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Summary

High-Spatial Multiplicity Space-Division Multiplexed
Transmission Systems

The modern information-driven society ever increasing demand for bandwidth has
been supported by rapid technological advancements in the field of optical fibre
communications. The low-attenuation and lack of modal dispersion led to the
vast deployment of optical connections based on single-mode fibres. Within the
available optical amplification band, digital signal processing has been exploited
to improve spectral efficiency by increasing the modulation order and symbol rate
as well as utilize both polarizations. Due to the nonlinear material properties
of optical fibres, a maximum achievable capacity is in the order of 100 terabit/s.
Meanwhile, the compound annual growth rate (CAGR) of data traffic continues at
20 % to 60 %, at several points in the optical communication network.

Addressing the impending capacity crunch is a subject of ongoing research in
the field of optical fibre communications. A straight-forward approach of operating
multiple parallel single-mode systems would result in an approximate linear scaling
in cost per bit, which rapidly becomes unsustainable with exponential growth in
demand. Space-division multiplexing (SDM) techniques exploiting multiple cores,
modes and combinations thereof has been proposed as a solution for increasing
capacity within a single fibre. The potential integration of fibres, transceivers
and other system components can lead to a reduction in cost per bit which scales
with the number of channels. Hence, this thesis focuses on the characterisation
and analysis of components and fibres for space-division multiplexing and their
evaluation in both short-reach and long-distance transmission systems.

These novel fibre designs introduce new challenges and impairments to optical
fibre communications. One challenge is managing or unravelling spatial channel
crosstalk introduced during propagation and by other system components such as
spatial multiplexers, optical amplifiers, and switches. Minimizing this crosstalk al-
lows independent operation of spatial channels employing conventional polarisation-
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multiplexed coherent transceivers. This low crosstalk regime can be realised by
ensuring significant spatial separation of the spatial channels, i.e. core pitch in a
multi-core fibre.

Alternatively, the typically larger spatial channel mixing occurring in mode
division multiplexed transmission over few-mode or multi-mode fibres is resolved
by digital signal processing algorithms. As computational complexity increases
with the number of spatial channels and contribution of transmission effects, man-
aging this complexity is key towards future deployment of SDM technology. For
optimal performance of these algorithms, the complete impulse response needs to
be available in the digital domain. differential mode group delay (DMGD) as a
result of the different propagation speeds of the individual channels, broadens this
impulse response, thereby imposing memory requirements of the digital receiver.
Furthermore, differences in losses between the spatial channels referred to as mode
dependent loss (MDL) is a fundamental capacity limiting impairment.

A key aspect of this thesis is the detailed understanding of the sources of trans-
mission impairments both at component and system level. For characterization of
components and subsystems, an optical vector network analyser (OVNA) has been
developed, which is capable of measuring linear device parameters, which includes
MDL and DMGD. This instrument can measure the frequency transfer function
matrix and time domain impulse response matrix for the C- and L-wavelength
bands in a single measurement with both high temporal and spectral resolution as
well as high dynamic range. This measurement technique is applied in the charac-
terization process of multi-mode and few-mode multi-core fibres and components.

The thesis also addresses multiple transmission experiments employing SDM,
both for single span (<80 km) reach and concatenated longer amplified transmission
distances. The first-ever transmission of 10 spatial modes in a few-mode fibre has
been investigated, which can increase the capacity of a single fibre by one order of
magnitude. In addition, the enabling components and transmission techniques by
a combination of spatial (de)multiplexers with low MDL, of a low DMGD 6-LP
few-mode fibre and of advanced digital signal processing is provided. A similar
data rate was transmitted over 50 pm core diameter multi-mode fibre, which can
support up to 55 spatial mode channels.

The final part of the thesis addresses the work to further demonstrate the in-
creased transmission capacity of SDM fibres. By placing few-mode fibre spans in a
recirculating loop setup, two record capacity x distance transmission experiments
were achieved: 138 Thit/s 6-mode transmission over 590 km and 2400 km transmis-
sion over 3-mode fibre. The performance analyses of these systems are addressed
in detail.

In summary, this thesis demonstrates the rapid progress of space division mul-
tiplexing and its potential to provide a breakthrough in addressing the capacity
limits in currently deployed optical transmission systems.
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CHAPTER ].

Introduction

In this introductory chapter, the motivation for high-multiplicity space-division
multiplexed optical transmission systems will be explained by discussing the impact
of the growing demand for bandwidth on telecommunication systems. The evolution
of telecommunication systems towards the optical fibre infrastructure of today will
be provided. Next, a brief overview of the topics covered in the following chapters is
presented. Finally, a summary of the author’s contribution and acknowledgements
will be given at the end of this chapter.

1.1 Motivation

Telecommunication, or the exchange of information at a distance, has progressed
enormously from the fire signals used by ancient Greece to the modern smartphone
users of today. Prior to the introduction of electrical systems, communication was
generally limited by line of sight and small alphabet sizes. This changed with the
invention of the electrical telegraph by Samuel Morse in 1838, followed by two
other important inventions that shaped the field of communications of the 19t
century. These inventions were the telephone by Alexander Graham Bell in 1876,
and Marconi’s radio in 1896.

Halfway through the twentieth century, worldwide telephone networks based
on wire pairs were replaced by coaxial cables, increasing the bandwidth to support
300 voice channels. However, the high attenuation of such cables required a small
repeater spacing, which sparked the introduction of microwave communication,
where data is modulated onto an electrical carrier wave of several GHz. As the
bitrate was limited for higher carrier frequencies, both systems had a comparable
bit-rate-distance product limited to approximately 100 Mbit/s x km.

An increase in the bit-rate-distance product of several orders of magnitude was
foreseen by employing optical waves with frequencies in the order of hundred of THz
as carriers. However, no coherent light source and suitable medium were available
in the 1950s. The first issue was resolved by the invention of the semiconductor
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Figure 1.1: Capacity of transmission results presented in post-deadline sessions. Roughly
each decade a new technology emerges that results in exponential growth in capacity.
Figure after [4].

optical laser in 1960 [1]. The development of optical fibres took an additional 10
years [2], after its proposal in 1966 [3]. The optical fibre not only provided more
bandwidth but also offered a 10 times increase in repeater spacing. Furthermore,
smaller footprint and lower weight simplified installation. These factors led to
the rapid evolution from electrical-based communication towards the highly cost-
efficient low power consumption of multi-mode optical fibre systems.

The capacity of optical fibre systems has rapidly developed over the last 40
years, as can be seen from the reported transmission experiments at post-deadline
sessions at the Optical Fiber Communication Conference (OFC) and the European
Conference on Optical Communication (ECOC) shown in Fig. 1.1. Since the first
introduction of lightwave systems, the capacity-distance product has roughly in-
creased by a factor of four every ten years. This exponential growth has been
supported by various technological improvements. The first being the transition
from the 800 nm transmission window towards the lower attenuation and minimum
dispersion range around 1310 nm in the 1970s. However, with increasing bit rates,
the modal dispersion amongst other factors becomes a capacity limiting factor.
Therefore, single-mode fibres swiftly replaced multi-mode fibres from 1986 onwards
for long-distance communication. It was discussed that the minimum attenuation
in silica optical fibres is around 1550 nm [5]. However, the high chromatic disper-
sion delayed the transition to this transmission window until the introduction of
single-mode lasers and dispersion-shifted fibres, which have their minimum dis-
persion around 1550 nm. To further increase the repeater distance beyond 60 km,
coherent transmission systems were proposed. In this type of systems, a high power
local oscillator is employed to improve the sensitivity of the receiver. Furthermore,
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it would enable quadrature modulation at the transmitter as both cosine (real) and
sine (imaginary) components of the optical carrier could be exploited. Moreover,
digital dispersion compensation can be exploited, thereby averting the undesired
nonlinear properties of dispersion-shifted fibre and dispersion compensation mod-
ules. Due to the more complex receiver architecture, the introduction of coherent
systems was postponed, as the discovery of optical amplifiers led to a more efficient
method to improve system capacity [6, 7]. Besides increasing repeater spacing,
optical amplifiers are capable of amplifying multiple wavelength channels simultan-
eously. This wavelength-division multiplexing (WDM) technology boosted optical
fibre capacity with unseen growth, as it roughly doubled every 6 months in the
early 1990s.

The erbium doped fibre amplifier (EDFA) rapidly became the most popular
optical amplifier type for long-distance fibre communication, as it enabled repeater-
less pure optical transoceanic links. However, for conventional C-band EDFAs,
the gain spectrum is limited to 4.4 THz. After exhausting the available spectrum,
increasing the spectral efficiency became the next endeavour towards a capacity
increase in the first decade of this millennium. Additional capacity was unlocked
through the introduction of digital signal processing, which enabled higher-order
modulation formats that carry multiple bits in each symbol, pulse shaping to reduce
gaps between adjacent WDM channels, the exploitation of both polarizations of
light, and advanced forward error correction codes.

The rapid pace at which capacity of optical fibre systems developed has been
pushed by an exponentially growing demand for bandwidth by emerging applica-
tions. One of the more recent drivers is video streaming services, which rapidly
overtook user-generated data from web browsing and file sharing as video qual-

2009 2018

I Video streaming WM Gaming Bl Marketplace Bl Secure Tuneling
I Web B Social W Filesharing M Other

Figure 1.2: Composition of global internet traffic in 2009 [8] and 2018 [9].
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(AMS-IX) over the past 16 years [11], showing an average annual growth of 60%. (b)
Monthly IP traffic generated by fixed and mobile connections [10], showing a steady 22 %
growth of user generated traffic.

ity increased in the 2010s. Figure 1.2 shows the five applications responsible for
largest contribution towards user-generated internet protocol (IP) traffic in 2009
and 2018. Although already clearly present in 2009, video streaming dominates
the user-generated traffic in 2018, thereby diminishing the impact of web browsing
and file sharing. As of 2018, 58 % of downstream traffic is consumed by stream-
ing platforms such as Netflix (14.97 %), Youtube (11.35%), and other platforms
(13.07 %) [9]. With the focus on cloud services and computing, machine-to-machine
traffic (not included in Fig. 1.2) is increasing at a tremendous pace which is ex-
pected to be boosted with the enormous amount of connections from emerging
Internet of Things (IOT) applications [10].

Although it is challenging to predict the next dominant traffic generator, a lot
of effort is taken into predicting compound annual growth rates (CAGRs) based
on monitoring data flows. An example is given by Fig. 1.3a, which shows the
monthly data passing through the Amsterdam Internet Exchange (AMS-IX) over
the last 16 years [11]. After an astonishing growth of almost 120 % from 2002 to
2008, it saturated to 30 % annual increase of traffic, resulting in a yearly average
of 60 %. CAGR ranging from 20 % to 60 % are observed at various points in the
optical networks [12]. A similar trend is observed from the yearly presented forecast
by Cisco, reporting an approximate 25 % monthly increase in traffic. The latest
forecast is shown in Fig. 1.3b. It predicts almost 300 ExaByte of user-generated
traffic by 2022 based on available statistics from 2017 and 2018 [10]. Observe that
a continuing growth for internet video is expected, as well as a shift from fixed
connections toward mobile with the introduction of 5G networks.

Although the exact growth rate can vary, numerous sources predict an ex-
ponential increase in traffic, which require the capacity of optical fibres to scale
accordingly. This can be realised by more efficient use of the five physical prop-
erties available for multiplexing in optical fibres: time, quadrature, frequency,
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lengths 500 km and 4000km [13]. The shaded area is inaccessible without parallelism.
Two options to double the spectral efficiency of an exemplary system are given.

polarisation, and space. By applying Shannon’s theorem to describe the max-
imum information that can be transmitted over an additive white Gaussian noise
(AWGN) as upper bound [14], the system capacity over the five dimensions can be
written as [15]:

C =M x B x2xlog, (14 SNR), (1.1)

where M is the number of spatial channels, B represents the system bandwidth,
and the last term equals the Shannon capacity of a single-polarisation quadrature
modulated signal given a certain signal-to-noise ratio (SNR). Improving system
capacity by optimizing the time and quadrature dimensions in the form of high
symbol rate, high cardinality modulation formats that transport a larger number
of bits in shorter time intervals requires an improvement in signal-to-noise ratio
(SNR). According to Eq. (1.1), increasing system capacity by a factor of k requires
a k-th power improvement in SNR. As the term suggests, this can be achieved
by either increasing the signal power or reducing the noise energy. As noise ac-
cumulates with transmission distance, this generally results in a reach reduction.
Furthermore, a limitation is reached due to the nonlinear response of fibres, when
high power signals are injected. This is illustrated in Fig. 1.4, where the fibre capa-
city follows Shannon’s law for the AWGN channel [14] for low SNR but falls off at
higher signal powers [13, 16]. This phenomenon limits the achievable gain from the
time and quadrature dimensions towards the capacity. Another limiting factor to
increasing the symbol rate and modulation order is imposed by the bandwidth and
resolution of the digital-to-analog converter (DAC) and analog-to-digital converter
(ADC). Furthermore, the standardised channel spacing on the International Tele-
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communications Union (ITU) grid imposes constraints to the channel bandwidth
and thus symbol rate. Traditionally, this grid employed a 50 GHz or 100 GHz spa-
cing. The modern, flexible dense wavelength-division multiplexing (DWDM) grid
defines channel granularity of 6.25 GHz, thereby alleviating this constraint [17].

A linear, and thus better way to scale capacity can be achieved by improv-
ing the terms in front of the logarithm in Eq. (1.1). The two polarisations of
light, represented by the factor of 2, are already exploited in deployed systems.
Furthermore, the 4.4 THz available in the C-band is rapidly exhausting in WDM
transmission systems. Even though EDFAs are less efficient outside the C-band,
they are adapted to provide an additional 7 THz of bandwidth in the L-band.
Including the other defined telecommunication bands a total of 53.5 THz of band-
width is available, which would result in an improvement by a factor of 12 at best.
However, due to the higher attenuation for lower wavelengths, the high absorption
around 1380 nm in legacy fibre, and the combination of different optical sources
and amplifier technologies to provide a broad gain spectrum, a lower capacity in-
crease is to be expected. Ultra low-loss hollow-core fibres can offer an additional
37 THz of bandwidth in the 2 pm range, outside of conventional telecom frequencies.
Consequently, it is incompatible with deployed fibre technology, and can thus not
benefit from the low costs of well-developed components. Note that due to the
logarithmic relation of SNR and capacity, the effect of reducing the attenuation of
optical fibres rapidly diminishes.

The last variable in Eq. (1.1) relates to parallelism in the spatial domain [4,
12, 18]. A straightforward approach is the deployment of M single-mode systems
operated in parallel, resulting in linear growth of capacity. However, this requires
M times the number of components as each link operates individually. Similar
to the multi-core microcontrollers, parallelism can be exploited to reduce costs
by integration. Therefore research is focused on novel fibre types (Section 3.2),
that exploit multiple modes in a multi-mode core, multiple cores within a single
cladding, or a combination thereof. However, in contrast to WDM, spatial channels
can experience linear mixing during propagation. Hence, two design strategies for
space-division multiplexing (SDM) systems exist. The first focuses on minimizing
the inter-channel crosstalk, such that each channel can be exploited similarly to
single-mode fibre. One example is the multi-core fibre (MCF), where the core
pitch is kept sufficiently large to transmit conventional polarisation-multiplexed
signals over each core. As the spatial channels are not allowed to interact, the
capacity gains are limited by the cladding diameter. Deviating from the standard-
ized 250 pm diameter leads to incompatibility with cabling and fibre processing
instruments. Furthermore, increasing the cladding size negatively impacts the
mechanical structural properties.

The other strategy employs multiple-input multiple-output (MIMO) digital
signal processing (DSP) to unravel the spatial channel mixing, which is discussed
in more detail in Chapter 4. To regulate the computational complexity of the power-
hungry DSP, a short channel impulse response is preferable. Consequently, the
differential mode dispersion has to be carefully managed in both fibre, component,
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and system design. In addition to modal dispersion, the varying losses among
the modes, or unevenly distributed gain in optical amplifiers, collectively referred
to as mode dependent loss (MDL) introduces a fundamental capacity limiting
impairment. Although mode dependent attenuation of fibres is present, the optical
amplifiers and spatial multiplexer contribute stronger to this impairment, thus has
to be addressed in their design and production. These spatial multiplexers are a
necessary interface between existing single-mode and the proposed SDM technology.
The various methods developed over the years are discussed in Section 3.3.

The proposal for SDM dates back to 1979 for multi-core [19], and 1982 for
mode division multiplexing [20]. At the time, there was no need to develop a
complete system. However, with the impending capacity crunch of single-mode
fibres [21], research towards exploiting the spatial domain gained interest around
2005 [22, 23], and developed at a tremendous pace in the 2010s. Resulting in
numerous demonstrations of multiplexing over 3 modes within a few-mode fibre
(FMF) [24-27], exceeding distances over a 1000km [28, 29]. The possibility to
transmit over more than 3 modes was demonstrated by the first 6 mode transmission
in 2012 [30]. Simultaneously, the development of MCF technology has shown a
spatial multiplicity of 19, with impressive transmission rates [31, 32]. And by
combining both mode and core multiplexing, an even higher spatial multiplicity
was demonstrated by transmitting 255 Thit/s over a 7-core 3-mode fibre in 2014 [33],
although at a very limited distance. This led to the target of this dissertation,
where the scaling towards a higher number of spatial channels and longer-reach
transmission is investigated.

1.2 Thesis structure

The eight chapters in this thesis cover the challenges in scaling the established
3-mode transmission research towards higher spatial-multiplicity for both short-
reach and long-distance optical systems.

In Chapter 2, the optical fibre as a transmission medium is introduced. First,
the light-guiding properties and the concept of fibre modes are intuitively explained
using geometric optics. Subsequently, a more detailed analysis of these modes is
obtained by solving Maxwell’s equations. Finally, pulse propagation is discussed
covering both linear and non-linear effects.

Chapter 3 introduces the components found in an SDM transmission system,
including the signal modulation applied at the transmitter, the spatial multiplexer
converting between single-mode and multi-mode domains, various types of SDM
fibres, optical amplifiers, and means to detect the signal at the receiver.

The digital signal processing applied to the detected signals to recover the
transmitted symbols is described in Chapter 4. At the core is the MIMO equaliser,
unravelling the spatial channel crosstalk and mitigating various linear impairments.
Additional modules in front of the equaliser are employed to compensate receiver
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impairments and timing issues. Finally, frequency and phase errors are removed
by carrier phase estimation before symbols are detected and demapped to bits.

In Chapter 5, the development of a spatially-diverse optical vector network
analyser (OVNA) for SDM component characterisation is presented. By employing
a fast sweeping laser source, low bandwidth but high-gain photodetectors, and high-
resolution analogue-to-digital conversion, the complex transfer function matrix of
multi-port devices can be directly measured over several THz of bandwidth in a
single and fast measurement. This matrix describes the complete linear response of
optical components, from which parameters such as insertion and mode-dependent
loss, cross-talk, group delay, and chromatic dispersion can be extracted by applying
digital signal processing. The optical vector network analyser (OVNA) is employed
for characterisation of spatial multiplexers, few-mode fibres, and few-mode multi-
core fibres. The latter being the largest spatial multiplicity fibre to be analysed at
a detailed level as provided by optical vector network analysis.

Three short reach mode-division multiplexing (MDM) transmission experiments
are presented in Chapter 6, including the first-ever reported 10 mode transmission
over FMF. As managing differential mode group delay (DMGD) in few-mode
fibres becomes more difficult for higher mode counts, a 50 pm core diameter multi-
mode fibre (MMF) is employed to increase transmission distance for 10 mode
transmission to 40 km. The higher coupling between modes within a single mode-
group of the MMF is exploited to achieve MDM transmission with reduced DMGD.
This is demonstrated by comparing two 3-mode transmission systems over two sets
of spatial channels of 53.4km MMF.

Chapter 7 covers record transmission experiments over 3-mode and 6-mode
fibre. The first is designed with a larger effective area, and as such allows for
higher signal powers before introducing nonlinear impairments. Its performance
is compared to standard single-mode fibre (SSMF), and shown to outperform it
up to transmission distances of 2400km. A record throughput of 138 Thit/s is
achieved by transmitting 120 wavelength and 12 spatial channels in a combined
WDM/SDM experiment over 590 km FMF.

Finally, the conclusions and a future outlook are given in Chapter 8.

1.3 Contributions and acknowledgements
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CHAPTER 2

The optical fibre channel

Before the twentieth-century glass fibres or rods were mainly used for decorative
purposes, and not much attention was paid to the optical properties of the mater-
ial [34]. This changed in the 1950s, with the invention of cladding layer fibre that
improved the light-guiding properties by exploiting the concept of total internal
reflection [35-37]. However, 1000 dB/km losses limited the practical use of optical
fibres for communication, and their main application was found in short distance
medical imaging [38]. In 1966, Kao and Hockham predicted that the attenuation
could be reduced to below 20 dB/km by removing impurities in the silica [3]. Four
years later, Corning produced the first fibre below this predicted limit [2]. In the
1980s, optical fibres with an attenuation of less than than 0.2dB/km could be
manufactured [5], and would reduce further to 0.1419 dB/km, which is the lowest
reported attenuation in single-mode fibre to date [39]. The fast improvement of
attenuation in the 1970s and 1980s has led to this medium forming the backbone
of our digital society.

This chapter focusses on the main component in optical fibre communications,
the fibre. In Section 2.1 the concept of light propagation in optical fibres is
illustrated by a geometric optic description of the medium. In the same section,
the concept of modes in fibres is presented in an intuitive matter. A more in-depth
analysis of these modes is derived from Maxwell’s equations in Section 2.2. Under
the weakly guiding approximation (WGA), the waveguide modes resolve to linearly
polarised (LP) modes, which are commonly employed as a basis in mode-division
multiplexing (MDM) transmission. Whereas the modes describe the transverse
distribution of the optical field, the evolution of the longitudinal field is described by
the generalized nonlinear Schrédinger equation (GNSE). This differential equation
can be applied to model linear and nonlinear propagation effects. In Section 2.3,
the primary propagation effects such as attenuation, dispersion and non-linear
impairments are introduced. Finally, the coupled GNSE are presented to include
the interaction between the spatial channels.
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2.1 Fibres as optical waveguides

Optical fibres are dielectric waveguides, generally cylindrical in form, that confines
electromagnetic energy in the form of light, and guides it in a direction along its z
axis. The transmission properties depend on its structure, which determines the
transmission capacity of the fibre. The cross-section of a typical optical fibre is
shown in Fig. 2.1a. It has a central glass core with radius a, surrounded by a clad-
ding layer with a lower refractive index and radius b. Most fibres are encapsulated
in a plastic jacket or coating to add additional mechanical strength to the fibre.
The boundary between core and cladding can be abrupt, resulting in a step-index
profile as depicted in Fig. 2.1b. Graded-index profiles, as illustrated in Fig. 2.1c,
have a gradual decreasing refractive index for increasing radius, which will result
in a lower modal dispersion as will be explained later in this section.

The light-guiding property of optical fibres is based on Snell's law of total
internal reflection of light. This concept will be explained by applying geometric
optics to a step-index multi-mode fibre. The cross-section along the propagation
axis of the fibre is shown in Fig. 2.2. The coloured lines in this figure correspond
to a ray congruence, which represents a fibre mode. When this beam encounters
the boundary with the cladding, a part is reflected into the core and the remainder
is refracted into the cladding, as can be seen for the blue beam in Fig. 2.2. The
refraction or bending of the ray is the result of different propagation speeds of light
in both materials, which is denoted by v and is related to the speed of light in
vacuum c by:

n=_ (2.1)

where n is the refractive index of the medium. The speed of light in vacuum is
299792 458 m /s, often approximated as 3 x 10°m/s. The refractive index is used
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Figure 2.1: (a) Cross section of an optical fibre. (b) Refractive index profile of a step-index
fibre. (c) Refractive index profile of a graded-index fibre.
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Figure 2.2: Two rays entering a step-index fibre under different angles. The orange ray
propagates through the fibre as it is totally reflected on the boundary interface. At each
reflection of the blue ray, energy leaks through the cladding, and the ray will fade out.

to relate the angles of two rays at the boundary as:
ny sin 01 = N2 sin 92, (22)

where 61 and 6, are the angles with respect to the normal of the incident and
refracted beams respectively. This expression is known as Snell's law. For increasing
incident angle, the angle of the refractive beam reduces, up to a point where the ray
propagates parallel to the boundary interface. The corresponding incident angle
is known as the critical angle 6., given as:

sinf, = — (2.3)

When the incidence angle is increased beyond the critical angle, the light is fully
reflected back into the core. In practice, there is always some tunnelling of optical
energy through the interface, which can be explained by the electromagnetic wave
theory of light [40].

The outside medium of the fibre has refractive index ng, which in general is
smaller than that of the core material. All rays entering with angle 6y that result
in total internal reflected beams will be guided by the waveguide. The range of
angles accepted by the optical fibre is given by the numerical aperture (NA), which
can be linked to the critical angle by applying Snell’s law at the interface of the
core and outside medium:

NA = ngsin Oy max = n18inf, = \/n? —n3 =~ ny1V2A, (2.4)

Where A is the core-cladding index difference. The numerical aperture (NA) is
a dimensionless quantity less than unity, that can be applied to calculate optical
power coupling efficiencies between media.

Equation (2.4) suggests that all beams entering the fibre with an angle smaller
than 6y are guided through the fibre. However, in practice, only a set of discrete
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Figure 2.3: Two rays and their orthogonal phase fronts as they propagate through a
step-index fibre.

angles are accepted. This can be understood, when considering that a wave consists
of multiple rays, of which two are drawn in Fig. 2.3. The constant phase fronts,
represented by the dashed lines, are orthogonal to the rays. For a guided wave,
constructive interference of both waveforms is required. Therefore the phase shift
over path AB minus the shift over CD must be a multiple of 27. After some basic
geometry, the wave propagation requirement can be expressed as:

2mny

A

(AB - CD)+ 26 =2mm (2.5)

4many sin 6 +o=mm, (2.6)
A
where a is the core radius, A is the wavelength of the light, m is an integer number,
and ¢ is the phase shift introduced at the refraction on the core-cladding boundary.
Since m is an integer number, the acceptance angles 6 has to be discrete. Thus light
can only be accepted at certain discrete angles within the NA. This discretization
result in the formation of optical fibre modes. The number of modes supported by
a fibre is reflected in the normalized frequency V, given as:

V= 2i>\aNA. (2.7)

The derivation of this formula will be explained in Section 2.2. Fibres with a
higher V' parameter support a larger number of modes. A special case holds for
V' < 2.405, which is the cut-off frequency of the first higher-order mode. Hence,
only the mode m = 0 is within the maximum angle of acceptance. Fibres of this
type are called single-mode fibre (SMF), and are widely deployed in long-distance
optical communication systems.

The same geometric approach can be applied to graded-index fibres, which

refractive index profile is described by Eq. (2.8), where a determines the curvature
of the profile and the index difference A is given by Eq. (2.9). Note that for large
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Figure 2.4: Light travelling through an optical fibre with a step-index profile (a) and
graded-index profile (b).

values of «, the profile converges towards a step-index fibre.

n(r) = ny[1—2A(7/a)] "/ for0<r<a (2.8)
n(1—2A)"72 ~ny(1—A) =ny forr > a ’
A:n%_n% o ng (29)

2n? T om
A gradual decrease in refractive index towards the cladding can be seen from
Eq. (2.8). Since the propagation speed is inversely proportional to the refractive
index, light will travel faster towards the cladding. Therefore the rays propagate
through the fibre in a parabolic manner, as can be seen in Fig. 2.4b. For both index
profiles holds that more oblique rays travel a longer path through the medium, as
can be seen in Fig. 2.4, but only in graded-index fibre will they propagate faster.
Consequently, the propagation time difference, or differential mode delay (DMD),
can be smaller for graded-index fibres. As will be discussed in more detail later,
the differential mode delay is an important design parameter for mode-division
multiplexed transmission systems as it imposes memory requirements of the digital
receiver.

2.2 Modes in optical fibres

A more detailed analysis of the propagation of light is obtained by solving Maxwell’s
equations for an optical fibre. Solving these equations for an electromagnetic field
in hollow metallic waveguides, yields only transverse electric (TE) and transverse
magnetic (TM) modes. Transverse modes are perpendicular to the propagation
direction, hence do not have a field component in propagation direction z. However,
at the boundary of core and cladding both electric and magnetic fields couple,
resulting in hybrid modes. These modes are denoted as EH when the transverse
electric field is dominant, or HE when the magnetic field is stronger. While these
solutions are known, numerical methods are required to obtain them. These
methods can be simplified by applying the weakly guiding approximation (WGA),
which presumes a small refraction index difference between core and cladding
material. With this approximation, the LP modes of the fibre are found. These
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modes, labelled with integer indices [, m as LPy,, are a combination of the TE,
TM, HE, and EH modes of the fibre.

In Section 2.2.1, the wave equation for the electromagnetic field is derived from
Maxwell’s equations under the WGA. Next, the wave equations are solved in
Section 2.2.2 to obtain the LP modes for a step-index fibre profile.

2.2.1 Wave equations

As all electromagnetic fields, the propagation of light in fibres is governed by
Maxwell’s equations. For this analysis, the optical fibre medium is assumed to be
linear, isotropic, time-invariant, and source free material. Under these assumptions,
Maxwell’s equations in the frequency domain take the form of [41]:

V xE=—jwB (2.10a)
V x H = jwD (2.10b)
V-D=0 (2.10c)
V-B=0 (2.10d)

Where Vx and V- denote the curl and divergence operators, respectively. For
simplicity of notation, the tilde over the field expressions is dropped and the
frequency dependence is implicitly understood. The electric flux density D [C / m2]
is related to the electric field intensity E[V/m] via the permittivity e of the material.
Similarly, the magnetic flux density B[Wb/ m2] is related to the magnetic field
intensity H[A/m] via the permeability p of the material. This relation is described
by the constitutive relations [42]:

D =cE (2.11a)
B = uH (2.11b)

It is common to operate on the relative permittivity and permeability of a material,
which are related to their absolute variants in vacuum as:

€ = €60 (2.12)
1= frflo (2.13)

where 19 is defined as 47 x 1077 N/m, and the value of ¢ follows from the relation
eoptoc® = 1. The refractive index n as used to explain the concepts of reflection
and refraction in the previous section is related to the relative material parameters
by:

n = /€rfly (2.14)

From Eq. (2.10), an equation defining the wave phenomena of the electromagnetic
field can be derived. The wave equation for the electrical field is obtained by first
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taking the curl of Eq. (2.10a). Subsequently inserting Eq. (2.10c), Eq. (2.10b), and
Eq. (2.10d) yields:
VX (VxE)=—jwVxB)

= —juw(V x H)

= —jpw(jwD) = pw’D

= epw’E

= eopon’w’E (2.15)
Note that Egs. (2.12) to (2.14) have been applied to derive the last step. Next, the
following vector identity,

Vx(VxA)=V(V-A)-V3A, (2.16)

where V? is the vector Laplacian is applied to the left hand side of Eq. (2.15),
which yields:

V(V-E) - V%E = ¢yuon’w’E (2.17)
Since the refractive index difference between core and cladding is small, it can be
considered constant under the WGA to simplify the wave equation [43]. Hence,
the first term on the left hand side of Eq. (2.17) approaches zero. Therefore, the
wave equation for the electrical field is found to be:

V2E + eouon*w?’E =0 (2.18)

Analogue to the derivation of the wave equation for the electrical field, the wave
equation for the magnetic field is given by:

V2H + eopon®w’H = 0 (2.19)

For the constant relative permittivity €, of the isotropic medium, these vectorial
wave equations can be rewritten to the standard form of the Helmholtz equation
by introducing the wave number k as:
wn
k = kon = wy/eguon = — (2.20)
c
where kg is the wave number in vacuum. Finally, the wave equation for the electrical
and magnetic field are given by:

V2E + k’E =0 (2.21a)
V?H + k*H =0 (2.21b)
This set of equations will be solved in the next section.
Since the structure of the fibre is uniform with propagation direction z, the
derivative of the electromagnetic field with respect to z must satisfy [44]:

0

= =—ip, (222

where 8 is the propagation constant in direction z of the wave number k. The
propagation constant will be covered in more detail in Section 2.3.
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2.2.2 Linearly polarised modes

To solve the wave equations, a cylindrical system of coordinates {r, ¢, z} is employed
to describe the electromagnetic fields in the radial, angular, and propagational
directions. The Laplacian operator V? for an axially symmetric optical fibre in a
cylindrical coordinate system is given by:

1o (o) 1 &
“ror Uor r20¢? 022

92 10 1 02 0?

AR AT

o trar (2.23)

Furthermore, the tangential electric field components F, and E, are assumed to
be in the form of [44]:

E(r, ¢) = R(r)®(¢) (2.24)

Substituting this expression for the electrical field and Laplacian in Eq. (2.21a)
yields:

O?R(r) 1 R(r) 1 1 0%°%(¢) -
7 (o o)+ a0
r2 [(0?R(r) 19R(r) B 1 0%®(¢)
R(r) ( or? r Or > +hgn® - Bt = CD(p) 992 (2.25)

Note that the elements on the left hand side of Eq. (2.25) are functions of only r and
the right hand side only of ¢, and thus have to be constant. Hence, Eq. (2.25) can
be rewritten as two ordinary differential equations (ODEs) for a given constant I:

deR;gT) + %dﬁy) + (kg e 12> R(r) =0, (2.26)
e Eo()
a5 +12®(¢) =0 (2.27)
The solution of Eq. (2.27) is a periodic function given by [45]:
D(¢) = sin(lg + ), (2.28)

where ¢ is an arbitrary constant phase. Since the field must be periodic with a
period of 27 because of the symmetry of the optical fibre, [ has to be an integer.
For a step-index fibre, with core radius a, Eq. (2.26) has two solutions. The first
describing the electromagnetic wave inside the core with refractive index ny, and
a second solution defining the wave in the cladding material with refractive index
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ng. Since Eq. (2.26) are in the form of Bessel’s differential equation, the solutions
comprises of Bessel functions [46]. The solution for R(r) can be written as:
AJ (¥) + BY, (& fi <a,
Ry = 4 AN D) + (%) orr=a (2.29)
T)—i—DIl (%) for r > a.
where, J; and Y] are the [*"-order Bessel functions of the first and second kind,
and K; and I; are the [*’-order modified Bessel functions of the first and second
kind. Since the field must remain finite, and Bessel functions of the second kind
diverge at zero, coefficient B has to be zero. As the modified Bessel function of
the first kind diverges, and the electromagnetic field should decay to zero towards
infinity, coefficient D can also be dropped from Eq. (2.29). Hence, the solutions of
the wave equations for step-index fibre are given by:
R(r) = {AJl (“7;2 for r < a,

2.
CK; (7) for r > a. (2:30)

The newly introduced parameters u and w are considered to be the normalized
lateral propagation constants in the core and the normalized lateral decay constant
in the cladding, and are defined as [43]:

u® = a® (kgni — B?) (2.31a)
w? = a® (8% — kjn3) (2.31b)

Furthermore, u and w describe the normalized frequency V', which is related to
the cut-off conditions of modes in optical fibres as introduced in Section 2.1 as:

V = Vu? +w? = akgy/n? — n3 = akoNA (2.32)

The boundary conditions imply that the electromagnetic field must be continu-
ous at the interface between core and cladding. Hence, both Eq. (2.30) and its
derivative with respect to r, evaluated at » = a = 0 must be equal to zero. This
set of two equations can be written in matrix form as:

i ot o] =0 (2.3

where / denotes the derivate with respect to r. For non-trivial solutions, the
determinant of the left matrix in Eq. (2.33) has to be zero. Finally, by applying
the Bessel functions properties [46]:

J(2) = J,_1(2) — vzt J,(2), (2.34a)
2K (2) = —2K,_1(2) — vK,(2) (2.34b)
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the characteristic equation under the WGA, is obtained as:

udj—1(u) 7le,1(w)

Ji(w) Ki(w)

(2.35)

The solutions of Eq. (2.35) are the linearly polarised modes, labelled as LPyy,.
The indices relate to the combination of EH and HE waveguide modes within each
LP mode. These waveguide or vectorial modes are obtained by solving Maxwell’s
equations without applying the WGA. The relation between the first 10 LP modes
and the waveguide modes are given in Table 2.1 for step-index fibres [40]. In general,
an LPg, mode consists of an HE;,, mode. Each LP;i, mode is a combination
of HEgm, EHp and HE5,, modes. For [ > 2, each LPy, mode comprises of an
HE;4+1,m and an EH;_; ,,, mode. Note that within each LP mode either the electric
or magnetic field is significant. Furthermore, each of these polarisations can be
coupled with an azimuthal dependence of cos(j¢) or sin(j¢), resulting in the four
degenerate modes of an LP), mode, denoted by an additional subscript a or b.

The field intensity profiles of LP modes can be represented in a single graph,
where the two colours represent the positive and negative amplitudes of the fields.
The mode profiles of the first 15 LP modes are given in Fig. 2.5. The shape of
each profile can be derived from the indices | and m. The first index equals the
number of sign changes of the amplitude along the azimuthal axis. The other
index corresponds to the number of sign changes in the radial direction. The mode
profiles of graded-index profiles have a similar profile and can be grouped in sets of
quasi degenerate modes. The n modes within the n*® group have a similar group
velocity, resulting in stronger coupling compared to modes between different groups.
In an ideal fibre, the mode groups are distributed equally over the graded-index
profile and have therefore a lower differential group delay (DGD) compared to
step-index fibres.
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Figure 2.5: Mode profiles of the first 15 LP modes, where red and blue correspond to the
positive and negative phase, respectively. The modes are grouped according the mode
groups in graded-index fibres.

Table 2.1: V-number and composition of waveguide modes for LP modes

V cut-off Degenerate

Group LP mode (SI) modes Waveguide modes
1 LPy, 5 2 HE,,
2 LPy; 2.4 4 TEo1, TMg1, HEo;
) LDy, 33 2 EH,,, HE;3,
LPg2 3.9 4 HE;,
4 LP3; 5.1 4 EHy, HEy
LPis 5.5 4 TEo2, TMo2, HE2o
LPy 6.4 4 EHs,, HE5:;
5 LPys 7.0 4 EH,2, HE3;
LPos 7.1 2 HE;3
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2.3 Pulse propagation

In the previous section, expressions for the electromagnetic field propagating
through an optical fibre were derived under ideal material properties to simplify the
equations, including the assumption of a medium without polarisation. However,
in the presence of an electrical field, the molecules in the material gain an electric
dipole moment. The induced electric dipole moment of a material, given by vector
P, is included in the constitutional relation of the electrical field as D = ¢E + P.
Since the optical fibre is a non-magnetic medium, there is no induced magnetic
field. Hence the constitutional relation for the magnetic field of Eq. (2.11b) still
holds. Consequently, the updated wave equation Eq. (2.18) becomes:

V x (V x E) = eouon*w’E + pw*P (2.36)

The total polarization P in the optical fibre medium can be expressed in a linear
and nonlinear component [47]:

P = ¢ <X<1> "E+x® EEE) : (2.37)

where xU) is the j* order susceptibility. Since SiO, is a symmetric molecule,

silica fibres generally do not exhibit second-order nonlinear effects. Hence it is not
included in Eq. (2.37). The third order susceptibility introduces the generation
of third order harmonics, four-wave mixing and nonlinear refraction, as will be
covered in more detail later in this section. The solution of Eq. (2.36) is given by
the generalized GNSE, which take the form of [47]:

linear nonlinear
—
oE _ o) —-B JE @azj &@4_ jfy|E|2E (2.38)
9z 2 "ot 2 o2 " 6 o ‘
~—~ —— —— —— ———
attenuation group group velocity  dispersion Kerr
velocity dispersion slope nonlinearity

where 7 is the nonlinear parameter in [Wfl m} defined as:

T_lgw
= 2.
Ky (2.39)

In Eq. (2.39), ng is the nonlinear Kerr parameter with units [m2 / W} and Aeg is the
effective mode area of the fibre. The effective area is introduced as a normalization
factor such that |E|2 represent the optical power. By doing so the effective area
can be expressed in terms of the lateral modal distribution as:

(/)= \F v,y drdy)”

[ | F ()| dady

of = (2.40)
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Note that the electrical field evolution of each LP mode in a fibre is governed
by its own propagation vector 3 .,, and experiences a different effective area due
to the various mode field distributions. Hence, Eq. (2.38) describes only the
propagation of a single polarisation mode. In order to describe the interactions
between polarisations and modes, the individual GNSE is extended to the coupled
nonlinear Schréding equations (NLSEs) [48] in Section 2.3.5. However, the physical
effects related to the components of Eq. (2.38) are discussed first in Sections 2.3.1
to 2.3.4.

2.3.1 Attenuation

The first term Eq. (2.38) represents the attenuation of the electrical field. In this
subsection, the impact on attenuation on the signal, and components contributing
to the fibre attenuation are discussed. The importance of attenuation as a design
parameter for optical communication systems is related to the maximum achiev-
able transmission distance between the transmitter, intermediate amplifiers, and
receiver.

Let Py, be the optical power at the input of the fibre. After propagating through
a fibre of length L, the output power P,,; is given by:

P, = Pne ok, (2.41)

where « is the attenuation coefficient, typically expressed in units of dB/km. Sev-
eral phenomena contribute to the attenuation, of which the most import are:
material absorption, Rayleigh scattering, and radiative losses as a result of fibre
bending.

Rayleigh scattering

Rayleigh scattering arises from local microscopic variations in the material density
resulting in fluctuations of refractive index on a scale smaller than the wavelength
of the signal [49]. These defects can originate from compositional fluctuations,
structural inhomogeneities or defects during the manufacturing process of the glass.
An interesting side note, this phenomenon is also responsible for the blue sky, as the
sunlight scatters in the atmosphere. Signal power degradation caused by Rayleigh
scattering is mainly dominant for shorter wavelengths and rapidly diminishes for
longer wavelengths because of its A™* scaling. Around 1600 nm, Rayleigh scattering
is superseded by material absorption as the dominant source of losses.

Absorption

Material absorption can be divided into losses corresponding to the absorption of
the fibre material itself, and impurities of the silica [50]. The first category, called
intrinsic absorption, is related to electron absorption and atomic resonances of
silica and dopants in the optical fibre medium. Electron absorption occurs when
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Figure 2.6: Maximum attenuation of single mode mode fibre (G.652a/b) and dry-fibre
(G.652¢/d) as specified by the ITU [52]. Example of specified attenuation of modern
commercially available single-mode fibre. The shaded areas correspond to the transmission
windows specified by the ITU-T.

photon-electron interaction results in the excitation of a higher energy level of
the electron in the valance band. The associated absorption coefficient decreases
exponentially with photon energy, and since the wavelength is inverse proportional
to the photon energy, this type of attenuation increases with wavelength.

Extrinsic absorption is caused by impurities introduced in the fibre mater-
ial and the presence of water. Concentrations of transition metals, such as iron,
copper, chromium, and vanadium introduce several absorption peaks at different
wavelengths because of electron energy band transitions. The concentration of
these metal ions in fibres manufactured using modern production processes is sig-
nificantly low, such that this type of attenuation becomes negligible. Furthermore,
dehydration techniques in the manufacturing process have practically removed the
OH- absorption peaks [51]. OH ions have a fundamental vibrational peak around
2.73 pm, but has overtones at 950 nm, 1240 nm and 1390 nm. Dry fibres have been
available for around two decades, but many telecommunication systems still rely
on legacy fibres.

Transmission bands

The combined contributions of the afore-mentioned sources yields the attenuation
profile of single-mode fibre as specified in the G.652 standards, as is depicted in
Fig. 2.6. Note that this figure represents the maximum attenuation defined in
these standards and typical values for modern fibres are lower, as can be seen
from the specified attenuation of Corning SMF28-Ultra fibre [53]. Within this
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broad spectral range, the International Telecommunications Union (ITU) assigned
six spectral bands, as can be seen in the figure [54]. The original band (O-band:
1260 nm-1360nm), was the first region used for single-mode fibre transmission
links. Nowadays, the O-band is often used for upstream channels in passive-optical
networks (PONs), because of the availability of cheap laser diodes and a negligible
amount of chromatic dispersion in this window. Since transmission distances are
short, the slightly higher attenuation is not important.

A significant increase in system capacity was realised by multiplexing wavelength
channels. The main driver behind wavelength-division multiplexing (WDM) is the
erbium doped fibre amplifier (EDFA), capable of amplifying multiple wavelength
channels simultaneously. Its gain spectrum defines the conventional (C-band) and
long bands (L-band), ranging from 1530 nm to 1565 nm, and 1565 nm to 1625 nm,
respectively. The C-band is widely used for the majority of metro, long-haul and
submarine transmission links. Although amplification in the L-band is less efficient,
hybrid C+L band systems are employed to provide a larger bandwidth.

The S-band (short-wavelength band: 1460 nm-1530 nm), is generally employed
for downstream channels in PON. The E-band is the least used transmission
window as it overlaps with the water absorption peak of legacy optical fibres.
Finally, the ultra-long band (U-band: 1625 nm-1675nm), is employed for network
monitoring purposes. Not included in the figure is the 850 nm band, which is
primarily used for multi-mode communication inside data-centres and in-building
or campus networks. Equipment is typically less expensive compared to single-
mode, but distance and capacity are limited due to modal dispersion. Although this
band is not of interest to the telecommunication systems discussed in this thesis,
prototype multi-mode fibres for space-division multiplexing (SDM) can benefit
from the optimized production process for OM fibres used in this window.

Bending losses

Another source of loss, not included in the attenuation profile is radiative losses
related to fibre bending. These bending losses can be divided between macrobend-
ing and microbending. The first, often generalized as bending losses, occurs when
the bending radius is large compared to the dimensions of the fibre [55-57]. In
a curved fibre section, one side is compressed whereas the other side is stretched.
As a result, a pulse must propagate at different speeds to maintain its shape. For
a critical radius, parts of the pulse must propagate faster than the speed of light.
Since this is not possible, the energy starts radiating away from the fibre. The
susceptibility to bending losses of higher-order modes is exploited for modal cut-off
in the design of few-mode fibres.

Microbends are small fluctuation in the radius of the curvature of the fibre
caused by local pressure points or nonuniformities [58]. Microbends results in
repetitive coupling of light between modes, and if coupled to a leaky mode, it will
result in loss.
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2.3.2 Group delay

The linear contributions in Eq. (2.38), originate from a Taylor expansion of the
propagation constant for mode Im around an angular frequency of interest wgy. This
expansion up to the third order yields:

2 3)
B (@) = Bl + Biy) (w — wo) + = (w — wo)? + @Tm(w —w)?,  (242)
with
@ _ 9"8(w)
tm Ow?

The expansion terms in this mathematical expression of the propagation constant
(0)

tm>

have physical meaning. The first term, §
the propagating field as:

is related to the phase velocity v, of

w
lm

Two modes with similar phase velocities can couple during propagation. This

coupling takes place over a length that is inverse proportional to the difference in

vp. The beat length for modes a and b with a different phase velocity couple is

given as:

2
L= (2.44)
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The second term in Eq. (2.42) is related to the group velocity of transmitted
pulse over a mode. It is denoted by v(;,,) and relates to the propagation constant
as:

1 _ d/Blm (w)

Vg(im) dw

(2.45)

Since the group velocity might differ between modes, the arrival time of pulses
transmitted over modes with different group delays will result in differential group
delay (DGD). The accumulated DGD between modes a and b after transmission
over an ideal fibre of length L is:

ﬁél) 1)

Vp,a Vp,b

DGD = L (2.46)

DGD is the general term for group velocity difference between any two propagating
fields. Often, a more specific term is used to specify whether the DGD is related
to modes (DMD), mode groups (DMGD) or polarisation (PMD).
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Figure 2.7: Dispersion map of standard single-mode fibre. The total dispersion is the
sum of waveguide and material dispersion, resulting in zero dispersion at 1310 nm [62].

2.3.3 Dispersion

The third component of Eq. (2.42) describes a varying group velocity of spec-
tral components, which result in pulse broadening during propagation. This phe-
nomenon, known as group velocity dispersion (GVD) or chromatic dispersion (CD)
is the result of material dispersion and waveguide dispersion [59]. The first type
is caused by the wavelength dependence of the refractive index. Since the group
velocity is a function of the refractive index, spectral components propagate with
different group velocities. The second type of CD arises from the wavelength vary-
ing group velocity induced by the geometric properties of the fibre. The material
dispersion D,,, and waveguide dispersion D,, add up to a total dispersion parameter
D, which relates the propagation constant as:
27c
~5z B, [ps/(am - )] (2.47)
The dispersion map for standard single-mode fibre is depicted in Fig. 2.7,
which shows both the contribution of material and waveguide dispersion. Since the
waveguide dispersion depends on the core radius and index difference, fibres can be
designed with a zero-dispersion wavelength other than 1310nm. Fibres with the
zero-dispersion around 1550 nm are known as dispersion-shifted fibre [60]. Similarly,
dispersion compensated fibre (DCF) can be made with large negative amounts of
dispersion to compensate dispersion of a transmission link [61]. Nowadays, digital
dispersion compensation at the receiver is used in coherent transmission links, as
will be explained in more detail in Section 4.3.
The last component of Eq. (2.42) describes the change of GVD to angular
frequency. Its contribution towards the pulse broadening is limited compared to

D=D,, + D, =
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the GVD itself for C-band transmission. However, in the wavelength range where

,(LQ) = 0, it can not be neglected.

2.3.4 Non-linear impairments

Nonlinear effects in optical fibres are complicated effects depending on the length
and effective area of the fibre, as well as the optical power. The strength of these
effects scale with fibre length and are proportional to the optical power. Therefore,
modelling can be simplified by operating on an effective length, that takes this
interaction into account. This parameter is given by:

—al
Lo = = (2.48)
@
where « is the attenuation coefficient of the fibre in [dB/km], and the actual
fibre length is given by L. Equation (2.48) can be interpreted as the length over
which the optical power is approximately constant. Due to the attenuation, most
nonlinear effects will occur in the first Leg of a fibre span with length L.

Scattering related nonlinear effects

Nonlinearities can be categorized in two ways. The first one classifies the effects
based on whether they are introduced by refractive index changes or result from
scattering. The other type of categorization separates inter-channel effects from
intra-channel effects [40]. Stimulated Brillouin scattering (SBS) and stimulated
Raman scattering (SRS) are the intra- and inter-channel scattering effects. Both
relate to interactions of the electromagnetic field and vibrational modes of the
silica atoms. During this interaction, energy from incident photons is partially
absorbed and stored in vibrational modes. These vibrations can be associated with
both optical and acoustic phonons, and their effects are called stimulated Raman
or Brillioun scattering, respectively. Due to the low speed of acoustical phonons,
stimulated Brillouin scattering (SBS) is considered an intra-channel effect. The
backscattered photon experiences a Doppler shift and a gain from the forward
propagating signals, which lead to transmission performance degradation [47, 63].
However, SBS only becomes troublesome when the energy of the reflected wave is
comparable to that of the signal, reflected by the SBS threshold value.

Increasing the launch power while below this threshold will result in an approx-
imately linear increase in signal power. However, beyond this threshold, increasing
the total launch power has diminishing returns on the signal power. At values
far larger than the threshold, all additional optical power launched into the fibre
will be backscattered. Hence, SBS limits the maximum launch power into optical
fibres. Several options are available to reduce the impact of SBS, such as installing
optical isolators to limit backscattering to a single amplifier span and reduce the
signal power within each span, which most likely implies a reduction in amplifier
spacing. Furthermore, a broader linewidth of the transmitter laser or adding a
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small frequency dithering will increase the SBS threshold. Moreover, the threshold
power scales proportional to Aeg, therefore the inherently larger effective area
multi-mode fibres are less susceptible to SBS, which allows for improved launch
powers.

The other scattering type of nonlinear effects is Raman scattering [64]. As
this effect is associated with optical phonons that propagate at significantly larger
speeds through the material compared to their acoustic counterparts, the bandwidth
of stimulated Raman scattering (SRS) can cover multiple wavelength channels.
Since photon energy is absorbed by the material, this nonlinear effect could be
interpreted as an impairment. However, Raman scattering can be exploited to
provide distributed amplification along the transmission link. Therefore, Raman
amplifiers can be employed to reduce the overall nonlinear effects in transmission
systems. The operational principles of this amplifier type will be discussed in
Section 3.5.2.

Self-phase modulation

The other type of nonlinear effects is related to changes in the refractive index
introduced by high-intensity optical signals. This nonlinear change in the refractive
index of the medium is the result of nonlinear susceptibility caused by the anhar-
monic response of electrons to optical fields [62]. Consequently, a nonlinear term
is added to the expressions for the refractive index of both core and cladding:

Aeff ’
where n; and nsy represent the previously defined refractive index of core and
cladding respectively. The optical power of the pulse is given by P, and Aqg is the
effective index from Eq. (2.40). For typical fibres, ng is relatively small value, in
the order of 1072°m?2/W. Therefore, a linear approximation of the optical fibre
medium is still applicable for low signal powers, but it is not accurate for high
signal powers.

It can be shown with first-order perturbation theory [47], that the nonlinear
contribution in Eq. (2.49) manifests itself as spurious phase changes proportional
to the optical signal power. This nonlinear phase shift is given by:

¢NL = 'YRnLeffa (250)

where 7 is the nonlinear parameter given by Eq. (2.39), and Py, is the power inserted
into the fibre. The self-induced nonlinear phase modulation is known as self-phase
modulation (SPM). SPM manifests mainly as a time varying frequency of optical
pules. This effect is known as chirp and is proportional to the time-derivative of
the signal power. Therefore, the rising flank of a pulse, where the optical power
increases, the pulse experiences a red frequency shift. When the signal power
decreases, the frequency reduces, and a blue shift is observed. The frequency chirp
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affects the pulse shape through GVD, which in general results in additional pulse
broadening. However, in fibres designed with negative dispersion coefficients, SPM
can be beneficial as it mitigates the pulse broadening from chromatic dispersion.

Cross-phase modulation

In the case of SPM, the alteration of the optical pulse shape is the result of its
optical power. However, also pulses of neighbouring wavelength channels contribute
to the nonlinear phase change. This interaction can occur between pulses within the
same wavelength channel, or with pulses in other channels. Therefore cross-phase
modulation (XPM), is both an intra- and inter-channel nonlinear effect. However,
in general, only the latter is considered cross-phase modulation (XPM) and the
first is referred to as SPM. The total nonlinear phase noise introduced by SPM
and XPM is given by:

O =Leg | Pi+2> P |, (2.51)
i#]

Note that the contribution of XPM is twice as strong as SPM at the same
intensity, which originates from the triple product of the electric fields in the
expression for the polarisation in Eq. (2.37). XPM affects the pulse shape in a
similar way as SPM, however, it only builds up when pulses overlap in both space
and time. When the pulses overlap due to GVD, the nonlinear phase noise is
added to the signal, which remains as timing jitter after CD compensation [65]. By
increasing the channel spacing, the overlap between pulses can be reduced, thereby
minimizing the impact of XPM. However, this comes at the cost of reduced spectral
efficiency.

Both SPM and XPM scale inverse proportional to the effective area. The po-
tentially larger effective area of multi-mode fibre (MMF), can lead to reduced
signal distortion due to nonlinear phase noise at the same signal intensities. Altern-
atively, for the same level of nonlinear distortions, the system can be operated at
higher signal powers, which can improve signal-to-noise ratio (SNR) and capacity.
However, the larger number of modes in MMF' can introduce additional XPM.

Four-wave mixing

The third-order nonlinear susceptibility does not only introduce power-dependency
of the refractive index but also results in four-wave mixing (FWM). This nonlin-
ear phenomenon is the generation of a fourth frequency w, as a result of three
co-propagating optical fields, with carrier frequencies wy wo and w3 [47, 66]. The
relation between these four frequencies is given as wy = w1 & we + ws. This rela-
tion suggests the generation of more than a single tone, but only phase-matched
components will build up. The phase-matching requirement follows from the con-
servation of energy and momentum between the destroyed and generated photons.
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The mixing products are related to the scattering process where two photons with
energies hwy and Aws are destroyed and two new photons with energies hws and hwy
are created. In particular, the degenerate case where wy = wy can be detrimental
to transmission system performance, as only a single pump wavelength is required
to generate mixing products. The frequencies of the two mixing products are given
by ws = w; — Q and wy = wy + Q, with Q representing the channel spacing. As all
waves are co-propagating, the corresponding phase mismatch is given as:

A = B(ws) + f(ws) — Blwi) — Bwa)
A = B(wr — Q) + Blwr + Q) = B(w1) — Blw1) (2.52)

After inserting the second order Taylor approximation of the propagation constant
of Eq. (2.42), the terms related to the phase and group velocity cancel, resulting
in A = Q2. From this expression it can be seen that the phase is matched
in the absence of GVD. Since typical wavelength spacing is less than 100 GHz, a
small dispersion coefficient will result in crosstalk between wavelength channels.
Therefore, in order to minimize four-wave mixing (FWM), a high GVD during
propagation followed by digital CD compensation is preferred. Although it can be
considered a harmful effect in dense WDM light-wave systems, FWM has some
practical applications, among which are wavelength conversion and optical phase
conjugation.

2.3.5 Spatial channel interactions

The impairments discussed in the previous subsections were derived from the
GNSE, which do not include any interaction between spatial channels. A set of
two coupled GNSE has been derived to include the coupling between the two
polarisations in single-mode fibre [47]. This procedure can be extended to include
spatial mode interactions. To obtain this set of equations, the LP,, modes are
ordered by increasing magnitude of the propagation constant. The subscript n is
used to refer to the n*® mode in this ordered list. Subsequently, the total electrical
field in the fibre is given as the sum of the individual mode fields as [67]:

E(z,y,2,t) = Re

‘T yawO —jwot
n(z,t)e 7900 2.53
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where N, (wo) is a normalization coefficient such that the power of the n'* mode
is given by |E,(z,t)° [67]. Furthermore, the frequency dependent mode field
distribution and normalization coefficients are presumed to be independent of the
longitudinal position and can be approximated by a constant value wy within the
signal bandwidth. Within the approximations of the WGA, the mode orthogonality
condition takes the simplified form of [67]:

N R orE 2
QZn{/dacdyFn Fm} Sn.mNy, (2.54)
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where n,, = B,c/wp is the effective index and Z,, represents the impedance of the
n*™ mode. Before extending the GNSE to the coupled NLSEs, a hyper-polarization
vector |E(z,t)) is introduced to represent the 2N complex envelopes E,(z,t) as
a column vector [67]. The corresponding frequency domain vector is denoted
|E(z,w)). Recall that the tilde is dropped for simplicity of notation and frequency
dependence is implicitly understood. A graphical representation of the hyper-
polarization vector of the electric field in a 3-mode fibre is shown in Fig. 2.8a.
Since fibre modes can be grouped in sets of quasi-degenerate modes, the hyper-
polarisation vector can also be interpreted as the stacking of smaller vectors cor-
responding to the mode groups, which is represented by the differentially coloured
elements. The linear components of the single channel GNSE (Eq. (2.38)) can now

be described by

@ =jB|E)— A |E), (2.55)

0z

where A(z,w) and B(z,w) are 2N x 2N Hermitian matrices, describing the mode
dependent loss (MDL) and the unitary evolution of the electric field. MDL is
defined as the optical field gain ratio between the strongest and weakest channels,
as will be explained in more detail in Section 4.1. Note that B(z,w) in this section
does not refer to the magnetic field. In the absence of MDL, A reduces to an
identity matrix, with the conventional loss coefficients «/2 on its diagonal. Matrix
B describes the rotation of the hyper-polarization vector in a 2N complex vector
space, which is the generalized case of polarization rotation in single-mode fibre.
Similar to the expansion of the propagation constant at the beginning of this
section, the matrix B can be approximated with a Taylor expansion as

2
B(z,w) ~BO 1 wBM 4 %B(Q) (2.56)

In a fibre with ideal properties and in the absence of mode mixing, B is a diagonal
matrix with the fibre propagation modes as basis. Along the diagonals of B/,
the propagation constants of modes [3,, and their derivatives describing the group
velocities and group velocity dispersion are found. In practice, interaction between
the modes occurs, e.g. due to material and structural imperfections or mechanical
stress. The impact of modal interactions on the expanded propagation matrices
B() decreases with j, which can be explained by the fact that phase changes of
the optical field are easier to realise compared to a change in group velocity or
GVD. Therefore, structural imperfections mainly result in a random rotation of
the hyper polarisation signal vector. A graphical representation of B(®) for the
3-mode fibre is given in Fig. 2.8b.

Similar to the expression for the electric field, a hyperpolarisation vector ’L(N L)>

can be constructed from the elements L%NL) and appended to Eq. (2.56) to include
the nonlinear effects. The elements of this vector are given by:

h,k,m
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Figure 2.8: (a) Hyperpolarisation vector |E) of a 3 mode system, consisting of the two
vectors |E1) and | E2), which correspond to the LPg; and LP1; modes respectively. Due to
degeneracy of the LP1; modes, the second sub-vector has 4 elements. (b) Corresponding
B© matrix, where the matrices on the diagonal represent the mode coupling between
quasi degenerate modes within mode groups. The off-diagonal matrices are each other
complex conjugate and represent the inter-mode group coupling.

where Cppim are dimensional constants describing the contribution of the electrical
field of one mode towards the total nonlinearity in a given mode. As pulses
require spatial overlap to couple, these coefficients depend on the spatial mode
profiles. For the dual-polarization single-mode fibre, the coefficients are found to
be 01111 = 02222 = 1, 01221 = 02112 = 2/3 [47] This implies that the polarisations
affect each other by a factor of 2/3. More details on the derivation of the coupling
coefficients and nonlinear effects can be found in [48, 67-69].

Summary

In this chapter, the concept of total internal reflection is applied to the circular
structure of optical fibres. It has been shown that only light entering the fibre
under discrete angles within its numerical aperture will propagate. If only a single
angle is accepted, the fibre is known to be single-mode. In case more rays are
accepted by the fibre, it is referred to as multi-mode. The field distribution of the
modes is obtained by solving Maxwell’s equations in the transverse direction of
the optical fibre. The solutions take shape in the form of Bessel functions and are
dependent on the refractive index profile of the fibre. As a result of the relative
small refractive index difference between core and cladding, the waveguide modes
can be approximated by linearly polarised modes. It was noted that for graded-
index fibres, these LP modes exist in mode groups, where the quasi-degenerate
modes have a similar propagation constant.

From the propagation constant, linear propagation effects, such as differential
group delay and group velocity dispersion are derived. The first is a difference
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in the propagation speed of two modes, which in combination with cross-talk
introduces pulse broadening. The group velocity dispersion is also responsible for
pulse broadening and originates from the different propagation speeds of spectral
components. These effects are all linear, therefore, they can be compensated by
employing digital signal processing as will be discussed in detail in Chapter 4.

Since the fibre is a nonlinear medium, certain types of distortion are dependent
on the power of the transmitted signals. The impact of these effects increases
with the optical power but decreases with the effective area of the fibre. Gener-
ally, the larger core size of multi-mode fibres have a larger effective area and is
therefore expected to have increased tolerance to nonlinear impairments. Both
linear and nonlinear effects are described by the generalized nonlinear Schrodinger
equation, which is commonly used to model pulse propagation in optical fibres.
This differential equation also includes the attenuation, introduced by the scatter-
ing and absorption of photons during propagation. A great endeavour has been
made to obtain the less than 0.2dB/km attenuation of modern optical fibres. The
wavelength dependent attenuation gave rise to the designation of multiple bands,
which are used for different applications in optical networks. Finally, it is shown
that the generalized nonlinear Schrédinger equation (GNSE) for each mode can be
coupled for the two polarisations of single-mode fibre as well as to the modes in
multi-mode fibre. From this coupled set of equations, the concept of mode mixing
is derived. The exploitation of modes in optical fibres for communication in an
SDM transmission system will be explained in the next chapter.



CHAPTER 3

Space-division multiplexed
transmission systems

In the previous chapter, the propagation of light in optical fibres and the concept of
modes were introduced. In this chapter, the optical fibre medium will be employed
for optical communications. This chapter focusses on the system aspect of optical
fibre communications and introduces the components found in a space-division
multiplexing (SDM) transmission systems. Such a system shares components with
deployed single-mode fibre based transmission systems. However, the introduction
of multiple spatial channels requires the development of new fibres and components,
as well as the adaptation of existing ones.

A functional diagram of an SDM transmission system is depicted in Fig. 3.1.
Here, the outputs of N transmitters are spatially multiplexed and transmitted
over an optical fibre link. Each transmitter submodule in Fig. 3.1 composes of
multiple transmitters, each modulating an optical carrier at different frequencies.
Since the spatial channels are orthogonal, the same frequencies can be re-used
among the SDM transmitters. Therefore, wavelength-division multiplexing (WDM)
components found in currently deployed single-mode transmission systems can be
employed for the multiplexing and demultiplexing of the wavelength channels (insets
of Fig. 3.1).

Spatial multiplexers are required to connect the N single-mode transmitters to
the N or more channels supported by the SDM fibre. An overview and comparison
of multiplexing technologies will be presented later in this chapter. The same
multiplexing technologies can be employed to convert the spatial channels back
to the single-mode domain, because of reciprocity. In a reciprocal optical device,
changes in the properties of light passing through the device are reversed when the
light passes through in the opposite direction. Generally, some level of crosstalk
between the spatial channels occurs in these multiplexers, which add up to the
mode mixing that occurs during transmission over SDM fibres, or is introduced at
splices or other system components. To unravel this mixing as well as compensate
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Figure 3.1: Functional diagram of an SDM transmission system, including reconfigur-
able optical add-drop multiplexer (ROADM) for channel routing. The insets show the
compatibility with WDM technology.

linear transmission impairments, multiple-input multiple-output (MIMO) digital
signal processing (DSP) is employed, which will be treated in Chapter 4.

This chapter is structured as follows: In Section 3.1, the signal generation
and modulation of the optical carrier at the transmitter will be discussed. The
different approaches to increase the spatial multiplicity in optical fibres is covered
in Section 3.2. This includes the pure mode-division multiplexing (MDM) few-
mode fibre (FMF) and multi-mode fibre (MMF), the single-mode multi-core
fibre (MCF) as well the hybrid core/mode multiplexed few-mode multi-core fibre
(FM-MCF). The coupling between the single-mode transmitters and SDM fibre
performed by the spatial multiplexer is described in Section 3.3. This section mainly
focusses on the transition from single-mode to multi-mode, as core multiplexing
can be performed using similar or simpler technologies. Each output of the spatial
demultiplexer is detected by a receiver. Three receiver architectures are presented
in Section 3.6. The direct detection (DD) receiver capable of detecting only the
amplitude of the optical field is included to introduce the concept of optical signal
detection before the more complex coherent detection scheme is explained. The
latter requires a more complex setup but is capable of recovering the full optical
field. The third architecture covers the intermediate ground between the other
schemes as digital signal processing can be applied to recover the full optical field
with similar hardware of the DD scheme. The digital signal processing module will
be treated in the next chapter.

3.1 Transmitter

At the transmitter, the data in the form of bits are modulated onto an optical
carrier. Generally, the bits are mapped to symbols to enhance spectral efficiency
(SE). The digital symbols are then converted to an analogue electrical waveform
used to influence the amplitude or phase of the continuous wave (CW) laser source.
The electrical current can be used to directly drive a laser source (Fig. 3.2a). This
method, known as direct-modulation, produces large amounts of chirp; a time-
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Figure 3.2: (a) Direct modulation: signal is modulation on the driver current of a directly-
modulated laser (DML). (b) External modulation: the in-phase (I) and quadrature (Q)
signal are modulated on the output of a CW laser source by a Mach-Zehnder modulator
(MZM).

varying change of instantaneous optical frequency that has a dispersive effect on
pulses.

The amount of chirp can be reduced by splitting the laser source and modulator,
as is the case for externally-modulated laser sources. Both structures are still
integrated into the same module, but the electrical waveform is employed to drive
the modulator. Although this method has reduced chirp, it is also more expensive
than direct-modulated lasers.

The best performance can be achieved by employing an external Mach-Zehnder
modulator (MZM) with a separate laser source, that offers the flexibility to optimize
the individual components (Fig. 3.2b). Furthermore, the MZM can be operated
without any frequency chirp, as will be explained later in this section. Moreover,
nested MZMs can be integrated into a single structure capable of modulating the
in-phase and quadrature components of both polarisations of the light. This allows
for higher-dimensional modulation formats, which can improve SE. Since this
method offers the best performance, it is used in the transmission experiments of
Chapters 6 and 7.

The next subsections cover the generation of the digital test sequences and
optimisation of the electrical waveform. The actual modulation will be discussed
at the end of this section.

3.1.1 Modulation formats

The spectrum for optical communications is divided into multiple transmission
bands (Section 2.3.1), which requires efficient use of the limited available spectrum.
To increase the spectral efficiency in [bit/s/Hz], multiple bits are mapped to a
single symbol at the transmitter.

The simplest modulation formats contain only a single bit within each symbol.
This symbol is either modulated on the amplitude or the phase of the carrier. The
constellation diagrams of these modulation formats, known as on-off keying (OOK)
and binary phase-shift keying (BPSK), are depicted in Figs. 3.3a and 3.3d. A
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Figure 3.3: Examples of amplitude and phase modulated signals with a proposed bit
mapping. (a) BPSK, (b) QPSK, (c) 8-PSK, (d) OOK, (e) PAM-4, (f) 2-ASK-4-PSK.

constellation diagram is a frequently used method to visualize two-dimensional
modulation formats in the complex plane, where the real and imaginary axis
represent the in-phase and quadrature components of the light. In the presence of
noise, the diameter of constellation points increases, and will at some point overlap
with neighbouring points, which leads to incorrect detection of the symbols.

Mapping additional bits to a symbol to enhance spectral-efficiency requires
more points in the same constellation space. In the case of amplitude-shift keying
(ASK), this can be realised by adding intermediate power levels, as is done for
the 4-ary pulse-amplitude modulation (PAM) format depicted in Fig. 3.3e. Note
that the Euclidean distance is reduced from the large spacing of the on-off keying
(OOK) format. Consequently, less noise can be tolerated before the constellation
points start to overlap, hence, a higher signal-to-noise ratio (SNR) is required for
reliable communication. The proposed bit mapping in Fig. 3.3e follows a Gray
coding, which minimises the number of bit-errors as neighbouring points differ in
only one bit [70].

Similarly, higher-order phase modulation can be realized by including additional
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Figure 3.4: Examples of quadrature amplitude modulation (QAM) constellations.
(a) 16-QAM (4 bits/symbol), (b) 32-QAM (5 bits/symbol), (c) 64-QAM (6 bits/symbol).

phase states, as is the case for quadrature phase shift keying (QPSK) (Fig. 3.3b)
and 8-ary phase-shift keying (PSK) (Fig. 3.3c). Furthermore, both amplitude
and phase modulation can be combined to a hybrid modulation format, of which
2-ASK-4-PSK is given as an example in Fig. 3.3f.

A cost-effective method to modulate higher-order constellations onto an optical
carrier is by driving an IQ-modulator (IQ-MOD) with two analogue PAM signals.
Each of the sequences modulates either the in-phase or quadrature component of
the light, as will be explained in more detail in Section 3.1.4. Some examples of two-
dimensional quadrature amplitude modulation (QAM) constellations are illustrated
in Fig. 3.4. The number of bits transmitted in each symbol is equal to logy M, with
M equal to the number of constellation points in the M-ary quadrature amplitude
modulation (QAM) format. Even values of M produce a square constellation
(Figs. 3.4a and 3.4c), where bits can be Gray-coded to the symbols, whereas this
is not the case for the non-square odd-numbered QAM constellations (Fig. 3.4b).

3.1.2 Random data generation

For the performance evaluation of optical transmission systems in laboratories, test
patterns are designed to match the statistical properties of real data. Replicating
a real transmission system where each transmitter generates independent data se-
quences, is costly as it requires a large amount of hardware. Therefore, a technique
called signal decorrelation is applied, where independent data streams between
polarisation, modes, cores, or wavelength channels are emulated by employing
delay lines. In the optical domain, the modulated signal is split into multiple
copies, followed by a delay line with an unique time-delay. The delays have to be
chosen such that the signals do not overlap during propagation under the influence
of dispersive effects and as such do not overlap within the equaliser window [71].
Due to the fast nature of polarisation dispersion, a relatively small delay suffices,
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whereas the larger pulse spreading of chromatic dispersion (CD) requires longer
delays or is preferably avoided by employing additional transmitters.

For the transmission experiments in this thesis, two types of random data
generators are used to create the test sequences. The first method generates a
pseudorandom bit sequence (PRBS) generated by a linear-feedback shift register
(LFSR) that can be described by monic polynomials. A LFSR of length n will
produce a bit sequence of length 2"~!, that is commonly denoted as PRBSn. Note
that for longer PRBS multiple polynomials exist, that are required to ensure the
sequences are not correlated with itself when multiple bit sequences are combined
to form higher-order constellations.

The other type of random data generator directly produces a sequence of sym-
bols. Within this cyclic sequence, every possible substring of length n occurs
exactly once. This type of sequence is known as a De Bruijn sequence and is
denoted by B(k,n), where k is the number of constellation points [72]. Several
approaches are available to generate De Bruijn sequences of length k™, which are
generally more difficult than the LFSR approach of PRBS [73-75]. As the symbols
in De Bruijn sequence are directly generated and are not a combination of multiple
bitstreams, the autocorrelation requirement is automatically fulfilled. However, for
equaliser windows longer than the order of the De Bruijn sequence, the desirable
correlation properties can no longer be guaranteed.

Due to the memory constraints of the digital-to-analog converter (DAC), typical
sequence lengths are in the order of 2!° to 2!®, which is also the case for the
experiments described in Chapters 6 and 7. Note that an additional 0 is added to
the PRBS pattern to obtain a sequence of length 2.

3.1.3 Digital-to-analogue conversion

The digital sequences are converted by a DAC to an analogue electrical signal
to drive the optical modulator. Typical symbol rates of optical transmission are
in the order of GHz, which requires high-speed DAC. Generally, the number of
quantization levels or the resolution of such a fast sampling DAC is limited [76,
77]. On top of that, noise and distortions further lower the effective number of bits
(ENOB). Furthermore, the electrical output power is often not sufficient to drive
the MZM directly, and ultra-linear amplifiers are employed.

Ideally, the transformation from the electrical output to the optically modulated
signal is linear. However, the transfer function of the modulator is described by a
sine function, as will be shown in the next subsection. On top of that, bandwidth
limitations of the DAC and electrical cables further decrease the electrical signal
quality. The resulting low-pass filter response of the transmitter is shown in
Fig. 3.5a. To compensate for this response, digital pre-compensation filters can
be applied to enhance the signal quality. Such a pre-emphasis filter is designed to
be the inverse of the transfer function of the electrical system. Several methods
for measuring the transfer function and designing the pre-emphasis filters are
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Figure 3.5: (a) Frequency response of the transmitter including DAC, driver amplifiers,
and, cables. (b) Trains of raised cosine pulses with 0.1 roll-off. (b) Spectrum of raised
cosine pulses for various roll-off factors.

available [78, 79]. Additionally, nonlinear pre-compensation techniques can be
employed to include the nonlinear response of driver amplifiers or MZM [80].

Additionally, pulse shaping is applied to minimise intersymbol interference (ISI),
and increase the SE by shaping the signal spectrum. Without any pulse shaping, the
bandwidth occupied by a sequence of non-return-to-zero (NRZ) pulses transmitted
at a symbol rate R, is approximately 2R;. The bandwidth can be reduced by
applying a raised-cosine filter [81], which spectrum is described as:

1—
St =15[Lreos(F 1= 7)) <i=E 6D
0, otherwise

where f is the frequency, § is the roll-off factor, and T is the symbol period.
Figure 3.5¢ shows the spectrum for various roll-off factors. Note that the bandwidth
can be controlled via the roll-off parameter, resulting in an occupied bandwidth of
R, (1+40) for a symbolrate Rs. The minimum bandwidth is achieved by transmitting
Nyquist pulses, for 5 = 0. However, at such sharp roll-off, imperfect sampling will
result in ISI. Therefore, roll-off factors of 0.01 to 0.2 are typically chosen to
minimize IST at the cost of a small bandwidth increase. The zero-ISI property of
perfectly sampled raised cosine pulses can be seen in Fig. 3.5b, as at each sampling
point all pulses except one are equal to zero. Generally, the raised cosine filtering
is divided between transmitter and receiver to filter white Gaussian noise (WGN)
by employing matched filtering [82]. The root-raised-cosine (RRC) filter shape is
obtained by taking the square root of Eq. (3.1).
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Figure 3.6: (a) Integrated optical Mach-Zehnder modulator. (b) Transfer function of a
MZM.

3.1.4 Optical modulation

The electrical waveform generated by the DAC is modulated onto the amplitude
and phase of a CW signal generated by an external optical source by an optical mod-
ulator. In the transmission experiments described in later chapters, IQ-modulators
(IQ-MODs) are employed, which are integrated modulators containing nested MZM.
The schematic of a single MZM, depicted in Fig. 3.6a, consists of a single Mach-
Zehnder interferometer (MZI) with tunable phase modulators in each arm. The
refractive index of these waveguide sections can be influenced by an electric field,
according to an electro-optical phenomenon known as Pockels effect [83]. These
sections are commonly made from Lithium niobate (LiNbO3) as it has high electro-
optic coefficients and is transparent for wavelengths used in telecommunications [84,
85].

The phase of the incoming CW source is changed in the two arms of the
interferometer, yielding an output field described by the following expression:

s

- sy (1200 (=0

phase modulation amplitude modulation

where the factor 2 stems from an ideal splitter, and parameters u; and us are the
driving voltage of the top and bottom arm of the MZM respectively (Fig. 3.6a). The
driving voltage required to apply 7 phase shift is denoted by V, which is assumed
to be equal for both phase modulators. Observe that the modulation described
in Eq. (3.2) is a combination of phase and amplitude modulation. Hence, a MZM
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can be employed for both types of modulation formats. To obtain a pure phase
modulated signal, both modulators are driven by the same drive signal, resulting
in the same phase shift in both arms. Note that the amplitude modulation term
reduces to zero only in the case of perfect beam splitting. When the second driving
signal is equal to the first, but with opposite sign (uq(t) = —u2(t)), the introduced
phase shift in the bottom arm is the opposite of the shift in the top arm, i.e.
¢2 = —¢1. Therefore, the phase modulated part of Eq. (3.2) yields zero, resulting
in a chirp-free amplitude modulated signal. This mode of operation is referred to
as push-pull mode.

The power transfer function of the MZM is obtained by squaring Eq. (3.2), and
is shown in Fig. 3.6b. The two operating points, OP1 and OP2 are also shown.
Operating at the first point, known as the quadrature point, requires a bias voltage
of =V, /2 and allows for a peak-to-peak modulation of V.. The fluctuation in the
drive voltage is translated to an amplitude modulated signal. The second operating
point is found at the minimum transmission point, which requires a bias voltage
of —V;. At this operating point, a m phase shift occurs in the transfer function.
Therefore the phase of the light can be modulated with a maximum peak-to-peak
modulation of 2V.

IQ modulator

The MZM is capable of modulating only a single dimension of the optical carrier,
which is sufficient for formats such as OOK or BPSK. However, to modulate QAM
constellations, both in-phase and quadrature components of the carrier have to be
modulated. This can be achieved by combining two MZMs, of which one has its
output shifted by /2, as is depicted in Fig. 3.7. In this structure the two MZMs
are operated in push-pull mode with a driving voltage given by u;(t) and ug(t).
The phase modulator in the bottom arm is excited with a DC voltage ug such that
it introduces /2 phase shift. Consequently, the output of the subsequent MZM
can be expressed as an imaginary contribution to the total output field, which is

Modulators that modulate the in-phase and quadrature of both polarisations of
the light are also available as integrated modules. The polarisation of the incoming
CW signal is split by a polarisation beam splitter (PBS) and each output is
guided through an IQ-MOD. This enables transmission of 4D symbols, which can
be designed to be more resilient to effects such as polarisation mode dispersion
(PMD) and polarisation dependent loss (PDL) [86-89].
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uQ

Figure 3.7: Integrated IQ-modulator containing two nested Mach-Zehnder modulators
and a phase modulator.

3.2 Fibres for space-division multiplexing

The single-mode fibre (SMF) gained interest for optical communication due to
favourable properties, such as low attenuation over a wide bandwidth, the lack of
modal dispersion, and low production costs as a result of the simpler step-index
profile. However, the nonlinear properties of the material limit the capacity [13].
As has been outlined in Chapter 1, demand for bandwidth is rapidly approaching
this limit. Therefore, spatially multiplexing of signals is proposed as a method to
increase system capacity. A straight forward implementation of SDM is operating
multiple SMF links in parallel, offering a linear scaling in capacity but also an
approximately linear increase in costs, as each link requires its own set of compon-
ents. Cost reduction could be achieved by small levels of integration, such as CW
sources and sharing pump lasers in optical amplifiers [90]. However, to further
reduce costs more integration is required, therefore, multi-mode and multi-core
fibres are proposed to increase fibre capacity. The five fibre types discussed in this
section are shown in Fig. 3.8.

3.2.1 Multi-mode fibres

Multi-mode fibres are widely deployed in combination with low-cost optical sources
in the 850 nm range for short communication links. Since all guided modes carry the
same data, pulse broadening due to the large differential mode group delay (DMGD)
limits the reach of such links to datacentre, in-building or campus networks. All
guided modes are in principle orthogonal to each other, and could thus be exploited
as individual data channels. This is the concept of mode-division multiplexing
(MDM) over multi-mode fibres. However, managing the coupling, differential
losses and dispersion between the possible hundred modes is challenging.
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Figure 3.8: (a) Few-mode fibre, (b) 50 pm core diameter multi-mode fibre, (c) coupled-core
fibre. (d) (uncoupled) multi-core fibre, (e) few-mode multi-core fibre.

Few-mode fibres

To simplify these challenges, multi-mode fibres supporting only a limited number
of modes were proposed. These few-mode fibre (FMF) typically support 3, 6, 10,
or 15 linearly polarised (LP) modes [91-95]. Therefore, managing the properties of
the guided modes and addressing the challenges of coupling, losses, and differential
mode delay (DMD) is less challenging. Especially for a 3-mode fibre, as only a
single DMGD value has to be managed due to the mode degeneracy of the LP1;
mode. Therefore, this could be realised by designing a depressed cladding step-
index fibre [27]. However, the lower modal dispersion of the graded-index profile
is a more suitable candidate for scaling towards higher spatial multiplicity.

The design procedure [96] for low DMGD graded-index FMF with m-modes
starts by choosing the highest possible V' parameter that supports m modes. Sub-
sequently, the core radius a and numerical aperture (NA) are optimised to achieve
the designed V number. Next, a low refractive index trench is added to the clad-
ding to increase the index difference between the higher-order modes and cladding.
Increasing the trench volume decreases the bend losses of bend-sensitive supported
modes. However, increasing the volume also decreases the losses of undesired leaky
LP modes. Consequently, the volume is optimised to ensure macro bending losses
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below 10dB/turn for all m modes, while ensuring sufficient losses for the leak
higher-order modes. Finally, the a-parameter (2.8), determining the curvature of
the graded-index profile is optimised to minimize the DMGD. Generally, a ~ 2,
which results in a parabolic index profile. By applying this design strategy to
few-mode fibres, a maximum |[DMGD| between any two modes less than 10 ps/km
is theoretically possible for a 10 mode fibre. However, due to variations in the
refractive index profile introduced during the manufacturing process, the DMGD
of few-mode fibres is significantly larger, e.g. from a designed 8.6 ps/km, to a
measured 80 ps/km for a 10-mode fibre [94]. Therefore, scalability of low DMGD
FMF is challenging.

50pum core diameter multi-mode fibres

A closer match to the designed profile can be realised by utilising the matured
manufacturing process for 50 pm core diameter multi-mode fibres. Consequently,
the number of modes guided by the larger core size is 55-LP modes [97]. The design
procedure towards low DMGD MMF is similar to FMF design, although the core
size is fixed. Compared to the FMF, the DMGD between the first 3 mode-groups
is larger. However, if the fourth and fifth mode-groups are also taken into account,
the DMGD of the MMF is lower than for 6-, or 9-LP fibre [97].

The n quasi-degenerate modes inside mode-group n experience stronger coup-
ling compared to inter-group coupling, due to similar propagation constants. When
the transmitted signals spread over modes due to this coupling, the complete im-
pulse response is required to recover the data at the receiver. Hence, low DMGD
is preferable to minimize low computational complexity.

Alternatively, lower computational complexity can be achieved by reducing
the crosstalk, which allows for multiple smaller MIMO equalisers. This can be
realised by breaking the degeneracy of the modes. To decrease the beat length
(Eq. (2.44)), the difference in phase velocity between any two modes has to be
enlarged. Increasing the small phase velocity difference between degenerate mode
is the most challenging. However, it can be realized by moving away from circular
core fibres. In an elliptical few-mode core fibre, the degenerate LP modes have
different propagation constants because of the birefringence introduced by the
core asymmetry [98]. This allows for mode division multiplexed transmission
with standard 2 x 2 MIMO processing to undo polarisation mixing, as has been
demonstrated [99, 100]. MIMO DSP could be completely avoided, when also the
degeneracy of the polarisation is broken [101]. Other core designs, such as ring-core
fibres [102] and rectangular core fibres [103] could also be used to decrease the
mode coupling during transmission. The latter is of interest since the core profile
matches with planar waveguides in photonic integrated circuits. Even though fibres
can be designed to have low modal crosstalk, it can add up during transmission
as a result of fibre imperfections and Rayleigh scattering. Furthermore, fusion
splices, connectors, amplifiers, and switches can introduce spatial channel cross-
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talk. Therefore, low cross-talk fibres are mainly of interest for passive short-distance
optical communication links.

3.2.2 Multi-core fibres

The SDM variant closest to the parallel single-mode fibre solution is the multi-core
fibre (MCF), which hosts multiple cores in a single cladding (Fig. 3.8d). For
a design with sufficient spacing between the cores, the cores act as independent
waveguides and the inter-core crosstalk can be calculated using coupled-power
theory [104, 105]. This theory implies that crosstalk can be reduced by increasing
the core pitch or employing heterogeneous core designs resulting in a larger differ-
ence of propagation constants of neighbouring cores. Furthermore, low refractive
index trenches or holes around each core improves the light confinement, thus also
reducing inter-core crosstalk.

Increasing the spatial multiplicity of MCF's by adding additional cores results in
large cladding diameter fibres, which will impact the mechanical strength of the fibre.
Next to the more difficult manufacturing and handling of fragile fibres, deviating
from the standardized 125 pm cladding diameter means incompatibility with cabling
processes and fibre processing instruments. Furthermore, rotational alignment has
to be taken into account when connecting two fibre sections. Advanced fusion
splicers with end-facet view are capable of automatic alignment of MCF's based
on visual feedback. Generally, a visual reference marker is added to remove any
ambiguity due to symmetry. However, the alignment accuracy is generally lower
compared to conventional centric single-core fibres, resulting in slightly higher
splicing losses. Multi-core fibres have been reported with over 30 single-mode cores
in various transmission experiments [106, 107].

Coupled-core fibres

Instead of minimizing the crosstalk between cores by increasing the core pitch, a
coupled waveguide structure is obtained by reducing the core pitch. Light in the
coupled cores propagates in so-called super modes, which are mode field distribu-
tions that span over multiple cores [108, 109]. As the propagation of super modes
is comparable to modes in multi-mode fibre, the MCF behaves as a MMF. The
strongest coupling is achieved when the difference in propagation constant between
super modes is comparable to variations introduced by perturbations. In this
strongly-coupled regime, the super modes mix continuously during propagation,
resulting in a low DMGD. Coupled-core fibre (CCF) with 4, 7, or 12 cores with
significant shorter impulse responses compared to graded-index multi-mode fibres
have been demonstrated [110-113].

Few-mode multi-core fibres

Multi-mode and multi-core fibre technology can be combined to achieve the highest
spatial multiplicity [33, 114-116]. For this type of fibre, both inter- and intra-core
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crosstalk has to be taken into account. Since in any practical transmission link,
mode interaction will occur as a result of perturbations of the fibre, fusion splices,
and other multi-mode components, suppressing inter-core crosstalk is key in the
design of FM-MCF. This can be realised using the same design approaches as
applied to the single-mode MCF. Maintaining a consistent core profile for all cores
over a long length of MCF is challenging, therefore the behaviour of the few-mode
cores can differ significantly, as will be demonstrated for a 39-core 3-mode fibre in
Section 5.6.

3.3 Spatial multiplexers

Connecting the single-mode transmitters and receivers to an SDM fibre requires
a spatial multiplexer and demultiplexer. Since the transmission experiments are
focussed on mode-division multiplexing, this section is mainly discussing different
types of mode-multiplexers. Due to the reciprocal properties of these solutions,
they can also be employed as demultiplexers.

3.3.1 Phase plates based solutions

One of the first implementations of mode-multiplexers was based on optical phase
plates [27, 118, 119], of which a 3-mode version is depicted in Fig. 3.9a. The light
from each single-mode fibre is collimated and converted by a phase plate to one of
the higher-order LP modes. By employing conventional beam-combiners the inputs
are multiplexed and coupled into the few-mode fibre. As the required number of
beam-combiners scale linearly with the number of modes, also the insertion losses
increase with 3dB per mode. Therefore, this solution is not scalable to a large
number of modes. Other disadvantages of this type of multiplexer are the bulky

Beam combiners

Mode
profile

Phase
mask

Spot
laucher

Figure 3.9: (a) 3-Mode multiplexer based on optical phase plates. All blue beams represent
LPo; modes, that are converted by phase masks to LP11 modes (red/blue). (b) The
relationship between the LP modes, phase masks, and the phase and position of the spot
launcher [117].
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size and temporal instability. The high mode selectivity, on the other hand, is a
major advantage. Alternatively, the phase masks can be generated using an liquid
crystal on Silicon (LCoS) based spatial light modulator (SLM) [25, 120, 121]. As a
result of the dynamic control of the phase mask, each hologram can be optimized
for the individual modes, and misalignments can be corrected by applying beam
steering. The downside of this solution is the polarisation dependence of the SLM
and higher insertion losses.

3.3.2 Spot launching

The second-generation spatial-multiplexers were based on a technique called spot-
launching, which samples the optical field of the FMF with multiple single-mode
spots. This field is a superposition of the N mode fields supported by the fibre. By
sampling this optical field in amplitude, phase, and polarisation with N/2 spots,
an approximation of the optical field is obtained [117]. The factor of 2 accounts for
the 2 polarisations of an SMF. The position and relative phase of the single-mode
beams incident on the few-mode fibre is shown in Fig. 3.9b. The mode profiles, and
corresponding phase plates required to convert a fundamental mode to an LP mode
are included for reference. This solution does not require beam-combiners, hence
a lower insertion loss (IL) can be achieved. However, the alignment of single-mode
fibres to the right position on the fibre can become challenging for a larger number
of modes.

3.3.3 Fibre based photonic lanterns

Due to excessive losses and the large footprint of the other two multiplexing tech-
niques, fibre-based solutions were proposed. The photonic lantern (PL) exploit the
same principles of spot launching but are an all-fibre solution [122-125]. There-
fore, they can be easily fusion spliced to both single-mode and few-mode fibres,
reducing the excess losses of the multiplexer. Photonic lanterns have a background
in astronomy, where they are applied to increase the system numerical aperture
while maintaining the processing in the single-mode domain [126].

Photonic lanterns are fabricated by positioning N single-mode fibres in a low
refractive capillary according to a geometric structure that matches with the mode
profile [124, 125]. This is the same geometry as employed in the spot launching
multiplexer. The structure is then tapered by heating and stretching the assembly.
After a certain tapering length, the single-mode cores cease to be effective wave-
guides for the optical field. The fused claddings of those fibres will become the
core of a few-mode waveguide, with the lower refractive index capillary as a new
cladding. For a perfect adiabatic tapering, the transition from single-mode to
few-mode is unitary and thus lossless. However, in practice, IL of less than 1 dB
can be achieved for 3-mode multiplexers, with slightly higher values as the number
of modes increase. Photonic lanterns for SDM up to 15 modes have been repor-
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Figure 3.10: (a) Artist impression of a 6-port photonic lantern. (b) Schematic of a 3-mode
3D-waveguide spatial multiplexer and its facets.

ted [127, 128]. For a larger number of modes, matching the required geometry and
minimising the mode dependent loss (MDL) becomes challenging.

The first-generation PLs for SDM applications was manufactured with similar
single-mode fibres. Since the propagation constant is equal between all inputs, a
fully mixed combination of the input signals is obtained at the few-mode facet of
the multiplexer. To improve the mode selectivity and obtain a direct mapping
between the single-mode ports and LP modes, the degeneracy of the modes has
to be broken. Employing dissimilar single-mode fibres in the fabrication result
in different modal evolutions of each fibre among the tapered section, and thus
improving mode selectivity [129-131].

3.3.4 Glass inscribed waveguide

To achieve mode coupling, it is not strictly required to diminish the cores of the
single-mode fibres. Positioning them closer together would also result in a larger
multi-mode core. Since this approach is impractical to realise with optical fibres,
the structure is inscribed in a glass substrate. The waveguides are created by
locally changing the refractive index of the material by exciting it with focussed
femtosecond pulses [132-134]. This glass inscribed variant has numerous advantages
over the fibre-based photonic lantern. Firstly, a larger versatility of the geometric
layout can be realized. For example, manufacturing a fibre-based PL for a few-
mode multi-core is significantly more challenging compared to the glass inscribed
variant [33, 135-137]. Furthermore, the inscribed waveguide index profile can
be close to a step-index fibre, resulting in a high mode-selectivity. The largest
disadvantage of this solution over the fibre-based variant is the high propagation
losses of the material. Also, the coupling to the fibre is an additional source of
loss.

3.3.5 Multi plane light converter

A mode-multiplexer can be mathematically described as a conversion between two
sets of orthogonal optical fields. The transformation from N single modes to N
orthogonal modes can be expressed as a single continuous unitary transformation.



3.3. SPATIAL MULTIPLEXERS 51

a)

Phase Planes

Inputs \ \ Outputs

LCoS

Figure 3.11: Programmable MPLC based on LCoS SLM. (a) Spatial transformation
described by cascaded phase planes. (b) Dual-polarisation folded implementation. (c)
Experimental realisation. [J15]

In [138] it was demonstrated that any unitary spatial transform can be approx-
imated by a succession of phase profiles, separated by optical Fourier transforms,
which is visualised in Fig. 3.11a. From the mathematical model follows that each
mode can be generated with two masks [138]. However, it does not specify a
minimum number of masks required to generate the simultaneous transformation
of multiple modes.

An objective-first design approach is generally applied to calculate the phase
profiles of the individual masks. In this optimisation process, the design objective
is prioritised, even if it results in not satisfying the underlying physics [139]. More
specifically, the design is optimised subject to a boundary value formulation applied
to the difference of input and output electromagnetic fields. As a result of the
reciprocal property of light, an input can only excite a given output, when the
forward propagating wave matches with the backward propagating wave at every
spatial position. The residual phase error at each coordinate can be computed
and applied as a correction to the phase mask. For a multi-plane light conversion
(MPLC) this optimization is performed iteratively for each phase mask. Individual
masks can be designed by a sequence of optimisations applied to each phase mask
for a forward and backward propagating wave. For mode selective devices, the
overlap integral matrix describing the coupling efficiency of modal inputs to outputs
at the phase plates is maximized. For non-mode selective devices, the MDL and
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IL are minimized. Additional constraints to favour broadband adiabatic solutions
are added to reduce the probability of converging towards a local minimum [140].
The designed phase masks can be fabricated on silica using lithography, or
projected by a programmable SLM. A high-reflective mirror is positioned in parallel
to the phase planes to reflect the beams towards the next phase mask section
(Fig. 3.11b and ¢). Employing this type of multiplexer, 45 LP modes in a 50 pm
core diameter multi-mode fibre [97] have been excited [140]. The converged solution
requires 14 masks to convert all 45 inputs to the 45 modes of the fibre, which is
the same number of plates required for commercial 10-mode MPLC [141]. Note
that the most efficient basis to represent the modes might not be the LP modes.

3.4 Optical switching and routing

Reconfigurable optical add-drop multiplexers (ROADMS) are reconfigurable optical
multiplexers that allow wavelength channels to be added or dropped at a node in the
network. It can also be employed to reroute wavelength channels without adding
or dropping them. Due to the reconfigurability, this component is a signature
difference between flexible optical networks and point-to-point links.

Key component of a ROADM is the wavelength selective switch (WSS) that can
redirect wavelength channels from an input port to a different output port. Modern
ROADMSs employs multiple of these switches to provide colourless, directionless
and contentionless operation [142]. This allows an input signal on any wavelength
channel to be switched to any direction without the potential issue of colliding
with another channel at the same wavelength inside the ROADM.

Each of the WSS inside a ROADM consists of a diffraction grating, beam
shaping optics, and a switching engine. Light entering from one of the inputs is
collimated and guided through beam shaping optics before it encounters a diffrac-
tion grating. Upon reflecting on the grating, the wavelength channels are spatially
separated. Consequently, each wavelength channel hits a different element of the
switching engine. Subsequently, each wavelength channel is redirected to one of
the output fibres via the diffractive grating and beam shaping optics.

Two commonly employed switching technologies are micro-electro-mechanical
systems (MEMS) and liquid crystal on Silicon (LCoS) [143]. MEMS are micro-
mirrors, that can be tilted by applying an electrical signal. The latter is the same
technology as employed in displays and the MPLC spatial multiplexer. Each pixel
of the LCoS can be programmed to introduce a phase shift, thereby steering the
beams. As the number of pixels exceeds the number of channels, this technology
allows flexible grid allocation, by grouping multiple pixels [144].

For channel routing in WDM-SDM optical networks, two cases can be distin-
guished based on the spatial channel crosstalk. Coupled spatial channels have to be
switched together for MIMO equalisation at the receiver, whereas uncoupled chan-
nels can be routed individually. For the first, a single-mode WSS can be adapted to
switch multiple spatial channels simultaneously, which has been demonstrated for
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3-modes [145]. However, the difference in the mode profiles led to mode-dependent
passbands and spectrally dependent mode mixing [146]. Alternatively, spatial mul-
tiplexers could be employed at the inputs and outputs of the WSS, which allows
for more conventional single-mode switching [147].

Uncoupled spatial channels allow for full space and wavelength granularity
for switching. However, it requires a large number of switches with a large port
count WSS to fully exploit this flexibility. Therefore joint switching of spatial or
wavelength channels to some extent is suggested to reduce the complexity scaling of
SDM-WDM ROADMs [142]. The experiments in this thesis focus on point-to-point
links and thus do not include ROADMs.

3.5 Optical amplification

Even though the attenuation in optical fibres have been reduced significantly,
from the 1000dB/km in the early designs in the 1960s, to typical values below
0.2dB/km for standard single-mode fibre (SSMF) [34]. This value is close to
current attenuation limit, which is reflected in the relative small difference with
the lowest reported fibre attenuation of 0.1419dB/km [39]. Therefore, signal
amplification is required for long-haul communication.

Long-haul optical fibre connections up to the early 1990s relied on 3R signal
regeneration to overcome the degradation of signal power. The 3R scheme requires
expensive optical-electrical-optical (OEQO) conversion to apply reamplification, re-
shaping, and retiming of data pulses [148]. Moreover, the OEO conversion has
to be applied on an individual wavelength channel. Therefore, it is not a (cost)
efficient method for wavelength-division multiplexed transmission systems. A more
promising solution was found in the optical amplification of erbium doped fibre
amplifier (EDFA), capable of amplifying all channels in the 35 nm wide spectrum
of the C-band [6].

3.5.1 Erbium doped fibre amplifiers

Optical amplifiers, such as the erbium doped fibre amplifier (EDFA), have an active
medium which is doped with a rare-earth material. The operating wavelength
region of each type of amplifier is dependent on both host material and dopant.
Optical amplifiers rely on population inversion and stimulated emission to amplify
optical signals. These phenomena will be explained for the EDFA, since this type
will be employed in the transmission experiments in Chapters 6 and 7.

The energy level diagram and the transitions for Erbium ions (Er3*) in silica
are shown in Fig. 3.12. The energy levels of the three depicted bands correspond
to wavelengths of 980 nm, 1530 nm and 1600 nm, and all transition types in the
figure are numbered. The first type of transition occurs when the active medium is
pumped with an optical laser operating at 980 nm and electrons from the ground-
state band are excited to the pump-band (1). Subsequently, a fast decay (~ 1ps)
to a meta-stable band occurs by the release of energy in the form of phonons
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Figure 3.12: Energy level diagram and transitions of Er®" ions in silica. Photons can
be categorized in three types: pump photons (blue), signal photons (green), and emitted
photons (orange). The numbers correspond to the following transitions: 1) absorption of
980 nm pump light, 2) fast non radiative decay of excited ions, 3) absorption of 1480 nm
pump light, 4) spontaneous absorption, 5) stimulated emission, 6) spontaneous emission,
and 7) amplified spontaneous emission.)

(2). Alternatively, in-band pumping at 1480 nm can be applied to directly move
electrons from ground-state to the metastable band (3). As the photon energy
is inversely proportional to its wavelength, pumping at 1480 has a higher optical
power conversion efficiency compared to 980 nm pumps. However, stimulated
emission of the pump photons results in a higher noise figure. Next to excitation
of erbium ions by pumping the active medium, also photons of the signal in the
transmission band can be absorbed, which is represented by transition (4). Due
to this spontaneous absorption, sufficient pump power is required to avoid high
signal losses. The process of exciting ions to a higher energy state is referred to as
population inversion.

An external photon flux can trigger the transition from the metastable back
to the ground-state band. During this transition, a photon is emitted with the
same frequency, phase, and direction as the photon that triggered the process of
stimulated emission (5). Both original and generated photons can trigger stimulate
emission, thereby amplifying the signal. However, when an excited ion is not
stimulated within its approximate 10 ms lifetime, it will fall back to the lower energy
state. The emitted photon, with an arbitrary frequency, phase, and direction (6)
can also trigger a chain reaction of stimulated emission (7). This phenomenon is
known as amplified spontaneous emission (ASE), and is the dominant noise source
in EDFAs.

The total amount of noise added by an optical amplifier is reflected in its noise
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figure (NF'), which is defined as the ratio between the SNR at the input and output:

SNRiy, 14 2n,(G—1)

NF = =
SN Rout G ’

(3.4)

where G is the amplifier gain, given as the ratio between optical output and
input powers. The spontaneous emissions factor n,, denotes the completeness of
population inversion, and is equal to 1 for a completely inverted population. Note
that for an infinite large gain, the noise figure converges to 3 dB, which is the
quantum limit for phase insensitive amplifiers.

The pump signal can be provided such that it co-propagates with the signal,
resulting in high population inversion at the beginning of the active fibre. Alternat-
ively, a counter-propagating pump signal can be provided at the end of the active
medium. The latter provides a higher output power at the cost of a higher noise fig-
ure and is commonly deployed as a booster amplifier at the transmitter. The lower
noise figure and output power forward pumping strategy is typically deployed as a
pre-amplifier to ensure the minimum power requirements of the receiver is satisfied.
Instinctively, a combination of both pumping schemes can be employed for more
uniform population inversion along the active medium resulting in balanced gain
and noise figure at a higher economic cost.

To further improve the efficiency of optical amplifiers the material is co-doped
with Ytterbium (Yb), which absorbs the pump light around 976 nm. The excited
Yb3* ions transfer their energy to Er3T-ions, thus improving the gain around
1550 nm [149, 150]. This is of interest for the high pump power requirements of
SDM amplifiers as will be shown later in this chapter.

3.5.2 Raman amplifier

The lumped amplification of cascaded EDFAs results in large variations between
the maximum and minimum signal power along the link, which potentially results
in nonlinear signal distortions. Distributed amplification, where the gain is spread
out over the transmission medium, can be realized by employing Raman amplifiers.
This amplifier type relies on the nonlinear stimulated Raman scattering (SRS)
effect.

Raman scattering is an interaction between photons and molecular vibra-
tions [64, 151]. When a photon is scattered by the material, part of its energy
can be absorbed by the molecule in the form of vibrational energy. According to
the conservation of energy, the frequency and energy of the scattered photon is
reduced. This frequency is referred to as Stokes shift, and the resulting photon a
Stokes photon. For silica, the Stokes shift in the C-band is in the range of 80 nm to
100 nm. It is also possible for the material to lose energy and increase the photon
energy. This generation of anti-stoke photons is less likely in silica and is thus not
efficient for amplification.

If the Raman scattering is triggered by a signal photon, the generated stokes
photon has the same frequency, phase, and polarization state. Hence, it can
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be applied for signal amplification. Generally, this is realized by pumping the
transmission fibre with multiple pump lasers in the 1400 nm to 1500 nm range.
Besides a broader gain spectrum, the spectrum can be flattened by controlling
the relative powers of each pump. Both forward and backward pumping could
technically be applied to distributed Raman amplifier (DRA). However, the first
would result in high optical signal power in the first part of the span, which could
lead to detrimental performance due to other nonlinear transmission impairments.

DRA is often employed in combination with EDFAs in a hybrid amplification
scheme [152]. The DRA compensates partly for the attenuation of the fibre span,
and the EDFA mitigates the residual signal power loss. Raman amplification can
also be applied to few-mode fibre-links [153, 154], by distributing the pump light
over the spatial modes.

3.5.3 Amplifiers for space-division multiplexing

Important for the performance of optical amplifiers is a balanced performance of all
channels. For single-mode amplifiers, this is limited to controlling the spectrum gain
tilt to ensure a flat transmission spectrum. Additionally, SDM amplifiers have to be
designed to also ensure an uniform amplification among all spatial channels. The
difference in gain between spatial channels is referred to as differential modal gain
(DMG) or mode dependent gain (MDG), and has a similar impact on transmission
capacity as MDL. Hence, both DMG and MDL are collectively referred to as MDL.
Since MDL is a fundamentally performance-limiting factor [155], design of SDM
amplifiers with DMG is key for the actual deployment of SDM in long-haul optical
transmission systems.

Gain equalisation in single-mode multi-core fibre amplifiers can be realised by
gain flattening filters operating on the individual cores [156, 157]. Due to the
mixing of modes, such a device is not compatible with few-mode fibres. Therefore,
the overlap of dopant distribution, signal mode profile, and pump mode profile,
which govern the amplification efficiency has to be optimized [158]. Maximizing
the overlap integral for single-mode amplifiers is relatively simple since the signal
has only a single mode-profile, namely the Gaussian distribution of the LPy; mode.
However, in MDM systems, the optical field is given as the sum of modal field
distributions, each with distinct profiles. When providing a single-mode pump to
a few-mode fibre core, the transmitted fundamental mode will experience a larger
gain compared to the higher-order modes, as it has a large overlap with the pump
distribution. One way to increase the gain for higher-order modes is by offset
launching the pump signal. However, matching the radial symmetry of a mode
profile is challenging with only a single pump. Alternatively, the single-mode pump
profile can be modified using optical phase plates to closer match the signal mode
distribution. Core pumped amplifiers supporting up to 10 modes in a few-mode
fibre [159, 160], up to 19 cores in a multi-core fibre [161, 162] have been reported.
Also FM-MCF amplifiers can be realised by employing core pumping [163].
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Generating the high optical pump power required to amplify multiple modes
simultaneously can generally not be delivered by a single pump diode, especially
for a large number of modes such as in multi-mode fibres. It is possible to combine
the outputs of multiple single-mode pumps, but this is not an efficient method to
pump such an amplifier. Cladding pumping the active fibre with a multi-mode
pump is a more efficient method to provides high optical pump powers compared
to single-mode core-pumping. Due to the larger beam size, multi-mode pump
diodes can generate high optical powers at low brightness levels. Furthermore, the
large number of spatial pump modes supported by the cladding provide a more
equal energy distribution among the guided modes, thereby reducing the DMG.
Moreover, cladding pumping can be realised in a fibre only solution, where the
pump fibre is tapered and twisted around the active fibre [164]. The coating of both
fibres has been removed and a new low refractive polymer is applied to the structure,
enhancing coupling of the pump to the cladding. Any residual pump power can
be dumped by applying a high refractive polymer near the end of the active fibre
section, increasing the radiant losses of pump energy. This side-coupling approach
allows for conveniently splicing active and transmission medium. Whereas the low
brightness allows for coupling of high optical power, it also limits the maximum level
of population inversion and results in a higher noise figure (typically an additional
1dB [4]) compared to core pumping. Amplification in FMF up to 10 modes [164,
165], and even 36 LP modes in multi-mode fibre [166] has been reported using
cladding-pumped amplifiers. Cladding pumping can also be applied to multi-core
fibres to provide a homogenous gain among the cores [167-169]. Furthermore, it
does not require pump couplers to excite individual cores.

The second design strategy to minimize DMG is tailoring the dopant distri-
bution in the active medium. As a result of the close to uniform pump field
distribution of cladding pump amplifiers, controlling the dopant distribution is an
efficient way to minimize MDG in few-mode amplifiers. For core-pumped schemes,
the pump field and dopant distribution are generally co-optimised to achieve low
mode differential gain. As can be seen in Fig. 3.13a, an uniform doping distribution
results in a large preferential gain for the fundamental mode. To equalise the gain
for this 3-mode step-index example, the erbium dopant concentration is reduced
in the centre, resulting in a centre-depressed or raised-edge dopant profile. In the
most extreme implementation, all dopants reside on the edges of the profile, with
a close to zero concentration at the centre. A schematic representation of such
a ring-doped fibre core is depicted in Fig. 3.13b. This design principle can be
extended to a multi-ring doping structure for large-mode-count few-mode ampli-
fiers [170]. Other doping distributions include cladding doping [171], or oversized
core fibres [165] However, manufacturing complex doping distributions requires
high accuracy chemical vapour deposition processes and is limited by inevitable
dopant diffusion.

Finally, the modal distribution of the signal can be optimised to increase the
overlap with pump and dopant distribution by changing the refractive index of the
fibre. A common adjustment is a dip in the refractive index section around the
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Figure 3.13: Three different doping distributions applied to a 3-mode amplifier. The LP¢;
mode and LPi; modes are represented by the blue and orange lines, respectively. The
doped area is colour shaded. (a) Uniformly doped fibre core, (b) ring-doped core, and
(c) ring-core fibre.

centre. By decreasing the refractive index, the mode profile of the fundamental
mode transforms slowly to a more LP1;-like profile. When the refractive index in
the centre is reduced to the same level at the cladding, the fibre becomes a ring-core
fibre as depicted in Fig. 3.13c. Due to the similar overlap factors of each mode
with the erbium doped area, this type of fibre amplifier is a suitable candidate
for low DMG operation [170]. However, the transition between active and passive
fibre requires mode field adapters to bridge the large difference in refractive index
profiles.

3.6 Receiver

At the receiver, one of the spatial multiplexers is employed reciprocally to demul-
tiplex the N spatial channels of the SDM fibre to N single-mode channels. As a
result of spatial channel mixing during propagation, each output might contain a
combination of the originally transmitted data. For the MIMO equaliser to unravel
the spatial channel crosstalk, all channels must be available digitally. Therefore
each of the transmission system outputs is detected by a polarisation-diverse co-
herent receiver (PD-CRX) and converted to an electrical signal. Subsequently, an
analog-to-digital converter (ADC) is employed to convert it to the digital domain
after which the DSP of Chapter 4 is applied.

The remainder of this section is structured as follows: First, the principle of
detecting optical signals is explained at the hand of the direct detection scheme.
Next, the coherent receiver and its polarisation-diverse variant are introduced.
Finally, the novel Kramers-Kronig receiver (KKRX) is touched upon as it recently
received extensive interest from the community because it covers the intermediate
ground of the other two detection methods.
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3.6.1 Direct-detection

A direct-detection receiver employs square-law detectors to directly convert the
intensity of the optical field to an electrical current. An incident optical field E on
an ideal detector results in the following photo current [62]:

I(t) = REE* = R |E[*, (3.5)
where R is the receiver responsivity in [A/W] given by:

an
R = 1 (3.6)
where ¢ is the electron charge, h denotes Planck’s constant, and 7 is the quantum
efficiency of the photodiode. The latter describes the number of electron-hole
pairs generated per incident photon with energy hv. In practice, the photocurrent
includes contributions from several noise sources. The most influential sources are
shot noise and dark currents. The first type originates from the discreteness of
photons and electrons. Since fluctuations in the number of generated photoelectrons
are fundamental to photodetection, shot noise is the fundamental or quantum limit
of receiver sensitivity. Dark currents are electrical currents generated in the detector
without any incident photons.

As can be seen from Eq. (3.5), the phase information of the optical field is
lost due to the square operation. Therefore, this type of detection is generally
combined with the intensity modulation of a laser source, hence the name of
the intensity-modulation and direct-detection (IM-DD) scheme. It is possible
to detect phase-modulated signals using direct-detection by including additional
hardware. The constant amplitude of phase-modulated signals produces a constant
photocurrent, except at symbol transitions. Therefore, an interferometer with
exactly one symbol delay between the arms is placed in front of the receiver.
Consecutive symbols with the same phase will constructively interfere, whereas a
phase difference will destructively interfere. Therefore, the resulting photocurrent
describes the differential phases of the signal. Obviously, the bit-encoding at the
transmitter must be adapted accordingly.

IM-DD is widely deployed in optical fibre communication systems, mainly of
its low costs and complexity. Furthermore, the receiver sensitivity is independent
of the carrier phase and the state of polarisation. However, digital compensation
of transmission impairments such as chromatic dispersion is challenging since
the phase information of the optical field is not recovered. To mitigate pulse
broadening introduced by CD, fibre modules with high negative dispersion are
included to compress the optical pulses [61]. However, these modules typically
have a low effective area and are lossy. Therefore, they are susceptible to nonlinear
impairments that might degrade system performance. Alternatively, the more
complex coherent detection scheme can be applied.
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Figure 3.14: Schematic representation of coherent detection using balanced detection.

3.6.2 Coherent detection

Typical to coherent detection is the interference of the optical signal with a CW
local oscillator (LO). From this beating product the complete optical field, i.e. both
amplitude and phase, can be recovered and is thus available for DSP algorithms.
The basic operation principle of coherent detection will be explained at the
hand of Fig. 3.14. In this figure two complex electrical fields Ey;, and Ezo are
combined using a symmetric coupler. These electric fields can be described by
the phasor E(t) = A(t)e“!, where A is the complex field amplitude and w is the
angular frequency. Subscripts sig and LO indicate whether the parameter relates
to the signal or local oscillator (LO). Furthermore, the optical power of the two
electrical fields is proportional to the complex amplitude squared, subject to a
constant scaling factor, and is given by P = k|A|2. If both fields are combined in
the coupler, all cross-connections undergo a 90° phase shift, which can be translated
to a 180° phase shift to the LO field between the two outputs. If perfect polarisation
alignment between the signals is assumed, the output fields of the coupler are given
by:
1

V2

and the photo currents generated by the square-law detectors with responsivity R
is given as:

E, (Esig £Er0) (3.7)

[o(t) = 1R [Ps(t) + Pt

+2 Psig(t)PLo(lf) CcoS [w[Ft + GSig(t) — HLO(t)] s (38)

where wrp = |wsiy — wro| is the intermediate frequency (IF) as result of mixing
the optical signals, 0, and 00 denote the phase of the signal and LO respectively.
The additional mixing product w;q +wro is assumed to be outside the detectable
bandwidth of the photodiodes, and is therefore not included in Eq. (3.8). The
output of the balanced detector is the difference between the two photocurrents,
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and is thus given by:

I(t) = i () — i ()

= 2R/ Ps;g(t)Pro cos [wrpt + 5i4(t) — 0r0(1)] (3.9)

Note that time dependence of the LO power is dropped, because it is implemented as
a constant power CW signal. For homodyne detection, where the optical frequencies
of LO and signal are exactly matched, the intermediate frequency (IF) is zero, and
the detector output is given as:

I(t) = 2R/ Psig(t) Pro cos [0sig(t) — 0o ()] (3.10)

Equation (3.10) indicates that both amplitude and phase modulated signals can be
recovered, either by directly observing Pk;4 in case of amplitude modulated signals,
or 044 for phase modulated signals. However, it requires an optical phase-locked
loop (OPLL) controlled LO to track the transmitter phase noise. Implementing
such a loop is not straight forward and adds additional complexity to the receiver.
Also, the exact matching of both laser frequencies imposes stringent requirements
for linewidth and tunability of components.

Alternatively, when the LO frequency is chosen with an offset to the transmitter
laser for heterodyne detection, no OPLL is needed. This offset must be at least
larger than the electrical bandwidth to avoid spectrum folding. Consequently,
the bandwidth of the detector is doubled with respect to homodyne detection.
Just as for homodyne detection, this scheme can be employed for the detection of
pure amplitude or phase-modulated signals. Furthermore, both types of detection
benefit from increased sensitivity with respect to direct detection which results in
an improvement of SNR. Note that Eq. (3.10) scales equally for Py, and Pro.
Since the LO is generated locally at the receiver, it can be easily set to high optical
powers, such that Pro + Psig = Pro. Consequently, the shot noise becomes the
dominating noise factor in the received current, even for thermal noise limited
detectors. Due to the non-zero w;yp, and the quadratic relation between current
and power, heterodyne detection suffers from a 3 dB sensitivity penalty compared
to homodyne detection. However, the design is significantly simplified because
the OPLL can be replaced by a phase-locked loop (PLL) at the IF to track phase
noise. Nevertheless, both implementations are incapable of capturing the complete
complex optical field.

Homodyne and heterodyne detectors only extract the in-phase component,
as can be seen from the cosine term in Eq. (3.8). To also detect the quadrature
component, the LO is split and a phase shift of 90° is applied to one of the branches
before combining it with the signal. This functionality is implemented in a 90°
optical hybrid, of which two are shown in Fig. 3.15. Each of these modules operates
on one of the polarisations of signal and LO, which are obtained by the PBSs. The
four balanced photodetector outputs are obtained in a similar method as Eq. (3.9),
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Figure 3.15: Functional diagram of a polarisation-diverse coherent detector.

and are given by:

Irx(t) = R\/Px (t)Pro cos [0x (t) — Oro(t)] (3.11a)
Igx(t) = R/ Px(t)Prosin[0x(t) — Oro(t)] (3.11b)
Ity (t) = Ry/Py (t) Po cos [fy (t) — OLo(t)] (3.11c)
Igy (t) = R\/Py (t)Prosin [0y (t) — OLo(t)] (3.11d)

where Px and Py denote the signal power of the two polarisations. From this set
of equations the complex amplitude of the field of each polarisation is obtained by
combining an in-phase and quadrature component:

Ix(t) = Iix (1) + jlox (1) = Ry/Px () Pro expli [0y (1) — 0r0(0)]}  (3.12a)
Iy (t) = Iry (t) + jlqv (t) = Ry Py (t)Pro exp{j [0x (t) — 0Lo(t)]}  (3.12b)

The spectrum of the complex quantities in Eq. (3.12) contains both the in-phase
and quadrature components. Although this detector could be operated as phase-
diversity homodyne receiver with w;rp = 0, it is typically operated with a minimum
offset between transmitter and LO, such that w;r &~ 0. This type of receiver is
referred to as intradyne detection, which relies on DSP to compensate frequency
and phase offsets between transmitter laser and LO. Therefore, it requires the same
electrical bandwidth as homodyne detection, but does not require an OPLL. Hence,
it is the most practical type of detector and is thus employed in the transmission
experiments of Chapters 6 and 7.
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Figure 3.16: (a) Polarisation-diverse KK-receiver. (b) Optical spectrum measured by the
optical spectrum analyser (OSA).

3.6.3 Self-coherent Kramers-Kronig receiver

Recently a new type of receiver has gained attention as it combines the advantage
of obtaining the complex field of coherent detection with the smaller hardware com-
plexity of direct-detection. This receiver type requires a CW signal at the edge of
the signal spectrum that operates as an LO at the receiver. After square law detec-
tion, the modulated signal is found on an electrical carrier related to the CW tone.
If the LO has sufficient power, the detected photocurrent satisfies the minimum
phase requirement needed to extract unique phase values from its intensity [172].
The reconstruction is performed digitally based on the Kramers-Kronig (KK) rela-
tions. Hence, the name of the receiver architecture. The retrieved complex field
can be processed using conventional coherent DSP, allowing compensation of linear
impairments such as CD and PMD.

The LO signal can be generated digitally at the transmitter, electrically before
driving the modulator, or optically. Due to the minimum phase requirement, gen-
erating the high-intensity LO signal digitally results in reduced DAC resolution for
the modulated frequencies that carry data. Alternatively, the LO is generated sep-
arately and electrically mixed before driving the modulator. However, this method
requires sharp electrical filters and suffers from the 6 dB mixing losses. Optical
generation shows high similarity to the LO in conventional coherent detection.
However, tuning a second laser to exactly the edge of the signal spectrum requires
precise tuning and accurate control. Furthermore, both transmitter and LO are
susceptible to frequency drifts. To avoid spectral folding, an offset between the two
lasers is introduced. The optical spectrum is shown in Fig. 3.16b. Consequently,
the electrical carrier is shifted with the same offset. Hence, a larger bandwidth for
photodiode and ADC is required.

The KK principle can also be applied to detect polarisation multiplexed signals
by adding a PBS after the LO is combined with the signal [172, 173]. Note that the
polarisation of the LO must be aligned such that the power is split equally over the
two PBS outputs. Each of these outputs is detected by a single KKRX, after which
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the complex fields are recovered independently. A standard 2 x 2 MIMO equaliser
is employed to recover the polarisation-division multiplexed signals. Similar to
detecting mode-division multiplexed signals using polarisation-diverse coherent
receivers at each single-mode output of the spatial demultiplexer, a KKRX can be
used instead. A functional diagram of the employed polarisation-diverse KKRX
is depicted in Fig. 3.16a. The second output port of the coupler is monitored by
an OSA, which spectra are shown in Fig. 3.16b [J13]. After digitisation the KK
algorithm operates on all inputs independently, before it is fed to the MIMO DSP
described in the next chapter.

The hardware complexity of the KKRX is comparable to the IM-DD scheme.
However, the reconstruction of the complex field allows for more advanced DSP
to compensate CD, PMD or even DMD. This makes the KKRX an interesting
candidate for short-reach interconnects.

Summary

In this chapter five fibre types have been proposed for employment in future SDM
transmission systems. The low inter-core crosstalk of uncoupled SMF shows the
highest compatibility with conventional polarization multiplexed systems, as each
core can be used as an independent channel. However, the multi-core structure is
more challenging to fabricate and handle. This does not hold for the FMF because
of its geometric structure is similar to that of SMF. This is even more true for
the 50 pm core diameter graded-index MMF, which greatly benefits from the well-
developed production process of OM fibres. Consequently, the DMGD of MMF
is closer to its designed value with respect to FMF, which is important for the
computational complexity of the DSP. Another approach towards low DMGD is
decreasing the core pitch of MCF to increase the coupling between spatial channels.
The DMGD of strongly coupled modes in these coupled-core fibres, develops with
the square root of the transmission system instead of linear. However, the number
of spatial channels is still limited to 12. Combining multi-core and multi-mode
technology can achieve the highest spatial multiplicity, especially when not limited
by standard cladding dimensions. However, the fabrication and fusion splicing of
FM-MCFs is even more challenging as any misalignment could result in MDL.
As MDL is a fundamentally capacity limiting effect that is challenging to
compensate by digital techniques it has to be minimized in the components. The
MDL is mainly introduced by spatial multiplexers, switches, and optical amplifiers.
For optical amplifiers, this is achieved by optimizing the distributions of dopants,
signal, and pump. The latter can be provided by pumping the core of erbium-
doped fibre, similar to its single-mode equivalent. The erbium ions absorb the
pump energy and generate copies of the signal photons by the stimulated emission.
Alternatively, the pump can be injected to the cladding from the side of the fibre.
This method can provide a more uniform gain between modes, but it is less efficient.
To connect the single-mode transmitters and receivers with the SDM fibres,
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spatial multiplexers are required. The evolution of different approaches for mode-
multiplexers is presented. The first phase plate solution had a high mode selectivity
but is bulky, not scalable due to its insertion losses. The discovery of sampling the
multi-mode field with multiple single-mode fibres or spot launching quickly resulted
in the development of photonic lantern. In this all fibre device, single-mode fibres
are tapered to form a multi-mode facet that can be spliced to the transmission
fibre. This transition is in theory lossless, and thus these devices are known for
their low loss. A similar structure can be realised by inscribing waveguides into
a piece of glass, to reduce the footprint at the cost of higher losses due to the
material. The scalability of photonic lanterns prevents this multiplexer type to
be employed in combination with MMF for now. Therefore, the multi-plane light
converter is proposed. Light traversing through the phase plates in this device are
stepwise converted to the desired spatial distribution of the MMF.

Depending on the spatial channel crosstalk, the outputs of the spatial demul-
tiplexer carry combinations of the modulated signals from the transmitters. To
recover the transmitted symbols, each output is detected by a receiver. As the
full optical field is required in the digital domain to apply the DSP algorithm of
the next chapter, either a conventional polarisation diverse detector or the novel
Kramers-Kronig receiver can be employed.






CHAPTER 4

Digital signal processing for SDM
transmission systems

The introduction of digital signal processing (DSP) to the field of optical communic-
ations enabled compensation of transmission impairments and as such boosted the
capacity of these systems. Especially for coherent links as both amplitude and phase
information are retrieved at the receiver. With the complex field digitally available,
chromatic dispersion (CD) can be compensated digitally, avoiding the nonlinear
noise related to dispersion compensated fibre (DCF) and dispersion-shifted fibre
(DSF). Furthermore, the addition of 2 x 2 multiple-input multiple-output (MIMO)
equalisation enabled data transmission over both polarisations of the optical field,
thereby approximately doubling the capacity of single-mode fibre (SMF) based
systems. Due to its complexity and power consumption, DSP is mainly found in
the long-distance links of optical networks.

Many algorithms used in optical communications today originate from the field
of wireless transmission systems. However, differences between the two domains
have to be taken into account. A key difference is the rate at which symbols are
transmitted. For a wireless system, this is in the order of tens of MBaud, whereas
optical systems transmit at tens of GBaud. Therefore fast electronics are required
for conversion between digital and analogue domains, which generally have a lower
resolution compared to lower sampling speed models. Consequently, the electrical
signal is of lower quality in optical systems. The high-symbol rate signals also
occupy a larger bandwidth, and as such require a high-frequency carrier. For
optical systems, these carriers are generated using lasers, which have a non-zero
linewidth resulting in the addition of phase noise. Furthermore, the frequency of
lasers tends to drift over time. The other key difference between optical and wireless
communication is the channel. Fibres are known to be a nonlinear medium, which
restricts the signal power and in turn also capacity. Despite differences between
the two domains, the algorithms can be adapted for fibre communications.

The DSP modules implemented to extract the transmitted symbols from the
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Figure 4.1: DSP flowchart

received signals of the space-division multiplexing (SDM) transmission system
from the previous chapter are depicted in Fig. 4.1. The photocurrents digitized
by the analog-to-digital converter (ADC) are arranged to M streams of complex
numbers, representing the in-phase and quadrature of a spatial channel. For this
representation to hold, any quadrature error and other front-end impairments have
to be compensated. Subsequently, the channels are resampled to twice the symbol
rate, followed by the removal of chromatic dispersion. Due to the independent
sampling clocks at the transmitter and receiver, the samples have to be aligned with
the transmitted symbols, which is performed by the timing recovery module. Next,
a M x N MIMO equaliser is employed to recover the IV transmitted sequences from
the M received ones, as well as mitigating any dispersion introduced by differential
mode delay (DMD). Carrier phase estimation is applied to each of the MIMO
outputs to compensate any frequency offset between transmitter and receiver lasers,
and compensating the phase noise. The equalised symbols are fed to the decoder
which uses this information to decide which symbol was detected. Finally, the
symbols are demapped to bits for bit error counting.

In the next section, the linear MIMO model is introduced to describe the
SDM transmission system and explain the concepts of channel estimation and
equalisation. The other sections of this chapter each cover one of the modules of
Fig. 4.1.

4.1 Multiple-input multiple-output system model

Regardless of the number of components in an SDM transmission link, it can be
represented by the linear multiple-input multiple-output model, which is visualised
in Fig. 4.2. Note that in this model the transmission system is presumed to be
operating in the linear regime, thus neglecting any nonlinear effects. In the fully
coupled system model, the signals generated by the T transmitters are multiplexed
onto n spatial channels. After transmission, m spatial channels are received and
detected by R transmitters. Since a linear channel is presumed, the noise is



4.1. MIMO SYSTEM MODEL 69

S H n r
TX| hll - "’(‘P"’ | RXI
4,
X No

\\\\“\: NO
< 4
> & No
Txt Il hyn ll ""é' --> | Rxgr

Figure 4.2: Linear multiple-input multiple-output system model.

modelled as additive white Gaussian noise (AWGN) sources with the same power
spectral density Ny for each channel.

First, consider a non-coupled system, i.e. receiver Rx,, detects the signal r,,,
which is fully determined by transmitted signal s, originating from transmitter
Tx,. In that case, the signal evolution along the channel is given by:

T (t) = Rmn (t) ® s (t) + n(t), (4.1)

where h,,, represents the linear impulse response of the system, and ® denotes
the convolution operation. Note that all signals are continuous functions of time
t. However, in optical communication, quantized bits of digital information are
transmitted. Therefore, all signals can be represented by their discrete-time vari-
ants, where the notation [k] is used to denote the £ symbol. Expanding the
convolution operation for the discretised variables in Eq. (4.1) yields:

T k] = (hmnlk = sn[l]) + n[k] (4.2)

By limiting the summation operation to the duration of the impulse response the
following vectorized expression of Eq. (4.2) is obtained:

Tm k] = hpn [K]sn[k] + nlk]. (4.3)

The newly defined vectors for the transmitted signal and impulse response are given
by Eq. (4.4) and (4.5). The vector length is determined by the impulse response
duration T}, which can be described by 2L + 1 symbols. The vector transpose
operator is denoted by T.

snlk] = [snlk + L] ... sulk] ... splk—1L]]" (4.4)
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hynlk] = [Anlk + L] ... hpnk] .. halk — L)), (4.5)

Equation (4.3) represents the 1x1 linear transmission model for the AWGN
channel. Next, this equation is expanded to describe a sequence of received symbols,
and include the multiple inputs and outputs of the SDM transmission system.
Therefore, the following matrix is defined to describe the set of received signals:

R=[ri[k] ... rnlk] ... rR[k]]T, (4.6)

with
rolk] = [rmlk+ L] ... rulk] ... rm[k— L] (4.7)

Where r,,,[k] is the concatenation of the signals detected by each of the R receivers.
The signal detected by receiver m at time instance k is given by Eq. (4.3). Similar
to Eq. (4.6), the transmitted sequences and noise vectors can be stacked to obtain
a concatenation of Toeplitz matrices:

S=[si[k] ... sulk] ... sp[k]]", (4.8)
and a matrix expressing the AWGN for the received channels:
N=[nik] ... nu[k] ... nglk]]". (4.9)
Finally, the linear MIMO transmission model can be described by:
R=HS+N, (4.10)

where the system impulse response matrix H has dimensions R x T' x (2L + 1),
and is given as:

h11 hln th
H= |hp ... hypn ... hpr (4.11)
th hRn hRT

Since the complete transmission system is described by H, measuring it directly
is key to characterisation of SDM transmission systems and understanding its
limitations. If the transmitted data is known at the receiver, the channel state
information can be obtained from a least squares estimation:

fl — RS" = RS" (ss™) ', (4.12)

where T denotes the Moore-Penrose inverse. By performing an singular value
decomposition (SVD) as defined in Eq. (4.13) on the channel estimation matrix,
a diagonal matrix 3 and two unitary matrices U and V describing the spatial
channel coupling at both sides of the transmission system are obtained.

H=UxV* (4.13)
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Along the diagonal of X, the singular values \; are found in decreasing order.
The singular values are associated with the electrical field gains, whereas the
singular values squared represent the optical field gains of the spatial channels in
the system [174]. The latter are used to define the system averaged mode dependent
loss (MDL) as:
max \?

MDL[dB] = 10 - log;, (mm)é) (4.14)
In the absence of mode dependent loss (MDL), all singular value would be equal to
1, and could thus be employed to transmit at their maximum capacities. As MDL
increases, the optical field gains and therefore also system capacity decreases. In
the case of severe MDL, ); can reduce to zero, resulting in channel outage [175].
Since MDL is a fundamental capacity limiting impairment, it is one of the key
design parameters for SDM transmission systems and its components.

As the channel estimation matrix is extracted from a sampled time-model,
the derived average system MDL yields a single value for each modulated carrier.
In practice, the MDL varies for each frequency component in the spectrum, and
a frequency-resolved MDL is required to accurately describe the distribution of
spatial channel gains. Therefore, it is useful to use an alternative representation
of the MIMO channel. By taking the Fourier transform of Eq. (4.10), the transfer
function matrix in the frequency domain is obtained. To differentiate between
the two domains, the notations h(¢) and H(w) will be used for the time domain
impulse response and transfer function matrix in the frequency domain, respectively.
Analogue to the previous derivation of MDL, performing a SVD on H(w) yields
the frequency-resolved singular values. Finally, a similar expression to Eq. (4.14)
is derived for the frequency-dependent MDL:

max \?(w)

MDL(w)[dB] = 10 - log;, (min Af(w)) (4.15)
The frequency-resolved MDL is of particular interest to the characterisation of
individual components, as their bandwidth exceeds that of a single modulated
carrier. Extracting the transfer function matrix of individual components from the
estimated channel matrix is challenging and other methods are required to directly
measure the transfer function matrix of components. To address this challenge, an
optical vector network analyser (OVNA) is developed, which will be discussed in
detail in Chapter 5.

4.2 Front-end impairment compensation

Impairments arising from the imperfect behaviour of optical and electrical com-
ponents of the receiver are addressed by the front-end compensation module. One
of these impairments is caused by an imbalance of the photodiodes inside the bal-
anced detectors, which manifests itself as a DC offset in the detected real-valued
signals, and a translation of the constellation diagram, as can be seen in Fig. 4.3a.



72 CHAPTER 4. DSP FOR SDM TRANSMISSION SYSTEMS

(a) (b) ()

Figure 4.3: IQ imbalance effects on a 16-QAM constellation: (a) Offset (b) Gain error
(¢) Quadrature error.

By subtracting the mean of the detected signal, these impairments are relatively
straightforward to compensate. Note that this only holds for transmitted signals
that have zero mean, which is the case for the quadrature phase shift keying (QPSK)
and quadrature amplitude modulation (QAM) modulation formats used in this
thesis.

When representing the real values of the detected waveforms for I and Q as
a complex value, both vectors have to be orthogonal. Gain and phase mismatch
between I and Q, or IQ imbalance, can result in performance degradation when not
accounted for. Different path lengths and losses in the optical receiver or electrical
lines, as well as bias-drifts at the transmitter attribute to the IQ imbalance. In the
constellation diagrams, these differential losses can be recognized as a compression
along one of the axis of the constellation (Fig. 4.3b), whereas path length difference
translates to a skew of the diagram (Fig. 4.3c).

In the presence of these errors, the relation between the detected complex signal
I'(t) + jQ'(t) and the ideal signal I(t) + jQ(t) can be expressed as [176]:

1) +3Q (1) = (o1 (1= 52)] + [90@ (1= 52) | expli (2 + 6100} (4.16)
Where gr and gg are the gains of I and Q, 77¢g is the timing skew, and ¢;¢q is
the quadrature phase error. To compensate the IQ imbalances a orthogonalisation
procedure is applied, of which the Gram-Schmidt [177] and Lowdin orthogonalisa-
tions [178] are the most commonly applied methods in coherent optical commu-
nications. The first method selects I'(t) as a basis vector. Next an orthogonal
vector is calculated by projecting the second detected vector Q'(t) onto the first
vector. This two-step transformation can be expressed by the following matrix

representation: /
ool= 15 100 417
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Figure 4.4: Graphical representation of two orthogonalisation procedures. (a) Gram-
Schmidt and (b) Lowdin.

where p denotes the normalised projection of the second vector onto the first given
as the inner product (Q'(t)|I(t)).

Note that due to the rotation of @’(t), this vector is more prone to ADC
quantization noise [179]. Therefore, Léwdin orthogonalisation is proposed to offer a
symmetric alternative where both vectors are rotated equally. This transformation
is given as:

1) _1ivst s g |10

As can be seen from Fig. 4.4, both procedures result in an orthogonal basis, thereby
mitigating the quadrature error. The gain imbalance is compensated by normalizing
the new orthogonal vector basis, leaving only the timing skew of Eq. (4.16) as error
that needs to be addressed. This error can be compensated by applying a time
shift in the form of interpolation. Generally a low degree La Grange polynomial
implemented as a finite-impulse response (FIR) filter suffices [180]. The secondary
objective of the interpolator is adapting the sample rate to Nyquist rate sampling at
two samples per symbol. This two-fold oversampling is required for DSP modules
such as CD compensation and MIMO equalisation. Although some algorithm
require a higher oversampling rate, such as a minimum 4-fold oversampling for
timing recovery or a 3-fold oversampling required for complex field reconstruction
in Kramers-Kronig (KK) receivers (Section 3.6.3).

4.3 Chromatic dispersion compensation

For long-reach transmission systems, CD is a main contributor towards the broad-
ening of the impulse response. Fortunately, CD is a linear effect that can be
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described by an all pass transfer function [181]:

. D)3
H(z,w) = exp (—] 471'6432) ) (4.19)

where D is the accumulated dispersion after transmission, \j is the centre wavelength
of the channel, and w is the angular frequency. When D is known, an inverse filter

can be designed to compensate for CD. Both time-domain or frequency-domain

implementations of this filter can be applied. For long dispersion unmanaged links

the required number of taps increases, which makes the frequency-domain imple-
mentation favourable as its complexity scales with O(log N') compared to the O(N)

scaling of the time-domain variant [182].

In case the accumulated dispersion is known, it can be directly inserted in
Eq. (4.19) to generate the appropriate filter. If this is not the case, the accumulated
CD has to be estimated. In this thesis, a best-match search method is applied to
find the best matching filter in a specified solution space [183]. Multiple filters,
each with a different amount of CD are designed and applied to copies of the
received signals. Subsequently, the autocorrelation is calculated. For a correctly
compensated amount of dispersion a sharp peak, related to the clock is to be
expected in the spectrum. Therefore, the filter resulting in the sharpest spectral
peak is selected. Note that computational complexity increases with the number of
dispersion values to validate. Since the MIMO equaliser is capable of compensating
small amounts of residual CD, a coarser step size can be used, to save computation
time and power. Furthermore, for mode-division multiplexing (MDM) transmission,
the group velocity dispersion (GVD) parameter of each spatial mode might vary.
In combination with the mixing of the channels, residual CD is inevitable when
applying bulk CD compensation. Although it is possible to mitigate all CD by the
MIMO equalizer, it would increase its complexity as larger filter sizes are required.

4.4 Timing recovery

The front-end compensation module outputs a two-fold oversampled signal, but
the sampling points do not necessarily match with the transmitted symbols. This
is a result of the independent sampling clocks at the transmitter and receiver,
which differ in both frequency and phase. Several algorithms are available to
compensate this timing phase error, of which the Gardner algorithm [184] is widely
deployed due to its simplicity and independence of the carrier phase. A timing
error detector calculates the error at each sample, which is generally averaged over
a block of symbols for noise suppression. The tracked error is fed to a digital
interpolator which applies the correction to the signal. Whereas this method
works well for classical non-return-to-zero (NRZ) and return-to-zero (RZ) signals,
it fails for Nyquist shaped pulses with sharp roll-off. Also, the mixing of the spatial
channels contributes to the loss of pulse shape. Therefore, the digital square timing
recovery procedure [185] is commonly applied in the presence of polarisation mode
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dispersion (PMD) or in the case of MDM, differential mode group delay (DMGD).
This algorithm is more complex compared to the Gardner algorithm as it requires 4
samples per symbol and a fast Fourier transform (FFT). By taking the fourth power
of the incoming signal, the phase modulation is removed, resulting in a periodic
waveform with a frequency corresponding to the symbol rate. The phase of this
clock tone represents the timing phase error, which can be directly extracted from
the spectrum. Note that a four times oversampling is required, as the clock tones
would appear at the edges of the spectrum in case of a twofold oversampled signal.
Furthermore, for clear clock tones, bulk CD compensation has to be performed
first. Since the CD equalisation is generally performed in the frequency domain,
no additional computation extensive FFT is required.

4.5 MIMO equalisation

The purpose of the multiple-input multiple-output (MIMO) equaliser is twofold.
First it has to unravel the spatial channel mixing and secondly it is employed to
compensate intersymbol interference (ISI) as result of DMD and CD. Recall the
expression for the linear MIMO channel given by Eq. (4.10) as:

R =HS +N. (4.20)

An estimation of the transmitted signals, denoted as S can be obtained by mul-
tiplying the received signals by a weight matrix W as:

S=WR =W (HS +N), (4.21)

A stochastic gradient algorithm is employed to find the minimum mean squared
error (MMSE) weight matrix W, as will be explained later in the section. The
weight matrix can be implemented as a network of FIR filters for each element in W,
as depicted in Fig. 4.5 [186]. For an accurate estimation of transmitted sequence,
the FIR filters must be sufficiently long to accommodate the complete impulse
response which is broadened by dispersive effects such as DMD and residual CD.
As such, DMD increases the computational complexity of the equaliser, and thus
low DMD transmission links are desirable for mixed spatial channels.

Generally, the channel transfer function matrix is not known and might vary
over time. Therefore, after each equalisation step, an error is calculated which
is subsequently used to update the weight matrix. This error is multiplied with
step-size parameter p to control the adaptation speed of the algorithm. A larger
step-size means a larger contribution of the calculated error signal on changes
of the weight matrix, whereas a small step-size result in a more slowly updating
equaliser. To achieve fast initial convergence, followed by a more stable equaliser, a
variable step size is introduced for the transmission experiments in Chapter 6 [187].
Figure 4.6 shows a functional diagram of the adaptive equaliser with feedback loops
that include the next DSP modules in the chain: carrier phase estimation (CPE),
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Figure 4.5: MIMO equalizer with N inputs and M outputs.

and the decoder. The equalisation step is represented by a multiplication of the
incoming signals with weight matrix W, which is implemented as Fig. 4.5. The
equalised symbols are fed to the CPE to compensate the frequency offset between
transmitter and receiver laser. The CPE module will be discussed in more detail
in the next section. Finally, the symbols are decoded and demapped back to bits.
The three colours in Fig. 4.6 represent the feedback loops of the constant modulus
algorithm (CMA), least means square (LMS), and decision-directed least mean
square (DD-LMS) algorithms used to estimate the gradient of the weight matrix.

Constant modulus algorithm

The constant modulus algorithm (CMA) algorithm, indicated by the green feedback
loop in Fig. 4.6, exploits the constant modulus property of phase-modulated signals
such as the QPSK format. The algorithm forces the received inputs to a known
constant power Ry by taking the distance of the equalised symbol to this value as
an error. Therefore, the update rule for the weight elements of W is given as [188]:

Wonn [k + 1] = W [K] — e [k]7[k]8 [k] (\ém[k]|2 - RQ) : (4.22)
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Figure 4.6: Functional diagram of an adaptive MIMO equaliser. The weight matrix is
heuristically updated according to either CMA (green), LMS (blue) or DD-LMS (orange)
algorithms. Subsequent DSP modules, carrier phase estimation (CPE) and decoder are
included in the feedback loop for LMS. W is updated by one of the two gradient estimators
(GE).

As can be seen from Eq. (4.22) and Fig. 4.6, CMA does not require any knowledge
on the transmitted data other than the modulation format. This type of blind
equalisation favours a short feedback loop, independent of subsequent modules,
enabling a low latency implementation. Note that weight elements are updated
independent of each other, and can converge towards the same output. To address
this issue, blind source separation algorithms have been proposed [189, 190].

CMA can be directly applied to higher-order modulation formats with multiple
power levels, such as QAM. By taking the average constellation power as value for
Ry the algorithm can still unravel the channel mixing, but its steady-state error can
never reach zero. Alternatively, the radius directed or multi-modulus algorithms
that take the multiple power levels into account can be applied [191, 192].

Least mean square algorithm

Opposite to blind equalisation, the least means square (LMS) algorithm [193]
requires a sequence of known symbols proceeding the transmitted data to train the
weight matrix. After training, the equaliser switches to decision-directed least mean
square (DD-LMS), where the decoded symbols are used for updating the weight
matrix. In Fig. 4.6, the extended feedback path for DD-LMS is shown in orange.
To decode the symbols correctly, the frequency offset between the transmitter and
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the receiver laser has to be removed. Therefore, the CPE module is integrated into
the feedback loop. To ensure the MIMO equaliser only unravels the spatial channel
mixing, the phase error estimation is removed before calculating the equalisation
error. Furthermore, to accommodate for the processing time of the CPE module,
time delays denoted by 7 are included to synchronise the feedback loops. Hence,
the latency of LMS is higher compared to that of CMA.

Although training sequences enable convergence towards the desired output
without the issue of source separation, it reduces the system throughput. Further-
more, the pattern has to be detected within the received signals, which requires
frame synchronization techniques [194].

Frequency domain equalisation

Recall that the equalisation in Fig. 4.6 is performed using the FIR filter structure
depicted in Fig. 4.5. From the latter figure, it can be seen that this implementation
requires M X N x L complex multiplication and (M —1) x N x L complex additions,
where L is the number of T'/2 spaced taps. Consequently, the complexity of this
method increases rapidly for an increasing number of spatial channels and longer
impulse responses.

Alternatively, the complex convolution in the time-domain can be replaced by
a multiplication operation in the frequency domain, thereby reducing the compu-
tational complexity [28]. However, as the gradient estimation is still performed
in the time domain, frequent conversions between the two domains is required.
Nonetheless, the relative complexity attributed to the FFT and inverse fast Fourier
transform (IFFT) operations diminishes as the number of taps increase. Due to
the blockwise nature of the frequency domain equaliser (FDE), its convergence is
slower compared to the time domain equaliser (TDE).

In the transmission experiments of Chapters 6 and 7, both TDE and FDE
are employed using combinations of CMA and LMS. For MDM transmission the
impulse response broadening introduced by DMD scales linearly, or at its best with
the square root of the transmission distance. Therefore, the lower complexity FDE
is used for the long-distance transmission experiments in Chapter 7. It uses LMS
for convergence and a multi-modulus variant of CMA during transmission. The
smaller number of taps used in the short-reach experiments of Chapter 6, do not
require FDE. Furthermore, the employed TDM-SDM measurement technique to
reduce the number of receivers by time multiplexing the outputs of a transmission
system limits the number of symbols taken within each capture. Therefore, a
TDE based on LMS for training and DD-LMS for transmission is used for those
experiments.

4.6 Carrier phase estimation

For coherent detection, the local oscillator (LO) is tuned to the same frequency as
the laser employed at the transmitter. Besides a possible mismatch between the
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two frequencies, the non-zero linewidth of both lasers results in phase noise. The
CPE module compensates for both impairments and is the last module before the
detector.

Frequency recovery

A frequency offset between the transmitter and receiver laser results in a fast
developing phase noise that is challenging to track by phase recovery methods in
the case of large offsets. Therefore, this frequency offset is removed first. This is
achieved by multiplying the input of the module with a range of frequency offsets.
Subsequently, the correlation with the transmitted signal for all test frequencies
is compared, and the highest correlation value is selected. For the transmission
experiments in Chapter 6, a search range of 500 MHz and a step size of 25 MHz is
used. Any remaining frequency offset is presumed to be small enough to be tracked
by the phase recovery.

Phase recovery

The fast sampling rates of optical communication systems enable phase noise
tracking using a phase estimator. The phase estimator proposed by Viterbi and
Viterbi is a well-known algorithm to recover the carrier phase of phase-modulated
signals [195]. To estimate the carrier phase offset the phase modulation of the
symbols is removed by taking the M power, where M is equal to the number of
phases in the constellation, i.e. 4 of QPSK. Subsequently, a windowing function is
applied to calculate and estimate phase error over a block of symbols. Finally, the
estimated phase offset is applied as a correction to all the symbols in the block.
The choice of block length heavily depends on the dominant noise type in the
system. In the linear regime, averaging over a larger number of samples averages
out the Gaussian noise. Whereas a small block length allows for faster tracking of
phase noise introduced by cross-phase modulation (XPM) or broad linewidth laser
sources.
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Figure 4.7: Functional diagram of a second-order phase-locked-loop for carrier phase
estimation (Costas loop).
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Another well-known phase tracker, and the method used in Chapter 6, is the
digital phase-locked loop (DPLL). In particular, the 2" order digital phase-locked
loop (DPLL) depicted in Fig. 4.7 which is better known as Costas loop [196]. In
this figure, Gpq, G1, G2, and G nco represent the gains of the phase detector, first,
second, and numerically controlled oscillator.

The third method for CPE is a blind phase search (BPS) algorithm, which
employs a brute force approach [197]. Within the search space — to 7, several
possible phase rotations are selected. Note that symmetry in the constellation
can be exploited to reduce the search range. For the QPSK and square QAM
modulation formats, the range reduces to a single quadrant, which is depicted in
Fig. 4.8. In this figure, the blue point represents one of the constellation points
of the QPSK format, and the orange point is the received point after equalisation.
Subsequently, N phase rotations (6,,) are applied to the received symbol, resulting
in the red and green points in the figure. Note that in practice 128 or more
phase offsets are explored to obtain sub-degree resolution. However, for readability
purposes, the number of angles has been reduced to 8 in the figure. The Euclidean
distance for each rotated point to the constellation point is calculated and compared.
Finally, the nearest point (green) is selected.

Generally, BPS is applied to a block of symbols. Therefore, the Euclidean
distances for each 6,, are averaged. Subsequently, the phase offset with the lowest
distance is selected. Note that by feeding the training sequence as an input to
the distance calculation instead of the nearest point, the CPE can be trained.
Furthermore, this method is relatively simple to scale towards higher-dimensional
modulation formats, such as 4D constellations [89)].

1

Figure 4.8: Simplified example of blind phase search applied to a QPSK modulation
format.
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Summary

The DSP required to recover the transmitted data after transmission over the
system illustrated in Chapter 3 is given in this chapter. Due to crosstalk, the
received channels contain a combination of the transmitted sequences that can be
recovered by employing a MIMO equaliser in the case of low MDL. Before the
signals are presented to the MIMO, the orthogonality between in-phase and quad-
rature components is restored by the front-end compensation module. Followed by
resampling to twice the symbol rate using digital interpolation techniques. Next,
the CD is removed by a static FIR filter designed with the opposite amount of
CD of the transmission system. This module is not required to mitigate all CD,
as any residual dispersion will be removed by the MIMO equaliser. The MIMO
equaliser is a structure of FIR filters, that is heuristically updated to track changes
of the channel while unravelling the transmitted channels. Two families of adaptive
algorithms are suggested: constant modulus algorithm (CMA) and least means
square (LMS). The first is a blind algorithm that does not require training using
a header sequence. However, its convergence towards the right output cannot be
guaranteed without blind source separating algorithms. This is not an issue for
the LMS algorithm as it is trained using a sequence of known symbols to the right
output. To do so, the carrier phase needs to be estimated. This is performed by
the digital phase-locked loop or maximum likelihood phase estimator of the car-
rier phase estimation module. The compensation of the frequency offset between
transmitter and local oscillator laser, and removal of phase noise is required for the
symbol detections in the decoder. As this module is integrated into the feedback
loop of LMS, it has a higher latency compared to CMA. The latency further
increases during transmission as the symbols have to be decoded first before up-
dating the equaliser. The equaliser requires the complete impulse response of the
system for the best performance. Consequently, the computational complexity
increases with the number of taps. Alternatively, the filtering operation can be
performed in the frequency-domain, which replaces the time-domain convolution
by a multiplication in the frequency-domain. Finally, carrier phase estimation is
applied to remove frequency and phase offsets between the transmitter and receiver
laser. The MIMO equaliser can be exploited for channel estimation, as its weights
converge to the inverse of the channels transfer function matrix. This transfer
function matrix is vital information in the design and optimisation of transmission
systems and components. However, the transfer function matrices of individual
optical system components cannot be extracted from the system matrix. Therefore,
an instrument to directly measure these matrices at a component level is discussed
in the next chapter.






CHAPTER 5

Spatially-diverse optical vector
network analyser

Key to unlocking the full potential of optical fibre transmission systems is to
gain a more in-depth understanding of the impact of any performance limitation
at every level from component, sub-system, to end-to-end transmission systems.
Therefore, characterisation at these levels is crucial. Single-mode components have
the advantage of having off-the-shelf instrumentation available, which can enable
characterisation at the component level. However, space-division multiplexing
(SDM) components are still quite premature in this aspect.

The amplitude and phase response of any component or system can be represen-
ted by a complex transfer function, which when applied to an incoming optical field
produces a given outgoing field. Due to the polarisation diversity of single-mode
devices, it is not possible to describe a component with a single transfer function.
The complete linear response, given by a complex 2 x 2 transfer function matrix,
contains information on all linear device parameters, such as losses, dispersion, and
polarisation dependence. For the coupled spatial channels of SDM components,
the dimensionality of this transfer function matrix increases to 2N x 2N, where
N is the number of single-mode inputs and outputs of the device. The factor of
two represents the polarisation diversity of each input and output. Two device
parameters key to SDM component characterisation can be extracted from this
transfer matrix, namely mode dependent loss (MDL) and differential mode group
delay (DMGD). The first, represents fluctuations in spatial channel gains, which
limits system capacity or can result in an outage for severe cases. The latter intro-
duces pulse broadening, resulting in increased digital memory requirements of the
receiver. Furthermore, it decreases system performance in the presence of phase
noise [198].

The transfer function matrix of a complete space division multiplexed trans-
mission system can be obtained from channel estimation digital signal processing
(DSP) algorithms (Section 4.5). However, isolating transfer matrices of individual
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components from the obtained result is not possible, hence this method is suit-
able for system characterisation only. Furthermore, a transmission setup requires
numerous and costly components, such as high-speed digital-to-analog converters
(DACs) and analog-to-digital converters (ADCs). Moreover, the analysed frequency
range is limited to the electronic bandwidth of the transmitter and receiver, which
is orders lower compared to the supported optical bandwidth of the device under
test (DUT).

An alternative method for direct measurement of the transfer function matrix
is optical vector network analysis. This technology, based on swept wavelength
interferometry (SWI), employs an interferometric setup with a single-mode DUT in
one arm excited by a swept optical source. Enabled by DSP, the transfer function
matrix can be extracted from the produced fringe pattern [199, 200]. However,
commercially available optical vector network analysers do not support the larger
transfer matrices of multi-port SDM components. Hence, a spatially-diverse variant
is required to fully capture the linear response of SDM components [201, 202, J3].

In the next section, the fundamentals of optical vector network analysis are
given, followed by the extension towards spatial diversity in Section 5.2. To ex-
tract the transfer function matrix and derive linear parameters from it, several
digital signal processing steps are required, which are presented in Section 5.3. In
Section 5.4, design constraints and limitations of optical vector network analysis
are explained. Furthermore, specifications of the developed optical vector network
analyser (OVNA) system are presented as well. One key advantage of OVNA,
is the ability to characterise a single spatial multiplexer. Section 5.5 describes
the characterisation of a photonic lantern (PL), by employing a reflective OVNA
configuration. Finally, the developed OVNA is utilized for characterisation of
large-core count few-mode multi-core fibres. In Section 5.6, a 39-core 3-mode fibre
is analysed, particularly focussing on dispersion effects. Finally, a detailed analysis
of inter-mode-group cross-talk under the influence of fibre bending and twisting is
performed on a 36-core 3-mode fibre in Section 5.7*

5.1 Basics of optical vector network analysis

The simplest SWI system consists of an optical source, an interferometric structure
with fixed path lengths, and the means to detect the optical signal, as illustrated
in Fig. 5.1. The coherent optical source must be capable of producing a linear
time-frequency sweep, resulting in an optical field given by:

Eo(t) = Age 7M1 pg, (5.1)

where Ajg is the complex amplitude, pg is the polarisation vector at the output of
the source, and w(t) = 27 (vy + ~t) is the angular frequency produced by linear

IThis chapter incorporates results published in [J3, J10, J2]. Parts of these experiments
were conducted in collaboration or at the Photonic Network System Laboratory of the National
Institute of Information and Communications Technology (NICT) in Tokyo, Japan.
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Eo
STL PD

Figure 5.1: Swept wavelength interferometer based on linear frequency sweep produced
by the swept tunable laser (STL), and detected by the photodetector (PD) and analog-
to-digital converter (ADC). The group delay of the fibre is denoted with 7.

time-frequency sweep with tuning rate -, starting at 5. The source signal is
split and sent over two single-mode fibres of different lengths, introducing a phase
difference between the fields arriving at the photodetector. For now, splitting losses
are ignored, and all fibre lengths not annotated with 7 are considered to have zero
length to simplify the equations. In the schematic, the introduced phase difference
is represented by a single-mode fibre in one of the arms. The group delay of this
fibre, which is linearly proportional to the fibre length, is denoted by 7. Assuming
square law detection, the incident field on the detector produces a current:

ipd(t) = RA? [1 + cos(2myTt + )], (5.2)

where R is the sensitivity of the photodetector, A = Ag is the complex field
amplitude of the incident field, which is equal to the field of the source in a lossless
scenario, and ¢ is a constant phase factor. For now, perfect polarisation alignment
between both arms is assumed. The power fading due to polarisation mixing will
be addressed in a later section of this chapter. From Eq. (5.2), it is clear that the
spectrum of i, contains one single frequency component, which follows from the
product of the tuning rate (v) and the path length difference between the arms
(7). This property will be used later to separate and identify the transfer functions
of components in OVNA measurements.

Note that, a perfect linear time-frequency sweep requires accurate tunable laser
sources. Depending on the laser type and tuning rate, generating a perfect linear
sweep is difficult or even impossible [203, 204]. Moreover, most swept tunable
lasers (STLs) only support wavelength sweeps, which are inherently not linear
in frequency. The time-varying behaviour of the tuning rate is included in the
expression for angular frequency as: w(t) = 2w (vp + v(t)) within Eq. (5.1). Since
the system is no longer linear in time, the photocurrent is now given as a function
of the linear, instantaneous optical frequency v(t):

ipa(V(t)) = RApa(1)? [1 + cos(2mv(t)T + ¢ — 2m1o7)] (5.3)

The last term of the cosine argument is independent of ¢, thus producing a constant
phase shift, which can be omitted for the remainder of this analysis. Whereas the
fringe pattern described by Eq. (5.2) is both linear in time and optical frequency, the
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Figure 5.2: Swept wavelength interferometer including auxiliary clock interferometer for
sweep linearisation. The system is capable of measuring fibre lengths or a single complex
transfer function of a device under test (DUT).

spectrum could be obtained by performing a fast Fourier transform (FFT) directly
on the time-sampled waveform. The fringe pattern of Eq. (5.3) is no longer periodic
in time, but only in optical frequency. Therefore, the detected signal needs to be
resampled with fixed optical frequency intervals before an FFT can be applied.
For this linearisation process, an additional interferometric structure is added to
the system, as is shown in Fig. 5.2. Both interferometers experience the same non-
linear sweep produced by the source. Consequently, the fringe pattern generated
by the auxiliary interferometer can be used to resample the equal time interval
signal to equal frequency intervals [205-207]. The new sampling rate is given by
1/7., where 7. is the differential group delay of the clock interferometer. With an
accurate estimation of 7. and thus the optical frequency interval dv, this setup
can be employed to measure single-mode fibre lengths. Adding additional single-
mode fibre (SMF) in one of the interferometer arms will result in a frequency
shift of the fringe pattern. For a known tuning-rate, this frequency shift can be
directly translated to the group delay difference between the measurements. Since
group delay scales linearly with length, and its value is well known for standard
single-mode fibre (SSMF), the fibre length can be calculated.

Scalar transfer function measurement

Besides measuring fibre lengths, the amplitude and phase response of single-mode
components can be measured with the setup of Fig. 5.2, when a DUT is inserted in
the top arm of the interferometer. This device will change both the amplitude and
phase of the optical field produced by the swept tunable laser (STL) according to
its transfer function. With DSP, this transfer function can be extracted from the
produced fringe pattern. One single transfer function is limited to describing only
a single polarisation state. To take polarisation effects into account, a 2 x 2 transfer
function matrix H(w) is required to completely describe a single-mode component.
When a DUT is placed in the top interferometer arm of Fig. 5.2, it will project its
transfer matrix H(w) on the incoming polarisation vector pp. When this signal
beats with the reference arm, which also has an arbitrary polarisation vector pg,
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the incident field produces a photocurrent:
ipa(v) = RA® [1 + [H(w)pp|* + 2Re{pr - H(w)pp} cos(vr + ¢)], (5.4)

In the digital domain, the scalar quantity H (w) = pr-H(w)pp can be extracted
from Eq. (5.4) using a windowing function to select the response around v7. This
scalar value can be interpreted as the coupling from one input polarisation vector
to the reference arm vector, which does not necessarily match with one of the four
transfer functions of the matrix. To measure the complete transfer function matrix
in a single sweep, polarisation diverse detection and multiplexing are added to the
setup.

Polarisation-diversity

In Fig. 5.3, an interferometric structure is added in front of the DUT, which
effectively changes the differential group delay of one of the polarisation states with
Tp. Polarisation controllers are employed to align the signals with the orthogonal
polarisation vectors of the polarisation beam combiner (PBC). Assuming perfect
polarisation alignment, the optical field at the output of the PBC is given by:

Ep = /%Ae—jw(t)t [,op,s i ej(w(t)rp)ppﬁp] , (5.5)

where pps = Rpspo and p,, = Rpppo are the input polarisation states of the
PBC, which are related to the polarisation state of the source via 2 x 2 unitary
matrices Rp. The factor y/k1/2 follows from beam splitting between measurement
and reference arm. An asymmetrical splitter is employed to boost the signal power
in the measurement arm, which will experience more losses in the spatial-diverse
setup. The input polarisation vectors of the PBC are considered as the set of

Figure 5.3: Polarisation-diverse optical vector network analyser for characterisation of
a single-mode device under test (DUT). p and s denote the output polarisation states
of the polarisation beam splitter (PBS). The splitting ratios of the beam splitters are
denoted by k.
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orthogonal basis vectors, which simplifies expression Eq. (5.5) to

el ()]

s oD}t
Ep=4/5A®) (ejw(t)(trp) (5.6)

Ep = ,/%AE%

The polarisation axes of the DUT are most likely not aligned to the newly defined
basis vectors and additional rotation matrices are needed to express the field after
propagation through DUT, right at the input of the polarisation beam splitter
(PBS) of the receiver:

VRl
Ep = “=AR,,:H(w)R;, Eap (5.7)
V2
The reference signal experiences a polarisation rotation, a delay 7., and power loss
from the coupler with the reference clock interferometer. The resulting optical field
at the input of the polarisation diverse detector is given by:

ka1 — )
Ep = %Ae—Jw(t)(t—n)RRpo (5.8)

To recover information on both polarisation states, a polarisation diverse detection
scheme is required. Therefore, the signal of the top arm is split into two orthogonal
polarisation vectors p and s, which produce the following fields that are combined
with reference signal Eg:

Eps=(Ep-s)s and Ep,=(Ep-p)p (5.9)

A symmetric beam-splitter is employed to divide the reference signal over the two
detectors. The incident fields on these photodetectors is given by:

1 1 .ﬁ«/
By = —5Ep.+ 3EnRn, = V2Ep s+ VIRV T femiw =) (5.10)

E, = LED,]) + }ERRR,p =V2Ep-p+ VEavl — K MAe_jw(t)(t—TR)7 (5.11)
V2t 2

where Ep ;s and Ep , are the output fields of the PBS, and Rg s and Rg , represent

the polarisation rotation of the reference arm to ps and p,. Under assumption of

square law detection, with sensitivity R, the photo-currents flowing in to the ADC

are given by:

,/14,11612\/1 — Hlm
2

is(v) = R|A|2 ¢ slflf)lsgﬁme%””" +

(5.12)
SIHLleZ]ﬂ'uTT + 82H17262JWV(TT777’)
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ip(v) = RIA? pLHS  poH 2e* ™ +

VR YT = F g, [
2 (5.13)
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p1H3 e "+ paHs se S

where s; and p; are the components of the unit vectors s and p in Eq. (5.9). In
the spectra of these photo-currents, three peaks appear at positions 7, |7, — 7|,
and 7,. The latter corresponds to the frequency introduced by the polarisation
multiplexer. As this component does not carry any information on the DUT, it
is not of interest for component characterisation. The other two peaks, contain
one impulse response matrix element each, which can be extracted using digital
filtering. The details of this process will be discussed in Section 5.3, after the
system is extended to the spatially-diverse variant.

5.2 Spatially-diverse optical vector network analyser

The setup in Fig. 5.3 allowed direct measurement of the polarisation-diverse 2 x 2
transfer function matrix of single-mode components. With the introduction of
space-division multiplexing (SDM), transfer function matrix dimensionality in-
creases to 2M x 2N, where M is the number of single-mode inputs, and N the
number of outputs. The factor two originates from the polarisation diversity of
each spatial channel. For devices with low spatial channel crosstalk, e.g. single-
mode multi-core fibres, the setup from the previous section can be employed to
measure each single-mode channel sequentially. For coupled spatial channels, such
as modes in few-mode and multi-mode fibres, all spatial channels must be analysed
simultaneously to obtain H(w), which require spatial-diversity of the OVNA. Sim-
ilar to polarisation multiplexing, support for multi-port devices can be realized by
adding additional delays to the setup [208]. In Fig. 5.4, a 1 x M splitter and M
delay fibres 7;,, are positioned between the polarisation multiplexer and DUT. At

Figure 5.4: Spatially-diverse optical vector network analyser for 2M x 2N SDM compon-
ents employing balanced photo-detectors (BPDs). Detection of two optional signals ieq
and i.q; are included for performance enhancement.
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the output of each fibre, the optical field is a delayed copy of Eop (Eq. (5.6)) with
an arbitrary polarisation rotation. The new expression for the optical field at the
input of the DUT is:

ijw(t)t
R,, - 0 e—du(t)(t=r)
E. = k1 . 7 . . D . 14
in — oM : . : in : N (5 )
0 e Rin,M e—jw(t)t
—Jw(t)(t—7p
N e—Jw(®)( )
—
Eonp
with
eJw(t)Tin 1 0 o 0 0
0 eIw®Tin1 ... 0 0
Din = : : : : (5.15)
0 0 cer @Iw(®)Tin, M 0
0 0 e O ejw(t)Tiw,,M

Each DUT output port is guided through another fibre delay 7,,:, which can be
described by similar rotation and delay matrices. For the majority of components,
the number of input and output delays is the same, but it is possible to measure
asymmetric transfer matrices. Including all fibre delays, the signal at the input of
the receiver is now given by:

V1
2M N

A Z DoutRoutH(w)RinDinEQNP (5 16)
2x1

Compared to Eq. (5.7), not only the dimensions of all rotational matrices R in-
creased, transfer function matrix H(w) now contains 2M x 2N transfer functions
Hy(w), with k € [1,2N] and ! € [1,2M]. The reference arm is not changed in
this setup and the signal is still described by Eq. (5.8). Also the equations for the
incident fields on the photodetectors, given by equations Eq. (5.10) and Eq. (5.11)
still hold, although the expression for Ep has been updated to Eq. (5.16). De-
tection using single photodiodes becomes impractical, as the photo-currents will
contain numerous spectral components not usable for optical vector network ana-
lysis. Similar to the third spectral component in the polarisation-diverse system,
originating from the interferometric polarisation multiplexing structure, multiple
spectral components are introduced by interferometers created by the input and
output delays. None of the undesired spectral components is a beating product of
the reference signal. Therefore, when detected by the two photo-diodes of a bal-
anced detector, they appear with equal parts in both photo-currents. Consequently,
they are cancelled out in the differential photo-current, which is given by:
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The setup diagram of Fig. 5.4 includes optional components that are denoted
by dashed lines, used to detect two additional signals. One of them is used to track
the wavelength-dependent polarisation state of the reference arm, by polarising
the light before combining it with the measurement data signals. A fraction of the
polarised reference signal is detected by a single-ended photodiode, and digitised
using the fourth ADC channel. Alternatively, this last available digitiser port can be
used to calibrate the optical sampling frequency and the start point of the sweep.
To obtain i.,, a fraction of the reference arm is guided through a pressurised
gas cell. The absorption spectrum of this cell contains several narrow linewidth
absorption peaks at accurately specified wavelengths described in NIST standards,
e.g. SRM2517a. In the digital domain, the positions of detected absorption peaks
are compared with the specifications of the standard, resulting in an accurate
estimation of the optical sampling frequency (and its inverse 7.), as well as the
actual starting point of the sweep. Note that the ADC has only four ports, of
which three are reserved for digitizing the mandatory dual polarisation data and
clock signals, and thus only one of the before mentioned additional signals can be
detected for each measurement.

Up to now, only the group delay 7, introduced by the delay fibres is considered,
leading to frequency shifts of the fringe pattern. This assumption is based on the
first-order expansion of the propagation constant 5. While this is an accurate
assumption for OVNA configurations with short delays and slow tuning speed, it
is no longer valid for faster sweep rates, with long fibre delays. For large port-
count and highly dispersive SDM components, long fibre delays are unavoidable.
Consequently, higher-order propagation effects, defined within the propagation
constant have to be taken into account. Consider the field generated by the STL
(Eq. (5.1)) to propagate over a single-mode fibre of length z. The field at the
output of this fibre is given by:

E(z,t) = A(z,t)ed =Mt (5.19)
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where §(w) is the frequency-dependent propagation constant. This propagation
constant can be approximated by the Taylor expansion given by Eq. (2.42). The
first expansion term relates to the phase velocity, which can be ignored in this
analysis as it is independent of the angular frequency, and thus produces a constant
phase factor. The second term describes group velocity, which is related to the
group delay 7. The third term of the expansion describes the change in group delay
with wavelength, named group velocity dispersion (GVD) or chromatic dispersion
(CD). All higher-order terms are considered small for the applications discussed in
this thesis and are thus neglected. Whereas the group delays introduced by the fibre
is critical for separation of transfer function elements, the accompanying CD results
in additional dispersion. Note that due to the change of DUT and corresponding
reference arm this cannot be calibrated out. To accurately determine the linear
device parameters of the DUT, this additional CD needs to be removed, which
is done using digital filters. When the third-order term of the approximation of
Eq. (2.42) is included the detected photocurrents are given by:

\ A . 2
Re | (s1Hok—1,01-1 + saHop g1 )e /P Fontntzimimzn) twt)] (520
+(s1Hap— 1,91 + 59 Hop gr)e IV Gontitzimatzr =z (il ]
N M
iy = RIAP SIS
k=1 1=1
(5.21)

Re | (p1Hok—1,21-1 + paHog g1 )e 7P Gonertzinimzr i)l

+(p1Hok—1,20 + po oy p)e I Goutatzimatzr =) ()] }

It can be seen that each of the fibre delays introduce additional dispersion,
which is proportional to its length. As a result of the large bandwidth of the sweep,
even small lengths of single-mode fibre can result in large amounts of dispersion.
Since it is challenging to distinguish sources of dispersion, i.e. modal or chromatic
dispersion, in time domain impulse response graphs, compensating CD can im-
prove the accuracy of DMGD estimations. Therefore, digital CD compensation is
included as one of the digital signal processing steps discussed in the next section.

5.3 Digital signal processing for OVINA

Extracting the desired transfer function and impulse response matrices from the
sampled photocurrents Eq. (5.20) and Eq. (5.21) require several DSP steps, as
shown in Fig. 5.5. Firstly, the non-flat frequency response of the ADC and power
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Figure 5.5: Sequence of digital signal processing steps and their signal flows.

fading introduced by polarisation rotations are compensated. Secondly, the dual-
polarisation measurement is resampled to a linear frequency sweep using the fringe
pattern of the reference clock interferometer. After an FFT, the transfer function
matrix is extracted using windowing. Finally, linear device parameters as insertion
loss (IL), mode dependent loss (MDL), group delay (GD), chromatic dispersion
(CD), and differential mode delay (DMD) are calculated. These processes are
explained in more detail in the next subsections.

5.3.1 Polarisation equalisation and front-end compensation

The first DSP module compensates two impairments, namely polarisation fad-
ing [J2] and any non-flatness of the digitiser’s frequency response. The first al-
gorithm requires both data signals, and polarisation tracker signal as input. The
latter is a power measurement of the polarised reference arm that beats with the
measurement signal in the polarisation-diverse receiver. As can be seen in Fig. 5.6a,
a fluctuation of power over time is noticeable in the digitised polarisation tracker sig-
nal. This power fading originates from wavelength-dependent polarisation rotation
effects, which emerges as a time-varying effect in swept wavelength interferometry.
Similar power fluctuations are observed in both data channels, of which one is
shown in Fig. 5.6b [209]. Without compensation, the same wavelength-dependent
power fading would affect the transfer function matrix and parameters derived
from it, as can be seen in Fig. 5.7a. To compensate this fading, the polarisation
tracker data is averaged using a moving average window to obtain the orange curve
in Fig. 5.6a. Next, the signal is normalized to yield unitary gain at its maximum.
Thereby, assuming the reference polarisation is aligned at least once during a sweep.
Finally, its inverse is subtracted from the measurement data to obtain the signal
shown in Fig. 5.6¢c. It can be seen, that the power fading is significantly reduced.
Consequently, the standard deviation of the obtained insertion loss (IL) reduces
from 1.48 to 0.70 with polarisation equalisation enables, as can be seen in Fig. 5.7b.
More details on the characterisation of this fibre will be given in Section 5.6.
Another impairment addressed in this module is the non-ideal frequency re-
sponse of the ADC and receivers. By injecting a wide-band optical signal with a
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Figure 5.6: (a) Polarisation tracker and its time averaged signal used to compensate
power fading effects on the measurement data shown in (b), resulting in signal (c) after
compensation.
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Figure 5.7: (a) Wavelength-varying insertion loss for the 3-mode cores of a few-mode
multi-core fibre (FM-MCF) obtained without reference arm polarisation equalisation.
(b) The same insertion loss measurement with polarisation equalisation enabled.
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Figure 5.8: Frequency response measurements of receiver at different sampling rates.

flat spectrum, generated by shaping amplified spontaneous emission (ASE), into
the photodetectors a frequency response estimation of the receiver is obtained. Fig-
ure 5.8 shows the frequency response estimation of the receiver at different sampling
rates. Observe the non-flat response at higher frequencies for fast sampling speeds.
The frequency responses for sampling rates below 100 MSa/s are very similar; a
slow roll-off after a flat response, followed by some small spikes. For typical delay
lines lengths and sweep rate of OVINA systems, these peaks will overlap with the
spectral components containing the transfer functions of the DUT. Therefore,
a digital filter designed to be the inverse of the measured frequency response is
applied to all received signals.

5.3.2 Sweep linearisation

The captured signals, periodic in optical frequency, are sampled by the time-
linear sampling clock of the ADC. As the clock interferometer experiences the
same non-linear sweep, its output signal can be used to convert the measurement
data to a linear frequency grid. If supported by the ADC, the photodetector
output can be used as an irregular clock signal for the digitiser, with sample
spacing dv = 1/7. [205, 210, 211]. Consequently, the measurable device length is
limited to 7./2 for Nyquist sampling. Furthermore, this method is susceptible to
sampling errors introduced by the propagation time difference between channels.
For accurate sampling, the light generated by the STL should arrive at the same
time at all detectors. Note that, closely matching the measurement and clock
interferometer lengths for accurate time alignment is challenging. Therefore, the
fringe pattern of the clock interferometer is sampled by the same ADC, and re-
sampling is performed digitally. This alleviates the hardware restrictions imposed
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Figure 5.9: Instantaneous optical frequency v(t) of the fringe pattern generated by the
auxiliary interferometer for (a) Keysight 81960 tunable laser swept at 200 nm/s and (b)
Santec-TSL510 swept at 100 nm/s. Ideal tuning rates for sweeps linear in frequency and
wavelength are included for reference purposes.

by the previous linearisation solution. Firstly, a standard digitiser with a linear
sampling clock can be employed. Secondly, the sampling rate of the digitiser is
independent of 7., allowing characterisation of components longer than 7./2, by
digital upsampling of the clock. Consequently, the same interferometer can be
used for all measurements, and calibration of the clock interferometer only needs
to be performed once. Lastly, resolving timing misalignment between signals is
significantly easier to achieve digitally, thereby reducing sampling errors.

The importance of sweep-linearisation can easily be understood from Fig. 5.9,
which shows the instantaneous optical frequency v(t) of the fringe pattern generated
by the auxiliary interferometer for two different tunable laser models, swept are the
maximum rates. In Fig. 5.9a, the laser is swept from 1530 nm to 1570 nm at a rate
of 200nm/s and is guided through a clock interferometer with differential group
delay 7. ~ 98.6 ns. To obtain the instantaneous frequency, a Hilbert transform is
applied to the digitized fringe pattern. From the analytic signal, the instantaneous
phase and frequency are calculated [212]. A 2pus long moving average filter is
applied to the data shown in Fig. 5.9a. The orange line shows the instantaneous
optical frequency for a perfect linear sweep with tuning rate « in Hz/s, which would
be constant at 7.y. The green line shows the instantaneous optical frequency in
case the configured wavelength sweep would be perfectly linear. Such a sweep
would produce a slow but predictable decreasing instantaneous optical frequency
over time. A similar slope can also be seen in the measured instantaneous optical
frequency. From this slope and the fast fluctuations it can be seen that the sweep
is non-linear and therefore tracking of the sweep rate for re-sampling is required.
Figure 5.9b, shows the same three curves for a Santec TSL-510 laser source, swept
at a rate of 100nm/s, through an interferometer with differential group delay
T. = 85.7ns. The actual frequency fluctuates by approximately 10 % from the
perfect linear wavelength sweep. A similar deviation of £8 % is observed close to
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Figure 5.10: Power spectral density of clock interferometer signal directly after digitization,
after band-pass filtering, and after re-timing for (a) Keysight 81960 and (b) Santec-
TSL510.

the end of the sweep for the other laser model. However, at the start of the sweep,
the fluctuation is almost doubled to £16 %. It is presumed this can be attributed
to the ramping up phase of the laser. If the clock signal is accurately sampled, such
that fast and large fluctuations in instantaneous optical frequency can be tracked
accurately, it should not affect the sweep-linearisation process. Alternatively, the
start wavelength of the sweep is lowered and the digitiser trigger is delayed, such
that this part of the sweep is neglected.

Figure 5.10, shows the power spectral density of the time-linear sampled clock
interferometer signal of the aforementioned laser models. In both sub-figures,
the spectrum of the linear-sampled waveform is given by the blue curve. The
fluctuations in instantaneous optical frequency can also be seen in Fig. 5.10 by the
width of the main lobe. Note that the spectrum in Fig. 5.10a, does not contain
any other spectral components besides the reference clock signal. The spectrum in
Fig. 5.10b, on the other hand, shows the presence of lower frequency signals next
to the main lobe of the clock signal. These frequencies, attributed to reflections in
the system, are well separated from the frequencies of interest. Therefore, a digital
bandpass filter is applied to remove any unwanted frequencies, as can be seen by
the orange curve in Fig. 5.10b. After filtering, the signal is resampled using one
of the following two methods. The first method approximates the time-domain
waveform by a cubic spline, followed by a root-finding algorithm to locate all zero
crossings. The second method searches for rising and falling flanks by thresholding
the signal. Since the fringe pattern is a sinusoidal signal, the local area around each
zero-crossing can be approximated by a linear function. Consequently, the zero
points can be estimated via linear interpolation of consecutive rising and falling
edges. Alternatively, a first or third-order approximation of a sine function can
be used to improve the interpolation accuracy at the cost of slightly increased
computation complexity. One advantage of sampling the reference clock is the
ability of digital clock rate upsampling, required to sample the higher frequencies
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of the measurement data. Since the interval between consecutive sample points is
generally small, linear interpolation is applied to calculate the intermediate sample
points. The green curves in Fig. 5.10 shows the spectra of the re-timed clock signal
after digital upsampling. In Fig. 5.10a, the clock is a narrow single frequency, but
in Fig. 5.10b harmonics of the main frequency are observed. These harmonics
are at least 36 dB below the main frequency of interest, with minimum impact on
further signal processing steps.

The calculated set of sampling points is used to re-time the two data signals
from the polarisation diverse detector, using one of the previously mentioned
interpolation methods. The resampled signals, now periodic in optical frequency,
are spaced at interval ov = 21]\/\];7(7 where Npg is the number of detected zero
crossings, and Ng is the number of sample points after digital upsampling. Due
to the detection of both rising and falling edges, a factor of two is added to the
expression. Any time-offset between the two data channels or the reference clock,
originating from unmatched path lengths, is simply negated by a linear offset of
the sampling points for each channel before resampling. The spectra, of the now
periodically spaced measurement signals, can be obtained via an FFT. Computing
the FFT for a large number of samples is computationally intensive. Since most
implementations of the FFT algorithm are efficient for signal lengths that can be
factorized by prime numbers 2, 3, 5 and 7, computation time can be reduced by a
possible factor of 100 [213]. The number of sampling points is therefore reduced to
satisfy the following definition: N, = 2¢-37 - 5% . 7!, This step effectively reduces
the sweep range to Av = dvNg, most often a small insignificant reduction at the
cost of significant speed-up.

Optionally, chromatic dispersion compensation can be included in this pro-
cessing step. From Eq. (5.20) and Eq. (5.21), it can be seen that a differential
CD originating from the various interferometer path lengths still remains in the
detected signals. For most OVNA configurations, the majority of the accumulated
differential CD between two interferometer arms is introduced by the delay fibre
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Figure 5.11: Impulse response of SMF before and after digital CD compensation.
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in the reference arm, 7,.. The amount of differential CD introduced is given by:

oot - e (427} )

where 8 is the propagation constant, and z the propagation distance. To com-
pensate for this dispersion, a digital filter is designed with a complementary amount
of dispersion [181]. It is common to express the chromatic dispersion D of the filter
in ps/(nm - km), resulting in:

Hep(w,z) = eXp{ <—W> } (5.23)

C

where \g is the centre wavelength of the sweep, and D - z is the accumulated differ-
ential chromatic dispersions of the system. The latter quantity can be measured
by the OVNA, as will be explained in Section 5.3.5 or directly estimated from the
fibre lengths employed in the system in case the dispersion coefficient is known.

An example of the beneficial effect of CD compensation on impulse response
measurements with OVNA is shown in Fig. 5.11, where the averaged impulse re-
sponse matrix of a single-mode fibre core is shown. The reference arm length was
closely, but not exactly matched to the 13.6 km long DUT. From OVNA meas-
urements, the differential CD between the two arms was found to be 16.4nm/ps,
which corresponds to a SMF length difference of approximately 46 m. Both length
and dispersion values were verified by measuring both arms independently with a
fibre analyser based on optical time-domain reflectometry (OTDR). As can be seen
in Fig. 5.11, the impulse response duration is significantly reduced by applying a
filter designed with —16.4 nm/ps dispersion.

5.3.3 Wavelength calibration

If the pressurised gas cell is employed in the setup, the resulting signal can be used
to calibrate the clock interferometer, and calculate the actual sweep range. The
calibration signal i.4; is re-sampled at the sampling points found by the methods
described in Section 5.3.2. Subsequently, a peak searching algorithm is applied to
select IV,, absorption lines above a certain threshold in the resampled calibration
signal spectrum. Next, for each consecutive IV, lines of the reference, the sampling
rate and start point are calculated using a least-squares solver. Subsequently, the
solution with the smallest error is chosen, and the values for v, vy, and d7, are
updated. From the latter, the differential delay of the clock interferometer, 7., is
derived and stored for future measurements. Note, that it is technically possible
to compare the detected spectrum to all combinations of N,, absorption lines, but
this would greatly increase computation time for large values of N,. By ensuring
a minimum distance between detected peaks, limiting the maximum number of
detected peaks not to exceed the 54 lines of the gas cell, and adaptively adjusting
the threshold, the algorithm generally finds an accurate estimation of the optical
sampling frequency.
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Figure 5.12: (a) Spectra of re-timed signals for characterization of a 6-port mode-selective
photonic lanterns spliced to a couple meters of multi-mode fibre (MMF). (b) Enlarged
view of the coloured section of the first receiver, containing 12 impulse response elements.

5.3.4 Transfer function extraction

After sweep linearisation, each of the impulse response matrix elements appear
at known delay values 7, Tin1, and Toye r in the spectra of ¢; and 7,. To extract
each of these elements, and construct the impulse response matrix, digital windows
are applied to the signals. Figure 5.12a, shows the spectra of both measurements
channels for the characterisation of a 6-mode photonic lantern spliced to approx-
imately 4.5km of multi-mode fibre. Both spectra contain 6 groups, each with
12 impulse responses, resulting in a total of 144 matrix elements of the 12 x 12
transfer function matrix. Figure 5.12b is an enlarged view of the first group in the
spectrum of 75, which describes the transmission of all 12 excited spatial channels
to one polarisation state of the first output port. The first element h; ; is found
at the differential group delay between reference and measurement arm, given
as 7, = 114ns. It describes the transmission of the non-delayed polarisation to
receiver s of the fundamental mode of the DUT. The other transmitted polar-
isation, can be found after its delay 7, = 2.4ns. Five more sets of 2 consecutive
responses, delayed by 7;, =4.2ns, 9.4ns, 14.4ns, 19.5ns and 24.7ns, can be seen
in Fig. 5.12b, representing the transmission of the other dual polarisation inputs
to one polarisation of the first output port. Windowing at the same positions in
the other spectrum returns the transmission of all input spatial channels to the
other polarisation. The coupling of all input channels to all other output ports is
found by adding one of the output delays, 7,,; =48.8 ns, 96.7 ns, 147.0ns, 197.6 ns
and 245.2ns to the positions of the first 12 elements. All odd rows of the transfer
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matrix are found in the spectrum of the first detector, and the other 6 even row
numbers in the second spectrum.

After labelling each element according to its position in the transfer matrix,
windows are placed at the specified delay values 7. In principle, a straight-forward
box car function can be applied. However, this windows shape is susceptible to
ringing due to edge effects, which can be reduced by selecting a window with
smooth edges. In this example, a 2ns wide Tukey window, with a flat top and
sharp cosine edges, is applied to select each of the elements. Note that, by selecting
a portion of data in the time domain, the optical frequency spacing has been
reduced from ov to 1/7,, where 7, is the window duration. Finally, the complex
transfer function matrix is calculated via an inverse fast Fourier transform (IFFT)
on all impulse response elements. It is important to highlight, that the extracted
transfer function matrix is not the actual transfer matrix of the DUT, because it is
rotated by arbitrary polarisation rotations. From the photo-currents of Eq. (5.20)
and Eq. (5.21), the expression from input ! to output & of the calculated transfer
matrix F(w) is given by:

1 (w) = s1Hop_121-1+ S2Hop21—1  S1Hap_121 + 32H2k,21:|
1Hop_1.21-1 +p2Hor 211 p1Hag—1,2 + paHop 2

_ [81 82] [sz 1,21— 1+H2k2l 1 sz 12l+H2k2l]
p1 81 Hop 1911+ Hopor 1 Hop—101 + Hop o

_R, {sz 1,201 + H2k 211 {I2k71,2l + I:I2k,21:|
Pl Hop 1911+ Hopor1 Hop—1.91 + Hopo
Combining these 2 x 2 sub-matrices with the polarisation rotations of all input

and output delays, result in the following expression for the calculated transfer
function matrix:

(5.24)

Rop,Hin - RypHiy
H(w) =
| Rs pHn 1 R, ,Hy m
) -Rs,p 0 ﬁl,l ﬁLM (5.25)
Hw)=| : = : S :
| 0 R.,| [Hya Hy
Rro

H(w) = R2RowH(w)Rip

Equation (5.25) shows that the calculated matrix differs from the actual transfer
matrix of the DUT by multiple polarisation rotations, which are expressed by
unitary rotation matrices. Stated in another way, the polarisation rotation does
not affect the amplitude or phase response of the device and thus does not impact
the linear device parameters calculated in the next section.
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Figure 5.13: Polarisation averaged impulse response matrix of elliptical core 3-mode fibre.
The labels are formatted as output port - input port.

5.3.5 Linear device parameters

Without any further processing steps, both the time and frequency response of
the DUT can be directly observed from the extracted matrices of the previous
section. To highlight recognisable features in the impulse response matrix, the
polarisation averaged impulse response matrix of a 3-mode elliptical core fibre and
mode-selective 3-port photonic lanterns is shown in Fig. 5.13. As a result of the core
ellipticity, mode degeneracy between LP11, and LPyy, is broken, which results in
three distinct peaks in the impulse response graphs [100]. In Fig. 5.13, the two peaks
on the left correspond to the LP1; modes. Peaks in impulse response represent
strong mode mixing at discrete points, such as spatial multiplexers. Whereas,
distributed modal crosstalk of fibres appears as plateaus between peaks. From
the spacing between peaks, differential mode delay (DMD) or differential mode
group delay (DMGD) can be estimated. Finally, an indication of mode selectivity
of spatial multiplexers can be obtained from the impulse response strengths of
peaks. For example, in Fig. 5.13, approximately 20dB selectivity between LPg;
and LPj1,p can be seen in the top left response (LPg; to LPgq).

Although a lot of information can be retrieved directly from the impulse re-
sponse, it does not include any wavelength-dependent characteristics, e.g. any
filtering behaviour or chromatic dispersion. The latter will produce additional
impulse response spreading, thus affecting any estimations of DMGD, as discussed
in Section 5.2. The transfer function matrix, on the other hand, shows wavelength
varying attenuation but lacks temporal information, and thus cannot visualize pulse
broadening. By combining both spectral and temporal information in one spectro-
gram, a comprehensive visual representation of DUT behaviour can be obtained.
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Figure 5.14: Spectro-gram of elliptical 3-mode fibre.

As an example, the fibre averaged spectrogram of the same 3-mode elliptical core
fibre is shown in Fig. 5.14. In this figure, three temporal lines corresponding to the
three impulse response peaks are observed. Based on the stronger modal cross-talk
between the LP11-modes, it can be presumed the bottom lines represent the LPq1,
and LP11p, modes. Furthermore, all lines have a non-zero slope, indicating there is
a wavelength-dependent change in group delay. The impulse response, as shown
in Fig. 5.13, can be interpreted as the sum of all vertical slices of the spectrogram.
The pulse broadening shown in the impulse response would be larger than the
actual pulse width at a single wavelength in the spectrogram. Consequently, any
estimate on DMGD from the pulse width would be overestimated.

While spectrograms provide a quick impression of the behaviour of the DUT by
combining both transfer function matrix and impulse response matrix, quantifying
linear device parameters from it is not practical. However, it is possible to extract
parameters such as mode dependent loss (MDL), insertion loss (IL), group delay
(GD), chromatic dispersion (CD), and differential group delay (DGD) from the
transfer matrix. The first two parameters can be obtained via a singular value
decomposition (SVD) [174]. An SVD factorizes an m X n complex matrix M, to
UXV*, where U is an m x m unitary matrix, 3 is an m x n diagonal matrix,
and V is an n X n unitary matrix [214]. The values on the diagonal of X are the
non-negative real singular values of M. This factorisation can be interpreted as
multiple transformations, starting with a rotation V*, followed by a scaling 33, and
a final rotation U. A singular value decomposition (SVD) factorises the transfer
matrix into:

Hw) = Uw)Z(w)V* (w), (5.26)

where the unitary matrices U(w) and V*(w) represent the modal coupling or mixing
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at the input and output of the DUT. The modal propagation is represented by
the singular values in descending order, along the diagonal of ¥(w). The singular
values \;(w) of H(w) are associated with the electrical field gains, whereas MDL
and IL are commonly expressed in terms of optical field gains. Insertion loss is
defined as the mean of the singular values squared, and mode dependent loss is
the ratio between the largest and smallest singular value:

IL = A3 (w) (5.27)
_ max A\ (w)
MDL = S5 (5.28)

The optical field gains A?(w) correspond to the mathematically equal, eigenval-
ues of phase-conjugate round-trip propagation matrix H(w)H*(w) [174]. An SVD
at each frequency, results not only in IL and MDL for each frequency, but also
their frequency resolved IL and MDL.

Another parameter of interest for SDM components is associated with propaga-
tion speed difference between spatial channels. The differential mode (group) delay
is obtained via principal mode analysis on H(w). Principal modes are an exten-
sion on the principal states of polarisation (PSP), which describe a pair of input
states which, under a fixed input state of polarisation and small change in optical
frequency, produce a pair of output vectors invariant to the first order of w [215].
The group delays associated with these principal states describe the polarisation
mode dispersion (PMD) for single-mode components or differential mode delay
(DMD) for multi-mode components. The principle modes are obtained from the
transfer function via differentiation:

dH*(w) =
Gw)=j W H(w), (5.29)
with the eigenvalues of G(w) representing the group delays of the different principal
modes. Chromatic dispersion can be defined as the derivative of the group delay
with respect to frequency or wavelength. Since the latter is more common, the CD
of the principal modes are obtained by taking the derivative of the group delays
with respect to wavelength.

5.4 Specifications and design considerations

In the previous sections, a comprehensive overview of the required hardware and
signal processing steps were presented, without going into system specifications and
limitations. In this subsection, an overview of design considerations is presented
for the development of spatially-diverse optical vector network analysers.
Consider a DUT, with N input and N output ports, insertion losses ILp, and
a total dispersion resulting in an impulse response width of T,,. The maximum
number of ports supported by the OVNA is mainly determined by the power budget
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available for the 1 x N splitter and coupler. To fully utilise the dynamic gain of
the digitiser, the minimum received optical power should cover the full input range
Vpp of the ADC. Therefore, the minimum received power can be expressed as:

v
Pra minldBm] = 10 - lo 103 - “”) , 5.30
Rz, [ } g10 ( GriaRZapo ( )

where G4 is the trans-impedance gain of the photo-receiver, and Z4p¢ is the
impedance of the digitiser port. After subtracting the minimum received power
and splitting losses introduced by the mandatory splitters, i.e. polarisation mul-
tiplexing and splitting the reference and clock signals, from the maximum source
output power, the remaining budget is equally split between the N-port splitter
and combiner for the spatial channels.

Besides optical power, the signal frequency is another design constraint, which is
imposed by the delay lines and the tuning rate of the laser source. To accommodate
the total impulse response, the digital window must be at least T;, wide. For the
windowing process to succeed, impulse response elements are not allowed to overlap,
Defining the polarisation multiplexing delay 7, as the shortest delay, leads to input
delays 7y, = 21 - T,,, and output delays 7oyt x = 2kN - T,. Note that it is possible
to swap input, output, and polarisation fibre delays. Finally, the reference arm is
closely, but not perfectly matched to the DUT length, resulting in a differential
delay of ;.

Next, the minimum sampling rate required to digitize the highest frequency
is calculated as the product of the tuning rate and the longest fibre: fs = (7. +
4N2T,)y. A faster sweeping rate is preferred because it minimises the influence
of temporal distortions during the measurement. Since the clock interferometer is
sampled by the same digitiser, the maximum differential interferometer must satisfy
the following condition: fs > 7.!. Obviously, the bandwidth of all photodetectors,
including trans-impedance amplifiers must be sufficient as well. Depending on the
number of spatial channels of the DUT, a high gain trans-impedance amplifier
(TIA) is required, which typically is limited in bandwidth. However, this limited
bandwidth is often sufficient for most OVNA configurations.

The maximum dynamic range of the signal is determined by the resolution of
the digitiser, thus a high resolution ADC is favoured. Generally, digitisers are
available either with high resolution or sampling speed. However, with typical
signal frequencies in the order of MHz, cutting edge fast sampling technology is not
required. The achievable dynamic range is calculated from the effective number of
bits (ENOB), which also takes noise sources within the ADC in to account. Since
digital upsampling of the clock signal is applied, temporal resolution can be digitally
enhanced. The spectral resolution, on the other hand, is completely determined
by the window duration T,,. Table 5.1 gives an overview of the operating range
and typical values of the developed OVNA during this PhD project.
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Table 5.1: Specifications of developed OVNA.

Parameter symbol  unit | Min Max Typical
Sweep range nm | 1510 1625 1530-1570
Sweep rate v nm/s 1 200 200
Source power dBm 6 10

DUT port count N 1 16

Dynamic range dB 60.2

Temporal resolution oT fs ~ 500
Spectral resolution

before windowing ov MHz ~1
after windowing ov MHz ~ 100

5.5 Characterisation of spatial multiplexers

The optical vector network analyser described in the previous section and illustrated
in Fig. 5.4 employs Mach-Zehnder interferometric structures. Consequently, the
transmission of optical components can be measured. A major limitation of this
configuration is that it cannot be applied for characterisation of a single spatial
multiplexer, because the multi-mode facet is incompatible with the single-mode
optical source and detectors. Therefore, spatial multiplexers are often characterised
as a pair. Consequently, within the obtained transfer matrix, the matrices of
individual components is not accessible.

To characterise a single spatial multiplexer, the interferometers of the OVNA are
replaced with Michelson-interferometers to obtain the setup depicted in Fig. 5.15.
This setup captures the reflection of cleaved fibre at the multi-mode facet of the
spatial multiplexer [201, 216, 217]. Note that this reflection is typically small,
(= 4%), which aggravates the already stringent power budget requirements of the

circulator

Figure 5.15: Spatially-diverse optical vector network analyser configured to measure the
reflection of a 2N x 2N component.
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system. Optical circulators are positioned at each single-mode fibre of the DUT,
redirecting the reflection towards the polarisation diverse receiver. The digital
signal processing steps remain unchanged for this type of measurements.

One of the 6-port mode-selective lanterns employed in the experiment described
in Section 6.3, is characterised using the reflective OVNA setup depicted in Fig. 5.15.
The six-port configuration employs fibre delays at the inputs in steps of 1 m, and
10m at the outputs of the 6 optical circulators. The polarisation delay is realised
using a 50cm long SMF patch cord. Since the DUT length is negligible, no
additional fibre delay is placed in the reference arm. The source is swept at
200 nm/s, starting at 1530 nm. Using the wavelength calibration method described
in Section 5.3.3, the auxiliary clock interferometer delay is found to be 87.6 ns,
resulting in an optical sampling rate of approximately 2.45 MHz. Since this rate
is too low for sampling the highest signal frequency of approximately 10 MHz, the
clock is digitally upsampled.

In the transmission experiment, the 6-mode PL needs will be fusion spliced to
MMF. However, the multi-mode facet was designed to match the dimensions of
4-linearly polarised (LP) mode fibre. To reduce the large change from the 29 nm
core diameter lantern output, to 50 pm core graded-index MMF, a short length
of graded-index 6-LP is used as intermediate fibre. In Fig. 5.16, the MDL and IL
obtained from the singular values of the measured transfer matrix of the DUT are
shown. Note that this result is the concatenation of the DUT transfer function
matrix in both directions and reflection at the cleaved fibre:

H(w) = Hpur,out H- Hpu,in (5.31)

The transfer function matrix Hpyr can be decomposed into matrices for each of dif-
ferent fibre sections. However, since the DUT will be used as such for transmission
experiments, the individual matrices are not of interest. Based on the reciprocal
behaviour of the spatial multiplexer, it can be assumed that Hpyr our = Hpur,in.
Furthermore, the contribution of H,. can be minimised by subtracting a calibration
measurement of the reflection at the optical circulator ports. Therefore, the IL
and MDL for a single propagation through the lantern is estimated to be half of
the values shown in Fig. 5.16a.

Figure 5.16b is a visual representation of the transfer function matrix, which
is obtained by integrating the impulse response matrix elements and sum over
polarisations. From this figure, the mode selective property of the DUT can be
observed from intensity differences on the diagonal compared to the off-diagonal
elements. The first represents intra-mode-group coupling, and the latter is the
coupling between mode-groups.
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Figure 5.16: Insertion and mode dependent losses (a) and transfer matrix (b) of 6-port
mode-selective lantern spliced to multi-mode fibre.

5.6 Analysis of a 39-core few-mode fibre

By combining multi-core fibre technology with few-mode cores, spatial multiplicity
beyond 100 channels can be realized [218]. When the inter-core cross-talk of a
FM-MCEF is negligibly small, each core can be measured sequentially, and the
high splitting losses to support a large port count DUT can be avoided. The
maximum inter-core cross-talk of the fibre employed in this experiment was found
the 50 dB [114]. Therefore, the transfer function matrix of each few-mode core is
measured independently. The focus of this experiment is the effect of CD on the
impulse response duration, and DMGD estimations derived from it.

The analysed FM-MCF fibre has 38 3-mode cores and 1 single-mode core [114].
For simplicity, the fibre is referred to as a 39-core fibre. The single-mode core
is added for transmission using self-coherent detection schemes [172, 173, J13,
219], or -as in this work- used as the reference arm of the OVNA. Furthermore,
this single-mode core acts as a visual reference marker for rotational alignment
and fusion splicing. The cores are positioned on a three-ring layout with radii
r1 =41 pm, ro = 79 pm, and r3 = 127 pm, with a minimum core pitch of 40 pm, as
can be seen in Fig. 5.17b. This figure also includes the designed relative refractive
index profiles of both core types. The graded-index few-mode cores have a trench
design to reduce inter-core cross-talk. Free-space core (de)multiplexers, with 3-
mode SC/UPC connectors are employed to access the 39 cores of the 13.6 km long
FM-MCF [114]. Single-core 3-mode laser inscribed glass mode-multiplexers are
switched between the few-mode ports of the core multiplexers. These are placed
at both sides of 13.6 km FM-MCF, with the few-mode facets connected to one of
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Figure 5.17: (a) DUT section of the OVNA. (b) Core mapping and index profiles of the
FM-MCF (fig (b) after [114]).

the 3-mode cores in the fibre.

For each core, the 6 x 6 impulse response matrix h(t) and transfer function
matrix H(w) are measured. Note that the employed PL were not mode-selective,
hence, each core can be represented by a single spectrogram, as shown in Fig. 5.18.
Observe that the temporal lines can be grouped into two sets based on their slope
for all figures. One set is a more confined group of two lines, corresponding to
the two polarisation states of the fundamental mode. The four lines in the other
set represent the four degenerate modes within the LP;; group, which have a
larger spread between them. Even though the same set of lines can be found in all
spectrograms, their position and slopes vary strongly between the cores.

In the spectrogram of core 5, both mode groups overlap for the majority of the
40 nm swept wavelength range, indicating a stronger mode coupling between the 6
modes in both mode-groups. Consequently, the impulse response duration is one
of the shortest for all cores. As both lines have a dispersion slope in the opposite
direction, the impulse response duration increases with wavelength. Cores 11 and
12 show similar overlapping lines, with low DMGD behaviour. A longer temporal
response is observed for core 22, which contains 3 sets of temporal lines. Based on
the dispersion slope of all lines, it is presumed that the middle group represents the
LPy; mode, surrounded by the degenerate LP1; modes. Furthermore, the intensity
of the area between the outer lines is of similar magnitude as the intra-mode-group
cross-talk in other spectrograms. Since the fundamental mode resides between the
other lines, the impulse response duration is completely determined by the other
mode group. Consequently, there is no wavelength-dependent impulse response
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Figure 5.18: Spectrograms for all 38 few-mode fibre cores, and enlarged views for cores 5,
22, and 31

broadening as the outer lines have the same wavelength-dependent behaviour.
Almost half of the cores on the outer ring show these features, the other half
resembles more closely to the spectrogram of core 31. In this figure, the first
mode group overlaps with one of the LP1; modes. The last type of spectrogram is
illustrated by core 1, in which a clean separation between the two mode-groups can
be observed. The LP;; modes show a wide spread of energy, approximately 10 dB
above the inter-mode-group cross-talk, suggesting there is a significant amount of
mode dispersion between the degenerate modes.

All spectrograms show a wavelength-dependent slope of the temporal lines with
opposite signs. For each core, the slope of both lines is estimated and shown
in Fig. 5.19a. On the left axis, the differential chromatic dispersion with respect
to single-mode core 39 is shown. Next to opposite signs, it can be seen that the
variance of differential CD for the LP1; mode group is larger compared to the well-
confined values for the fundamental mode. The mean differential CD is estimated to
be —2.3 ps/nm and 3.8 ps/nm for the LP(; mode, and the LP; mode respectively.
To translate the differential CD to absolute values, the single-mode core is analysed
with the OVNA. A SSMF of similar length is placed in the reference arm. Since
the dispersion coefficient of the reference fibre is known, the differential CD can
be translated to an absolute value on the right axis.
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Figure 5.19: (a) Differential chromatic dispersion for each of the mode-group of the 38 3-
mode cores. Differential values are translated to absolute values based on CD measurement
of the single-mode reference arm, which is included as a reference. (b) Insertion loss for
each core and a pair of photonic lanterns. The error bars indicate the spread over the
40 nm sweep range.

The measured CD values are mapped to the core-layout in Fig. 5.20a, where each
half of the circle represents one of the mode groups. This measurement is compared
to the previously analysed impulse response duration, shown in Fig. 5.20b [209].
A strong correlation between the colour intensities of both graphs can be seen,
linking the longer impulse response duration to a larger differential CD value. For
cores on the left side of the outer ring (core 25-35), the highest differential CD and
longest impulse response duration is observed.

A SVD is performed on the transfer function matrix of each core at each
measured frequency. Subsequently the IL is calculated at a 50 GHz resolution.
In Fig. 5.19b, the markers represent the average IL over the 1530 nm to 1570 nm
scanned range. The error bars around each marker correspond to the minimum
and maximum IL. For reference sake, the IL of a back-to-back measurement of the
photonic-lantern pair is included. The average insertion loss over all cores is found
to be 8.7dB. Significantly higher losses are observed for cores 10, 14, 15, 25 and
32, which is in agreement with the reported transmission experiments [114].

Besides IL, also MDL can be calculated from the singular values. The largest
contribution of MDL is to be expected from the spatial multiplexers. Hence, the
performance of the pair of photonic lanterns is characterised first, without the core
multiplexer and FM-MCF. An average MDL of 20.1 dB was found within the 40 nm
of analysed bandwidth. For the complete system, including 13.6 km FM-MCF and
both mode- and core-multiplexers, the MDL for each core was found to be below
25dB. Since this result is dominated by the large MDL of the photonic lanterns
and the total MDL of concatenated elements of weakly coupled modes strongly
depends on the relative alignment of their respective principle modes, no statement
of the MDL is made.

The skew between the single-mode core and few-mode cores is of interest as this
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Figure 5.20: (a) Differential chromatic dispersions for both mode groups. The left half of
the coloured area represents the differential CD for LPg; mode, the right side for LP1;
mode-group. (b) Total impulse response duration mapped to the core layout of the fibre.
(¢) Group delay differences between few-mode and single-mode core.

fibre was designed with self-coherent applications in mind. Figure 5.20c shows the
group delay difference of each few-mode mode with respect to the single-mode core.
The obtained skew ranged from 173.3ns to 190.7ns, with an average of 182.2ns.
Note that the lowest and highest skew values are found at opposite sides of the
fibre. This gradient is likely attributed to the compression of the inner cores and
stretching of the outer cores of the spooled fibre.

CD compensation using the estimated values shown in Fig. 5.19a is applied
to the measurements of core 9. As can be observed by the flat temporal line in
Figs. 5.21b and 5.21¢, CD compensation for one of the mode groups can be realized.
Figure 5.21a shows the spectrogram without any CD compensating, the other
two figures are compensated by applying receptively -2.3 ps/nm and 2.8 ps/nm
dispersion compensation. Alternatively, an intermediate value can be chosen for
partial compensation of both mode groups. By removing the wavelength-dependent
dispersion, the summed impulse responses are narrower and give a better indication
of the modal dispersion.
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Figure 5.21: (a) Spectrogram for core 9 without chromatic dispersion compensation, (b)
with —2.3 ps/nm CD compensation and (c) with 2.8 ps/nm CD compensation applied.

5.7 Impact of fibre bending and twisting on FM-MCF

In this experiment, the OVNA is employed to observe the inter-mode-group cross-
talk of bent and twisted FM-MCF. Stronger mode-coupling can be beneficial
for transmission, as one of the main performance-limiting impairments, MDL,
would scale with only the square-root of distance, compared to linear growth in
weaker coupled systems [174]. On the other hand, if the inter-mode-group cross-
talk is insensitive to bending and twisting, the fibre is interesting for short reach
interconnects employing partial multiple-input multiple-output (MIMO) equalisers
for systems in environments where fibre bending is unavoidable. Partial MIMO is
proposed to reduce the computational complexity of the equalizer by employing
multiple smaller MIMO equalisers, one for each mode group, to unravel the intra-
mode-group mixing [99, 220, 221]. Since these equalisers can operate independently
and in parallel, the latency can be reduced. However, for partial MIMO to work,
the inter-mode-group cross-talk must be sufficiently low, and high mode-selective
spatial multiplexers are required [222].

The DUT evaluated in this experiment is a set of 3DWGs and a heterogeneous
36-core 3-mode fibre, of various lengths and spooled at different bending radii.
The core arrangement and refractive index profiles of the 3 different core types
are depicted in Fig. 5.22. The first digit of the core labels is the row number
when the fibre is aligned with the marker on top, the second digit is the core
number within that row. The three different colours represent the core types and
match with the colours of the index profiles in Fig. 5.22c. The refractive index
difference between core and outer cladding is 0.74, 0.64 and 0.54 for type A,B, and
C, respectively. The relative refractive index to the trench is kept constant at 0.94
for all core types [223]. Combined with a core pitch of 34 pm, the heterogeneous
cores minimizes the inter-core cross-talk to —86 dB between the fundamental mode
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Figure 5.22: (a) Schematic of the DUT evaluated with the OVNA, including 36-core
3-mode fibre sections spooled at different radii, 3D-waveguide (3DWG) mode-multiplexer.
Core-alignment is done by the fusion splicer (F'S) and glass processing system (GPS) with

end-facet view. (b) Core layout of the heterogeneous 36 core FM-MCF and (c) the index
profiles of the three core types.

wrigg

and —31dB between two LLP;; modes of adjacent cores. All cores have a step-
index profile, designed to support only the fundamental and first LP modes. The
main motivation for selecting this fibre for this experiment is the large DMGD
between the two-mode groups. A large dispersion results in a clear separation of
the impulse response peaks originating from the spatial multiplexers, even after a
short transmission distance that can easily be spooled with different bending radii.
The mode-group dispersion is designed to be 7.4ps/m, 7.1 ps/m and 6.3 ps/m, for
core type A, B, and C respectively.

Alignment of the single-core 3-mode multiplexers is done using the fibre po-
sitioning and rotation mechanisms of a Fujikura ARCMaster FSM-100P fusion
splicer and Vytran GPX-3000 glass processing system. A visible light source is in-
jected into one of the single-mode inputs of the demultiplexer. Using the end-facet
view of the Vytran machine, this light source can be detected when it is aligned
to one of the cores. This alignment step aligns the spatial demultiplexer to the
core of interest. Subsequently, with only the LPy; input connected, the output
of the STL is enabled with the coherence control switched off. This increases the
laser linewidth to 40 MHz, which decreases power fluctuations when only a single
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Figure 5.23: Summed impulse response matrix for cores 1-1, 2-2, 3-3, 4-4, 5-4, 6-4, and
7-4 of 195m FM-MCF with bending radii of 8cm and 15cm. Bottom right: impulse
response of centre core (4-4) for 18 m FM-MCF with bending radii of 12.5 cm and 50 cm.

3DWG output port is observed. By maximising the power transfer, the alignment
of the multiplexer is improved.

The OVNA is configured with a polarisation multiplexing delay of 0.4m, and
delay lines of 3.2m and 6.4m at the input and 1m and 2m at the output. As
a result, the measurable impulse response duration is limited to 1.9ns, which
translates to a maximum fibre length of approximately 265 m. For each evaluated
piece of FM-MCF, the delay in the reference arm is matched within approximately
10m to keep the signal frequencies and required sampling frequency low. The STL
is swept from 1530 nm to 1570 nm with a rate of 100 nm/s.

At first, two short pieces of FM-MCF of approximately 18 m are spooled with
a bending radius of 12.5cm and 50cm. The first radius is chosen to represent
fibre spooled on a drum, and the latter a link without any (tight) bends. As
can be seen in the bottom right graph of Fig. 5.23, the impulse responses are very
similar. Therefore, an attempt to increase the influence on fibre bending is made by
decreasing the bending radius and increasing the fibre length. A 195 m long section
of FM-MCEF is spooled on a fibre drums with 8 cm radius, and re-spooled on a
15 cm radius drum. The impulse response matrix of seven cores along the diagonal
(1-1, 2-2, 3-3, 4-4, 5-4, 6-4, and 7-4) are measured sequentially using the OVNA.
The sum of all 36 elements squared is shown for each core in Fig. 5.23. Again, no
significant change in impulse response is notable between the two bending radii.
From the separation of the two peaks, the DMGD is estimated to be 1.45ns, 1.22ns,
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Figure 5.24: Summed impulse response matrix for each core of twisted and untwisted
fibre with a bending radius of 8 cm.

1.37ns, 1.45ns, 1.20ns, 1.32ns and 1.27 ns for cores ascending in numbering. After
dividing these values by the expected DMGD of each core type, the fibre length
is found to be 195m. The estimations for cores 1-1, 2-2, 3-3, 4-4, and 5-5 are in
close agreement, but from the impulse responses of cores 6-4 and 7-4, a slightly
shorter estimate is found. For all impulse responses the distributed inter-mode-
group crosstalk, represented by the plateau between both peaks, is found to be at
least —28.1dB.

On top of bending the fibre by spooling on a small drum, the fibre is also
twisted as this might be an additional source of increased modal-crosstalk. First,
multiple pieces of fibre are twisted to determine the maximum number of twists
before it breaks. Almost all fibre sections broke after approximately 4 twists per
metre. Therefore, 50 twists along the propagation axis are applied over a length of
15m, which are held in place by fibre clamps. Short fibre lengths of approximately
1m bridge the gap between clamps and alignment stages, resulting in a total DUT
length of 17.4m. For each core, the impulse response is measured with the OVNA,
which is illustrated by the orange curves in Fig. 5.24. Next, the tension introduced
by the twists is removed, and the fibre is re-spooled to the same drum for a second
set of impulse response measurements. In Fig. 5.24, it can be seen that the blue
curves, representing the untwisted fibre, overlaps with the twisted fibre for all cores.

In Figure 5.25, the estimated DMGD of each core for both twisted and untwisted
fibre, and their targeted design value are shown. Minimal differences between
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Figure 5.25: Estimated and designed DMGD values for each core of twisted and untwisted
fibre.

twisted and untwisted fibre are observed from the impulse responses. Note, that
core type B matches the closest to its designed value. For core type C, the measured
DMGD is above the targeted value, which matches with earlier observations [223].
From the impulse response measurements of 195m fibre (Fig. 5.23), a larger than
designed DMGD was observed for core 6-4 and 7-4. Similar behaviour is observed
for almost all cores on the 6" and 7*" row in this smaller section of fibre. Since
this deviation from designed DMGD values is observed for different fibre sections,
which are re-spooled in-between measurement, the influence of bending seems
unlikely. Manufacturing imperfections are a more probable origin for this effect.
Nevertheless, the maximum inter-mode-group cross-talk of —29.4 dB, observed for
core 2-5, will have a minimum impact on the optical signal-to-noise ratio (OSNR).

With a minimum mode-group cross-talk of —28.1dB and large DMGD, this
FM-MCEF is a suitable candidate for 3-mode partial MIMO transmission over short
distances where fibre bending with is unavoidable. Note that the smallest bending
radius exceeds that of bend-insensitive single-mode fibre, as the FM-MCF will
break at these small radii.

5.8 Conclusions

In this chapter, a comprehensive overview of optical vector network analysis is
given, starting from the fundamentals of swept wavelength interferometry, to the
spatial-diverse variant capable of direct measurement of the 2M x 2N transfer
function matrices of SDM components. Next to the required DSP steps required
to extract the transfer function matrix from measurement data, and derive linear
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parameters, additional performance enhancing steps are proposed.

A big advantage of optical vector network analysis is its ability to characterise
a single spatial multiplexer, whereas generally multiplexers are characterised as
a set of multiplexer and demultiplexer. By exploiting the reflection of cleaved
fibre, a 6-port photonic lantern is characterised. Key parameters as IL, MDL, and
mode-selectivity are extracted from the obtained transfer function matrix.

Inherent to the large optical bandwidth property of spatial diverse optical
vector network analysers is pulse broadening due to chromatic dispersion. From
the analysis of a 39-core 3-mode fibre, a correlation between chromatic dispersion
and impulse response duration is observed. Furthermore, it is shown that partial
CD compensation can improve DMGD estimations based on impulse response
measurements.

The impact of fibre bending and twisting on the impulse response matrix, in
particular, inter-mode-group cross-talk, is investigated in a FM-MCF utilizing
optical vector network analysis. No significant changes in the impulse response
were observed by reducing the bending radius of the fibre or twisting the fibre along
the propagation axis. Consequently, no increase in inter-mode-group cross-talk
was observed.

Enabled by optical vector network analysis, the complete linear response of
individual transmission system components can be obtained. Therefore, an insight
of component-specific contributions towards transmission system impairments can
be gained. This knowledge can be utilised to operate transmission systems at their
optimum, and thereby improving capacity as is the objective of the transmission
experiments in the next chapter.



CHAPTER 6

Short-reach space division
multiplexed transmission

The wide interest of the telecommunication research community towards space-
division multiplexing (SDM) culminated in numerous publications on mode mul-
tiplexing using three modes [27, 224, 225]. Driven by the ambition to increase
the number of modes, extensive development of few-mode fibres, multiplexers and
digital signal processing (DSP) algorithms, rapidly resulted in mode-division mul-
tiplexing exploiting six modes [30]. Scaling to a higher number of modes has its
challenges. Key to unravelling spatial channel mixing is managing the mode de-
pendent loss (MDL) and differential mode group delay (DMGD), caused by the
different modal gains and propagation constants of the spatial modes. Transmission
systems employing large DMGD fibres, generally have a broad impulse response.
To successfully unravel the spatial channel mixing, the memory of multiple-input
multiple-output (MIMO) signal processing must be sufficiently long to accommod-
ate the complete impulse response. Furthermore, the dimensions of the MIMO
equaliser scale quadratically with the number of spatial channels. Whereas the
challenge of managing DMGD is mainly addressed in the transmission fibre, spa-
tial multiplexers greatly contribute to MDL. This impairment describes variations
among the spatial channel gain and may degrade system performance. For large
values, it can even result in channel outage for narrowband systems [155].

Enabled by low DMGD 6-LP few-mode fibre (FMF), low loss photonic lan-
tern mode-multiplexers, and advanced DSP, the first-ever reported transmission
exploiting 10 spatial modes is discussed in Section 6.1. A line rate of 400 Gbit/s
per wavelength channel is achieved over 4.45 km few-mode fibre. A space-time code
is proposed to mitigate performance differences between spatial channels. Further-
more, a ten-hour experiment is performed to demonstrate the system performance
stability.

Scaling towards higher spatial multiplicity in few-mode fibres is challenging,
as small manufacturing imperfections can result in large deviations from targeted
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fibre parameters [97]. Therefore, the design of conventional 50 pm core diameter
multi-mode fibre (MMF') is optimised for SDM transmission in the C-band. The
produced fibre supports a total of 55 linearly polarised (LP) modes and is designed
to minimize cross-talk to mode groups not excited at launch. Consequently, the
capacity of transmission systems based on this MMF can be scaled by upgrading
terminals when required. In Section 6.2, the first 10 modes of the MMF are
exploited for transmission at similar line rates to the few-mode fibre over a distance
of 40 km.

Generally, the first N modes, distributed over multiple mode-groups, within a
few-mode or multi-mode fibre are selected for mode-division multiplexing. Com-
pared to inter-mode-group coupling, modes within a mode-group exhibit strong
mode coupling, which is beneficial for SDM transmission as it reduces the group
delay spread and variations of losses from MDL [155]. This property is investigated
by compared two transmission systems; a conventional system populating spatial
channels over multiple mode-groups, and a proposed setup exciting the same num-
ber of modes in a single, higher-order mode-group. A shorter impulse response was
reported, which allows for signal detection using smaller equaliser windows, and
thus reducing computation complexity.’

6.1 10-Mode transmission over 6-LP fibre

In this section, key subsystems developed to demonstrate the first transmission
exploiting 20 spatial channels (2 polarisations per 10 spatial modes) over 4.45km
6-LP fibre. A line rate of 400 Gbit/s per wavelength channel was achieved by
transmitting quadrature phase shift keying (QPSK) symbols at 10 GBaud. As
large variations between spatial channel performance were observed, a round-robin
space-time code, that allocates data across all channels in a round-robin fashion, is
proposed. Accordingly, it minimises the performance variance between transmission
channels. Finally, system stability is demonstrated by means of a ten-hour meas-
urement. Over this period, the system bit error rate (BER) is below the presumed
20 % soft-decision forward error-correction (SD-FEC) limit of 2.4 x 1072, required
for reliable communication. In Section 6.1.1 the 6-LP fibre is introduced. Followed
by the design and characterisation of the employed 10-mode photonic lantern (PL)
spatial multiplexer in Section 6.1.2. The transmission setup employed to evaluate
transmission performance, including the required digital signal processing steps
are covered in Section 6.1.3. Experimental results of the single wavelength channel
transmission are presented in Section 6.1.4. In this section, also the round-robin
encoder is introduced. Finally, the performance of the combined mode-division
multiplexing (MDM)-wavelength-division multiplexing (WDM) transmission setup
is discussed in Section 6.1.5.

IThe experiments described in this chapter are based on the following publications: [J26, J8,
J20, J22]
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6.1.1 Low-DMGD 6-LP few-mode fibre

Key to mode-division multiplexing is a low DMGD characteristic of the fibre, as
it limits the impulse response broadening. Consequently, the receiver memory
requirements are relaxed. Therefore, the transmission fibre is designed according
to the strategy described in [226]. First, the nominal frequency V is set to 9.65,
and the core radius is fixed to 14 pm, and the trench volume is adjusted to 0.54 pm?
to ensure low bending losses for guided LP modes. The trench volume is calculated
as the integral of the trench index, relative to the cladding over its cross-section.
The resulting index profile is depicted in Fig. 6.1a. Observe the four horizontal
lines in the profile, representing the four guided mode-groups. Due to the two-fold
degeneracy of the LPy1, LPs;, LP31, and LP15 modes, a total of 10 LP modes are
supported by this fibre. Hence, when accounted for the polarisation diversity of
each LP mode, a total of 20 spatial channels are available for SDM transmission.
To reduce the maximum |[DMGD| between any combination of LP modes, the
a-parameter, which describes the shape of refractive index arc for graded-index
core profiles, is optimised to be 1.95 [94]. The resulting characteristics of the
optimised 6-LP are given in Table 6.1.

Critical to the fabrication of low DMGD few-mode fibres, is its resilience to
small variation of the refractive index and a-parameter. Manufacturing tolerances
of 1% variation in o are not uncommon for conventional fibre drawing processes.
This relative small deviation can significantly increase the DMGD, from theoret-
ical achievable minimum of 8.6 ps/km to 98.5 ps/km [96]. To closely match the
designed profile, this fibre is fabricated using high accuracy plasma chemical va-
por depostion (PCVD) fabrication process. It has standard glass (125 pm) and

1
i

~12 7 — Theoretical Profile 16 MWMW%MM
— Experimental Profile 14 J/\\'Mw
8 LPor W
LPys
4 LPgz LPy 10 w__/“//\/\’\-—\,\”\_~
LPs2 _‘_‘_—’_//\,W\
Y \s——
_JKA,\

Offset Launch (um)
o

)

g - A
0 5 10 15 20 25 0

Radius (um) 92 k4

i
i

0.38ns

Index Difference (x10
o

o

0.8 1.0
Tlme (ns)

(a) (b)

Figure 6.1: (a) Theoretical and experimental index profile of the 6-LP mode fibre. (b) An
estimated maximum |[DMGD] of 0.38 ns based on offset launching measurements.
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Table 6.1: Design characteristics of 6-LP fibre at 1550 nm

LPo; LPy;; LPyy LPo2 LP3; LPio

Neff-Nelngdng |10 %] | 771 5.62 354 355 146 148
Bend loss [dB/turn]

(10mm radius) <1 <1 <1 <1 1.6 7.3
DMGD(vs LPor) [ps/km] | - 7.6 65 78 08 75
CD [ps/(nm-km)] | 20.1 204 20.6 20.6 209 20.9

Effective area mm?] [ 126 169 227 256 273 274

coating (245 pm) dimensions. Fibre parameters are measured for the fundamental
mode of the 4.45km long fibre employed in the transmission setup of Section 6.1.3.
The chromatic dispersion (CD), effective area, and attenuation were found to be
19 ps/(nm - km), 117 pm? and 0.236 dB/km at 1550 nm. Figure 6.1b, shows the
pulse broadening of a short 50 ps pulse, offset launched into the few-mode fibre.
Observe the increasing pulse broadening for large offset values, introduced by the
DMGD between the excited higher-order modes. From this figure, a delay spread
< 0.357ns after 4.45, is observed [94]. The estimated |[DMGD]| of 80 ps/km, is
roughly ten times larger than the targeted value, but given the manufacturing
accuracy can still be considered low for FMF.

6.1.2 10-Mode photonic lanterns

To interface with the modes of the FMF, a set of fibre-based PLs is employed. Com-
pared to the first spatial multiplexers based on optical phase plates (Section 3.3.1),
all-fibre PLs have the advantage of low insertion loss (IL) and low MDL. Fur-
thermore, both single-mode and few-mode facets can be fusion spliced to other
fibre components, further reducing the losses and improving temporal stability.

. .75cm

57um

Figure 6.2: Schematic of a 10-port photonic lantern and cross-section of the capillary
before tapering. A photo of the tapered facet is shown on the right.
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Figure 6.3: Mode profiles of the mode-selective 6-port photonic lantern for ports 1 (a) to
10 (j).

For these reasons, all-fibre photonics lanterns are investigated for this 10-mode
transmission system.

The spatial multiplexers are manufactured by adiabatically tapering a bundle
of single-mode fibres (SMFs). The 10 single-mode fibres, one for each mode, are
placed in a low refractive index, fluorine-doped silica capillary. To prevent high
losses, the fibre arrangement, depicted on the left-hand side in Fig. 6.2, matches
with the modal symmetry [124]. To achieve the required geometry, 86 pm cladding
diameter fibres are used for the 3 inner single-mode fibres. The SMFs on second
ring have conventional 125 pm cladding diameters. The core diameter of all 10
fibres is 13 pm. Next, the assembly is adiabatically tapered down from 900 pm to
47 um over a transition length of 5.75cm. As can be seen in the tapered facet,
depicted on the right-hand side of Fig. 6.2, the single-mode fibres have merged to
one few-mode core. Note that the inner diameter of 28 pm matches with the 6-LP
fibre dimensions.

Before employment in the 10-mode transmission system, the set of spatial
multiplexers are characterised. First, the single-mode ports are consecutively
excited by a 50nm bandwidth light source around 1550 nm. By observing the
tapered facet with an infrared camera (Xenics, XEVA-1.7-320), the near field
intensity profiles are obtained. From the profiles depicted in Fig. 6.3, no discernable
mode fields are visible in a single image due to the non-mode-selective property of
the spatial multiplexer. Although, a hint of selectivity between ports on the inner
and outer ring of the assembly (Fig. 6.2) can be observed.

Next, the excess losses of the devices are investigated by measuring the power
transfer from each single-mode port to the few-mode facet. A distributed feedback
(DFB) laser at 1540nm generates the source signal of 0 dBm, which is detected
by an integrating sphere detector. Figure 6.4 shows the obtained excess losses,
measured directly at the output of the PL, and after butt-coupling to approximately
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Figure 6.4: Insertion losses of the 10 mode photonic lanterns measured directly and after
splicing to approximately 2m of graded-index (GI)-MMF.

2m of 50 pm core diameter MMF. The later measurement is of interest for the
experiment discussed in Section 6.2. Observe the larger variation of losses between
ports in Fig. 6.4a, compared to the other lantern (Fig. 6.4b), which is mainly
attributed to the quality of the cleaved few-mode facets. To preserve the matched
fibre dimensions, it was not possible to redo the few-mode cleave. The spatial
multiplexer with the lowest IL is selected as a demultiplexer, because it results in
higher signal power into the erbium-doped fibre amplifiers (EDFAs). The noise
figure of these fibre amplifiers degrades for lower input powers. A higher IL at the
transmitter can easily be mitigated by increasing the launch power.

6.1.3 Experimental setup

In the experimental setup, depicted in Fig. 6.5, external cavity lasers (ECLs)
are tuned to generate 5 wavelength channels centred around 1547.72nm, with a
100 GHz spacing. The output of one ECL is split to serve as local oscillator (LO)
for homo-dyne detection, before it is combined with the other loading channels.
The carriers are modulated with a 10 GBaud QPSK sequence of length 2%, using
an IQ-modulator driven by two synchronised digital-to-analog converters (DACs).

The output of the modulator is guided through a polarisation multiplexing
stage, where the signal carried by one of the polarisations is delayed by 485 ns.
Polarisation controllers are employed to align the polarisation of both arms with
the orthogonal inputs of the polarisation beam combiner (PBC). Subsequently,
wavelength decorrelation is applied by delaying the odd-numbered channels with
985 ns, after splitting the grid using a wavelength selective switch (WSS). Finally,
mode decorrelation using the following delay lines 49 ns, 85 ns, 134 ns, 193 ns, 237 ns,
281 ns, 322 ns, 397 ns and 442 ns is performed to generate the 10 decorrelated signal
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Figure 6.5: 10 mode transmission setup including 10-port photonic lantern (PL) and 6LP
FMF. External cavity laser (ECL), wavelength selective switch (WSS), digital-to-analog
converter (DAC), polarisation-diverse coherent receiver (PD-CRX), EDFAs are denoted
by triangles. Mode decorrelation delays 7; are 49ns, 85 ns, 134 ns, 193 ns, 237 ns, 281 ns,
322ns, 397ns and 422ns. Delay lines of the time-domain multiplexed space-division
multiplexing (TDM-SDM) are 7,=3km, 7,=6 km, and 7.=9 km.

copies that are fed to the single-mode inputs of the spatial multiplexer. EDFAs
are employed per two inputs, to compensate for splitting losses and control the
launch powers.

The photonic lanterns from Section 6.1.2 are butt-coupled to 4.45 km of 6-LP
few-mode fibre described in Section 6.1.1, using multi-axis alignment stages. A
first rough alignment is performed on visual feedback using a microscope objective.
Next, the alignment is optimised based on the output powers of all 10 output ports
of the demultiplexer. Note that each of the single-mode outputs of the demultiplexer
contains a combination of the 10 transmitted signals, as a result of the mode mixing
of the spatial multiplexers and fibre. Unravelling the mode mixing is performed in
the digital domain, for which the full optical field of all 10 dual-polarisation outputs
is required. Employing a polarisation-diverse coherent receiver (PD-CRX) and
analog-to-digital converter (ADC) for each channel would be a costly endeavour.
Hence, a TDM-SDM sub-system, which allows the detection of multiple spatial
channels with a single coherent receiver and ADC by time multiplexing the signal,
is employed [227]. Note that the TDM-SDM is a measurement technique and
for any real application of MDM, one receiver per channel is still required. In
this sub-system, the 10 single-mode outputs of the transmission link are gated by
acousto-optic modulators (AOMs). Subsequently, the signals are guided through
delay lines of 0 km, 3km, 6 km and 9 km before recombination, realised by an 1x4
optical fibre coupler. Finally, the signals are amplified and fed to 3 PD-CRXs. The
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Figure 6.6: One of the four waveforms detected by each of the 3 ADCs after TDM-SDM.

to base-band converted signals are digitised at 40 GSa/s or 50 GSa/s by synchronous
triggered real-time oscilloscopes with a minimum channel bandwidth of 20 GHz.
The detected waveforms for a 10-mode transmission are depicted in Fig. 6.6. Note
that only one of the four channels of each ADC is shown. Blocks 5 to 10, are
detected by integrated coherent receivers with trans-impedance amplifiers (TTAs),
which introduce transients at the start of each block. As the duration of each block
is approximately 12.5 ps, and the 2'5 symbols long sequence is repeated every 3.3 ps,
the unwanted transient can be simply discarded, while enough symbols remain
for accurate BER estimations. It is critical to phase match the LO signal for all
delayed signals to apply accurate carrier-phase recovery. Therefore, the LO is
guided through a similar delay lined structure.

All digital signal processing is performed offline, starting with the serial to
parallel conversion of the serialised data blocks of the TDM-SDM. As the other
DSP processing steps require T'/2 sample spacing, the 20 complex signals (10 modes,
2 polarisations) are resampled to two-fold oversampling. Mandatory for MIMO
processing is the correct time alignment between all received modes. This is realised
by calculating the cross-correlation with the transmitted sequence and applying
shifts accordingly. Next, front-end impairments, including IQ-orthonormalization
are compensated. Unravelling the 20 transmitted data channels is achieved by a
20 x 20 minimum mean squared error (MMSE) time domain equaliser (TDE). The
weight matrix is updated according to the least means square (LMS) algorithm
for convergence, and is switched to decision-directed least mean square (DD-LMS)
after 40000 symbols. Both algorithms include variable step-size error updating
rules [187]. To corroborate the impact of impulse response changes during the
change from data-aided to decision-directed, a capture is reprocessed without
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Figure 6.7: Polarisation averaged equaliser weights of 20x20 MIMO. Input and output
spatial modes correspond to the port numbers of the spatial multiplexers.

any updates after the 40000symbols used for convergence. No change in the
impulse response and stable BER estimations over multiple captures were observed.
Therefore, a stable impulse response can be assumed within the capture length.
Frequency domain equaliser (FDE) can reduce the computational complexity
with respect to TDE [228]. However, due to the lower adaptation gain, FDE is
too slow for stable convergence in the relative short capture window, while still
maintaining enough symbols for accurate BER calculations. The capture window
is time constraint by the delay fibres of the TDM-SDM.

Subsequently, the minimal frequency offset between transmitter and LO is
removed by applying carrier phase estimation (CPE) based on digital phase-locked
loops (PLLs) [229]. Next, the symbols are de-mapped to bits for performance
evaluation. Note that symbols used for convergence are not taken into account,
and the BER is calculated over the remaining 100 000 symbols per channel. The
system averaged BER is obtained by averaging over the 4 million bits in all channels:
polarisation, mode, in-phase and quadrature.
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6.1.4 Single channel performance

At first, the low DMGD property of the fibre is investigated by observing the
impulse response of the system in single-wavelength operation. It is not possible to
visualise all 400 weight elements of the 20 x 20 MIMO equaliser without losing detail.
Therefore, a polarisation averaged response for each LP mode is depicted in Fig. 6.7.
Note that no direct relation between LP mode and input could be made because
of the non-mode selective spatial multiplexer. Hence, the inputs and outputs are
numbered according to the single-mode fibre arrangement of Fig. 6.2. From these
elements an impulse response spread of < 0.2ns after 4.45km can be observed,
which in agreement with the DMGD values obtained by offset launching Fig. 6.1b.
Due to the low temporal resolution of the equaliser and small accumulated DMGD,
it is challenging to distinguish the mode groups in Fig. 6.7.

Furthermore, the equaliser convergence of the 10-mode transmission is com-
pared to the single-mode optical back-to-back configuration in Fig. 6.8. Both
measurements used 39 T-half spaced taps with a fixed adaptation gain of y = 1074
For the sake of comparison, both errors are normalised such that the initial error
is 1 and the final error is 0. System convergence is assumed when the error is
within 5% of the final error value. From Fig. 6.8 it can be seen that all spatial
channels converge at the same rate, and reach the convergence threshold after
0.58 ps. This is roughly 11 times slower compared to the SMF transmission, which
takes only 0.05 ps to converge. This result matches with the theoretical expected
linear scaling of convergence time with the number of mixed channels [230]. The
small discrepancy is attributed to the eigenvalue spread of the transmission system.

Transmission performance is evaluated based on the pre-FEC BER for each
spatial channel. As can be seen in Fig. 6.9b, a strong fluctuations in BER between
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Figure 6.8: TDE convergence for 10-mode transmission and single-mode back-to-back.
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Figure 6.9: (a) Graphical representation of the round-robin space-time encoder. (b) BER
for all 20 spatial channels, and the system averaged result with the applied round-robin
coding. Constellations of the best and worst performing channels are shown in the insets.

the spatial channels can be observed. This large difference is also visible in the
insets of that figure, showing the constellations for the best and worst-performing
channel. Without any channel coding applied, the system performance would be
determined by the worst-performing channel. For this measurement, it prevents
successful transmission, when a standard 20 % overhead SD-FEC is applied, as
the BER of some channels is above the threshold. To balance the performance
of individual channels, a round-robin space-time coding, which allocates the time-
slotted data channels over the available spatial channels, is applied to the sequences.
For this 10-mode system, data channel 0 < m < 19 is allocated to transmission
channel 0 < n < 19 at time slot 0 < k < 0o as n = modag(m + k), where modsg is
the modulus after division by 20. A graphical representation of this code is given
in Fig. 6.9a. It is important to note that the theoretical implication of this coding
scheme is small, however, the hardware considerations for potential implementation
are challenging due to timing implications. Critical timing alignment is required at
the transmitter and receiver for decoding the channels in DSP. With the proposed
round-robin coding applied, the performance of the channels is averaged to the
dashed line in Fig. 6.9b, which is below the before-mentioned threshold, enabling
transmission at a data rate of 320 Gbit/s.
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Figure 6.10: BER for all spatial channels for wavelength channels ranging from 1546.12 nm
to 1549.32 nm.

6.1.5 Temporal stability of combined WDM/SDM transmission

The transmission rate of the previous experiment is increased by applying WDM
over 5 channels on top of the 10-mode multiplexed signal. These wavelength
channels are spaced at 100 GHz, centred around 1547.72nm. The ECL used for
both channel under test (CUT) and LO is tuned to one of the 5 channels, and
combined with the other 4 loading channels. It can be seen in Fig. 6.10, that all
channels perform below the assumed SD-FEC threshold, resulting in a data rate of
1.6 Thit/s. Note that the variation in spatial channel performance is small because
of the included round-robin coding. For each wavelength channel, the MDL is
calculated as the ratio between the strongest and weakest singular value of the
equaliser weights. The observed MDL of 8.7dB, 9.3dB, 9.0dB, 9.4dB and 9.5dB
shows a similar trend as the BER in Fig. 6.10.

Key for transmission systems is reliability, which is investigated by performing a
10 hours measurement with 5 wavelength and 20 spatial channels. The system BER,
and MDL versus time for the centre channel (1547.72nm) is shown in Fig. 6.11.
Over 10 hours a small variation of 1.1 x 1072 in BER is observed, demonstrating
the temporal stability of the transmission setup. An average of 8.5dB MDL with
a maximum variation of 1.7 dB is measured over this interval.
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Figure 6.11: BER and MDL of the centre wavelenght channel measured over a duration
of 10 hours.

6.2 10-Mode transmission over 50 um core diameter
multi-mode fibre

The first multiple-input multiple-output (MIMO) mode-division multiplexing (MDM)
transmission experiments were conducted using standard multi-mode fibre (MMF) [22,
23, 231-233] However, the cross-talk between the large number of modes supported
by the fibre limited capacity increases with respect to SMF. To overcome this
issue, few-mode fibres were designed to guide exactly the small number of modes
exploited during transmission. In the previous section, 10-mode transmission over
a few-mode fibre was demonstrated. Scaling, the number of spatial channels of
few-mode fibres, while maintaining low differential mode group delay (DMGD) is
challenging because it is highly susceptible to a small variation in the production
process [97]. Alternatively, the design of standard MMF can be optimised for
MDM transmission around 1550 nm. In this section, a 10-mode transmission over
this optimised fibre is discussed. In Section 6.2.1, the fibre is introduced, followed
by the transmission setup in Section 6.2.2. Finally, transmission results will be
presented in Section 6.2.3.

6.2.1 50 pum core diameter multi-mode fibre for SDM
applications

The index profile of the graded-index multi-mode fibre used in this experiment
shown in Fig. 6.12a. The 50 pm core diameter fibre supports the first 30 LP modes
or 55 spatial modes. However, the last two groups suffer from high bending losses
(>>10dB/turn for 10 nm bending radius). Leaving the remaining 8 mode-groups
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Figure 6.12: (a) Theoretical and experimental index profile of the multi-mode fibre. (b)
An estimated maximum [DMGD| of 0.71ns based on offset launching measurements.

with 20 LP modes or 36 spatial modes available for MDM transmission. The
relative large index difference of 1.4 x 1072 between the mode-groups minimises
coupling between the last mode-group used for transmission and the first group that
is not excited at launch. This last property is key to an upgradeable transmission
system from a single-mode equivalent to 36 spatial modes without replacing the
fibre. By upgrading the spatial multiplexers and DSP accordingly, capacity can
be increased when demand requires. The design is optimised for mode division
multiplexing in the C-band following a procedure similar to few-mode fibre design.
The maximum DMGD between any two modes is minimised by tuning the shape
of the graded-index profile, described by the a-parameter. The optimum was found
for a = 1.94. Furthermore, the DMGD can be further reduced by optimising the
trench volume.

The fibre with standard cladding (125 pm) and coating (245 pm) is fabricated
using standardised multi-mode production process. From offset launching a 50 ps
pulse, a DMGD of 0.71ns after 4.45km, or 160 ps/km, is observed between the
first 20 LP modes (see Fig. 6.12b). For the 10-mode transmission experiment, a
maximum |[DMGD| around 100 ps/km is to be expected. Compared to the few-
mode fibre, the observed dispersion values are closer to the minimal theoretical
values, because of the higher accuracy of multi-mode fibre production process [97].

The attenuation of the fundamental mode is found to be 0.215dB/km, with
a modal variation below 0.020 dB/km for the guided 20 LP modes. The effective
areas range from 175 pm? to 705 pm?, increasing tolerance to non-linear propaga-
tion effects. The chromatic dispersion coefficients range from 19 ps/(nm - km) to
21 ps/(nm - km) [97].
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6.2.2 Experimental setup

For evaluation of the MMF, the transmission setup illustrated in Fig. 6.13 is em-
ployed. The single wavelength transmitter is a < 100kHz line width ECL tuned
to 1550.12nm. The output of two synchronised DACs operating at 20 GSa/s is
amplified by ultra-linear electrical amplifiers to provide the drive signals to an
IQ-modulator. The modulated sequence is a combination of multiple 2'¢ pseu-
dorandom bit sequence (PRBS) mapped to a QPSK constellation. The output
of the modulator is guided through a polarisation multiplexer with a delay line
of 485ns for polarisation multiplexed emulation. A variable optical attenuator
(VOA) controls the signal power into a conventional 3 dB fibre coupler, where it is
combined with a noise signal. The latter is amplified spontaneous emission (ASE)
generated by an EDFA with an open input. With control of both signal and noise
power, the optical signal-to-noise ratio (OSNR) into the mode decorrelation section
can be tuned. The second output of the fibre coupler is fed to an optical spectrum
analyser (OSA) to measure the OSNR.

After mode decorrelation, the 10 signal copies needed for 10-mode transmission,
are inserted into the 10 SMF inputs of the PL. The details of the PL spatial
multiplexer are covered in Section 6.1.2. Note that the spatial multiplexers were
designed to match the smaller 6LP few-mode fibre, which has a 14 pm core radius.
The multiplexer is butt-coupled to the MMF transmission fibre, using three-axis
alignment stages. The transmission span contains 3 spools of 4.45 km and 3 spools
of 8.85km, resulting in a 40 km link after fusion splicing each section. Both ends
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Figure 6.13: SDM over MMF transmission setup including noise loading stage consisting
of a variable optical attenuator (VOA), an EDFA to generate amplified spontaneous
emission (ASE) and an optical spectrum analyser (OSA).
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of the MMF link contain a short tapered section that acts as a mode stripper for
higher-order modes not used for transmission.

The 10 outputs of the spatial multiplexer are guided through the TDM-SDM
setup described in Section 6.1.3, to reduce the required number of coherent receivers
and ADCs from 10 to 3. Digital signal processing based on the same algorithms as
described in Section 6.1.3 is performed offline. Since the transmission distance is
increased to 40 km, digital CD compensation is included to reduce the residual CD
needed to compensate by the MIMO equaliser. Furthermore, 175 double symbol
rate taps are required to fit the broadened impulse response as a result of DMGD.
The MIMO TDE based on the LMS updating rule, unravels the spatial channel
mixing. Subsequently, CPE is applied to recover any small frequency offset between
transmitter and LO. Finally, the BER is averaged over 4 million system bits.

6.2.3 Transmission results

System performance is evaluated based on BER calculation for an OSNR ranging
from 10 dB/0.1nm to 30 dB/0.1nm. From Fig. 6.14, it can be seen that without any
additional ASE, the system averaged BER is approaching the BER threshold for 7 %
overhead hard-decision forward error-correction (HD-FEC) code. For degrading
OSNR, a larger overhead SD-FEC is required to ensure reliable communication.
Based on the assumed threshold of 2.4 x 1072, a minimum OSNR of 16 dB/0.1nm
is required for reliable transmission. On the right axis in Fig. 6.14, the system MDL
for the transmitted OSNRs values is shown. The MDL is calculated by taking the
ratio between largest and smallest singular value of the TDE weight matrix. No
accurate MDL calculation could be obtained for transmission at the three lowest
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Figure 6.14: BER and MDL for the noise loaded signals at OSNR from 10 dB/0.1nm to
30 dB/0.1nm.
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Figure 6.15: Normalized convergence of the equaliser comparison of transmission over
MMF and SMF.

OSNR values. This can be attributed to instability of the DSP algorithms for noisy
signals, which is also reflected by the high BER of some spatial channels.

In Section 6.1, the convergence of the TDE for FMF transmission is shown to
scale linear with the number of spatial channels. The employed MMF supports more
than the 10 modes used for MDM transmission, which might impact convergence
speed. In Fig. 6.15, the convergence of each spatial channel in the MMF and
SMF is shown. The errors are normalised, such that the initial error is 1 and the
final error is 0. A convergence threshold of 5% is assumed. Observe, that all but
four spatial channels converge at similar rates. Since non-mode selective spatial
multiplexers are employed in the experiment, these channels cannot be linked to
spatial modes. However, it is presumed that cross-talk from the fifth mode-group to
the last mode-group used for transmission contributes to the reduced convergence
rate.

Finally, the equaliser weights are observed to estimate the DMGD. Due to size
limitations, the polarisation averaged weight matrix is shown in Fig. 6.16. The
elements are numbered according to the port labelling of the spatial multiplexer
of Fig. 6.2. A maximum pulse broadening of 6.0 ns is observed after 40 km. This
translates to 150 ps/km, which is higher than expected from offset launched meas-
urements of Section 6.2.1. This can be partially attributed to the variance in CD
coefficients between the spatial modes, since only bulk compensation is applied.
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Figure 6.16: Polarisation averaged TDE weights after 40 km transmission showing a
maximum pulse duration of 6.0 ns.

6.3 DMGD reduction by selective excitation of strongly
coupled modes

The transmission of the previous section showed a potential 10-fold capacity increase
by exploiting the first 4 mode-groups of a 50 pm core diameter MMF, optimised
for MDM transmission. A total of 55 LP modes are supported by the fibre, di-
vided over 10 mode-groups, with N modes in the N*" mode-group. The modes
within a single-mode group experience significantly stronger coupling compared
to the coupling with modes across groups. Furthermore, it is shown that stronger
coupling between spatial channels can be beneficial, because it reduces the group
delay spread from modal dispersion and variations in losses related to MDL [174].
In this section, the strong coupling of modes within a mode group is exploited
to reduce the computational complexity of the DSP. A comparison between two
3-mode transmission systems is discussed. The first system employs the first two
mode-groups, consisting of the fundamental and LP;; modes, for transmission.
The second system uses the 3 LP modes (LP2; and LPgs) of the third mode group
for transmission. To access the individual mode groups, a mode-selective spatial
multiplexer is required. In Section 6.3.1, the design, fabrication and characterisa-
tion of a 6-port mode-selective photonic lantern are discussed. The experimental
setup required to evaluate the two transmission systems is given in Section 6.3.2.
Finally, the transmission results of both systems are compared in Section 6.3.3.
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Figure 6.17: Mode profiles of the mode-selective 6-port photonic lantern. (a) LPo; (b)
LPHa (C) LPHb (d) LP21a (e) LP21b (f) LPOQ.

6.3.1 Mode-selective photonic lantern

Along the tapered section of a PL, the light inserted into the single-mode inputs
slowly evolves to a linear combination of modes. Typically, similar SMFs are
employed for the fabrication of these spatial multiplexers, resulting in the same
modal degeneracy for all single-mode ports [234]. Consequently, there is no distinct
mapping between the single-mode ports and LP modes, as has been shown in
Section 6.1.2 for the PL employed in the previous experiments. For mode-selective
spatial multiplexers, the mode degeneracy must be broken. This can be achieved
by employing dissimilar fibres in the fabrication of PLs. The different propagation
constants of the single-mode fibres lead to different modal evolutions along the
tapered section [130, 131].

The 6-port PL employed for this experiment was fabricated using step-index
single-mode fibres with a core sizes 20 pm, 18 pm, 15 pm and 6 pm for LPg;, LP1q,
LP2; and LPgs, respectively. The multi-mode facet of the tapered structure has an
approximate core diameter of 29 pm. Note that this is smaller than the 50 pm core
diameter of the MMF transmission fibre. Therefore, a short length of graded-index
6-LP few-mode fibre is fusion spliced to the lantern for a more gradual transition
between core sizes. For the remainder of the section, all reference to the PL includes
this transition fibre, unless noted otherwise.

First, the near-field intensity profiles of the PL are observed by consequently
exciting the single-mode ports. Figure 6.17, shows the multi-mode facet observed
with an infra-red (IR) camera. The mode-selective property of the multiplexer can
be easily seen as the mode profiles depicted in Fig. 2.1 are clearly recognisable in
Fig. 6.17. Especially when compared to the non-mode selective lanterns in Fig. 6.3.
The component was also characterised using the optical vector network analyser
(OVNA) of Chapter 5. A maximum IL of 2.5dB, and MDL of 2.7dB is observed
for wavelength range 1530 nm to 1570 nm (Section 5.5).

6.3.2 Experimental setup

In this experiment, a six mode transmission setup is exploited for the comparison
of two 3-mode transmission systems. The first setup transmits over 2 mode groups
containing LPg;, LP11,, and LP11, modes. The second configuration excites 3
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Figure 6.18: SDM over MMF transmission setup supporting 6 modes and 3 mode systems
(LPo1+LP11 and LP21+LPo2). A mode-selective photonic lantern (MS-PL) is employed
at the transmitter.

modes in a single mode-group: LPs1,, LP21p, and LPg2. In the transmission setup
(Fig. 6.18), this is realized by connecting the 3 corresponding inputs of the photonic
lantern at the transmitter.

The transmitter configuration described in more detail in the previous sections,
is employed to generate a 10 GBaud QPSK signal, which is subsequently polarisa-
tion multiplexed with a 485ns delay. One EDFA is employed for each single-mode
input of the spatial multiplexer, allowing independent launch power control for
all 6 modes. Consequently, the delays have been updated to 49 ns, 134 ns, 237 ns,
322ns and 422 ns. The PL is butt-coupled to the transmission link of 53.4 km long
50 pm core diameter MMF. Details on the design are covered in Section 6.2.1, or
can be found in [97].

The received spatial channels are demultiplexed by a 6-port PL, with low mode
selectivity. Consequently, all 6 single-outputs must be received simultaneously for
analysis. By employing a 6 to 2 TDM-SDM setup, all 6 channels are captured with
only 2 PD-CRXs and corresponding ADCs. In the digital domain, the signal blocks
are aligned in time, followed by front-end and chromatic dispersions compensation,
before unravelling the modal cross-talk. Since the number of receivers is larger
than the number of transmitters, an asymmetric 6 x 12 MIMO TDE is employed.
After CPE, the symbols are demapped and the BER is calculated over 1.2 million
bits.

6.3.3 Transmission results

First, the equaliser filter weights for both 3-mode systems are analysed. Figure 6.19
show one of the elements of each transmission systems. In Fig. 6.19a, two spikes
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Figure 6.19: (a) Impulse response of LPo1+LP11a, transmission system after 53.4 km of
MMF. (b) Impulse response of LPg2+LP21a1, transmission system after 53.4 km of MMF.

corresponding to the two mode-groups (LPg; and LP;;) are observed. The estim-
ated DMGD of 2.35ns (44 ps/km) is in agreement with the DMGD measurements
of Fig. 6.12b. In the impulse response of the stronger coupled 3-mode system,
depicted in Fig. 6.19b, a single but slightly broader peak can be seen. The width
is approximately 3 times smaller, compared to the DMGD between the LPy; and
LP1; modes.

The main interest of low DMGD fibres is the reduced amount of memory
required for the MIMO processing. Therefore, the minimum equaliser window
length needed to achieve a pre-forward error-correction (FEC) BER of 3.8 x 1073
is found for both transmission systems. From Fig. 6.20a, it can be seen that for the
evaluated wavelength channels, the strong coupling of the LP5; and LPs translates
to a maximum of 27 % reduction of equaliser taps. Furthermore, since the number
of complex multiplications and additions for TDE scale linearly with the number
of taps, an overall reduction in MIMO complexity is to be expected.

The system MDL for each wavelength channel of both systems is estimated
from the singular values of the transfer function matrix. From Fig. 6.20b, the MDL
of the LPy;+LP7; system is found to be between 1.4dB to 3dB, and 1.8dB to
3.4dB for the LPyo+LP3; system. These values are in agreement with the 2.7dB
observed with the OVNA. However, no benefit of the stronger mode coupling is to
be observed in this aspect. This can be attributed to the limited contribution of
the MMF towards the overall system MDL with respect to the spatial multiplexers.
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Figure 6.20: Comparison of the equaliser window length (a) and mode dependent loss (b)
of the two evaluated 3-mode transmission systems for various channels throughout the
C-band.

6.4 Conclusions

In this chapter, the feasibility of increasing single fibre capacity with one order of
magnitude by applying mode division multiplexing is demonstrated. First by trans-
mitting 10-modes over 4.45km span of 6-LP few-mode fibre. A maximum delay
spread of 357 ps/km was obtained from DMGD measurements, resulting in a total
system impulse response width of less than 2ns after 4.45km. The low DMGD
property of the fibre offers potential scaling towards longer transmission distances
with minimum impulse response broadening. Single wavelength channel transmis-
sion showed a large variation in BER between the spatial channels. By allocating
time slots of data over all available channels using the proposed round-robin en-
coder, BER performance is equalised between the 20 spatial channels. Finally, the
stability of the combined mode and wavelength multiplexed transmission system
is verified over a 10-hour measurement. Scaling few-mode fibres beyond 6 and 9
LP modes, while maintaining the desirable low DMGD property, is challenging
because of inaccuracies in the production process. Due to the widely deployed
50 pm core diameter MMF, their manufacturing is well developed. However, to
cope with the mode mixing of the numerous modes supported by this fibre, the
design must be optimised for mode-division-multiplexing in the C-band. This fibre,
enabled reach extension to 40km, within pre-FEC BER requirements for hard-
decision error-correcting code. Amplified spontaneous emission was added to the
signal to impair the OSNR from 30 dB/0.1nm to 16 dB/0.1nm, resulted in system
BER below the assumed soft-decision FEC threshold of 2.4 x 10~2. This suggests
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that the transmission distance can be further increased. The relative large index
difference between mode-groups limits the inter-mode-group talk. Hence, only a
subset of the spatial channels can be used for mode-multiplexed transmission. This
enables capacity scaling of the transmission link by replacing the terminals, without
the costly deployment of new fibre. By exploiting this property in combination
with the strong intra-mode-group coupling of modes, the impulse response broad-
ening as a result of DMGD can be reduced. Two 3-mode transmission systems are
compared, one based on conventional 3-mode transmission using LPgy;, LP11,, and
LP11p modes. The other system transmitting over LPy1,, LP21p, and LPgs, which
belong to the same mode group. A maximum of 27 % reduction of the MIMO
equaliser window length is demonstrated. Due to the linear relation between the
number of taps and complex additions and multiplication of TDE, a similar scaling
in computation complexity can be expected. Unfortunately, this advantage scales
badly with the number of modes as has been demonstrated in [235]. In the next
chapter, mode division multiplexing will be applied to long-distance transmission.






CHAPTER 7

Long-distance space division
multiplexed transmission

The experiments in the previous chapter applied mode-division multiplexing with
a spatial multiplicity of 10, potentially increasing single-fibre capacity by one order
of magnitude over short distance links. Due to the attenuation of the optical
fibre medium, signal amplification or regeneration is required for long-distance
transmission. For a space-division multiplexed transmission system, gain balancing
between the spatial channels, thus minimising the differential modal gain (DMG)
is key. DMG has the same effect on transmission capacity as mode dependent loss
(MDL). In particular, low DMG multi-mode amplifiers are challenging to realise
due to different overlaps of the modal fields with dopants distribution and pump
profile. Transmission systems including few-mode amplifiers are therefore mainly
limited by the performance of the amplifier itself. In this chapter, the focus is on
evaluating the capabilities of space-division multiplexing (SDM) fibre technology.
Hence, it includes long-distance transmission experiments employing single-mode
amplifiers for each spatial channel.

One of the advantages of few-mode and multi-mode fibres is the increased
tolerance to non-linear transmission impairments as a result of their potentially
larger effective area. In Section 7.1, a large-effective area few-mode fibre is evaluated
in a combined wavelength- and mode-division multiplexed transmission setup. It
is demonstrated to outperform standard single-mode fibre (SSMF) up to distances
2400 km, at a spectral efficiency of 17.3 bit/s/Hz. The spectral efficiency is doubled
for the experiment in Section 7.2, by multiplexing over 6 modes in a few-mode
fibre. In combination with 120 wavelength-division multiplexing (WDM) channels,
transmission at 138 Thit/s over 590 km few-mode fibre (FMF) is reported.!

IThe experiments described in this chapter were conducted at Nokia Bell Labs, Crawford
Hill in New Jersey and culminated in the following publications: [J16, J14, J5]
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7.1 Transmission over large-effective-area 3-mode fibre

In this experiment, the improved tolerance to non-linear transmission impairments
for few-mode (and multi-mode fibres) is investigated by comparing a 3-mode trans-
mission system to a conventional SSMF system. The 3-mode fibre has been specially
designed with an even larger effective area compared to other 3-mode fibre designs.
If this higher tolerance to fibre nonlinearities translates to a higher capacity is
investigated by means of a transmission experiment. This section is structured
as follows: First the transmission fibre is discussed in Section 7.1.1, followed by
an introduction of the 3D-waveguide (3DWG) and photonic lantern (PL) spatial
multiplexers in Section 7.1.2. In Section 7.1.3 the synchronised re-circulating few-
mode transmission setup is explained. The results obtained with this setup are
presented and discussed in Section 7.1.4.

7.1.1 Large-effective-area depressed-cladding 3-mode fibre

The transmission fibre employed in this experiment has a step-index depressed
cladding profile. The index profile, designed with a normalised frequency V =
5, ensures stable propagation of the LPg;, LP11,, and LPy1, modes, while any
higher-order modes are cut-off. Furthermore, the design is optimised to minimise
differential mode group delay (DMGD) across the C-band, thereby minimizing
the number of equaliser taps required at the receiver. This DMGD is measured
by observing a short pulse launched into the fibre while intentionally misaligning
a phase plate spatial multiplexer [27]. The obtained DMGD measured over the
wavelength range of 1530 nm to 1564nm is found to be 27ps/km. By means of
optical time-domain reflectometry (OTDR) the fibre attenuation is estimated to be
0.205dB/km for both mode groups. An unique feature of this few-mode fibre is the
large effective area of 155 pm? for LPy; and 159 pm? for both LP1; modes. Typical
values for 3-mode fibres range from approximately 651m? to 95um? [223, 236].
A larger effective area reduces the local optical power intensities for a given total
signal power. As discussed in more detail in Section 2.3.4, Kerr nonlinearities are
refractive index changes related to the signal intensity. Hence, increased tolerance
to such effects is to be expected for a larger effective area. For comparison, the
effective area of SSMF is 65 pm?, which is less than half of the proposed few-mode
fibre [27].

7.1.2 Spatial multiplexers

Interfacing with the few-mode fibre is done by the laser inscribed 3DWG depicted
in Fig. 7.1 as multiplexer and a fibre-based PL as demultiplexer. Both compon-
ents are reciprocal and could in principle be interchanged. However, high mode-
selectivity at the transmitter side is beneficial, as this improves modal launch power
control. For the 3DWG, the modal extinction ratio is specified as >20dB [136].
This high mode selectivity follows from propagation constant matching of the
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(a) (b)

Figure 7.1: (a) Design of the tapered sections with in the 3D-waveguide. (b) 3D model
and end-facets of the 3D-waveguide [136].

tapered single-mode waveguides to either the LPq;, or LP1;p, mode, resulting in
a zero overlap with the orthogonal variant. To couple into the other LP1; mode,
the other single-mode waveguide is positioned perpendicular to the first, as is
illustrated in Fig. 7.1b.

The photonic lantern, on the other hand, excels in having low insertion- as
well as low mode dependent losses. This type of multiplexers has been discussed
in Section 3.3 and in more detail for the models employed in the experiments of
Chapter 6. Characterisation of both multiplexers was performed by exciting the
single-mode inputs with amplified spontaneous emission (ASE) and observing the
output power at the multi-mode facet. An average insertion loss (IL) of 1.1dB
with a 0.2dB variation was observed for the three-port PL. The insertion losses of
the 3DWG were slightly higher with an average of 1.7dB and a 0.26 dB variation
between the ports. An MDL of 1.75dB was observed for both multiplexers fusion
spliced to 96 km FMF.

7.1.3 Experimental setup

The experimental setup including the few-mode fibre and mode multiplexers is
depicted in Fig. 7.2. The transmitter section of the setup consists of 5 distributed
feedback (DFB) lasers, centred around 193.4 THz with a 100 GHz spacing aligned
with the ITU grid. The multiplexed continuous wave (CW) signals are modulated
with a 33.3 GHz tone to reduce the channel spacing and increase the number of
WDM channels to 15. These channels are separated into odd and even channels
by a wavelength selective switch (WSS) for modulation with independent data
sequences. Each of these De Bruijn sequences contains 2'¢ symbols mapped to a
16-ary quadrature amplitude modulation (QAM) constellation. The digital signal
is converted to an analogue driving voltage for the IQ-modulators by a four-channel
digital-to-analog converter (DAC) running at 60 GSa/s. After recombination of the
odd and even wavelength channels, polarisation multiplexing is realised by delaying
one of the polarisation states with 50 ns. Subsequently, a gain flattening filter (GFF)
is employed to balance the power between all wavelength channels. In parallel,
an external cavity laser (ECL) is tuned to the wavelength of the channel under
test (CUT). The lower linewidth of the ECL type laser produces less phase noise
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Figure 7.2: Long-haul transmission setup including 3-mode re-circulating loop with 96 km
of 3-mode FMF, photonic lantern (PL) and 3DWG spatial multiplexers, variable optical
attenuator (VOA) and gain flattening filter (GFF). Channel under test is generated
by external cavity laser (ECL), loading channels by distributed feedback (DFB) lasers.
Signal modulation by IQ-modulator (IQ-MOD) and digital-to-analog converter (DAC).
Wavelength selective switch (WSS) and optical tunable filter (OTF) for adding or filtering
channels. EDFAs are denoted by triangles.

compared to the DFB lasers and should thus perform better. This CW source is
modulated with independent data sequences by a similar transmitter configuration
as used for the loading channels. The outputs of both transmitters are combined
in a WSS, which places the CUT on the grid and drops the overlapping loading
channel.

The output of the WSS is fed to either a 3-fold re-circulating loop as included
in Fig. 7.2, or a single-mode loop as depicted in Fig. 7.3. This subsystem allows for
long-distance transmission using a limited number of components by propagating
the signal multiple times through the same fibre span [237]. The loop has a
cyclic behaviour, starting with a loading phase and followed by a re-circulating
or transmission phase. In the first phase, the loop switch is positioned such that
the signal generated by the transmitter fills up the loop. When at least a single
round-trip time has expired the switch is flipped, blocking any new signals from
the transmitter, and allowing the signal trapped inside the loop to start circulating.
After each circulation, a fraction x of the signal is tapped off and guided to a
receiver for detection. By accurate triggering, the desired distance can be captured
for further processing. Compared to the configuration described in [237], the 1x1
switch is replaced by a 2x1 variant, which allows the use of an asymmetric coupler.
In this setup, only 10% signal power is tapped every circulation, thus reducing the
losses of the circulating signal by 2dB. A variable optical attenuator (VOA) inside
the loop controls the launch power into the 78 km SSMF span. Amplification is
realised by dual-stage erbium doped fibre amplifier s (EDFAs) which are configured
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Figure 7.3: Single mode fibre recirculating loop, with gain flattening filter (GFF), loop-
synchronised polarisation scrambler (LSPS), and variable optical attenuator (VOA).

to balance out the losses such that the loop has unity gain. Due to the non-flat
gain spectrum of these amplifiers, a GFF is used to flatten the spectrum after each
circulation. Furthermore, a loop-synchronised polarisation scrambler (LSPS), is
included to change the polarisation state with each circulation, thereby minimising
the penalties introduced by effects like polarisation dependent loss (PDL). The
single-mode configuration of Fig. 7.3 is duplicated for each of the spatial modes of
the 3-mode fibre, as can be seen in Fig. 7.2. These loops need to be synchronised
and matched both in time and losses. The group delay of the three paths is
measured using an optical vector network analyser (OVNA). Subsequently, the
group delay differences between them are divided by the effective group index of
the fibre, which was estimated to be around the typical value for fibres at 1.45.
The obtained lengths were carefully cut-out, and the ends are fusion spliced back
together. To further reduce losses in the system, all connectors between patch
cords are removed and replaced by fusion splices. Any deviation in losses between
the recirculating loops is balanced by tuning the VOAs accordingly. The internal
power monitors of the EDFAs are used to measure the losses between sections of
the setup.

The 3 outputs of the loop setups are amplified and fed to optical filters that
select the CUT. The filtered signals are detected by conventional dual-polarisation
coherent receivers where it beats with a local oscillator (LO) signal generated from
an ECL with a specified < 10 kHz linewidth. The electrical signals are converted to
the digital domain by a 12-channel, 20 GHz bandwidth digital sampling oscilloscope
(DSO) sampling at 40 GSa/s. All signal processing is performed offline. First,
the signals are aligned in time and resampled to 2-fold oversampling. Next, 1Q-
imbalance, chromatic dispersion (CD) and frequency offset between signal and
LO are compensated. Subsequently, a multiple-input multiple-output (MIMO)
frequency domain equaliser (FDE) is applied to unravel the spatial channels. For
the 3-mode fibre, a 6 x 6 equaliser is employed, whereas a 2 x 2 is sufficient to
recover the two polarisations of the single-mode fibre. Equalisation is based on
the least means square (LMS) algorithm during convergence and multi-modulus
algorithm (MMA) during transmission. Finally, carrier phase estimation (CPE) is
performed before evaluating transmission performance.

The performance metric used in this chapter is the Q-factor in [dB], which is
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a commonly used metric in the telecommunications industry to express the signal
quality. Its definition follows from two Gaussian probability density functions
belong that to two constellation points, surrounding a decision threshold [62]:

Q=H"Ho (7.1)
g1 —0p

where p and o2 are the mean and variance of these probability density functions.
The subscripts refer to the intensity level related to the constellation points. The
following direct mapping between Q-factor and bit error rate (BER) is applied to
obtain the results presented in the following sections:

BER — %erfc (\%) , (7.2)

where erfc is the complementary error function, defined as [46]:
erfe(z) = 2z /Oo exp(—y?)dy (7.3)
VT Uy '

7.1.4 Transmission results

To achieve the best system performance, the optimum launch power into the few-
mode fibre has to be found. At first, any offset in power between the spatial channels
is investigated by tuning the launch power of the individual spatial channels. As
no significant difference in Q-factor could be observed, the same launch power
was used for all spatial modes for the remainder of this section. Subsequently,
the transmission power is swept from —5 dBm to 5 dBm for distances of 288 km,
768 km, 1440 km, 1920 km and 2400 km. The measured Q-factors for both FMF and
SSMF transmission are shown in Fig. 7.4. From Fig. 7.4a, it can be seen that the
best performance for the FMF system is achieved at a launch power of 2dB, which
is roughly 3dB higher compared to the 78 km long SSMF system from Fig. 7.3,
shown in Fig. 7.4b. The increased optimum power is mainly attributed to the more
than doubled effective area of the few-mode fibre. For the remainder of this section,
both systems are operated at their optimum launch powers. Compared to another
3-mode fibre long-haul transmission system that included a 70km long 3-mode
fibre span, with an effective area of 65 pm?, the optimum is 5.5 dB higher [236].
From the observations based on the power sweep, the question arises if this
higher transmission power leads to an improvement in capacity. Figure 7.5 shows
the system average Q-factors versus transmission distance for both fibres under
test. Q-factors above 6 dB were observed for transmission distances up to 2400 km,
enabling transmission at a net spectral efficiency of 17.3 bit/s/Hz, when 20 %
overhead for soft-decision forward error-correction (SD-FEC) is taken into account.
Note that this FMF outperforms SSMF up to a reach of 4500 km, which is related to
the 3 dB higher launch power. It is important to note that the effective area of FMF
can potentially be larger than single-mode large effective area fibre (LEAF). When
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Figure 7.4: (a) System averaged Q-factor for various launch powers and transmission
distances over few-mode fibre. (b) System averaged Q-factor for various launch powers
and transmission distances over standard single-mode fibre.

the Q-factor drops below the threshold for standardised SD-FEC after 2400 km of
fibre, transmission can still be realised by increasing the coding overhead. Therefore,
achievable rate (AR) for the FMF is calculated from mutual information (MI) using
a binning method [238] and is given on the right axis in Fig. 7.5.

The mutual information I (X;Y") is a quantity to express the amount of inform-
ation between two random variables X and Y. For a memoryless channel with
discrete complex input X and continuous out Y, the MI is given as:

1Y) = 3 P(o) [ prixtole)log, X2 g, (7.0

ze€X c

where Py is the probability mass function expressing the distribution of symbols
within the constellation 2°. The term py,(y|z) denotes the channel transition
probability expressed as a conditional probability. Since this quantity is unknown
for the optical fibre channel, an additive white Gaussian noise (AWGN) channel
is used as an auxiliary channel instead. Consequently, the MI becomes an upper
bound of the optical channel capacity. The Gaussian transition probability of this
auxiliary channel is expressed as:

avixol) = = exp (- YR )., (75)

where the noise variance ¢? is estimated from the received and transmitted symbols.
Next, the conditional probability symbol x was transmitted for an observed symbol
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Figure 7.5: Q-factor versus distance for transmission over few-mode and single-mode fibre

Achievable rate (AR) based on mutual information (MI) for FMF.

9Yn can be obtained by combining Bayes theorem and the previous equation:
Ry
exp (* (ygaf) ) Px ()
— )2
Sea exp (2552 ) Py (@)

Calculating gx|y («|yn) for all combinations of possible transmitted symbols  and
received symbols y,, results in the following lower bound on MI:

QX|Y(x‘yn) = (7.6)

N
1
Rsp ~ — Y Px(z)log, Px(z) + ¥ > axpy (@lyn) logs axpy (zlyn)  (7.7)
reX n=lzeX

Note that the transmitted 16-QAM sequence is approximately uniformly distrib-
uted, hence, Px(z) ~ % Applying this assumption to Eq. (7.7) and inserting the
expression for transition probability of the auxiliary channel of Eq. (7.6) yields the
achievable rate of a soft decision encoder [238]:

_ (yn—2)? )

N eXp( -
Rspmmt 3 3 -

Yn—T’ 2\
n=10e2 D giea XD (—%)

exp (7 (ygaz ) )

— )2
Ez’eﬁbf exXp <_ (ynQUg ) )

log, (7.8)

This expression has been used to calculate the AR shown in Fig. 7.5.
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Figure 7.6: Few-mode fibre impulse response after 96 km, 228 km, 1440 km, 3840 km and
6720 km transmission.

The achievable rate predicts successful transmission distances up to 7000 km
at an AR>2bits/symbol, which is equivalent to the quadrature phase shift keying
(QPSK) modulation format. However, at these distances, the system performance
will be mainly limited by MDL, and impulse response broadening as a result of
DMGD. This broadening effect, increasing with distance, can be seen in Fig. 7.6,
which shows the sum of the squared 6x6 elements of the impulse response matrix.
For short transmission distances (96 km and 288 km), each circulation can be recog-
nised by the impulse response peaks corresponding to the strong discrete spatial
mixing occurring in the mode-multiplexers, separated by the DMGD introduced
in the 96 km FMF. This spacing of approximately 2.7 ns matches closely to the
measured DMGD of 27 ps/km. With increasing distance, the impulse response
broadens as DMGD accumulates, but also the shape changes because of the in-
creased spatial channel mixing. After 2400 km transmission, the impulse response
can no longer be captured within the configured 30 ns wide equaliser window.

The other reach limiting parameter, MDL, can be obtained by performing a sin-
gular value decomposition (SVD) on the estimated transfer matrix. The frequency
resolved MDL, defined as the ratio between the largest and smallest singular value
is given for each transmitted distance in Fig. 7.7. This curve starts at 1.7 dB, which
matches the measured MDL of the 96 km FMF span and both spatial multiplexers.
For the first couple of circulations, the MDL grows approximately linear, but for
longer distances the growth-rate decreases to scale approximately with v/L. This
suggests an increased coupling between the spatial channels. Something that can
also be observed from the bell shape impulse response in Fig. 7.6. Alternative to
observing only the strongest and weakest singular value, all six values are taken
into account in the standard deviation of the MDL, which is shown on the right
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Figure 7.7: Mode dependent loss and its standard deviation for transmission distances
up to 5000 km.

axis in Fig. 7.7. Because the signal propagates multiple times through the same
fibre span in the re-circulating loop, the growth of oy, can be described by:

OmpL — 5\/ 1+ %52 (7'9)

with ¢ = VK, 04, where K is the number of identical fibre sections or re-circulations
in this scenario, and o, is the MDL standard deviation of a single section or
circulation [155]. Fitting Eq. (7.9) to the calculated values leads to an estimate o,
of 0.5dB per 96 km span.

7.2 138-Tb/s combined wavelength and mode division
multiplexed transmission

The previous experiment demonstrated the potential of SDM to outperform SSMF
in transmission rate. In this section, the spectral efficiency is doubled as the
number of modes is increased to six. On top of larger spatial multiplicity, the
number of wavelength channels is increased to 120, resulting in a net transmission
rate of 138 Thit/s.

7.2.1 Dispersion matched few-mode fibre link

The transmission fibre employed in this experiment is designed to guide only the
following linearly polarised modes, LPg;, LP11, LP21, and LPgs. Because of the
two-fold degeneracy of the LP;; and LP2; modes, a total of six spatial modes
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Table 7.1: Lengths and DMGDs of the spools in the few-mode link

DMGD [ns]
SpOOl L [km] LPOl—LP11 LPOl—LP21 LPOl—LPOQ
1 3.0 -1.60 -3.19 -3.26
2 30.0 3.17 8.56 8.56
3 19.3 -0.70 -3.14 -3.31
4 6.5 -0.67 -1.88 -1.82
Total 58.8 0.20 0.35 0.16
5
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@)
o o o
5 [-.—LPOl LP11=6=LP,1=%=LPg,
1 1

1 1 I 1
0 10 20 30 40 50 60

Distance [km|

Figure 7.8: Evolution of differential mode group delay of the 58.8 km 6-mode fibre span.

are supported. Including both polarisation states of each modes, a total of 12
spatial channels are available for transmission. The attenuation of 0.2dB/km
for the supported modes as well as the CD of 18 ps/(nm - km) is slightly above
typical values for SSMF. The effective area of the modes range from 90 pm? to
180 pm?, which is not particularly large for few-mode fibre. However, it is still
larger compared to SSMF.

Although the graded-index profile is optimised for low DMGD, the total mode
dispersion can be further reduced by carefully selecting multiple fibre spools with
positive and negative dispersion values. This technique shows high similarity to
installation of dispersion compensated fibre (DCF) in transmission links limited
by CD in cases digital compensation is unavailable [239, 240]. Building a nearly
perfect compensated link becomes more challenging with an increasing number of
modes, as the DMGD between any two mode groups must be matched. Therefore,
a greater diversity of fibre spools may be required to achieve a close to zero DMGD
span. The lengths and modal dispersion between the four fibre spools used to
form the 58.8km span in this section are given in Table 7.1. The development
of DMGD can be seen in the dispersion map for this link in Fig. 7.8. Observe
that even though the DMGD builds up to a maximum of 5ns after 33km, the
accumulated dispersion at the end of the 58.8 km link is less than 0.35ns. The
propagation time difference between the slowest and fastest path is 10.8 ns. Note
that for this analysis a linear growth of mode group dispersion is assumed, which
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Figure 7.9: Estimated impulse response after 59 km, 177 km and 590 km transmission.

holds for weakly-coupled multi-mode transmission systems.

The effect of dispersion management can also be seen in the impulse response
obtained from the MIMO equaliser. Figure 7.9, shows the sum of the 144 elements of
the 12x12 MIMO equaliser obtained during the system optimisation process. It can
be seen that the majority of the signal energy is concentrated within a 1 ns window
around the centre. The other peaks in the graph are at least 20 dB suppressed and
originate from the fusion splices within the fibre link. With increasing transmission
distance the individual peaks disappear and a Gaussian-shaped response appears,
indicating the stronger coupling between the modes. Note that, because of the
DMGD optimised span, the total impulse response duration does not increase
dramatically and can be still be fully captured with an equaliser window of 30 ns
after 590km. For this reason, it is not expected that this system is limited by
modal dispersion for transmission distances up to 590 km.

7.2.2 Mode selective 6-mode photonic lanterns

For this setup, two fibre based PLs mode multiplexers are selected. As mentioned
before, these all-fibre devices can be fabricated to have low mode-dependent and
insertion losses and they can be conveniently fusion spliced to the transmission
fibre to minimise coupling losses. In the production process for these multiplexers
dissimilar single-mode fibres were used to enhance the mode selectivity [125]. The
single-mode fibre (SMF) core diameters of 23 pm, 18 pm, 15 pm and 11 pm were
used for LPg;, LPy1, LP21, and LPgy respectively. The single-mode fibre coupling
to the LPgy mode had a smaller cladding diameter of 86 um? whereas the other
SMFs had standardised 125 pm? cladding diameters.
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Table 7.2: Insertion losses of the mode multiplexers and the 59 km FMF span

Insertion loss [dB]

Mode | MUX DEMUX 59km FMF Total
LPg; 0.59 1.93 12.99 15.51
LPq1a 0.76 0.80 12.84 14.40
LP11p 0.38 3.20 13.17 17.34
LPs1, 2.30 0.87 13.30 17.06
LPs1y, 0.79 0.91 13.54 15.83
LPgo 1.57 1.56 13.43 17.15

LP02

LP21b

LP21a

LP11b

LP11a

LPo1

a

Figure 7.10: (a) Transfer matrix for a pair of mode multiplexers and (b) the mode profiles
observed with a infra-red camera.

After fabrication, the set is characterised utilising an optical-vector network
analyser, similar to the one described in Chapter 5. Figure 7.10 is a simplified
representation of the transfer function matrix, which is obtained by integrating
the signal power of all elements in the time domain impulse response matrix and
subsequently average over polarisation. Observe that the modes within mode
groups couple strongly, but the mixing with other mode groups is limited. From
SVD analysis on the transfer function matrix, an MDL of 1.3dB and 2.0dB was
found. An indication of the mode selectivity can also be obtained by observing the
multi-mode output of the multiplexer with an infra-red camera while the single-
mode inputs are excited sequentially. Figure 7.10 shows the pictures taken for one
of the photonic lanterns. The linearly polarised (LP) mode profiles of the first 6
LP modes are clearly recognisable within these pictures.

A short length of 6-mode fibre, similar to the transmission fibre is fusion spliced
to the PLs. The power transfer of ASE from each of the single-mode inputs to the
few-mode output is measured for each of the multiplexers to verify the IL. After
splicing both multiplexers to the transmission fibre, the power transfer from each
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Figure 7.11: Long-haul transmission setup including 6-mode re-circulating loop consisting
of 59 km 6-mode FMF span and two mode-selective photonic lanterns.

single-mode input to single-mode output is measured to determine the IL for the
complete transmission link. Subsequently, the fibre attenuation in combination
with the losses introduced at the fusion splices can be calculated. Assuming an
attenuation of 0.2dB/km, an additional 1dB to 1.5dB of losses is introduced in
the 5 splice points. The maximum variation of 2dB between the spatial channels,
can be easily compensated during transmission by tuning the VOAs accordingly.

7.2.3 Experimental setup

The transmission setup required for evaluating the 6-mode fibre is an extended
version of the setup used in the previous section. The updated schematic, giving
in Fig. 7.11, has an additional 3 re-circulating loops, matched both in lengths and
losses. Additional decorrelation delays of 294 ns, 392 ns and 490 ns are added to ob-
tain the six decorrelated signal copies, one for each spatial mode. Furthermore, the
wavelength grid is extended to contain 120 wavelength channels ranging 191.19 THz
to 195.915 THz by increasing the number of lasers to 40 and modulating them with
the same 33.3 GHz tone. Each De Bruijn sequence consists of 216 symbols mapped
to a 16-QAM constellation, resulting in a line rate of 240 Gbit/s. The 59 km dis-
persion managed fibre span and photonic lanterns are positioned between the two
stages of the dual stage EDFAs, in a 6-fold re-circulating loop configuration. To de-
tect all 12 spatial channels simultaneously, 6 polarisation-diverse coherent receiver
(PD-CRX) in combination with a 24-channel DSO is employed. All digital signal
processing (DSP) steps, including front-end and CD compensation, and MIMO
equalisation are performed offline. The 12 x 12 MIMO FDE is based on the LMS
algorithm during convergence and MMA during transmission. Finally, CPE is
performed before evaluating transmission performance.
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Figure 7.12: Q-factor for all spatial channels versus launch powers per mode. The lines
represent the average over all 12 spatial channels, whereas the shaded areas indicate the
highest and lowest values.

7.2.4 Transmission system optimisation

Key to achieving high capacity transmission results is understanding and optim-
isation of the setup. To reduce measurement and processing time this process is
performed with only 15 of the 120 wavelength channels enabled. From the meas-
ured insertion losses of the transmission link (Table 7.2), a small variation between
spatial channels was observed. As this could translate to an impact on the Q-factor
performance, a launch power sweep is performed. In this sweep, the launch power
in one of the single-mode inputs of the PL is changed. A 2dB offset for one of
the LP5; modes was observed, which matches with earlier I, measurement of the
spatial multiplexer in Table 7.2. By tuning the corresponding VOA in the setup
this offset is compensated and the highest Q-factor for all modes is obtained for a
launch power of 0dB per mode, as can be seen in Fig. 7.12.

With the performance balanced between modes, the transmission system per-
formance is further evaluated by performing a launch power sweep at various trans-
mission distances. The Q-factors after 118 km, 295 km, 590 km, 885 km, 1180 km
and 1475km transmission are shown in Fig. 7.13. A small Q-factor difference
between the six transmitted modes was observed, which is visualised by the colour
shaded areas around the solid line representing system average Q-factor. Note
that after the longest shown transmission distance of 1475km, a 6dB Q-factor
can be achieved at the optimum launch power. Assuming a SD-FEC with 20 %
overhead this would result in a successful transmission at a net spectral efficiency
of 34.8 bit/s/Hz. Since there is a trade-off between spectral efficiency (SE) and
reach, it is useful to consider a metric that includes both, such as the spectral-
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Figure 7.13: Q factors for various transmission distances versus launch power up to
1475 km transmission.

efficiency-distance product. After 1475km transmission, the realised spectral-
efficiency-distance product is 51400bit/s/Hz x km, which was a record at the
time of publishing[J14]. Although individual spatial channels are performing on
the edge of the assumed forward error-correction (FEC) threshold, a space-time
coding scheme similar to the round-robin coding described in Section 6.1.4 can
be applied to balance performance between the spatial channels and approach the
system average.

For all evaluated transmission distances up to 5900 km, the MDL is calculated
from the singular values of the 12 x 12 transfer matrix estimated by the MIMO
equaliser. The MDL values shown in Fig. 7.14 are the ratio between the strongest
and weakest eigenvalues within the 15 transmitted wavelength channels. An MDL of
3.9 dB after the first circulation is observed, which matches closely to the individual
MDL values of the spatial multiplexers in Section 7.2.2 and a residual MDL of
approximately 0.01 dB/km for the fibre.

Similar to the previous experiment, the standard deviation of MDL can be
calculated as well using Eq. (7.9). In this recirculating loop configuration, the
59 km fibre link can be interpreted as identical fibre sections, allowing fitting the
measured standard deviations to Eq. (7.9). As can be seen in, the fitted curve
matches closely to the measured MDL values for o, of 0.62dB.
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Figure 7.14: Mode dependent loss and its standard deviation for 15 wavelength channels.

7.2.5 High capacity transmission

After evaluating the transmission system using only 500 GHz of bandwidth, all 40
lasers are enabled. Because of the subtone modulation, this results in 120 channels
within 4 THz of spectrum. No significant changes in the optimum launch power
were observed for a second power sweep with all channels enabled. However, an
approximately 1dB Q-factor penalty for the previously investigated 15 wavelength
channels was observed. These channels are highlighted with the grey area in
Fig. 7.15. In the same figure, it can be seen that the overall system performance
is limited by the shorter wavelength channels (lower channel numbers). Assuming
a 20 % overhead SD-FEC, the lowest Q-factor of 6.3dB limits the transmission
distance of this system to 590 km.

This can be mainly attributed to the limited gain provided by the EDFA in
the LO path for the shorter wavelengths in combination with a non-flat spectrum.
These spectra, depicted in Fig. 7.17a, were obtained by observing one output of the
recirculating loop. The optical spectrum analyser (OSA) needs to be synchronised
with the recirculating loop to measure at the correct distance. Consequently, only a
part of the spectrum can be observed with each trigger pulse. In combination with
the time-varying behaviour of spatial channel mixing at a single output, the spectra
in Fig. 7.17a do not represent the full multi-mode spectrum at a single moment in
time. Nevertheless, a spectrum tilting effect, increasing with transmission distance,
impairing the shorter wavelengths is visible.

Another observation taken from Fig. 7.15 is the larger spread in performance
between the spatial channels, in particular at the shortest and longest wavelengths.
A similar trend can be observed from the singular values and MDL derived from
them in Fig. 7.16. Note that the singular values can only be calculated for mod-



160 CHAPTER 7. LONG-DISTANCE SDM TRANSMISSION

I ® System average]

5kl i i I i i
0 20 40 60 80 100 120

Wavelength channel

Figure 7.15: Q-factors for all 120 wavelength channels after 590 km transmission.

@ OF
=
N._
< -10}
1 1 1
192 195 196
20
— 53
= | -
3 10 GHz/div 4 E
2 10} » 3=
= §)
2

ot

1 1 1 1
192 193 194 195 196
Frequency [THz|

Figure 7.16: Singular values, mode dependent loss and the standard deviation oarpr for
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ulated frequencies, resulting in missing information at the small guard-bands of
3 GHz, as can be seen in the zoomed inset of Fig. 7.16. Furthermore, to obtain an
unique solution, the singular values are ordered from largest to smallest and no
direct relation with the spatial channel has to hold.

Inserting the previously determined standard deviation for a single circulation,
04 0f 0.62dB/km in 7.9 would lead to an expected standard deviation of 2.9 dB. As
can be seen in Fig. 7.16, this holds for the wavelengths in the centre of the C-band,
including the previously investigated channels. Figure 7.17b shows the standard
deviation of the MDL and Q-factor between the 12 spatial channels. Based on the
similar trend of both curves for the higher wavelength channels, it can be assumed
that performance in this regime is mainly determined by the mode-dependent loss
of the system.

7.3 Conclusions

In this chapter, high-capacity mode-multiplexed transmission has been demon-
strated. Long-haul distances up to 2400km with a net spectral efficiency of
17.3 bit/s/Hz for 3-modes has shown to outperform SSMF due to its larger ef-
fective area allowing higher launch powers. An even larger spectral efficiency was
achieved for a 6-mode fibre, resulting in a spectral-efficiency-distance product ex-
ceeding 50 000 bit/s/Hz x km by transmitting 120 Gbit/s 16-QAM modulated on
15 wavelength, and 12 spatial and polarisation channels over 1475 km few-mode
fibre. By increasing the number of wavelength channels to 120, a net transmission
rate of 138 Thit/s over 590 km was achieved in a single fibre. These results demon-
strate the potential of mode-division multiplexing to increase single fibre capacity
in long-distance transmission links.
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Figure 7.17: (a) Optical spectra after various transmission distances. (b) Standard
deviation of the mode dependent loss and Q-factor per wavelength channel.







CHAPTER 8

Conclusions and future outlook

8.1 Conclusions

In the introduction of this thesis, the rapid development of capacity in optical
fibres was shown to approach the nonlinear Shannon limit for single-mode fibres.
The nonlinear effects contributing to this limit were briefly explained in Chapter 2.
Meanwhile, demand for bandwidth continues to grow with compound annual growth
rate (CAGR) ranging from 25 % to 80 % depending on the applications and location
in the network. Addressing this impending capacity crunch by improving single-
channel spectral efficiency requires significant improvement of signal-to-noise ratio
(SNR) due to their logarithmic relation in Shannon’s theorem.

Introducing spatial parallelism to optical-fibre systems leads to linear scaling in
spectral-efficiency. Space-division multiplexing (SDM) can be realised by employing
multiple single-mode systems, multiple cores in a single cladding, or modes in a fibre.
The latter offers the highest spatial density in the form of multi-mode fibre (MMF).
However, the combined core and mode multiplexing in few-mode multi-core fibre
(FM-MCF) can provide a larger spatial multiplicity in a single, but larger cladding
diameter fibre. The large spatial overlap also introduces inter-channel crosstalk,
which generally is resolved by employing multiple-input multiple-output (MIMO)
digital signal processing (DSP) techniques, as discussed in Chapter 4. Although
these algorithms are capable of unravelling spatial channels and compensating
linear transmission impairments, their complexity has to be taken into account
when considering real-time implementation and power consumption.

The advantage of spatially overlapping channels is integration on the component
level, potentially leading to a cost reduction [241]. System components such as
optical amplifiers and reconfigurable optical add-drop multiplexers (ROADMs) were
introduced in Chapter 3. Other components such as signal generation and detection
are still performed using single-mode technology. Hence, spatial multiplexers are
required to convert between the two domains, of which multiple implementations
were described in Chapter 3.
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8.1.1 Optical vector network analysis

Key to the development of these novel components is characterisation on component
level. For single-mode devices, a wide variety of off-the-shelve instruments is
available to characterise at a component or subsystem level. However, measurement
instruments for SDM components, and in particular multi-mode components, is
still in its infancy. Furthermore, the introduction of spatial channels requires
measurement of parameters that are irrelevant or non-existing for single-mode
fibres, such as mode dependent loss (MDL) and differential mode group delay
(DMGD). These impairments can be obtained from the transfer function matrix
of components.

The optical vector network analyser (OVNA) developed for this PhD project
allows the direct measurement of impulse response and complex transfer function
matrices, thereby describing the complete linear device properties in both temporal
and frequency domain. In a single measurement, the 11.5 THz of bandwidth in
the C- and L- bands can be analysed in less than a second by sweeping a laser
source at 200 nm, thereby minimizing the impact of temporal instabilities of the
device. Furthermore, the low bandwidth interference pattern enables detection
with high-gain low-bandwidth photodetectors and high-resolution analog-to-digital
converter (ADC) to achieve a dynamic range over 60 dB. As accurate control over
the laser sweep is difficult to realise, sweep linearisation is performed digitally be
employing an auxiliary interferometer. In the digital domain, the complex impulse
responses are extracted with a sub-picoseconds resolution. The spectral resolution
of the complex transfer functions, obtained by performing a fast Fourier transform
(FFT), is determined by the filtering width and is generally in the order of 100 MHz.

In this thesis, mode-multiplexers and fibres have been characterised using the
OVNA, demonstrating the capabilities of measuring the transmission as well as the
reflection of components. The latter allows characterisation of individual spatial
multiplexers by exploiting the Fresnel reflection at the multi-mode facet of the
component.

The FM-MCF's analysed in Chapter 5 have over 100 spatial channels each, which
makes them the largest spatial multiplicity fibres to be analysed at the detailed
level provided by the OVNA. This analysis showed a strongly varying temporal
behaviour between cores designed to be homogeneous, which demonstrates the
challenges in the fabrication of high core-count FM-MCFs. As a strong correlation
between chromatic dispersion (CD) and impulse response duration is observed,
digital CD compensation is proposed to improve DMGD estimations from impulse
response measurements. Furthermore, up to 20ns skew between the cores was
observed for the 13.6km long fibre, which is of importance as synchronisation
of channels is required for the self-coherent applications for which this fibre was
designed.

Lastly, the impact on fibre bending and twisting on FM-MCF is investigated.
Radii ranging from 50 cm to the smallest radius achievable with the brittle fibre of
8 cm, no difference in impulse response and thus inter mode-group crosstalk was
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observed. A similar observation could be made after twisting the fibre along its
propagation axis. This suggests a potential application for high-capacity short-
reach interconnects, where bending and twisting is generally unavoidable. Although
it is important to note that the current designs of high-core count FM-MCF lack the
mechanical strength to meet the small radii of tens of mm supported by single-mode
bend-insensitive fibre.

8.1.2 Short-reach transmission

In Chapter 6, the feasibility of transmitting over more than 3 modes was investig-
ated and demonstrated. First, by transmitting 10 modes over 4.45km 6-linearly
polarised (LP) few-mode fibre. As a large variation in bit error rate (BER) was
observed between the spatial channels, a round-robin coding scheme is proposed to
distribute the data uniformly along the spatial channels, thereby equalising the per-
formance of the individual channels. By means of a 10-hour combined wavelength
and mode division multiplexed transmission experiment, the temporal stability
of the system is investigated, reporting small variations in BER and MDL. The
observed impulse response duration of 2ns, and DMGD measurements obtained
by offset pulse launching (357 ps/km), show a strong deviation from the designed
value of 8 ps/km. As this is mainly attributed to the inaccuracy of the production
process, the well developed MMF process was used to manufacture a 50 pm core
diameter MMF optimised for mode-division multiplexing (MDM) in the C-band.

The same line rate of 112 Gbit/s per spatial channel was achieved for 10-mode
transmission over 40 km of MMF. The estimated impulse response duration of 6 ns
after 40 km transmission confirms the lower DMGD compared to the few-mode
fibre. As the MMF supports up to 55 spatial modes, crosstalk to non-excited
mode-groups is controlled by maximising the index difference between groups.
From the comparison of the equaliser error of both few-mode fibre (FMF) and
MMF transmission, a larger spread of spatial channel convergence is observed for
the MMF. As no direct relation to spatial channels can be made due to the non-
mode-selective mode multiplexers, it is presumed this is caused by crosstalk from
the fifth mode group that was not explicitly excited at launch. As the BER of
the detected signal is well beyond the assumed threshold for soft-decision forward
error-correction (SD-FEC), the signal is artificially impaired by noise loading to
demonstrate a potentially larger transmission reach.

The intra-mode-group crosstalk of the MMF is significantly stronger than the
inter mode-group crosstalk because of small effective index difference. As DMGD
for strongly coupled channels evolve with the square root of the transmission
distance instead of linear, selective excitation of modes in a single mode-group
is proposed to limit the impulse response duration and thus also the equaliser
window length. Therefore, the conventional 3-mode transmission over LPy; and
LP;; is compared to LPs; and LPgo, where the latter comprised of three modes in
a single mode-group. A maximum tap reduction of 27 % was observed for the single
mode-group transmission while maintaining the same BER. Recently, it has been
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shown that because of crosstalk the best performance is achieved by processing all
55 modes simultaneously [235].

8.1.3 Long-distance transmission

Two record long-distance transmission experiments were presented in Chapter 7.
In the first, 16-ary quadrature amplitude modulation (QAM) was transmitted over
2400 km large-effective area index trench-assisted few mode fibre at a spectral effi-
ciency of 17.3 bit/s/Hz by multiplexing 3 modes. The increased tolerance towards
nonlinear effects because of the larger effective area allows for 3 dB higher launch
power compared to standard single-mode fibre (SSMF), or 5.5dB with respect to
conventional 3-mode fibre [236]. Although the achievable information rate (AIR)
derived from mutual information (MI) suggests towards longer distances by increas-
ing the forward error-correction (FEC) overhead, it does not take the limitations
imposed by DMGD and MDL into account.

By transmitting the same 16-QAM signal at 120 Gbit/s over the 6 modes of a
graded-index FMF, spectral efficiency was doubled to 34.6 bit/s/Hz. This resulted
in a spectral-efficiency-distance product exceeding 50000 bit/s/Hz x km after the
combined 12 spatial and 15 wavelength channels over 1475 km of FMF. At these
distances, DMGD management is key to limiting impulse response broadening.
Therefore, the transmission link consists of multiple spools of fibre, with both
positive DMGD between the groups. However, perfectly matching DMGD becomes
more difficult with an increasing number of modes. By fully loading the C-band
with 120 wavelength channels a net transmission rate of 138 Thit/s over 590 km
was achieved in a single fibre.

8.2 Future outlook

It would be naive to expect the exponential growth in bandwidth demand will
stagnate anywhere in the near future. Over the last decade, increased connectivity
of the world population was driving up the capacity of communication systems.
Even with decreasing population growth and saturating user connectivity, demand
for bandwidth is likely to increase at similar rates because of machine-to-machine
communications. The number of connected devices is already exceeding the global
population, and is expected to triple in 2022 [10], following a CAGR of 19 %. The
machine to machine (M2M) generated traffic is expected to grow even faster at
a CAGR of 47% as the increasing number of connections will be employed for
higher-bandwidth applications, such as autonomous driving and the internet of
things (IoT).

Nowadays user-generated traffic is dominated by high definition videos stream-
ing, taking up nearly 58 % of the downstream bandwidth. Improved video quality
at the cost of larger file sizes will ensure video streaming to maintain a major con-
tributor to user-generated traffic in the near future. The emergence of augmented-,
mixed-, and virtual reality can become an import factor in user-generated traffic.
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However, it is proven to be difficult to predict the impact of emerging application
that can decimate the dominant traffic sources of today.

8.2.1 Which SDM implementation

To keep up with demand, 1Pbit/s optical systems with interfaces operating at
10 Thit/s are required by 2024 [12]. As single-channel capacity is expected to grow
annually with 20 %, spatial parallelism is unavoidable for future optical systems.
For petabit/s systems, 6 to 80 spatial channels are required, depending on the
actual development of single-channel capacity. Due to the exponential growth in
2037, 100 petabit/s systems with hundreds of spatial channels need to be available.
Not only is capacity increase necessary, also the costs per bit has to come down.
So the question arises, which SDM technology is the most viable?

1 Pbit/s systems

The most straightforward implementation of spatial parallelism is the deployment
of multiple single-mode systems. The full compatibility with existing technology
is obviously the main advantage of this approach. However, as component count
and their related costs scale approximately linear, this might not be an economical
solution in the long run. Therefore, some level of integration is required to realise
this cost reduction. The most obvious and relatively easy to implement solution is
sharing optical sources between spatial channels, thereby replacing N laser diodes
by a single more powerful diode. Similarly, pump lasers can be shared between
optical amplifiers. However, more integration is required at each component in the
transmission link to provide the desired cost reduction. Conclusively, this approach
is not the most feasible one for SDM systems with hundreds of spatial channels,
but it might be sufficient to postpone the capacity crunch.

Employing fibres that host more than one single-mode core is a logical first step
towards integration. If the inter-core crosstalk can be kept to a minimum by having
sufficient spacing or high refractive barriers between them, each core can be used
as an individual dual-polarisation single-mode channel and conventional coherent
transceivers can still be used. This has been confirmed by various transmission
experiments reporting an almost linear increase of capacity [31, 106]. However,
due to their complex designs, it is unlikely the fibre manufacturing costs will be
competitive to single-mode fibre (SMF) bundles.

Few-mode fibres, on the other hand, provide a potential 3 to 15 times increase of
capacity with respect to single-mode fibres. Their centric, single solid-core design is
highly similar to SMF and therefore relative simply to produce. However, the large
spatial overlap of the modes is generally considered a disadvantage as it requires
MIMO DSP to compensate for the linear mixing during propagation. This requires
novel and more complex application-specific integrated circuits (ASICs), that can
support a large number of high-speed input/output (I0) ports. Translating the
offline DSP algorithms employed in experiments to real-time implementations
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comes with it challenges. While the complexity of time domain equaliser (TDE)
methods used in current products scale badly for an increasing number of spatial
channels and taps, frequency domain equaliser (FDE) is a more scalable solution.

Note that in existing ASICs, the 2 x 2 MIMO equaliser only accounts for 10 %
of the available power budget. The largest power consumption is attributed to the
SD-FEC decoder and CD compensation [242]. A first, real-time demonstration of
6 x 6 MIMO DSP occupied about 80 % of the logical units available in a single
field-programmable gate array (FPGA) [243]. Therefore it seems feasible to fit
the complexity of larger MIMO equalisers in ASICs. However, the low bitrate of
2.5 Gbit /s indicates that the main challenge lies in the interface rates, which require
integration of optical detection and DSP. As the 10 is typically separated from the
processing in FPGAs, this will be challenging. However, ASIC technology differs
in this aspect as the IO can be integrated in the same chip, thereby alleviating
this challenge. The coupling of spatial paths also introduces new opportunities
for joint signal processing to reduce complexity. One example is the carrier phase
estimation, which becomes a common impairment across modes when they share
optical sources for the transmitter and local oscillator (LO) laser. Furthermore,
the linear increase in convergence time with the number of coupled spatial channels
has to be taken into account as well.

For optimal performance, the full impulse response must be available for the
MIMO equaliser. Therefore, DMGD management is important to minimise com-
putational complexity. As the manufacturing of low DMGD FMF becomes more
difficult for an increasing number of modes due to deviations from their design, it
is unlikely for FMF to provide more than 15 modes.

Towards 100 Pbit/s systems

MMF with a core diameter of 50 nm capitalise on the well-developed production
process of OM multi-mode fibres. Consequently, fibres can be manufactured at
relatively low costs while matching their designs closely, thereby achieving lower
DMGD. Furthermore, the larger core size can support up to 55 spatial modes.
Resolving the mode mixing requires powerful ASICs with a large number of high-
speed 10 ports. However, this fibre could be initially installed as part of a 3-mode
system. When the required technology becomes available, the terminals can be
upgraded to support a larger number of modes [J22, 235]. Therefore, MMF is a
more promising solution compared to FMF.

For the excitation of modes in FMF, multiple solutions are available. The fibre-
based photonic lantern (PL) offers low insertion loss (IL) and MDL and can be
spliced to the other fibres in the system. However, it has a relatively large footprint
and is not compatible with integrated photonics. For more compact and integrable
solutions the 3D-waveguide (3DWG) or on-chip multiplexing [244] can be employed
at the cost of higher losses. The excitation of all 55 modes of the MMF requires
multi-plane light conversion (MPLC), of which support of 45 spatial modes has
been demonstrated [245]. Although more optimization can result in lower IL and



8.2. FUTURE OUTLOOK 169

MDL, targetting the differential modal gain (DMG) of optical amplifiers is more
critical to system performance.

For a typical 80 km optical amplifier spacing, DMG can accumulate to significant
values along long-distance links. Therefore it is key to develop optical amplifiers
that can achieve population inversion in a cost-effective way, as well as accurate
control of the gains of the individual modes. Additionally, channel coding can
be employed to improve transmission performance, thereby alleviating the DMG
requirements [J8, 246, 247].

Finally, FM-MCF provides over a hundred spatial channels, without excessive
MIMO equalisers, as each few-mode core can be treated independently. However,
it suffers from the same mechanical and production issues as multi-core fibre.

8.2.2 When will SDM become reality?

Before this question can be answered, one has to define SDM. In the research
community SDM typically refers to the technology related to novel multi-mode
and multi-core fibres, whereas the industry likes to advertise with SDM in the
case of SMF fibre bundles. The question of when and which technology will be
implemented has been the topic of discussion on numerous international conferences
over the last years, with no clear winning technology or expected date for large-scale
deployment. The direct answer is as soon as SDM technology becomes cheaper or
at least comparable to conventional SMF systems. When this happens, SDM will
most likely be introduced first in newly deployed green field optical systems. With
a CAGR of 13 %, new hyperscale data centre are deployed. Similar to other parts
of the network, their traffic shows exponential growth. Therefore, high-capacity
interconnects are required, that can benefit from SDM technology. Inside the
data centre, the use of 4 single-mode fibres is proposed in the multi-vendor PSM4
standard [248]. Although the latter is technically an implementation of SDM, it
clearly differs from the SDM technology discussed in this thesis. Similarly, the
deployment of the first subsea "SDM” cable between France and the USA by
Google, is another example of the different interpretation of SDM within research
and industry. This novel cable hosts twelve single-mode fibre pairs, instead of the
six or eight of regular subsea cables. Along the 6400 km link, pump lasers and
associated optics will be shared between the fibre pairs [249].

The deployment of the first multi-core fibre testbed in L’ Aquila in Italy matches
the interpretation of SDM discussed in this thesis. Over a length of 6.3 km, both
coupled and uncoupled multi-core fibre (MCF) fibres were installed. The first
results obtained from this testbed were recently presented [250].

Optical fibre communication is one of the fastest developing modern technolo-
gies, continuously driven by the exponential growth of data traffic generated by
users and machines. Excess of bandwidth sparked new applications that could not
have been predicted but shape our lives today. Space-division multiplexing has
to potential to support this ever increasing demand for bandwidth. However, the
implementation technology chosen for SDM is yet to be decided.
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