5 dBm respectively.
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Fig. 6-8: NRZ and RZ performance for various distance link at 10Gb/s
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Fig. 6-9: Eye diagrams for NRZ-LPo; B2B, LP11-B2B, LPy;-15 km, and LPy; -
15 km. Similarly, for the RZ format LPp1-B2B, LP11-B2B, LPo1 -15
km and LP1; -15 km at BER of 10-°.

results to the power penalty of 4.5 dB. For the NRZ at various distance links, a
penalty between the LPy: and LPi: of about 4.74 dB over a 5 km, 5 dB over a 10
km, and 5.2 dB over a 15 km distance links were respectively observed. Similar
comparisons for the RZ format for the distance link over 5 km, 10 km, and 15 km
leads to a penalty of 4.5 dB, 5 dB, and 5 dB between the two modes respectively,
indicating a similar performance at both 10 km and 15 km. In this case, both the
NRZ and RZ demonstrates similar performance at the 15 km distance link. The
power sensitivity difference between the LPo; and LPi; modes is because of the
difference in gain between the individual mode channels. Fig. 6-9 illustrates the
calculated eye diagrams for both the NRZ and RZ LPo1 B2B, LP11 B2B, LPp1 15 km
and LPy; 15 km.

The B2B, 5 km, 10 km, and 15 km BER results at 10Gb/s of the two-mode
channels as a function of the optical signal-to-noise ratio were shown in Fig. 6-10.
Using the NRZ format, the B2B OSNR at the BER of 10° was calculated to be 29 dB
and 30 dB for the LPo1 and LPi; channels, respectively. Similarly, for the 5 km, 10
km, and 15 km distance links, the OSNR at BER of 10° was also evaluated. For the
5 km distance link at the same BER, an OSNR of 28 dB and 29.5 dB for the LPo:
and LPi; was achieved. This results in a power penalty of 1.5 dB, which is 0.5 dB
higher than that of the B2B (no fibre). Table 6-1 summarises the OSNR and power
penalty between the LPo; and LP11 at 10 Gb/s and 20 Gb/s bit rate.
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Fig. 6-10: BER as a function of the OSNR at 10 Gb/s; the results of the B2B, 5
km, 10 km, and 15 km for both the NRZ and RZ modulation formats
are plotted.

Table 6-1: Summary of the LPo; / LPi: signal to noise ratio and the receive
power penalty at a bit rate of 10 Gb/s and 20 Gb/s. in each case, the
penalty is determined by evaluating the difference in power between
the two modes.

Bit Rate (Gb/S) Distance LPo1 / LP11 LPo1 /LP11 LPo1 /LP11 LPo1 /LP11

(km) NRZ-OSNR (dB) RZ-OSNR  NRZ-Penalty (dB)  RZ-Penalty (dB)
(dB)
0 1 0 4.5 4.50
5 1.5 2 4.75 4.50
10 10 2.6 2 5.00 5.00
15 3 2.5 52 5.00
20 0 - - 0.5 2.5
5 - - 0.5 2
10 - - 1 2.5
15 - - 1.1 2.6

On carrying similar evaluation for the 10 km and 15 km distance link, a penalty of

2.6 dB and 3 dB were observed, respectively between the LPy1 and LPi;1 channels. A

similar effect was also observed while adopting the RZ format. In this case, the

power penalty between the LPo; and LPy; for the B2B, 5 km, 10 km, and 15 km,
was calculated to be 0 dB, 2 dB, 2 dB, and 2.5 dB, respectively. The penalty

between the two-mode channels may be attributed to a low pass filtering.
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Another parameter that was investigated is the effect of misalignment
between the Tx and a spatial Rx for the two channels at B2B and over 15 km. This
was determined using the spatial connector component to calculate the Q-factor
variation with change in the X-shift parameter. The applied longitudinal shift (X-
shift) rotates and translates the optical field that propagates the signal. The
transmitter misalignment (Tx-misalignment) illustrated in Fig. 6-11 shows a
decrease in the Q-factor of the two mode channels at B2B and over the 15 km
distance link. This is due to shifting the field outside the active area of the

photodetector.

T T T
6§ F N /4 —p—B2BLPOI-NRZRx ||
b —&— B2B LP11-NRZ Rx
N —%— LPOI-NRZ 15km Rx

—— LP11-NRZ 15km Rx
—O— B2B LP01-RZ Rx
B2B LP11-RZ Rx
—E— LP01-RZ 15km Rx
—O— LP11-RZ 15km Rx
- P> —B2B LP01-NRZ Tx
- & —B2B LP11-NRZ Tx
- % = LP01-NRZ 15 km Tx
- Y¢ =LP11-NRZ 15 km Tx
- © =B2B LP01-RZ Tx
B2B LP11-RZ Tx
- B —LP0I-RZ 15km Tx ||
- © - LP11-RZ 15 km Tx

Max. Q-Factor

N\
I 1 1 I \t

1 1
0 2 4 6 8 10 12 14 16 18 20
X Shift (um)

Fig. 6-11: Effects of misalignment between the transmitter and receiver,
which was observed on plotting the value of maximum Q-Factor
(Max. Q-Factor) against photodetector active area width (X shift)
at B2B and 15 km for both LPo; and LPy1 using the NRZ and RZ at
10Gb/s.

Similar results can be calculated by varying the width of the active area in addition
to shifting of the field. Therefore, by varying the X-shift, the misalignment at the
receiver (Rx-misalignment) demonstrates an increase in the Q-Factor with the
increase in the active area of the photodetector. This effect was observed at B2B
and over the 15 km distance link for both the two signal mode channels.
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6.4.2 NRZ and RZ MDM performance at 20 Gb/s

Fig. 6-12 illustrates the distance link performance plots of NRZ and RZ at 20 Gb/s.
The BER of the LPo1 and LPi; signal channels for the B2B scenario and at different

distance link configurations were determined. For the B2B link, the receiver
sensitivity of LPo; and LP;; of the NRZ at 10° was about -27.5 dBm and -27 dBm,

respectively.
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Fig. 6-12:

—pP— LP01 NRZ-B2B
—&— LP11 NRZ-B2B
—¥— LP01 5 km NRZ
—#— LP11 5 km NRZ
—O—LP01 10 km NRZ
—<— LP11 10 km NRZ
—E— LP01 15km NRZ
—O—LP11 15-km NRZ
- B -LP01 RZ-B2B

- & -LP11 RZ-B2B

— % —LP01 5 km RZ

— Y —LPI1 5km RZ

- © -LP01 10 km RZ
—<| —LP11 10 km RZ
- B —LP01 15 km RZ
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-36 -34 -32 -30 -28
Received Optical Power (dBm)

NRZ and RZ performance for various distance links at 20 Gb/s for the 2-mode

channels.
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Fig. 6-13: Eye diagrams of the NRZ modulation format (a) B2B LPo; (b) B2B
LP11 (c) 15 km LPo1. (d) 15 km LP11. With the Q-Factor of 5.82,
5.72 for the LP01, LP11, B2B and 4.65, 4.58 for the LP01, LPi; at 15
km were achieved at BER of 10° and 10°® at 20 Gb/s bit rates,
respectively.

This leads to a power penalty of about 0.5 dB between the two-mode channels.
Similarly, for the RZ B2B scenario, the LPo; and LPi; receiver sensitivity at BER of
107 is -31 dBm and -28.5 dBm respectively, introducing a power penalty of 2.5 dB.
At the distance link over the 5 km, a penalty of 0.5 dB was also noted between the
LPo1 and LPi1 for the NRZ format. On extending the link distance to 10 km, the
penalty is 1 dB at BER of 10 for the LPo; and LP;;, respectively. At the distance
link of 15 km, a penalty of 1.1 dB was observed at BER of 10®. It is significant to
mention that these BER values were the closest achieved values of the targeted
BER of 107°. In addition, by carrying a similar analysis for the RZ format at 5 km,
10 km, and 15 km distance links. A power penalty of 2 dB, 2.5 dB, and 2.6 dB
were respectively, calculated between the two-mode channels. Comparing the
power penalties at 10 Gb/s and 20 Gb/s of both NRZ and RZ modulation formats,
the performance at 20 Gb/s demonstrates less penalty. This is at the expenses of
shorter distance link and a BER that is greater than 10° for the two-mode channels
as depicted in Fig. 6-13. For example, at 10 km and 15 km, BER of 10® and 10°®
were achieved, respectively. In order to enhance the eye-opening at 10 km,

15 km, and beyond, an optimisation of the eye level is required.

6.4.3 MDM Optimisation Using DP-DDMZ at 10 Gb/s

For the transmission at 10 Gb/s over a 20 km distance, the highest achieved
Q-Factor using the NRZ format with the C-MZM for the LPy; and LP1; channels were
4.63 and 4.57, respectively. This provides a BER of 10 for the NRZ as depicted in
Fig. 6-14 (a to b). In the case of RZ, Fig. 6-14 (c to d), the highest achievable
Q-Factor was around 2.55 for the LPy: and almost completely closed for the LPi1
channel. This may be attributed to the nonlinear transfer function of the C-MZM,

140 | Page



and the MD effect in the system. To enhance the performance of the system, the
eye-opening was improved by replacing C-MZM with the DP-DDMZ. The value of
the targeted Q was enhenced, achieving a value close to Q=6 at BER of 10° over
a given distance link. This was achieved by varying or increasing the eye-opening

level over a distance link of interest.

Tene i peod Tie e perod o ot e —

NRZ-LP;; 20km  NRZ-LPj; 20km RZ-LP.n 20km RZ-LI.P“ 20km
(a) (b) () (d)
Fig. 6-14: Eye opening of (a) LPos NRZ and (b) LP11 NRZ (c) LPo1 RZ (d) LP14

RZ over 15 km at 10 Gb/s.

Details about the working principle of the DP-DDMZ was described in section 6.2.3.
It is employed here to increase the eye height in each of the LP mode channels eye
diagram shown in Fig. 6-13 and Fig. 6-14. To achieve this, the dual arm bias
voltages Vb1 and Vb2 in the DP-DDMZ are adjusted to optimise the eye height. The
optimisation was achieved in two ways; either by keeping Vb1 fixed while varying
Vb2 or the other way. Fig. 6-15 depicts the Q-factor of the two LP mode channels
eyes at the distance link of 23 km. The optimisation was achieved by varying the
value of Vb1l at the fixed received power of —13.75 dBm and keeping the bias
voltage in the second arm (Vb2) fixed to —2 V.

7.5 [ —@—LP01 NRZ 23-km

—P— LP11 NRZ 23-km

71 = =LP01RZ 23-km
= © =LP11 RZ 23-km

MDM Q-Factor
[3,]
[3,]

-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6
Bias voltage (Vb1)

Fig. 6-15: MDM-Q factors over a 23 km distance link at the fixed receiver
power of —13.75 dBm as a function of the Bias voltage Vb1.
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It can be observed that the optimised value of Vb1 is around —1.0 V for LPo; and
LP11 adopting NRZ format. Similarly, for the RZ when Vb2 fixed to -2V, an
optimised Vb1 of -0.9V is achieved as shown in Fig. 6-15. Fig. 6-16 illustrates the
variation of the Q-factor when Vb1 fixed to -1V (circular region) at a fixed received
power of -13.75 dBm. By adjusting the bias voltage Vb2 as illustrated in Fig. 6-16,
an optimised value of -2 V for the closest value of Q-factor of both the LPy; and
LP11 was achieved using NRZ. For the RZ format, the optimised value of Vb2 equal

to -2.9 V was found when Vb1 was fixed at -1.1 V.

—B—LP01 NRZ 23-km
—pP—LP11 NRZ 23-km
-« -LP01 RZ 23-km
= © -LP11 RZ 23-km

MDM Q-Factor
o
77
@A

-2.9

. . | | |
-3 -2.8 -2.6 -2.4 -2.2 -2 -1.8 -1.6
Bias voltage (Vb2)

Fig. 6-16: Variation of MDM-Q factor bias voltage (Vb2) over a 23 km
distance link at a bit rate of 10 Gb/s.

6.4.4 Optimision Using DP-DDMZ at 20 Gb/s

The MDM system performance at the bit rate of 20 Gb/s cannot reach even 15 km
at the BER of 10°. This can be justified from Fig. 6-13. The eye closure narrows
down as the transmission distance was extended, even at 10 km, the BER cannot
go below 108, To address this issue, the same optimisation techniques as in the 10
Gb/s bit rate (section 6.4.3) was employed. The overall transmission distance here
was extended to cover 22 km compared to that of the C-MZM (10 km at BER 107°).

Fig. 6-17 and 6-18 show the highest achieved system performance at 20
Gb/s in terms of the transmission distance. The optimised bias voltages (Vb1 and
Vb2) that can give a closer Q-factor value of 6 over a 22 km distance link were
determined. In Fig. 6-17, at -0.7V fixed bias voltage Vb2, the NRZ optimised Vb1
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at the fixed receiver power of -29.75 dBm is -1.7 V and -2.59 V for the RZ format
at -2V fixed value of Vb2. Similar results were obtained in Fig. 6-18 when the bias
voltage Vb1 was fixed at -2.6 V. The optimised Vb2 for the NRZ and RZ formats
are -2.4 V and -2V, respectively. This value for the RZ format was when the Vb1
was fixed at -2.68 V.

8 T T T T T T T T
—HB—LP01 NRZ 22-km, 20Gb/s
7.5 - —P— LP11 NRZ 22-km, 20Gb/s 1
—&— LP01 RZ 22-km, 20Gb/s
7 r = © =LP11 RZ 22-km, 20Gb/s 1
6.5 .
)
2
o 6 7
"]
% - .
& 55
z s ]
=
4.5¢ .
4 - -
3.5F .
3 1 Il 1 1 Il 1 1 1
-3.2 -3 -2.8 -2.6 -24 -22 -2 -1.8 -1.6
Bias voltage (Vb1)
Fig. 6-17: MDM-Q factors over 22 km distance link at a fixed power of
—29.75 dBm as a function of Bias voltage Vb1
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Bias voltage (Vb2)
Fig. 6-18: Variations of MDM-Q factor as a function of Bias voltage Vb2 at
20 Gb/s bit rate.

Fig. 6-19 illustrates the eye diagram at different distance links after optimisation
using the DP-DD-MZ modulator, which was evaluated at the BER of 107
(telecommunication limit). The improved eye diagrams were obtained by
optimising the bias voltages (V1 and V2) of the modulator at 10 Gb/s over 23 km
as illustrated in Fig. 6-15 and Fig 6-16. When compared with Fig. 6-14, an
increment of 8 km is achieved. Similarly, Fig. 6-20 shows the optimised eye
diagrams at 20 Gb/s over a distance of 20 km and 22 km. When the C-MZM was
replaced with DP-DD-MZ modulator as shown in Fig. 6-17 and Fig. 6-18, the
transmission distance was extended by 7 km. It is worth mentioning that at the
same bit rate (10 Gb/s) when the C-MZM was used, the BER achieved over a 15
km distance link was 10 Table 6-2 provides summary of the optimised
parameters at different distance link. It can be observed that most of the BER have
reached the required value of 107, except for the distance link over 22 km at 20
Gb/s, in which the BER of LPo; and LP;; is 1078,
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Optimised eye diagram at 10 Gb/s using NRZ and RZ
modulation format over 20 km and 23 km distance links: (@)
LPo1-NRZ over 20 km (b) LP11-NRZ over 20 km (c) LPoi-NRZ
over 23 km (d) LP11-NRZ over 23 km (e) LPo1-RZ over 20 km (f)
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Optimised eye diagram at 20 Gb/s using NRZ modulation format
over 20 km and 22 km distance links: (a) LPO1-NRZ-20 km (b)
LP11-NRZ-20 km (c) LPO1-NRZ- 22 km and (d) LP11-NRZ- 22
km.
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Table 6-2:

Performance optimisations at 10 Gb/s and 20 Gb/s bit rates, which includes all the optimised bias voltages (Vb1, Vb2), and their

corresponding BER and Q-factors. The distance links were extended to 20 km, 22 km, and 23 km. Note that at 20 Gb/s bit rate,
the distance can only be extended to 22 km.

Distance Link (km) Optimised Performance Optimisation at 10 Gb/s Performance Optimisation at 20 Gb/s
Values
LP-modes/ LPo1-NRZ LPo1-NRZ LPo1-RZ LP11-RZ LPo1-NRZ LP1:-NRZ LPo1-RZ LP11-RZ
Modulation

20 Vb1 (V) -0.75 -0.75 -0.92 -0.92 -1.2 -1.2 -1.2 -1.2
Vb2 (V) -1.06 -1.06 -1.61 -1.61 -1.95 -1.95 -2.14 -2.14
BERb1,2 10° 10° 10° 10° 10° 10° 10° 10°
Qbl 5.9 5.72 5.6 5.6 5.87 5.68 5.7 5.62
Qb2 5.9 5.81 5.9 5.82 5.91 5.83 5.89 5.83
Vb1(V) - - - - -1.7 -1.7 -2.59 -2.59
Vb2(V) - - - - -2.4 -2.4 -2 -2

22 BERDb1,2 - - - - 108 108 10° 10°
Qb1 - - - - 5.1 5.3 6 5.8
Qb2 - - - - 5.3 5.5 5.9 5.6
Vb1(V) -1 -1 -0.9 -0.9 - - - -

23 Vb2(V) -2 -2 -2.9 -2.9 - - - -
BER b1,2) 10° 10° 10° 10° - - - -
Qb1 5.81 5.9
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6.5 Four Channels MDM System Model

In this section, the transmission system supporting four non-degenerative spatial
modes at 10 Gb/s was analysed. The analysis adopts only the NRZ modulation
format to evaluate the system performance in terms of the Py and the Pty at a BER
of 10°. The receiver sensitivity, the OSNR, and the maximum transmission distance
were investigated using the DD. By properly analysing the MM-EDFA, the system
performance can be enhanced. Fig. 6-21 depicts the system setup; all the
components retain their usual meaning as defined in section 6.3, except that here
an MM-EDFA is introduced because of the increase in the number of mode
channels. Moreover, the fibre length in this case is 40 km.

We adopt similar MSI-MMF used in section 6.2.2 with a core radius of 16.44
Mm, a numerical aperture of 0.24 and index contrast (A=0.013). This results in a
fibre with the V of 5.3 at 1550 nm and supports four spatial nondegenerate modes
(LPo1, LP11, LP21, and LPg2). Furthermore, the simulation was carried out based on
the assumption that each of the LP-mode carries a single wavelength. A single
pump power of 400 mW (26 dBm) was injected for the four mode channels. The
short distance MDM transmission was modelled at a 5 km interval in order to
determine the maximum distance. System performance at each interval was

evaluated.
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Fig. 6-21: 4-Mode channel MDM transmission system setup (a) LP modes eye

diagram at BER of 10°. (b) output field distribution of the four modes.

6.5.1 MDM Transmission using MM-EDFA

The performance of a four mode channels system using an MM-EDFA was
examined. This is because the Er-doped fibre can support more than one mode at
the pump, ASE, or signal wavelength. An EDFA fibre with the SI profile was
considered to carry out the investigations. Table 6-3 summarises the simulation
parameters of the MM-EDFA employed for analysis of the 4-mode channels. The
core radius (16.44 pm) of the amplifier was made the same as that of the

transmission fibre to avoid conflict.

Table 6-3 MM-EDFA Simulation parameters

Parameter Unit Value Parameter Unit  Value

Icore Hm 16.44 Pump ref. wavelength [A] nm 1310

I'Er-doped Hm 13 Noise cent. Freq. nm 850

NA - 0.24 Pump frequency nm 980

Ion density m™ 10e*?*  Pump Power mW 400 (4 modes)

The fibre in the MM-EDFA supports four spatial nondegenerate modes with the core
radius larger than the Erbium-doped core size. It is worth to mention that the fibre
used for the MM-EDFA is an SI that is weakly guided, thus, all the modes were
approximated by the LP modes.

Fig. 6-22 illustrates the mode intensities profile and its view along the x-axis.
It can be seen that all the non-degenerate spatial modes demonstrate a single

polarisation. The normalised intensity profile is determined through modal analysis
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of the fibre. The intensity distributions of the mode signal, the pump as well as ASE

can be expressed as:

Is(r,®,2) = Ps(Z).is(r, ) Eq (6.7)
Io(r,0,2) = Pp(2).ip(r, 0) Eq (6.8)
Eq (6.9)

Lysg (1,0, Z) = Pysp(Z). igsp (r, @)

The power ratio allocates to the input spatial field is defined by the coupling
coefficients based on the following relation

o< Eq
C, = j j E,,(r,®) E; (r, ®)rdrd® (6.10)
0
0

where E; denotes modes spatial profile and E;, represents mode spatial input.

DOPED INTENSITY (A.U)

Fig. 6-22: (a) Doped intensity profile of the four pump non-degenerate
modes (LPo1, LP11, LP21, and LPo2) (b) normalized intensity of the
four spatial modes profile.

Fig. 6-23 depicts the effects of the change in the core size of the MM-EDFA. It has
shown that varying the core size away from the optimised value can affect the BER

performance.
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Fig. 6-23: BER Performance of the multimode EDFA with the variation in
the EDFA core radius.

The optimised core radius is 16.44 um. This value corresponds to the core size of
the transmission fibre. As shown, reducing this value can degrade BER
performance. All the four mode channels demonstrate similar behaviour. Fig. 6-24
illustrates the variation of the Er-doped radius with the mode power distributions.
The power distribution per mode changes as the Er-doped size is varied. Therefore,
an optimisation is also required to determine the appropriate doped radius for a

given number of modes.
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Fig. 6-24: Variation of the erbium-doped radius with the power
distribution per mode channel.

Fig. 6-25 depicts the variation of the MM-EDFA core radius with pump power per
signal mode. As can be seen, the power distribution among the modes also
depends on the core radius of the MM-EDFA.
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Fig. 6-26 illustrates the calculated BER of the MM-EDFA variation with the input signal
power per mode (Pin) at a fixed single pump power (Pp) of 26 dBm (400 mW). It can be
observed that the BER performance of all the spatial modes depends on the Pi, in which
too low Pi, results in a rapid degradation in the BER of the mode channels. This may be

attributed to the increasing level of ASE, which can reduce OSNR.
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Fig. 6-26: Performance of the multimode EDFA in terms of BER as a
function of the input power per spatial mode.

Fig. 6-27 shows the BER performance of the amplifier at various values of the Py at
a fixed input power of 0 dBm per mode channel. The calculated BER curve
illustrating that an optimum Pr occurs, which gives the best BER performance for a
given Pi,. when the population inversion gets higher, the amplifier NF gets lower.
Therefore, at a value of Pp lower than 26 dBm, the BER performance can be
enhanced by increasing the Pp, which is as a result of the increase in the population
inversion. Nevertheless, at Pp value greater than 26 dBm the BER performance

starts degrading because of the increase in ASE from the MM-EDFA.
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Fig. 6-27: Performance of the multimode EDFA in terms launched

pump power.

6.5.2 4-Channel Transmission Performance at 10 Gb/s

The simulation results of the four LP modes MDM transmission over 40 km using
DD is presented. Table 6-4 summarise the fibre properties operating at 1550 nm
(default values). The system BER performance after transmission over 40 km at 5
km interval was measured. The Py and Pry at BER of 10 (optical communication

limit) are investigated for the MDM system using the four mode channels.

Table 6-4: Fibre parameters at 1550 nm.

Parameters Unit LPO1 LP11 LP21 LPO2
Attenuation dB/km 1.4 1.4 1.4 1.4
Aerr pum? 91 174.2 183 192.4
y-(intra-modal) W-1/km 0.4 0.52 0.45 0.36
y-(inter-modal) W~1/km 0.3 0.3 0.3 0.3
Dispersion slope Ps/(nm2.m) 0.05 0.05 0.05 0.05

6.5.1 Intermodal Nonlinearity

The intermodal nonlinear characteristics of an optical fibre have been studied both
for long-haul and short distance telecommunication networks [215]. Theoretically,
small variations in the fibre refractive-index profile lead to nonlinear effects that
relate to the third-order susceptibility. This is based on the optical waveguide
theory, in which MMF/FMF can support several transverse modes. Each of the
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modes propagates with a different characteristic group velocity [216]. It is
important to mention that the effective nonlinear coefficients of the MMF depend on
the nonlinear indices and waveguide characteristics. It includes mode shapes and
their level of confinement in the core. Thus, the effective nonlinear coefficient (ng)
can be expressed as [217]:

ng = ng(w, Pol., M, P)

@ y) - 1F G )| dcdy Eq
 P2IF (e y) 2dxdy (6.11)

where n; is the effective nonlinear coefficient, P stands for the power, Pol.
Represents state of polarisation, and w denotes the wavelength. n,(x,y) represents
the nonlinear refractive index and F(x,y) denotes a normalised mode field pattern.
Eqgn 6.11 illustrates the dependence of the fibre effective index on frequency, signal
power, modes, and polarisation. The linear effects that include PMD, DMGD, and
chromatic dispersion originated from the first three terms. Similarly, the
nonlinearity in the fibre consisting of the self-phase modulation (SPM), cross-phase
modulation (XPM), and four wave mixing (FWM), etc. initiated from the variation of
power. The nonlinear coefficient between four modes (yimu) is assumed related to
the overlap integral (fi,.) Of the distribution of the mode in fibre and can be
defined as [123]:

Eq
NV
Yimuw = Tflmuv (6.12)

Where n, denotes the nonlinear index coefficient and v, reparents a centre
frequency of the wave. Based on the third order susceptibility, the real part of Eqn
(6.12) leads to a Kerr-effect that results in the nonlinearity such as SPM, XPM, and
FWM. On the other hand, the imaginary parts bring about effects such as
stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) [218].
The IM-XPM and IM-FWM have recently being investigated [219]. The IM-FWM was
successfully phase matched despite the presence of the chromatic dispersion in the
spatial modes [220]. Thus, pump wavelength may not necessarily be matching
with zero dispersion wavelength and no need to reduce chromatic dispersion. The
power transfer spectrum of the I-XPM which is frequency dependent can be

processed as a super Gaussian function (SGF) of frequency v defined by:

G(v) = exp{—[(v — vo)/Av]?™) Eq
(6.13)
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where Av denotes a filter spectral bandwidth and m signifies super Gaussian order.
Other nonlinearity effects include the SBS and SRS. Details of the SRS theory
and observations are discussed in [221]. Generally, SRS effectiveness depends on
the Stokes modes characteristics under distinct pump and excitations and is
weighted via the overlap using the electric field of the pump and signal. Thus the

frequency shift v, is expressed as:

Eq
(6.14)

vRpr_wS

where wg denotes the downshifted Stoke frequency, w, represents a pump
frequency, vy is evaluated by the modes vibration of the transmission fibre [222].
Fig. 6-28 demonstrates the Log (BER) over the distance link of 40 km as a function
of the launch power per mode channels at the BER of E10°. It demonstrates the
effects of the XPM on the NRZ modulation format as a result of varying the lunch
power between the four LP modes. The performance of the system gets worst after
increasing the power beyond 0 dBm. It may be attributed to the variations of the
GVD in the fibre [216].

BER@10°°

Log (BER)
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N
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Fig. 6-28: Log (BER) for an MDM transmission over 40km of a four-mode
fibre as a function of launch power.
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Another factor that might contribute to the power fluctuation between the modes is
the coupling between them, reducing the mode coupling can improve the level of
the penalty. This can be achieved by increasing the effective area of the fibre
modes. In addition, the transmission reach can be extended by reducing the linear
crosstalk that is not compensated as the system employed the DD technique. Table
6-5 depict a summary of the minimum and threshold power required by each

mode.

Table 6-5: Minimum and threshold power for the four LP modes at the BER of 10,

LP-modes Min. Power Threshold power
Pm (dBm) Pihu (dBm)
LPo1 -6.7 2.2
LP11 -6.2 4.2
LP21 -6.5 4.2
LPo> -6.2 6.0

Fig. 6-29 illustrates the BER of the transmitting four spatial modes for the B2B and

over a 40 km as function of the OSNR. The bit streams are transmitted at 10 Gb/s
on the four distinct modes. The power penalty in the transmission modes is
reduced compared to the results in Fig 6-10. It may be attributed to the
optimisation of different parameters of the MM-EDFA. For example, the OSNR
penalty between B2B and the distance link over 40 km of the four modes is
between the range of 0.75 dB and 1.86 dB.
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)
-
-10
-12
-14
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OSNR (dB)
Fig. 6-29: Comparison of the BER performance versus OSNR of the four
signal modes at B2B and over 40km distance link.
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Fig. 6-30 is the variation of the BER performance with the receiver sensitivity at
the distance interval over 5 km, 15 km, and 30 km.

Log (BER)

-18 -12
Optical received power (dBm)
—&—LP01-5km LP11-5km —&—LP21-5km
—=—LP02-5km —4—LP01-15km ——LP11-15km
—=—LP21-15km —o—LP02-15km LPO1-30km
——LP11-30km ——LP21-15km —8—LP02-30km
Fig. 6-30: BER performance with the variation of the received optical power

over the 5km, 15km, and 30km distance links.

The fixed received optical power of the LPy;1 is -16 dBm, -15.7 dBm and -9 dBm
and that of the LPi; are fixed at -14.5 dBm, -13.5 dBm and -13 dBm over the
distance link of 5 km, 15 km and 30 km. Therefore, the power penalty between the
two modes are found to be 1.5 dB, 2.2 dB, and 4 dB respectively. Similarly, the
power penalty between the LP2; and LPo2 over the distance link of 5 km, 15 km
and 30 km were found to be 3.4 dB, 4.6 dB and 4.8 dB respectively. The improve
in the power penalty in the four mode channels may be as result of optimising the
MM-EDFA.

Finally, Fig. 6-31 illustrates the corresponding eye diagrams at the BER of 10 for
the back-back and over 40 km distance link. It can be observed that the eye

opening is similar in both cases.
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Fig. 6-31: Eye diagrams of the LPoi, LPi1, LP2;, and LPo, at BER of 107°
respectively. The first row is for the B2B, and the second row is
the eye diagrams over 40 km.

6.6 Summary

The Chapter discusses the transmission performance of the high-speed mode
division multiplexing (MDM) system for interconnect and metro applications. The
network link is modelled to transmit two spatial signal mode channels (LPo1 and
LP11) as signal carriers. A binary non-return-to-zero (NRZ) and return-to-zero
(RZ)-OOK modulation formats were adopted in order to carry out the
investigations. The two-mode channels were recovered by direct detection (DD).
This was achieved by a spatial receiver at the two aggregated bit rate of 2x10
Gb/s and 2x20 Gb/s at 1550 nm. By optimizing the bias voltages of a dual port
dual derive Mach Zehnder modulator (DP-DD-MZ) the performance of the system
was optimized in order to extend the transmission distance. Thus, extending the
transmission reach compared to that of the conventional Mach Zehnder (C-MZM)
modulator by 8 km and 7 km, at 10 Gb/s and 20 Gb/s respectively. The proposed
system can be used as an alternative candidate for a data center and metro
communication network, due to its potentiality for enhancing the capacity of an
optical communication system.

Similarly, the performance of an MDM transmission supporting four non-degenerate
spatial modes was also examined at the bit rate of 10 Gb/s. In this case, the NRZ

modulation format was adopted to evaluate the system performance in terms of
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the Py and the Pry at a BER of 10°. The receiver sensitivity, the optical signal to
noise ratio and the maximum transmission distance also investigated using direct
detection. It was found that the system performance depends largely on the
optimisation of the MM-EDFA for the NRZ modulation format.

‘ MDM Transmission ‘

- b

2-Mode 4-Mode
Channels Channels

MDM MDOM
Modulation Modulation

Format
Format
NRZ RZ NRZ
MDM Link
Fig. 6-32: Chapter summary
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Chapter 7 General Conclusion and Future Work

7.1 Conclusion and Summary

Novel multiplexing techniques are essential in order to meet up with future
multiplicative bandwidth demands in the next generation optical networking
system. MDM was investigated as a viable option to increase optical communication
bandwidth based on spatial domain multiplexing. In this thesis, we have proposed
some of the essential devices that can play an important role in the future MDM
communication system.

A general review on the current progress in optical devices for SDM systems
was presented. The state-of-the-art includes the recent achievements in the optical
fibre devices, which are paramount to the successful realisation of an MDM system.
Section 2.2.2 described different mode conversion techniques. It was observed that
more effort is needed for the investigation of higher order mode conversions as
most of the work recently reported were centred on the LPo: to high order mode
conversions. This is due to the importance of the conversion during mode
multiplexing. The recent finding in mode multiplexing schemes was discussed in
section 2.2.2. It includes the one exhibiting the highest demonstrated LP-mode
selectivity in the ten-mode multiplexing, with the average crosstalk of -26 dB,
reporting higher coupling efficiency (low IL <4 dB when coupled to the MMF) and
very low MDL (average 1.2 dB), over the entire C and L band. In addition, the
recent advancement of various schemes in minimising differential mode gains in
FM-EDFAs and MC-FM-EDFAs were examined in section 2.2.3. Thus, highlighting
the advantages of Raman amplifiers over EDFA and SOA, which includes achieving
distributed amplification and reducing noise generation. It is suggested that
combining the two technologies (EDFA and RA) can allow extending transmission
distance more than when only EDFA is adopted. Finally, in section 2.2.7, a recent
highlight on the SDM system is given, it is crucial to have unanimity between the
individual spatial signal channels to minimise the required space needed for the
SDM system. This can reduce the overall cost for both system operation and
deployment. The unanimity anticipated across the system include along the entire
fibre length, optical amplifiers, and transceivers.

The mathematical formulations for the MDM device modeling were also
presented. This includes the FDTD and TE-wave equations that were presented in
section 3.2.2 and 3.2.3, respectively. In addition, the light source model, the
spectral response model, and the power model based on the FDTD were also

explored in section 3.3.4, 3.2.5, and 3.2.7, respectively. In section 3.2.8, a brief
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description of the simulation workflow was illustrated. Section 3.3 determines the
LP11 to LPo1 design parameters were determined by considering M-RCF as the
proper fibre (section 3.3.1). Section 3.3.2 examined the converter parameters
based on the tilts MC-MMF. The theory and principle of an arc waveguide were
discussed in section 3.3.4. Finally, section 3.4 presented an LP-MMM model
technique used for modeling the high dispersion fibres. In this case, both the
vector modes (section 3.4.2) and LP modes matrix relations (section 3.4.3) were
derived and discussed.

Two new proposed LPi; mode converters with a lateral misalignment are
reported. In this study, the theory of the M-RCF and CSIF were discussed and the
effects of literal misalignments on coupling power were examined. Two novel mode
converters based on M-RCF and CSIF are compared in terms of their performance
parameters. Both the two devices were modeled by laterally misaligning the two
identical fibres that constituted each device. Different effects such as that of the
literal misalignments as a function of CE, separation distance d variation with
coupling length L., were examined too. Lastly, an M-RCF and CSIF based LPi: to
LPo1 mode conversion devices demonstrating 94% and 69% CE, with MP of 85%
and 58.8% were achieved, respectively. Based on the performance parameters
demonstrated by the M-RCF based model, it may find applications in mode
conversion in mode division multiplexing system.

In addition, section 4.3 presents the conversion of multiple higher order
modes. In this study, a numerical demonstration of higher order mode conversion
was explored and achieved using MC-MMF assisted by the DAW. The input fibre
was tilted at a small angle to suppressed radiation loss. The optimised tilted angle
of the input fibre was determined to be 12° The investigations also show that
tilting the fibre at an angle greater than the critical angle could lead to amplitude
distortion/decay due to the field radiation. Another relationship investigated is the
variation of the mode amplitude on tilt angles by exciting different LP modes from
the input of the tilted fibre. The amplitude of the propagating LPo1 mode decrease
close to zero at 43° (critical angle), then increases a bit to a small peak. Besides,
the higher order modes (LPi1, LPo2, and LP2;) demonstrates similar behavior,
starting with a tilt angle equal to zero (0°). It was found that when the tilt angle is
greater than the critical angle, an approximate equal power distribution is
observed. Finally, an LP11 to LPoi, LPo2 to LP11, and LP,; to LPo1 mode conversions
were achieved. The conversion efficiencies were found to be 89.6%, 91.2%, and
94.34% respectively. Based on the calculated results, this technique can potentially
be good for mode conversion in mode multiplexing for an MDM system due to their

low loss.
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Furthermore, two novel high dispersion fibres using LP mode matrix method were
reported. A numerical technique was employed to investigate the effect of core structural
parameters variation on modal dispersion of different modes. The dispersion equalisation
of two different four-mode fibres was demonstrated, and their effective areas were
optimised at the same thickness values. A new and simple approach was proposed and
presented, in which modal dispersions of four linearly polarised modes were equalised by
varying the dimensional parameters of the core index profiles. The optimisation was
achieved by varying the core layer thicknesses (core-ring radius) to a specified OPT value.
These values would coincide with the one adopted in optimising the Ae+ (for the case of R2
and X3 in the low index region of the two fibres). The thickness of the low index ring (R2)
of the centre high index fibre (CH-ICF) and that of the centre low index core fibre (CL-ICF)
X3 were varied to examine the effect on Aer on the fibres. It was observed that as the
thickness of the low index ring (R2 and X3) increases the Aer also increased. In addition,
decreasing the index of this portion bring a benefit of increasing the Aes this moves the
dispersion away from 1550 nm (operating wavelength) regions. The relations (Fig. 5-13)
between the cladding-low index contrast (Ay) and the A« was also examined. As the
cladding-low index difference increases, the Aes+ decreases exponentially. It can be
concluded that if more properties of the proposed structures can be investigated, the FMF

can be a good potential medium for MDM systems, due to the high dispersion tolerance.

Finally, the transmission performance of a 2-channel MDM system for metro
and interconnect application was evaluated. Performance of the system using
Conventional MzZM (C-MzZM) at 10 Gb/s and 20 Gb/s bit rate was initially
considered to examine the power penalty between the two mode channels.
Moreover, the transmitter/receiver misalignment at 10 Gb/s was analyzed for the
B2B and 15 km distance link. It was observed that the Q-factor of the two signal
modes was decreased as the field outside the active area of the photodetector was
shifted. At the receiver, the Q-Factor for both B2B and over the 15 km distance link
increases with an increase in the active area of the photodetector for the two signal
mode channels. The 15 km transmission distance was optimised by varying the
bias voltage of the DP-DD-MZ modulator, which consequently extends the initial
transmission distance of the C-MZM. Finally, it was found that the maximum
transmission distance achieved by C-MZM could be extended by 8 km and 7 km at
10 Gb/s and 20 Gb/s bit rates, respectively. Similarly, the performance of an MDM
transmission supporting four non-degenerate spatial modes was examined at the
bit rate of 10 Gb/s. In this case, the NRZ modulation format was adopted to
evaluate the system performance in terms of the minimum power needed (Pn) and

the nonlinear threshold power (Pr4) at a BER of 10°. It demonstrates the effects of
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the XPM on the NRZ modulation format as a result of varying the lunch power
between the four LP modes. The performance of the system gets worst after
increasing the power beyond 0 dBm. This may be attributed to the variations of the
GVD in the fibre. The receiver sensitivity, the OSNR, and the maximum
transmission distance were also investigated using the DD at 10 Gb/s bit rate. It
was found that the system performance depends largely on the optimisation of an
MM-EDFA.

7.2 Future Work

Mode conversion is an integral part of mode multiplexing in MDM communication
system. Two new mode converter devices have been proposed, the first one is
limited to converting LPi1 to LPo1 mode only. By modeling the M-RCF to
accommodates high order, modes other than LP;1, such as LP2;1 can allow achieving
similar objectives. Furthermore, the mode converter presented in chapter 4,
section 4.3, can be expanded to convert up to twelve spatial modes. This can only
be achieved if the conversion region (DAW) is carefully engineered to avoid
radiation loss. Finally, the two high dispersion fibres proposed in chapter 5 can be
modeled to equalise modal dispersion of a fibre that can support six, eight, or even
twelve modes. The modal dispersion equalisation technique reported here can be
applied to index profiles of a shape other than the centre high and centre low
refractive index profiles. Other issues such as sensitivity to parametric variation,
sensitivity to bending loss, splice loss, and polarisation mode dispersion can also be
explored. This can significantly improve the bandwidth of a future optical

communication system.
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Appendix A:

The following tables represents the measured dispersions as a function of the core

ring thickness obtained during optimisations of the two high dispersion fibers.

Table 9-1: CH-FMF ring thickness R1 and measured dispersion of LPo1, LP11, LPo2 and LP2;

Ring Thickness Dispersion (ps/km.nm)

CH-R1 LPO1 LP11 LP02 LP21
2.5 19.43 19.704 -4.531 13.723
2.6 19.462 19.808 -2.262 13.764
2.7 19.461 19.921 -0.347 13.812
2.8 19.421 20.052 1.258 13.886

3 18.861 20.047 4.088 12.849
3.2 18.763 20.341 5.978 14.056
3.4 18.812 20.617 7.229 14.300
3.6 18.293 20.85 8.122 15.267
3.6 17.937 20.429 10.116 15.495
3.8 17.972 20.375 11.266 15.6027

4 18.729 20.69 12285 15.823
4.1 19.544 20.972 14.208 16.185
4.18 19.662 21.251 16.082 16.304
4.2 19.763 20.317 16.043 16.523
4.3 17.707 19.9064 17.364 17.013
4.4 18.466 19.841 18.053 17.124
4.5 17.2320 18.416 17.2612 17.3414
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Table 9-2: CH-FMF ring thickness R2 and measured dispersion of LPo1, LP11, LPo2 and LP2;

Ring Thickness Dispersions (ps/km.nm

CH-R2 LPO1 LP11 LP02 LP21

3.000 19.43 19.704 -4.531 13.723
2.900 19.462 19.808 -2.262 13.764
2.800 19.461 19.921 -0.347 13.812
2.700 19.421 20.052 5.258 13.886
2.700 18.861 20.047 8.088 14.849
2.600 17.6731 19.5704 10.984 15.757
2.600 17.757 19.702 12.116 15.09

2.600 17.806 19.416 13.733 16.3705
2.500 18.763 20.341 14.978 16.456
2.400 17.937 20.429 15.116 16.495
2.400 18.033 19.646 16.6095 17.158
2.300 18.2400 17.0200 17.3670 17.2027
2.200 18.4898 21.2957 18.995 18.3481
2.180 18.425 20.678 17.222 16.836
2.160 18.4681 20.687 16.982 16.749
2.140 18.511 20.697 16.748 16.6613
2.120 18.555 20.706 16.493 16.571
2.100 18.437 20.441 17.152 16.486
2.080 18.7776 21.3747 17.6751 17.972
2.050 18.7828 21.2755 16.1272 17.0672
2.000 18.988 21.424 16.6997 17.6899
1.800 19.439 21.543 15.848 16.855
1.700 19.668 21.582 14.154 16.3581
1.680 19.603 21.821 18.201 14.113
1.640 19.662 21.251 18.082 14.004
1.600 19.721 21.144 17.81 13.824
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Table 9-3: CH-FMF ring thickness R3 and measured dispersion of LPo1, LP11, LPo2 and LP2;

Ring Dispersions (ps/km.nm)

Thickness

CH-R3 (pm) LPO1 LP11 LP02 LP21
2.80 21.3095 22.2124 15.2897 21.1278
2.60 21.3367 22.1645 15.3776 20.634
2.40 21.3526 22.1112 16.4987 20.1813
2.20 21.3555 22.0513 16.4431 19.5758
2.00 21.344 21.9823 17.1564 18.8565
1.80 21.3162 21.9014 18.57182 17.9969
1.60 21.2728 21.8043 17.56367 16.9626
1.40 17.5123 18.025 17.0805 17.2538
1.40 17.61786 18.5124 17.0802 17.2533
1.40 18.6732 19.7823 16.7345 17.2635
1.30 19.4552 20.69177 14.2866 17.2036
1.20 19.596 20.8267 12.4516 16.3056
1.10 19.787 21.1603 10.001 17.1266
1.00 20.0127 21.4122 7.4278 17.1834
0.80 20.8704 21.6303 5.6038 17.0854
0.60 20.8808 21.7156 -0.668 17.211
0.40 20.9033 21.7827 -2.1673 17.012
0.20 16.4394 208265 -5.5688 16.978
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Table 9-4: CL-FMF ring thickness R1 and measured dispersion of LPo1, LP11, LPo2, and LP2;

Ring Dispersions (ps/km.nm
Thickness
CL-R1 LPO1 LP11 LP02 LP21 LPO1
2.8 15.3095 20.024 17.2897 21.1278 15.3095
2.6 16.3367 19.5645 18.3776 20.634 16.3367
2.4 17.3526 19.1112 19.4987 20.1813 17.3526
2.2 18.3555 19.0513 19.4431 19.5758 18.3555
2.0 19.344  19.023 19.1564 18.8565 19.344
1.8 18.3162 18.9014 18.5718 17.9969 18.3162
1.6 18.2728 18.3043 17.5637 16.9626 18.2728
1.5 17.5123 18.025 17.0805 17.2538 17.5123
1.4 17.6179 18.5124 17.0802 17.2533 17.6179
1.3 17.4552 18.077 16.2866 17.2036 17.4552
1.2 17.396 17.3267 14.4516 16.3056 17.396
1.1 17.087 16.7603 10.001 17.1266 17.087
1.0 16.0127 16.4122 7.4278 17.7834 16.0127
0.8 15.8704 16.203 5.6038 17.6854 15.8704
0.6 14.8808 15.7156 4.6506 17.668 14.8808
0.4 12.9033 15.2827 4.0760 17.1673 12.9033
0.2 10.9394 14.8265 4.0000 16.5688 10.9394
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Table 9-5: CL-FMF ring thickness R2 and measured dispersion of LPoi, LP11, LPo2 and LP3;

Ring Thickness

Dispersions (ps/km.nm

CL-R2 LPO1 LP11 LPO2 LP21
4.4 20.8704 21.6303 19.6038 21.0854
4.2 20.8808 21.7156 18.6506 20.668
4.0 20.9033 21.7827 17.4835 20.1673
3.8 20.9394 21.8265 16.041 19.5688
3.6 20.9894 21.8423 14.2366 18.8537
3.4 21.053 21.8262 11.9412 17.9961
3.2 21.1284 22.7752 8.96469 16.9628
2.8 21.3095 22.2124 15.2897 21.1278
2.6 20.0127 21.4122 15.4278 17.7834
2.4 17.5123 18.025 17.0805 17.2538
2.2 17.6179 18.5124 17.0802 17.2533
2.0 18.6732 19.7823 16.7345 17.2635
1.8 19.4552 20.6918 16.2866 17.2036
1.6 19.5960 20.8267 14.4516 16.3056
1.4 19.7870 21.1603 15.0010 17.1266
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Table 9-6: CL-FMF ring thickness R3 and measured dispersion of LPg1, LP11, LPo2 and LP2;

Ring Dispersions (ps/km.nm
Thickness
CL-R3 LPO1 LP11 LP02 LP21 LPO1

4.8 20.8704 21.6303 15.6038 15.8854 20.8704
4.6 19.0127 20.4122 15.5278 16.7834 19.0127
4.4 18.287 19.1603 16.001 16.7266 18.287
4.2 17.6179 18.5124 17.0802 17.2533 17.6179
4.0 17.496 17.8267 16.4516 16.3056 17.496
3.8 16.8552 17.6918 16.2866 15.5036 16.8552
3.6 16.6732 16.7823 16.7345 15.4635 16.6732
3.4 16.5131 15.6885 15.9782 14.4002 16.5131
3.2 16.4728 14.8043 15.5637 14.3626 16.4728
3.0 16.3162 14.3014 15.3718 12.9969 16.3162
2.8 16.344 14.1823 15.1564 10.8565 16.344
2.6 15.3555 13.9513 14.9431 8.5758 15.3555
2.4 15.3526 13.7112 14.7987 7.1813 15.3526
2.2 14.3367 13.5645 14.6776 5.634 14.3367
2.0 13.3095 13.3124 14.2897 4.1278 13.3095
1.8 11.1284 13.2752 13.2647 3.9628 11.1284
1.6 9.053 12.8262 12.9412 2.9961 9.053

1.4 7.9894 12.4423 12.2366 1.8537 7.9894
1.2 5.5000 11.2000 10.000 -1.000 5.5000
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Table 9-7: CL-FMF ring thickness R4 and measured dispersion of LPo1, LP11, LPo2 and LP2;

Ring Thickness Dispersions (ps/km.nm
R4-CL LPO1 LP11 LP02 LP21
2.5 21.2131 18.6885 12.9782 11.7002
2.4 21.2728 18.8043 13.5637 12.9626
2.3 21.3162 19.1014 14.5718 13.9969
2.2 20.344 19.3823 15.1564 14.8565
2.1 19.3555 19.6513 15.4431 15.5758
2.0 19.3526 19.8112 15.4987 16.1813
1.9 19.3367 19.9645 15.8776 16.634
1.8 18.3095 20.2124 16.8897 16.8278
1.7 18.1284 19.7752 16.9647 16.9628
1.6 17.6179 18.5124 17.0802 17.2533
1.5 16.453 17.8562 16.9412 17.9961
1.4 15.9894 17.8423 16.7366 16.8537
1.3 15.9394 17.8265 16.541 16.5688
1.2 15.9033 16.7827 16.4835 14.1673
1.1 15.8808 16.7156 15.6506 12.668
1.0 14.8704 16.6303 15.6038 8.0854
0.9 14.0127 15.4122 13.4278 6.7834
0.8 13.787 15.1603 11.001 4.1266
0.7 13.596 14.8267 9.4516 -0.2560
0.6 12.7552 14.6918 7.2866 -2.2036
0.5 12.6732 14.7823 5.7345 -4.3000
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Table 9-8: CH-FMF ring thickness R2 and measured effective index of LPo1, LP11, LPo2

and LPy;
Ring Effective Index
Thickness
R2 (pm) LPO1 LP11 LP02 LP21
3.00 1.4480052 1.44669 1.444699 1.444886
3.00 1.4481512 1.4468306 1.4448682 1.445158
2.90 1.4482088 1.4468419 1.4449391 1.4451602
2.80 1.4482694 1.446857 1.445004 1.4451629
2.70 1.4483328 1.4468694 1.4450628 1.4451662
2.70 1.4483434 1.4467333 1.4451269 1.4450357
2.65 1.4489794 1.4467223 1.4454393 1.4449848
2.63 1.4489336 1.4468062 1.4458868 1.4453429
2.62 1.4490957 1.4468327 1.4455475 1.4450997
2.60 1.4491088 1.4469088 1.4456697 1.4452225
2.58 1.4490433 1.446991 1.4452848 1.4450754
2.55 1.449032 1.4468066 1.4455221 1.4450793
2.50 1.4490064 1.446805 1.4455049 1.4450723
2.50 1.4484898 1.446778 1.4451979 1.4450472
2.30 1.4487568 1.4466282 1.4451574 1.444803
2.20 1.4489093 1.4466038 1.4450667 1.4446915
2.20 1.4491362 1.4470256 1.4456254 1.4452652
2.10 1.4489098 1.4467257 1.4451655 1.4448374
2.10 1.4489098 1.4467257 1.4451655 1.4448374
1.60 1.4491664 1.4470721 1.4452818 1.4470721
1.64 1.4492161 1.4470743 1.4452534 1.4450716
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