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Summary

Towards petabit per second optical long-haul
transmission links using space-division
multiplexing technology

Society is evolving to be fully dependent on computers, smartphones and
internet and extensions thereof. The unsurpassed growth of data traffic
over the years, is steadily increasing by ∼ 40 % a year, and is fuelling the
need for high-capacity optical fibers in back-bone networks.

Currently deployed back-bone networks rely on the single-mode fiber
medium. After low-loss was achieved and optical amplification became
reality at the beginning of the 1990s, the single-mode fiber has been suf-
ficient to provide the required connectivity. However, with respect to the
older generation, the new generation is growing up with smartphones, in-
ternet, and social networks being connected 24/7 and driving the level of
data traffic to new heights.
This growth has led to the introduction of 100G coherent systems in 2009,
supporting 10 Tbit/s transmission over a single fiber. With the growth rate
not expected to saturate soon, this capacity will not be sufficient which re-
quires new research to drive the capacity of a single fiber to its limits.
These limits are however within reach for long-haul (> 1, 000 km) links,
as experimentally demonstrated in the first chapters of this dissertation.
Moving from 40G, to 100G dual-polarization QPSK (DP-QPSK) and from
100G to 200G/400G, the feasible reach is shown to drop drastically using
a re-circulating loop setup in a lab environment as well as data obtained
during a field trial. This is in full agreement to what is predicted by sim-
ulation results, which shows that with state-of-the-art modulation, optical
amplifiers and fibers (as such achieving the best sensitivity, received op-



tical signal-to-noise ratio (OSNR) and non-linear tolerance and therefore
allowing for the longest reach), ∼ 35 Tbit/s transmission is the absolute
maximum attainable capacity for a 2,000 km reach considering a sole single-
mode fiber transmission system.

Being aware of this limitation, research seems to have started a new era, the
era of space-division multiplexing (SDM) and the road to 1 Pbit/s optical
transmission systems. In SDM, multiple transmission lanes are created to
transmit more data. This can of course simply be achieved by deploying
multiple single-mode fibers in parallel, but this would only scale the capac-
ity linearly, requiring ∼ 30 − 100 fibers to achieve 1 Pbit/s. It would be
more beneficial if within one surrounding structure these lanes are created
which can all be routed and amplified at once. Most research therefore
targets two possible approaches to realize this. One of them is multi-core
fibers; these fibers have multiple cores inside, each of which can be used for
data transmission. Another technology, which is the focus of investigation
in this dissertation, is multi-mode fiber. Here each mode of the fiber in
principle can be used to transmit data, although all of them also have to
be received simultaneously and complex digital signal processing (DSP) is
required to unravel the mixing that occurs during propagation. To limit
the complexity, FMFs were fabricated which support only 3 to 6 modes.
This specific SDM technology is generally referred to as mode-division mul-
tiplexing (MDM).

In this dissertation only three-mode transmission is considered. First
straight-line experiments, all employing a few-mode EDFA (FM-EDFA),
were undertaken. The first experiment shows a three-mode transmission
of a single wavelength channel over 80 km of few-mode fiber (FMF), with
each mode carrying 100G DP-QPSK modulation.
The next experiments demonstrate successful transmission of higher-order
modulation formats and multiple wavelength channels, achieving a record
transmission capacity of 73.7 Tb/s over 119 km of FMF using 3 modes ×
96 wavelength-division multiplexing (WDM) × 256-Gb/s dual-polarization
16QAM (DP-16QAM), and a record per channel data rate of 960-Gb/s
transmitting 20 WDM channels× 320-Gb/s dual-polarization 32QAM (DP-
32QAM) on all three modes.
Using a self-proposed re-circulating loop configuration for emulation of
transmission over multiple FMF spans without going back to the single-



mode domain in between, 480 km transmission of 3 modes× 192-Gb/s dual-
polarization 8QAM (DP-8QAM) and long-haul transmission (1,020 km) of
3 modes × 128-Gb/s DP-QPSK is demonstrated.
In conclusion, three possible upgrade scenarios for single-mode fiber net-
works employing mode-division multiplexing are being discussed and tested
in a field trial. As such, this is the first ever field trial showcasing elements
of MDM. The first scenario shows single-mode transmission of a commercial
100G transponder over a live field-deployed network extended with 120 km
of FMF and an FM-EDFA. The second scenario demonstrates three signals
with same modulation format, mode-multiplexed and received simultane-
ously, as such increasing the capacity of a single fiber by a factor of three.
The last scenario shows that differently modulated signals which are trans-
mitted over various links, allowing for a variable transmission distance for
each signal, can be transmitted using MDM and successfully received.

Further focusing on the fiber, an increase in capacity per fiber would be
allowed in case a higher non-linear tolerance and a lower loss are satisfied.
The hollow-core photonic band gap fiber (HC-PBGF) is guiding the light
inside its air core and therefore holds these promises. However current
losses are still high. Nonetheless, the first single-mode coherent and MDM
transmission experiments over 19-cell and 37-cell HC-PBGF, respectively,
are presented. The results show that large capacity transmission over these
fibers, using a large transmission window of ∼ 40 nm, is possible, but also
that a lot of challenges to achieve long-haul transmission still lie ahead.
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Chapter 1

Introduction

This dissertation is describing a study performed by the author in collabo-
ration with others on optical transmission systems intended to be used for
(ultra) long-haul communication (> 1, 000 km). The study targets possible
solutions to overcome or at least delay the feared capacity crunch. The
capacity crunch is the phenomenon that some deployed fiber systems or
networks are likely to be fully occupied without being able to deliver the
requested amount of data traffic resulting in connectivity problems.
In this introductory chapter the motivation of the research is described as
well as the structure of this dissertation.

1.1 Motivation

The unsurpassed growth in data traffic over the last decade with an av-
erage increase of ∼ 40% per year [1, 2], mainly caused by the internet
and underlying applications, is filling up the deployed optical networks
around the globe. At the moment that this dissertation is being written,
an amount of ∼ 70 exabyte (∼ 25 Tbyte/s) of internet protocol (IP)-traffic
a month is transmitted of which 34 exabyte is transported over long-haul
traffic links [1, 3]. For comparison, in 1992 global internet traffic amounted
to ∼ 100 Gbyte/day. Ten years later, in 2002, this had increased to
∼ 100 Gbyte/s [1].
To supply the demand for more capacity, over the years optical trans-
ponders using direct-detection 10-Gb/s on-off keying (OOK) were upgraded
to 40-Gb/s transponders using binary phase-shift keying (BPSK) or quadra-
ture phase-shift keying (QPSK), followed by coherent transponder technol-



2 Introduction

ogy, using dual-polarization QPSK (DP-QPSK) modulation, able to supply
100 Gb/s in 2009 [4]. Assuming that 100 of these 100G channels are sup-
ported by the optical fiber, which is the International Telecommunication
Union (ITU) defined C-band using a 50-GHz channel grid, 10 Tbit/s can
be transmitted over long-haul distance per deployed fiber link without full
3R regeneration (the conversion from the optical domain into the electrical
domain and backwards).
To achieve this immense capacity per fiber a lot of research has been un-
dertaken. Originally deployed fiber systems were designed to largely com-
pensate the linear transmission impairments such that the eye opening was
maximized and inter-symbol interference was minimized in the optical do-
main. Additionally the transmission link was designed to average out the
penalty originating from non-linear transmission impairments caused by the
optical power interacting with the optical fiber medium which change the
phase (and amplitude) of the optical signal. After the introduction of coher-
ent technology, linear transmission impairments could be fully compensated
in the digital domain using digital signal processing (DSP), making the
use of optical linear impairment management superfluous. Indeed, optical
means to compensate linear transmission impairments and low-dispersion
fibers have been proven to result in a worse performing coherently detected
transmission system. However, the deployment of new fiber links with
properties beneficial to coherent systems is a costly business. Moreover an
operator might want to use coherent channels as well as direct-detection
channels on the same fiber link, making the use of high-dispersive fibers or
avoiding optical linear transmission impairment compensation impossible.
Nonetheless several research groups as well as work in this dissertation have
shown that 100G coherent is able to support long-haul transmission even
over these dispersion-managed links.

Although 10 Tbit/s, achieving a spectral efficiency (SE) of 2 bit/s/Hz,
is a large amount of data, this will not be sufficient to support the data-
traffic growth predicted. A lot of research is being devoted to squeeze
the maximum possible SE out of the currently deployed single-mode fiber
links. Also new high-dispersive single-mode fiber types with large effec-
tive areas in combination with Raman amplification, both used to improve
the non-linear tolerance as well as the received optical signal-to-noise ratio
(OSNR) over erbium-doped fiber amplifier (EDFA) amplified systems, are
investigated to achieve long-haul transmission distances using higher-order



1.1 Motivation 3

Non-linear limit

SNR [dB]

S
pe

ct
ra

l e
ffi

ci
en

cy
[b

it/
s/

H
z]

10

9

8

7

6

5

4

3

2

1

0
0 5 10 15 20 25 30 35 40

Noise
 lim

it (
Shan

non)

Increasing
Transmission 

distance

1,000 km

4,000 km

Figure 1.1: Illustration of the maximum achievable spectral efficiency versus signal-to-
noise ratio. On one hand the maximum achievable spectral efficiency is limited by noise
and on the other hand by non-linear transmission impairments (which typically scale
with transmission distance) [5].

modulation formats and therefore increased SEs. However, simulational
work shows that there is a fundamental limit on the maximum achiev-
able SE for a certain transmission distance as such defining a maximum
achievable capacity per link [5]. This distance is on one side limited by
the received OSNR (Shannon limit) and on the other side by non-linear
transmission impairments as illustrated in Fig. 1.1. Reference [5] shows
that a 2,000 km optical transmission system is able to support a maximum
capacity of ∼ 35 Tbit/s (using the C-band only).
In this dissertation it is shown via experiments and a field trial that the
potential reach of single-mode fiber based transmission systems is dramat-
ically reduced when the SE is increased, as such confirming the findings
of [5]. Experiments with net data rates of 40 Gb/s and 100 Gb/s, us-
ing dual-polarization BPSK (DP-BPSK) and DP-QPSK modulation, and
200-Gb/s single-carrier as well as 400-Gb/s dual-carrier dual-polarization
16QAM (DP-16QAM) were conducted and presented here.

It can be concluded from the preceding that operators will be forced to
deploy new fiber to support the capacity demands of the future. Instead of
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deploying large fiber bundles of single-mode fiber (SMF) there is the poten-
tial to deploy a transmission medium supporting a ten- or hundredfold the
capacity of a SMF, thus able to support the future need for capacity. Be-
sides that, this medium might offer possibilities to reduce energy consump-
tion and deployment costs by integration of components like EDFAs and
reconfigurable add/drop multiplexers (ROADMs) as well as transponders.
The transmission medium referred to could have several forms. One ap-
proach is a multi-core fiber, where multiple single-mode cores are placed
within one surrounding structure, at best increasing the potential capacity
by n times where n is equal to the number of cores assuming crosstalk be-
tween the cores is fully suppressed. Another approach is a multi-mode fiber.
In this fiber the distinct modes can be used to carry information, similar
to multiple cores in a multi-core fiber. An advantage of this approach is
that the increase in effective area should improve the non-linear tolerance
of the fiber medium. However the modes will couple during transmission
which requires a relatively complex reception to resolve the transmitted
data. A hybrid of a multi-core and multi-mode fiber is also possible. Both
approaches are commonly referred to as space-division multiplexing (SDM)
technology, and more specifically mode-division multiplexing (MDM) when
discussing multi-mode fiber.
In this dissertation the approach of a multi-mode fiber supporting only a
few modes (so-called few-mode fiber (FMF)) is investigated as a potential
approach to increase to capacity of optical long-haul transmission systems.

Another transmission medium to potentially increase the capacity of op-
tical transmission systems is based on a fundamentally new concept to guide
light. Whereas ’glass’-based fibers are relying on the principle of total inter-
nal reflection, these new fibers force the light to stay inside the core since it
is not able to propagate inside the core surround, by using a structure which
creates a photonic band gap. The photonic band gap naming refers to the
equivalent electronical band gap where the electron can be in the valence
band or conduction band, but not in between. These fibers are therefore
called photonic band gap fibers. If the cores of these fibers are hollow, these
are called hollow-core photonic band gap fibers (HC-PBGFs). The hollow-
or aircore potentially offers a lot of beneficial transmission properties like
an increased non-linear tolerance and lower loss which are the two funda-
mental properties limiting the capacity of SMF. Additionally HC-PBGFs
offer a low-latency, which might be beneficial for some applications.
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In this dissertation the first ever coherently detected transmission over HC-
PBGF is presented. When a HC-PBGF is low-loss, this normally implies it
is supporting multiple modes as well. Therefore the potential of HC-PBGFs
exploiting the multi-mode property is also experimentally verified.

1.2 Structure of this dissertation

This dissertation is divided into seven chapters. The next chapter will in-
troduce important theoretical concepts for SMF transmission systems, as
such facilitating understanding of the experimental work presented in the
third chapter. The subjects include the optical network hierarchy, the SMF
transmission medium concept and properties, optical amplifiers, ROADMs,
transmitters and modulation, and finally the coherent receiver and its DSP
algorithms.
The third chapter presents a field trial in which 45.8-Gb/s DP-BPSK and
DP-QPSK and 125-Gb/s DP-QPSK are tested on a deployed submarine
transmission link. Also experimental work showing the potential of large
effective area fibers to increase non-linear tolerance and as such transmis-
sion distance is presented. Finally 448-Gb/s dual-carrier transmission with
DP-16QAM modulation using an experimental setup is shown.

The fourth chapter introduces the concepts developed for MDM transmis-
sion, extended from the single-mode theory. Methods to mode- or space-
division multiplex distinct optical signals within the same wavelength chan-
nel are introduced, as well as few-mode EDFAs (FM-EDFAs) and trans-
mitter and receiver schemes.
The fifth chapter shows experimental work using MDM both over a straight-
line FMF link, moving from three modes carrying 112-Gb/s DP-QPSK to
320-Gb/s dual-polarization 32QAM (DP-32QAM) modulation, and a self-
proposed re-circulating loop setup to emulate long-haul transmission dis-
tance tested both with 3 ·128-Gb/s DP-QPSK and 3 ·192-Gb/s dual-polari-
zation 8QAM (DP-8QAM).
In chapter six the concept of the HC-PBGF will be described and the first
experimental tests demonstrating both coherently detected single-mode
transmission as well as MDM transmission are presented.
Finally chapter seven presents the summary and conclusions of the results
presented in this dissertation. Moreover the author’s outlook on how the
optical long-haul transmission system technology will evolve is described.



6 Introduction

1.3 Contributions and acknowledgements

The author is responsible for conducting and reporting all the experi-
ments described in this dissertation. During the MDM experiments he
was assisted with assembling the mode multiplexers and demultiplexers
and FM-EDFA by Dr. Ir. Yongmin Jung from the Optical Research Cen-
tre Southampton (FM-EDFA and phase-plate based MUXes) and Haoshuo
Chen M.Sc. from the University of Technology Eindhoven (spot-launching
MUX and 3D waveguide). Paolo Leoni M.Sc. from the Bundeswehr Uni-
versität München was responsible for implementing the forward-error cor-
rection code (FEC) used in this dissertation. Janis Surof B.Sc. from the
Technische Universität München improved the digital-to-analog converter
(DAC)-setup performance used in some of the experimental work by im-
plementing a 1-tap decision feedback equalizer.
The candidate was assisted by Roy van Uden M.Sc. from the University
of Technology Eindhoven with implementing the blind source separation
in the blind multiple input multiple output (MIMO) DSP. The rest of the
MIMO-DSP was designed by the candidate himself based on previous code
from Dr.-Ing. Maxim Kuschnerov from Coriant GmbH.
All of the MDM and HC-PBGF work was funded by the European FP7
project MODEGAP under grant agreement 258033.
This Ph.D. project has been carried out under the direct supervision of Dr.
Ir. Huug de Waardt from the University of Technology Eindhoven, Dr. Ir.
Dirk van den Borne (first two years) formerly from Nokia Siemens GmbH.
München, and Dr.-Ing. Maxim Kuschnerov (last two years) from Coriant
GmbH. (former Nokia Siemens GmbH.), München.



Chapter 2

Single-mode fiber
transmission systems

In the 1950s ARPANET was launched [6] which was the father of the later
internet or world wide web (launched in 1991) as we know it today [7]. The
internet has become part of our daily life since then. As for today, people
tend to be connected 24/7 to the internet with their smartphones to stay
updated about the social status of their friends and families and receiving
news the moment it happens. Social media websites like Facebook [8], In-
stagram [9], LinkedIn [10], Twitter [11] and Youtube [12] are some of the
most high profile companies of the planet, and are driving the need for
more capacity to new heights.
The transmission medium enabling these large amounts of data traffic is
the single-mode fiber (SMF). In 1988 the first transatlantic fiber system
(TAT-8) was deployed [13], being the first big milestone to a connected
world. Before that, the transatlantic communication systems were based
on a copper wire transmission medium, having a large loss and offering only
a small bandwidth [14, 15]. Since then optical fibers have been deployed
world wide, serving as the back-bone for all data-traffic due to its beneficial
properties enabling large scale high-speed communication. As such it has
developed as a field of study throughout the years to push the optical fiber
medium to its maximum limits.
In this section the optical network hierarchy will be introduced (section
2.1), focussing on the single-mode fiber (SMF) medium (section 2.2) and
long-haul transmission systems, which is the highest division in the hierar-
chy and the main topic of interest in this dissertation. In section 2.3 two
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main technologies to amplify the optical signal avoiding electrical regener-
ation are described. Another important technology is the ability to route
the optical signal along the network, which is achieved by using reconfig-
urable add/drop multiplexers (ROADMs). Finally transmitter structures
and modulation formats (section 2.5) as well as receiver structures and
coherent receivers will be introduced (section 2.6).

2.1 Optical network hierarchy

The optical network hierarchy can be divided in three main tiers: the ac-
cess network, the metro and regional network, and the long-haul backbone
network, as depicted in Fig. 2.1 [16–18].

Long-haul (> 1,000 km) and

ultra long-haul network (> 3,000 km)

Access network (<100 km)

Metro (<300 km) and 

regional network (< 1,000 km)

Figure 2.1: Optical network hierachy: access network (< 100 km), metro (< 300 km)
and regional network (< 1, 000 km), and (ultra) long-haul network (> 1, 000 km).

The bottom division, the access network (< 100 km) are best described
by ”last-mile” connections, connecting the actual subscribers to the net-
work. The access network is more and more evolving into a fiber-to-the-x
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(FTTX) [19] (where the ”x” can be home, office, curb or building) net-
work, whereas this used to be radio stations and copper wire [20] networks.
The optical fiber medium, depending on projected transmission distance
either single-mode fiber or multi-mode fiber, is a future proof transmission
medium, offering a lot of potential bandwidth to the end-user. Therefore
the current speed limitations in FTTX are coming from the transmit and re-
ceiver equipment rather than the fiber medium. The deployment of FTTX
by itself indicates that a future increase of data-traffic is to be expected
originating from novel technology which requires more bandwidth. Typical
connections offer several Mbit/s, which is expected to increase to 1 Gb/s
for future connections.
The next division consists of the metro (< 300 km) and regional networks
(< 1, 000 km) [21], connecting cities to other cities or even connecting
smaller countries, for instance within Europe, with each other using SMF.
Current communication systems in this division are operated by products
achieving up to 10 Gb/s, but are rapidly evolving to 40-Gb/s and 100-Gb/s
products, with the outlook to 400-Gb/s and 1 Tb/s products which already
are being prototyped.
The highest division consist of the long-haul and ultra long-haul optical
transmission networks (> 1, 000 and > 3, 000 km). Since the transmission
distances can reach over 9,000 km, for instance the transoceanic connection
from Europe to the United States of America or from the United States of
America to Asia [22], and all traffic from the other divisions is aggregated
here, the technology to support the transport of all this data is pushing
the limits of what physically possible. Whereas the main limit used to be
the electrical(-optical) component bandwidth, we are more and more ap-
proaching the SMF medium limits.
At the moment optical transponders supporting 100-Gb/s are deployed
being able to deliver a stunning overall 9.6 Tb/s (96 wavelength channels)
capacity per SMF [23]. However this is expected to be insufficient to supply
future capacity needs beyond 2020 [24, 25] and therefore research is trying
to push the boundaries of what is possible in SMF. Research however is also
already looking into new technologies exploring novel fiber types which po-
tentially offer better prospects in terms of cost and energy consumption
(chapters 4 and 5).
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2.2 The single-mode fiber transmission medium

Single-mode fiber (SMF) has now served for decades as the transmission
medium of choice for reliable long-haul transmission of high data rate sig-
nals. Following the prediction by Kao in 1966 that low-loss silica glass
fibers should be possible [26], the loss barrier of 20 dB/km was broken
in 1970 [27] and significant loss improvements were subsequently achieved,
leading to the demonstration of a 0.2 dB/km loss in the C-Band (1530 nm
- 1565 nm), the most used transmission band in long-haul optical commu-
nication, in 1977 [28].
In this section the basic guiding principles of optical fibers and the struc-
ture obtaining a SMF are described, as well as the linear and non-linear
transmission impairments inherent to the ’glass’ medium.

2.2.1 Optical fibers

Optical fibers confine light, a form of electromagnetic energy, in a generally
cylindrically shaped dielectric waveguide. There are multiple structures
possible to achieve this. Depending on its structure, certain transmission
characteristics can be influenced, affecting the maximum capacity achiev-
able. The structure of the fiber is also important to assure resilience to
environmental perturbations.
The light(wave)-guiding property of a glass composed optical fiber is
achieved by a principle widely referred to as total internal reflection, forcing
the light to stay inside the core of the fiber.

Source

New point source

New wavefront

Wavefront

Figure 2.2: Huygens’ principle of a wave motion; Wavefronts are produced by the summed
waves originating from point sources on the previous wavefront.
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Reflection and refraction of waves

To explain the concept of total internal reflection, Huygens’ principle of a
wave motion is used. This principle states that each point on a wavefront
can be considered as a point source which is responsible for the subsequent
propagation of the wave. This principle is depicted in Fig. 2.2.
Using this principle, the law of reflection and refraction are obtained which
eventually lead to the principle of total internal reflection.
Fig. 2.3 indicates a plane wave with the wavefront AB, hitting the boundary
of two media with a different refractive index n.
The refractive index n is defined as the ratio between the phase velocity
of light in a vacuum, commonly referred to with the symbol c, and in the
medium of interest (vp):

n = c

vp
(2.1)

The angle between the direction of propagation of the plane wave and
the normal of the boundary is the angle of incidence θin. The wavefront
AB is perpendicular to the direction of propagation of the waves. There-
fore θin + ∠NAB = 90◦, and because ∠NAB + ∠BAC = 90◦ this yields
∠BAC = θin.
Following Huygens’ principle, a point on the wavefront AB creates a new
wave when it hits the boundary between the two media. As such the sum-
mation over all points on the wavefront AB hitting the boundary, creates
a new reflected wavefront CD. The angle of reflection θrefl is the angle be-

Medium 2 (n2)

Medium 1 (n1)
θin θrefl

N
or

m
al

N
or

m
al

A C

B D
N

Reflected 
wavefront

Incident 
wavefront

θfract

Refracted 
wavefront

θin

θfractE

θrefl

Figure 2.3: The reflection and refraction of a plane wave hitting a boundary plane between
two media with different refractive index.
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tween the direction of propagation of the reflected waves and the normal
to the plane surface. For the same reasoning that ∠BAC = θin, it can be
shown ∠DCA = θrefl.
The incident and reflected waves are travelling in the same medium and
as such have the same phase velocity. This means that waves originating
from B will reach C at the same time as waves originating from A reach D.
Therefore BC = AD which implies that the triangles BAC and DCA are
congruent, hence:

θin = θrefl (2.2)

Eq. 2.2 is known as the law of reflection.
When the plane wave is not reflected at the boundary of two media having
different refractive indices, but passes into medium 2, then the wave is
refracted. Applying Huygens’ principle again, the intersection of the waves
originating from the boundary plane between medium 1 and 2 produces the
refracted wavefront EC. The angle of refraction θfract is the angle between
the direction of propagation of the refracted waves and the normal of the
interface and therefore, again following the reasoning that ∠BAC = θin,
∠ECA = θfract.
For this case the waves are not travelling in the same medium and therefore
have different velocities, which implies BC 6= AE. It is known that the time
t it takes for the waves in medium 1 to reach C from point B is the same
as the time to reach point E from A in medium 2. If the velocity of the
waves in medium 1 is given by vp1 and in medium 2 by vp2 this yields:

BC

AE
= vp1t

vp2t
=

BC
AC
AE
AC

= sin (θin)
sin (θfract)

(2.3)

and thus
sin (θin)
vp1

= sin (θfract)
vp2

(2.4)

When substituting vp by c
n (Eq. 2.1) in Eq. (2.4) this yields:

n1 sin (θin)
c

= n2 sin (θfract)
c

n1 sin (θin) = n2 sin (θfract) (2.5)

Eq. 2.5 is better known as the law of refraction or Snell’s law.
In an optical fiber a core material is created having a higher refractive index
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n1

n2

n

Cladding
Core
Cladding θin > θc

ra
di

us

θin > θc

Core
Cladding

Coating

Figure 2.4: Optical fiber structure: the core material is of higher refractive index than
the cladding material, such that total internal reflection is achieved.

than the cladding material. The structure of an optical fiber is depicted
in Fig. 2.4. From Eq. (2.5) it follows that if the core material’s refractive
index n1 is larger than the cladding material’s refractive index n2, the angle
θfract > θin. By increasing the angle of incidence θin, θfract will increase
and eventually becomes π

2 , its maximum value. The corresponding value
of θin is known as the critical angle θc, defined as:

n1 sin (θc) = n2 sin
(
π

2

)
θc = sin−1

(
n2
n1

)
(2.6)

As a result the waves with an angle of incidence θin larger than the crit-
ical angle will be reflected back into medium 1, the core material of the
fiber. As such the core will carry the full intensity of the reflected waves.
This means that the incident waves are totally internally reflected. This
is illustrated in Fig. 2.4. As can be observed light waves that enter the
fiber and strike the fiber ’walls’ at angles which are > θc do not escape
the fiber. Therefore the light is channelled along the fiber with only small
losses through the cladding. It should be noted that there is always some
tunneling of optical energy through the boundary, which can be explained
in terms of the electromagnetic wave theory of light [29].

2.2.2 Single-mode fibers

The propagation of light along a fiber can be described in terms of a set
of guided electromagnetic waves called the modes of the waveguide which
are the solutions of the Maxwell equations. These modes are described by
the transversal electric (TE or E) and transversal magnetic (TM or H) or
hybrid modes being a combination of the two, designated as HE or EH
modes depending on the component that makes a larger contribution to
the transverse field (field perpendicular to the direction of propagation).
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The E-field and H-field are always perpendicular to each other. Each mode
existing in an optical fiber is orthogonal to any other and therefore in prin-
ciple can be exploited to transmit information as such acting as a separate
transmission lane.
By deriving and solving the Maxwell equations for optical fibers [29] the
core radius a, the refractive indices of the core and cladding and the wave-
length of the signal considered, can be related to each other by using the
normalized frequency V :

V = 2πa
λ

√(
n2

1 − n2
2
)

= 2πa
λ
NA (2.7)

with NA =
√

(n2
1 − n2

2) the numerical aperture, the range of angles over
which an optical system can accept or emit light which can be derived
using the critical angle formula. Except for the lowest-order mode, being
the HE11, each mode can exist only for values of V that exceed a certain
limiting value (with each mode having a different V limit which relates
to solutions of Maxwell’s equations). The higher order modes are cut off
when the wave propagation constant along the fiber axis β becomes smaller
than n2 · k, where k = 2π

λ is the free-space propagation constant. If this
condition is satisfied, then the higher-order mode leaks into the cladding
and dies out rapidly. The curves that relate V to n2 ≤ β

k ≤ n1 are de-
picted in Fig. 2.5. As can be observed, the only mode supported below
V ≤ 2.405 is the HE11 mode, which is always present. This means that
an optical fiber designed with refractive indices and core radius such that
V ≤ 2.405 is only supporting a single mode to propagate. It should be
noted that V is dependent on λ, i.e. the wavelength of the optical signal,
which means that an optical fiber can satisfy a single-mode to propagate for
one wavelength, whereas at the other (smaller) wavelength it is supporting
multiple propagating modes [30]. The E- and H-fields of the HE11 mode
can be split into an orthogonal x and y component (two orthogonal field
solutions/degenerate modes exist), commonly referred to as polarization
modes or simply polarizations. Both of these polarizations can be used to
transfer information (subsection 2.5).
Single-mode optical fibers are important for optical transmission systems
because multi-mode fibers suffer from intermodal distortions and are more
susceptible to bending loss. Therefore multi-mode fibers are bandwidth
and transmission reach limited. However there is a middle way between
multi-mode fibers and single-mode fibers, referred to as few-mode fibers,
only supporting a limited number of modes which still can be effectively
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Figure 2.5: Typical figure of β/k versus the normalized frequency V , which changes with
the optical fiber structure (here step-index fiber as in Fig. 2.4).

used for transmission (chapter 4).
The most widely deployed fiber type in optical communication systems is
the standard single-mode fiber (SSMF), referred to as G.652 fiber [31]. The
SSMF has a step-index profile, with the core refractive index n ≈ 1.45 (at
1550 nm) which is ∼0.5% higher than the refractive index of the cladding.
This is achieved by either doping the fiber core with Germanium-Oxide
(GeO2) to raise its refractive index, or doping the cladding with fluoride
(F) to lower its refractive index. The latter is referred to as pure-silica-core
fibers (PSCFs) and have a slightly lower attenuation than GeO2 doped core
fibers [32]. The lowest attenuation for an optical fiber has been obtained
for a PSCF, achieving a loss factor as low as 0.149 dB/km at a 1550 nm
wavelength [33].
The standard single-mode fiber core typically has a diameter of 9µm, which
corresponds with a cut-off wavelength of ∼< 1260 nm.

Fiber attenuation

As the optical signal propagates along an optical fiber its power decreases
exponentially with distance due to scattering and absorption processes,
called fiber attenuation. If P (z = 0) is the optical power in a fiber at the
origin, then the power at a point z = b further along the fiber is

P (z = b) = P (z = 0)e−αb (2.8)
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where

α = 1
b

ln
(
P (z = 0)
P (z = b)

)
(2.9)

the fiber attenuation coefficient in units of 1
km .

Normally the attenuation is expressed in dB/km, which relates to α( 1
km),

using an intermediate conversion to neper (Np) per kilometer (Eq. 2.9 di-
vided by two), as follows:

α

(
dB

km

)
= 2 · log10(e) · αNp ≈ 4.343 · α

( 1
km

)
(2.10)

Unless indicated otherwise, when using α in this dissertation the unit of
dB
km is assumed.
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Figure 2.6: Attenuation [dB/km] versus wavelength [nm] of single-mode G.652 fibers,
with indicated transmission bands as specified by the ITU-T. In the experiments de-
scribed in this dissertation mainly the C-band is used as transmission window.

The conventional single-mode fiber loss as a function of wavelength is de-
picted in Fig. 2.6 [31]. It can be seen that the minimum fiber loss is between
1500 nm and 1600 nm which can be as low as 0.148 dB/km [32]. This low
loss allows for long-haul transmission links with ∼ 100 km spans before
amplification is needed. This is a typical order of span length for terrestrial
transmission links, whereas for long-haul submarine transmission system
usually ∼ 50 km spans are used to achieve a higher received optical signal-
to-noise ratio (OSNR).



2.2 The single-mode fiber transmission medium 17

Although ultraviolet absorption is adding up to the fiber loss, the most
dominant form of attenuation in the transmission windows up to a wave-
length of 1600 nm is Rayleigh scattering. This scattering results from small
fluctuations in the material density, much smaller than the wavelength of
light. The fluctuations in the material density can arise from the compo-
sition of the glass itself as well as defects during the fiber manufacturing.
Since Rayleigh scattering follows a characteristic λ−4 dependence, it de-
creases rapidly with increasing wavelength [29]. For wavelengths around
1600 nm and higher the dominant sources of fiber attenuation are bending
losses and SiO2-absorption (by optical phonons (vibrational modes of the
medium) (subsection 2.3.2)). Bending losses are more dominant for longer
wavelengths because a larger amount of the electromagnetic field is present
in the cladding (i.e. a larger mode field diameter) with respect to smaller
wavelengths, thereby increasing radiation losses. These losses mainly result
from microbends which arise during packaging of the fiber.
At wavelengths around 1700 nm the SiO2-absorption becomes the dominant
attenuation mechanism. This type of absorption loss is exponentially re-
lated to the increase in wavelength, therefore rapidly increasing the loss per
km of the single-mode fiber medium at the longer wavelengths, as such mak-
ing them unusable for transmission purposes in that wavelength-window.
From Fig. 2.6 it is also observed that there used to be a hydroxyl (OH−)
absorption peak around 1400 nm. This peak can be nearly eliminated by re-
ducing the concentration of OH− ions in the core of the optical fiber, which
is referred to as water-free/dry or G.652C/D fibers [34] depending on the
manufacturer. With such fibers one is able to use ∼ 60 THz (∼ 400nm)
of bandwidth with an attenuation below 0.4 dB/km for optical communi-
cation purposes.
The International Telecommunication Union Standardization (ITU-T) de-
fined wavelength bands of interest for optical communication. These bands,
depicted in Fig. 2.6, range from 1260 nm to 1625 nm. The range is lower-
bounded by the fiber cut-off wavelength and upper-bounded by bending
and SiO2-absorption losses. The C-band (1530 nm - 1565 nm) is generally
used for long-haul optical communication and for the experiments in this
dissertation. Sometimes the L-band (1565 nm - 1625 nm) is used for this
purpose as well. When combined, a total of approximately 200 wavelength
channels on a 50-GHz wavelength-division multiplexing (WDM) grid are al-
lowed. The O-band is extensively used in metropolitan networks, because
cheap lasers are available for these wavelengths, the chromatic dispersion
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(subsection 2.2.3) is minimal and the fiber attenuation is of minor impor-
tance since the transmission distance is short. The other wavelength bands
are seldom used because of the combination of relatively large fiber loss
and the lack of efficient optical amplifiers.

2.2.3 Linear transmission impairments

Impairments arising from transmission in an optical fiber can be separated
into two groups being the linear and non-linear transmission impairments.
The difference between the two impairments is that the linear impairments
are intrinsic to the optical fiber and affect the transmitted signal in a well-
defined manner. Non-linear transmission impairments on the other hand
are caused by the intensity of the transmitted light signal which causes an
interaction between the fiber and the signal itself in a non-linear fashion.
Although there are ways to partially compensate for these non-linear dis-
tortions, a complete re-construction of the sent signal is very difficult to
achieve and normally results in signal quality degradation.
In this subsection chromatic dispersion and polarization-mode dispersion,
both causing pulse broadening and therefore distort pulses in a linear fash-
ion, will be explained. Both effects describe a unitary transition of the
signal, therefore not losing any information. The unitary and linear prop-
erty of these effects allow for a complete reconstruction of the transmitted
signal by digital signal processing if the whole electrical field is detected.

Chromatic Dispersion (CD)

In an optical fiber spectral components, being composed of multiple spectral
lines (i.e. a group), propagate at different velocities due to two reasons [35]:

• Waveguide dispersion: Wavelength dependence on the confinement of
the electro-magnetic lightwave to the core of the fiber.

• Material dispersion: Wavelength dependence of the refractive index
n. This implies that the group refractive index ng, which is the deriva-
tive of the refractive index n with respect to ω, also depends on
wavelength (f = c

λ and ω = 2πf). The refractive index and group
refractive index are related as ng = n+ ω dndω .

When modulating a signal, being a requirement to transfer information
along the fiber, the Fourier transform tells that multiple spectral compo-
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nents (colors) are created around the carrier frequency related to the wave-
length of the signal. Having a multitude of small spectral groups travelling
at different velocities along the fiber effectively leads to a broadening of
the modulated pulses, commonly referred to as chromatic dispersion. This
is depicted in Fig. 2.7 for an ideal rectangular pulse of 100 ps duration.
When two neighbouring pulses start to overlap the receiver might not be
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Figure 2.7: Pulse spreading of a 100 ps rectangular pulse along the fiber during propa-
gation (16.8 ps/(nm·km) @ 1550 nm).

able to detect the right symbol without compensation. This crosstalk be-
tween pulses is referred to as inter-symbol interference (ISI).
Chromatic dispersion (CD) is defined as the amount of pulse spread per
kilometer per nanometer in pico seconds. Since the pulse spread is related
to the difference in group velocities of the spectral components in a pulse,
δt, over a distance of L, from [36] it follows:

δt = dtg
dω

δω = d

dω

(
L

vg

)
δω = L

(
d2β

dω2

)
δω (2.11)
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where tg is the group delay of a single spectral component, ω the angular
frequency, vg the group velocity

(
dω
dβ = β̇−1 = c

ng

)
and β the propagation

constant along the fiber axis. From Eq. 2.11 it is observed that the term
d2β
dω2 = β̈

(
ps2

km

)
, which is defined as the group velocity dispersion (GVD),

causes the pulse broadening. The chromatic dispersion (CD) parameter D,
is the group velocity dispersion (GVD) related to the wavelength instead
of angular frequency:

D

(
ps

nm · km

)
= 1
L

dtg
dλ

= d

dλ

(
1
vg

)
= −2πc

λ2 β̈ (2.12)

The chromatic dispersion therefore depends on the fiber structure and wave-
length of the signal.
The derivative of the GVD to angular frequency would lead to the slope of
the GVD indicating how much the GVD changes with wavelength. Typi-
cally the GVD slope in single-mode fibers is very small for the 50 GHz to
100 GHz broad channels which are commonly used for transmission.
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Figure 2.8: CD versus wavelength for an G.652 fiber SSMF. The actual CD is the sum-
mation of the material dispersion with the waveguide dispersion.

In SSMF the zero-dispersion wavelength, i.e. the wavelength at which the
material and waveguide dispersion cancel each other out, is around 1310 nm
as depicted in Fig. 2.8. In the C-band the CD is typically in the order of
17 ps

nm·km [31]. By tailoring the refractive index profile of the fiber, the both
types of dispersion can be modified to obtain (close to) zero dispersion at
the wavelength band of interest (C-band). This is achieved for dispersion-
shifted fiber (G.653 [31]) and large effective area fiber (LEAF) [37]. The
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reason these fibers were made was that CD used to be a limiting impair-
ment for direct-detection communication systems due to inter-symbol in-
terference (ISI) [38, 39]. Nowadays coherent receivers can completely com-
pensate the CD using digital signal processing (section 2.6), avoiding the
need for optical CD mitigation. In fact CD turned out to reduce the non-
linear transmission impairments [40].
To date optical means to compensate for chromatic dispersion are the most
deployed, because transmission systems used to work with direct-detection
transponders which still supply most of the data-traffic. Optimizing the
dispersion map for tolerance against non-linear transmission impairments
has received a considerable amount of attention [41, 42]. This is also impor-
tant when using coherent receivers [43–46], although these can cope with
large amounts of dispersion.
The general approach to optically compensate for dispersion after a span
of single-mode fiber is sending the signal into a dispersion compensating
fiber (DCF) [47], which are fibers with a large negative dispersion at the
wavelength band of interest mainly resulting from waveguide dispersion.
Therefore dispersion compensating fibers (DCFs) can compensate most of
the accumulated dispersion within only a couple of kilometers of fiber.
Equivalently fiber Bragg gratings (FBGs) [48] which reflect different wave-
lengths at different points along the grating and therefore compensating for
the dispersion [49], can be used. The dispersion compensating module is
normally located in an optical amplifier hut in between two amplifiers and
can easily be exchanged.

Polarization Mode Dispersion (PMD)

Whereas in case of CD distinct spectral components are propagating at
different speeds causing pulses to spread, with polarization mode disper-
sion (PMD) the non-ideal circular core of realistic optical fibers will cause
the two orthogonal polarization components of the electromagnetic field to
propagate with subtly dissimilar group velocities since they will see slightly
different (group) refractive indices, called birefringence. As such a pulse
that was coupled to both polarizations at the fiber input will be spread out
at the output of the fiber due to differential group delay (DGD) [50]. This
process is depicted in Fig. 2.9.
Factors causing birefringence can be intrinsic and extrinsic. Internal factors
are geometric irregularities which have arisen during fiber manufacturing
or stress induced birefringence. Stress induced birefringence is used to cre-
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L

Figure 2.9: Illustration of DGD (originating from PMD) in a short fiber section; At the
input a pulse is coupled into two birefringent axes, x (nx) and y (ny), which results in a
pulse broadening of δt due to the group velocity difference between the two axes.

ate polarization-maintaining fibers [51]. External causes for birefringence
are perturbations from fiber spooling, cabling or embedding the fiber in
the ground causing lateral stress, bending and twisting. All these exter-
nal factors to a certain extent are or will be present in field-deployed fiber
links, causing the birefringence to variate along the link. Whereas CD is
constant over time, the obvious dependence of PMD on the environment
makes compensation very cumbersome.
If the birefringence of the fiber section in Fig. 2.9 is constant, then the
difference in group velocities vg = β̇−1 between the slow (y) and fast po-
larization mode (x) can be expressed as:

δβ̇ =
∣∣∣β̇x − β̇y∣∣∣ =

∣∣∣∣ngxc − ngy
c

∣∣∣∣ =
∣∣∣∣δngc

∣∣∣∣ (2.13)

with c the speed of light in vacuum, ngk the polarization dependent group
refractive (k = x, y) index and δng the difference in group refractive index
between the two polarization axes. The group refractive index is related
to the refractive index n as ng = n+ ω dndω . Using Eq. 2.13 the DGD, δt, is
then given by:

δt =
∣∣∣∣∣ Lvgx − L

vgy

∣∣∣∣∣ = L · δβ̇ (2.14)

where L is the distance considered.
For short fiber pieces like depicted in Fig. 2.9, i.e. as long as the birefrin-
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gence can be considered uniform and as such can be simply added over the
length of the fiber, the PMD can be expressed in units of ps

km . For long
fibers, which is the case for this dissertation, this does not apply any more
since the axes of birefringence randomly change along the fiber length due
to bending, twisting and stress etc. as mentioned before. This causes the
fast and slow polarization mode in one segment of the fiber to be decom-
posed into both the fast and slow polarization mode of the next segment
as depicted in Fig. 2.10, therefore either adding up or subtract from the
total birefringence. The DGD in long fibers therefore does not simply add
up and the unit of PMD changes. It has been shown in [52, 53] that DGD
in long fiber spans accumulates as a three-dimensional random-walk, which
on average increases with the square root of distance, resulting in the unit
ps√
km

commonly used to indicate the PMD of a fiber [31].
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Segment 1 Segment 2 Segment 3

Fast

Slow

Fast

Slow

Fast Slow

Segment 1 Segment 2 Segment 3

Figure 2.10: Illustration of long fiber model with different birefringent sections changing
in a random fashion along the fiber length.

As can be deduced from Eq. 2.14, PMD is angular frequency or wavelength
dependent. Therefore the complete description of PMD is more compli-
cated than the above, first-order, description. Second-order PMD is one
of the reasons why it is very difficult to compensate PMD using only fiber
optics.
A lot of research has been done into compensating PMD. One of the so-
lutions is to create low PMD fibers by spinning the fibers during draw
[54, 55]. Single-mode fibers nowadays can have a PMD value of less than
0.1 ps/

√
km [34, 37]. However, deployed fiber systems might have PMD
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coefficients as large as 4.8 ps/
√
km [56, 57], although the average PMD

per fiber for the measured systems in [56, 57] is typically < 1 ps/
√
km.

Other optical PMD compensating approaches mainly focus on compensat-
ing the first-order PMD with a control algorithm to adapt a polarization-
controller, and a piece of high-birefringent fiber or an adjustable birefrin-
gent element [58, 59].
Since PMD is a linear and unitary transmission impairment, coherent re-
ceivers with digital signal processing (DSP) can compensate for it as long
as the coupling and spreading of the pulses occur within the memory of the
receiver. Therefore since the introduction of coherent transponders PMD
is not considered a problem in modern optical transmission systems.

2.2.4 Non-linear transmission impairments

The other kind of transmission impairments are of non-linear nature and
depend on the input power of the optical signal which interacts with the
fiber material itself (known as the Kerr effect). The material in return
alters the optical signal in a non-linear manner, which therefore makes it
difficult or impossible to compensate.
To achieve guiding of a single mode only, SMF effective areas can be as
small as 14µm2 for DCFs [47], whereas the maximum effective area (Aeff )
can be as large as 135µm2 for PSCF [60]. The SSMF effective area is
∼ 80µm2. This means that, depending on the Aeff , launching an optical
signal with a power as low as 1mW translates into a power density (assum-
ing a uniform distribution of the power over the area, which is in reality
not the case) between ∼ 70MW/m2 (14µm2) and ∼ 7MW/m2 (135µm2).
The expression for the refractive index taking the electrical field power into
account is [61]:

n
(
ω, |E|2

)
= nlin (ω) + nnl (ω) |E|2

Aeff
(2.15)

with nlin (ω) the linear refractive index, changing with the wavelength as
discussed in the previous subsection, nnl (ω) the non-linear refractive index
parameter (which only slightly depends on the wavelength [62]), E the elec-
trical field and Aeff the effective area of the fiber. It is clear from Eq. 2.15
that |E|2

Aeff
indicates the power density inside the fiber. By increasing the

effective area of the fiber the influence of nnl decreases. On the other hand
nnl by itself also influences the non-linear behaviour of the fiber. It is known
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that fibers with a germanium doping inside the core material have a higher
nnl than pure-silica core fibers for instance [62]. Therefore large effective
area pure-silica core fibers should have a much larger non-linear tolerance
than for instance DCFs which typically have a very small effective area.
However, before the introduction of coherent receivers the optical trans-
mission systems used to be linear transmission impairment limited, and
therefore the choice of fiber was not always the best in terms of non-linear
tolerance. Due to the attenuation that the optical signal experiences during
propagation, the region where the majority of the non-linear interactions
take place are normally at the beginning of a span where the optical signal
power is the highest. The effective length is a measure that takes into ac-
count the length of a span where most of the non-linear interactions take
place and is given by:

Leff = 1− e−αL

α
(2.16)

with α in units of
(

1
km

)
and L the fiber length in kilometers. For long

spans the effective length can be approximated as Leff ≈ 1
α . For a 100 km

long span and an α = 0.2 dB/km the Leff ≈ 21.5 km.

Eq. 2.15 indicates as well that the refractive index change is dependent
on the total electrical field rather than on a single wavelength. Therefore
non-linear transmission impairments can be subdivided into intra-channel
(within the transmitted channel itself) and inter-channel (between two or
more channels) impairments. This can be better understood by looking at
formulas. The propagation of a single pulse in an optical fiber, taking into
account a single polarization, can be described by the electrical field E(r, t)
as [61]:

E(r, t) = 1
2 p̂
(
F (x, y) · E(z, t) · ei(β0z−ω0t)

)
(2.17)

Here p̂ indicates the polarization unit vector (either x or y), F (x, y) the
modal distribution, β0 the wave number and ω0 the the carrier wavelength.
E(z, t) is the slowly varying pulse envelope, composed of several spectral
components, which therefore indicates the applied modulation to the op-
tical carrier. As such this term carries the actual transmitted information.
Therefore non-linear distortion of E(z, t) results in bit errors after trans-
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mission. The evolution of E(z, t) during transmission is described by [61]:

dE

dz
+ α (z)

2 E + i

2 β̈ (z) d
2E

dt2
− 1

6
...
β (z) d

3E

dt3
= iγ |E|2E (2.18)

This equation is known as the non-linear Schrödinger equation (NLSE).
It is observed that the left hand side represents the linear propagation
impairments: β̈ (z) indicates the GVD,

...
β (z) the GVD slope, and α (z)

the attenuation. The right hand side of Eq. 2.18 represents the non-linear
propagation impairments. The pulse amplitude E originally is in units of
an electric field, V

m . However it is common to normalize E such that |E|2
represents the optical power. In this case γ indicates the Kerr non-linearity
parameter, which is defined as:

γ

( 1
W · km

)
= 2π · nnl
λ ·Aeff

(2.19)

where nnl is expressed in m2

W . To analyse the interaction between the electric
fields from different pulses and various channels, one should decompose
Eq. 2.18 into all the separate components travelling through the optical
fiber ending up with a network of coupled equations.
To simplify the understanding of the non-linear transmission impairments
occurring in an optical fiber, the number of pulses or channels considered
here will be limited to three, leading to three coupled equations. One of
the electric fields, E1, can then be expressed as [61, 63]:

dE1
dz

+ α (z)
2 E1 + i

2 β̈ (z) d
2E1
dt2

− 1
6

...
β (z) d

3E1
dt3

=

iγ |E1|2E1 + 2iγ
(
|E2|2 + |E3|2

)
E1 + iγE2

2E
∗
3 (2.20)

The three terms on the right hand side represent the diverse non-linear
impairments in essence being of similar nature for both the intra- and
inter-channel case. If the electric fields (E1, E2, E3) impersonate pulses,
Eq. 2.20 describes intra-channel impairments. If the electric fields symbolize
channels, then the formula represents inter-channel impairments.

Intra-channel non-linear interactions

Intra-channel interactions are, as the name says, interactions that occur
within the same wavelength channel either between neighbouring pulses or
between a pulse and noise produced by optical amplifiers. The interaction
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between pulses and noise starts to be a detrimental effect for low optical
signal-to-noise ratio (OSNR) transmission, i.e. where the noise power com-
pared to the signal power within the channel starts to be significant [63]. In
this dissertation normally the OSNR requirements are high, and therefore
an operation point where the pulse to noise interaction starts to be a limit-
ing effect is not reached. Therefore the analysis of intra-channel non-linear
interactions here is limited to signal-to-signal interactions.

The first term on the right hand side in Eq. 2.20, iγ |E1|2E1, is only depend-
ing on the signal pulse E1. This means that if a sole pulse is propagating
through the fiber with a high power, it would still induce a distortion, a
phase variation, on itself. Therefore this distortion is referred to as (iso-
lated pulse) self-phase modulation (SPM).
The second piece of the non-linear equation, 2iγ

(
|E2|2 + |E3|2

)
E1, repre-

sents that the neighbouring pulses E2 and E3 affect the pulse described by
E1. This distortion is called intra-channel cross-phase modulation (XPM)
due to apparent phase modulation across pulses. This distortion is illus-
trated in Fig. 2.11. Due to GVD adjacent pulses during propagation will
start to overlap. During this overlap the pulses interact with each other,
causing non-linear phase-shifts, which after CD compensation manifest it-
self as timing jitter at the output of the fiber [63–65].
The last term

(
iγE2

2E
∗
3
)

shows that the interaction of the two electric fields
E2 and E3 can create an electric field E1. This process is called intra-
channel four-wave mixing (FWM). FWM is a process in which two waves
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Figure 2.11: Visualization of intra-channel XPM. Due to GVD two pulses overlap. At
the point of overlap non-linear interactions take place. After CD compensation the pulses
are slightly shifted (timing jitter).
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Figure 2.12: Illustration of intra-channel FWM. GVD causes different parts of the spec-
tral content of the pulses to overlap. Non-linear interaction with the fiber causes four-
wave mixing transferring energy from the pulses to new frequencies (purple areas). After
CD compensation the ’ghost’ pulses appear in time where originally no energy was present
(amplitude jitter).

create two other waves (energy exchange) due to interaction with the non-
linear transmission medium. Intra-channel FWM reveals itself as amplitude
fluctuations at the output of the fiber, or ’ghost’-pulses at positions where
at the transmitter side no energy was transmitted [63, 66, 67] and is visu-
alized in Fig. 2.12. The efficiency of intra-channel FWM depends largely
on the phase-matching condition between the pulses and as such the effect
can be suppressed by reducing the matched phase occurrence during trans-
mission [67].

When analysing a fiber type or modulation format it is common to refer
to intra-channel non-linear interactions as SPM, thereby not distinguishing
between the separate effects as described above. To assess the SPM toler-
ance only a single channel, or multiple channels spaced very far apart to
annihilate distortions arising from inter-channel interactions, are transmit-
ted. The latter method is used in this dissertation to test the non-linear
tolerance of systems towards intra-channel non-linear impairments or SPM.
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Inter-channel non-linear interactions

Treating the electric fields in Eq. 2.20 as different wavelength channels
instead of pulses allows the identification of the various inter-channel inter-
actions occurring inside the non-linear transmission medium.
The first term of the decomposed non-linear part of the Schrödinger equa-
tion is fully dependent on E1 and therefore in this case is the term reflecting
the intra-channel interactions.
The second term represents the phase change induced by channel E1 caused
by propagating together with the channels E2 and E3. This reveals that
the modulation format carried by E2 and E3 has a strong influence on the
phase fluctuation of E1. Modulation formats in which the amplitude of the
electric field is changing induce a larger phase change between the adjacent
symbols of channel E1 than modulation formats with a quasi-constant am-
plitude like phase-modulated formats. Also the influence is largely affected
by the relative symbol duration [63, 68, 69]. Another parameter influencing
the XPM induced interaction is CD [63, 70]. Both symbol duration and
dispersion are therefore important factors in defining the XPM efficiency.
They are related with each other in the walk-off length given by:

LW = T0∣∣∣β̇2 − β̇1
∣∣∣ ≈ T0∣∣∣β̈∣∣∣ δω (2.21)

with β̇k proportional to the group velocity for the kth propagating channel
(in this case k = 1, 2) and δω proportional to the difference in wavelength.
The walk-off length defines how fast two pulses from different channels walk
away from each other. A faster walk-off will result in a smaller XPM ef-
ficiency as such reducing the XPM-induced distortions. It should be clear
from Eq. 2.21 that the channel spacing also has a large influence on the
XPM efficiency.
As mentioned in the previous subsection, the optimization of the dispersion
map has been extensively studied, mainly to minimize the penalty origi-
nating from XPM [41–46].
The last inter-channel non-linear impairment arises from four-wave mixing
(FWM) which is very similar to the intra-channel FWM. Photons from two
or three channels are propagating together in the non-linear medium and
interact, creating new photons at other frequencies such that energy and
momentum are conserved. Either three photons interact with each other to
create a new photon at the sum of the three frequencies, or two photons mix
to give life to two new photons at different frequencies. The first process is
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Figure 2.13: Illustration of FWM. The channels propagating through the non-linear fiber
medium at angular frequencies ω2 and ω3 interact with each other creating photons at ω1
and ω4, possibly causing signal degradation if channels at those frequencies are present
(indicated by the dotted lines).

difficult to satisfy since the phases of the three photons have to match and
the probability that this is occurring in a normal optical transmission fiber
is small. The second process is satisfied when the (angular) frequencies and
phases match [61, 71]:

ωklm = ωk + ωl − ωm (k, l 6= m) (2.22)

FWM can also occur if only two channels interact and is therefore more
likely to take place. This is called degenerate FWM, and is indicated by
the condition that k is equal to l in Eq. 2.22. By applying this condition
when considering two channels with the angular frequencies ω2 and ω3
propagating through the fiber interacting with each other, photons will be
generated due to FWM at ω1 = 2ω2 − ω3 and ω4 = 2ω3 − ω2. This process
is depicted in Fig. 2.13. If at the angular frequencies ω1 and ω4 channels
would be propagating then the FWM produced photons will manifest itself
as noise on these channels, as such degrading signal quality. This could
be avoided by using an unequal channel spacing, which is not common
for optical transmission systems since the available spectrum for long-haul
transmission is scarce.
The efficiency of FWM can be reduced by avoidance of phase-matching over
long time periods during transmission. This can be achieved by increasing
the GVD of optical fibers, thereby enlarging the difference in phase velocity.
Therefore FWM is mainly observed for low-dispersion fibers [63, 72] and in
case the channel spacing is small.
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Cross-polarization modulation

Up to now only non-linear effects treating one polarization were analysed.
However, coherent transponders and future optical transmission systems
will make use of dual-polarization transmission to increase the spectral
efficiency. To assess the interaction of the two orthogonal polarizations of
the HE11 mode, Eq. 2.18 should be written in the form of two coupled
equations [61]:

dEx
dz

+ α (z)
2 Ex + i

2 β̈ (z) d
2Ex
dt2

− 1
6

...
β (z) d

3Ex
dt3

=

iγ

(
|Ex|2 + 2

3 |Ey|
2
)
Ex + iγ

3 E
2
yE
∗
xe
−2iδβz (2.23)

dEy
dz

+ α (z)
2 Ey + i

2 β̈ (z) d
2Ey
dt2

− 1
6

...
β (z) d

3Ey
dt3

=

iγ

(
|Ey|2 + 2

3 |Ex|
2
)
Ey + iγ

3 E
2
xE
∗
ye

2iδβz (2.24)

where Ex and Ey represent the X and Y polarization component of the
electrical field of the slowly varying pulse envelopes and δβ is related to the
birefringence of the fiber.
The polarization components are affecting each other by a factor of 2

3 as can
be observed from the coupled equations above. This implies that the non-
linear induced phase-shift between two adjacent channels originating from
one polarization component of channel x is differing by a factor of 1

3 between
the two polarization components of channel y. Hence the relative phase
between the polarizations or state of polarization of a channel will change
continuously with a rate dependent on the symbol rate of the neighbouring
channel. This depolarization of signals is referred to as cross-polarization
modulation (XpolM) and can cause significant signal degradation [69, 73–
76].

2.3 Optical amplifiers

For long-haul transmission systems mainly the C and L band are used be-
cause of the low loss of silica fibers in those frequency bands as shown in
subsection 2.2.2. Although small, the typical loss coefficient is 0.2 dB/km.
This means that a 100 km span results in the optical signal attenuation by
20 dB or a factor of 100. Consequently, without amplification only 1% of
the transmitted signal will be detected at the receiver side, as such making
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long-haul transmission without loss compensation techniques impossible.
Until the beginning of the 1990’s the only method to overcome the loss in-
duced by transmission over optical fiber was optoelectronic regeneration of
the transmitted signal. This involves the optical signal carried at each wave-
length to be separately detected (transferred into the electrical domain)
and subsequently re-generated using a transmitter structure. Obviously
this optoelectronic regeneration is a very costly and inefficient approach of
overcoming the loss-limitation on reach.
A much more efficient method of overcoming the loss induced by the sil-
ica medium is compensation of the attenuation in the optical domain for
all wavelengths at the same time. Two competing technologies achieving
this emerged, the erbium-doped fiber amplifier (EDFA) [77–79] and Raman
amplification [80–86]. Both of these nowadays widely used approaches will
be shortly treated here.

2.3.1 Erbium-doped fiber amplifiers (EDFAs)

The working principle of the EDFA is, as the name says, the erbium (Er3+)-
doped core in a fiber piece with a length of a couple of meters. The erbium
atoms have several absorption bands in which incident light of a certain
wavelength can excite an electron of the erbium atom from the ground
state to a higher energy level (E = h · f , with h Planck’s constant) as
depicted in Fig. 2.14. As observed in Fig. 2.14(a), these absorption bands
are well separated, indicating that excited electrons can transit into several
energy bands (corresponding to the incident wavelength). For EDFAs only
the energy bands around 980 nm and 1500 nm are of interest. A transition
of an electron from one of these bands to the ground state will result in
a drop of energy emitted in the form of a photon with the corresponding
wavelength and vice versa absorbed incident light at one of these wave-
lengths will excite an electron to one of these energy levels. It should be
noted that an erbium-doped fiber is able to absorb and emit photons from
the whole transmission band of interest, as such being able to provide am-
plification to these transmission bands.
The former implies that pumping the EDFA with a 980 nm laser and
1480 nm laser (both outside the transmission band), which are commonly
used for these reasons, will cause a lot of electrons to move to the corre-
sponding energy band as illustrated in Fig. 2.14(b). This is called popu-
lation inversion, referring to the inversion of most electrons being in the
ground state to most electrons being in a higher energy state. When this
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Figure 2.14: (a) Absorption spectrum of an erbium-doped germano-alumino-silica fiber
[79] (the absorption in the 400 - 600 nm has been divided by a factor of 10). (b) Illus-
tration of working principle of the amplification mechanism in EDFAs.

occurs, the electron will quickly move back to a lower energy state. In
practice it turns out that electrons from the 980 nm corresponding energy
band rapidly decay to the metastable band, without emission of a photon
(non-radiative decay (heat or phonon)). The transition from the metastable
band to the ground state usually takes a longer time (∼ 10 ms [79]), and
results in the emission of a photon. This phenomenon can take place in
two circumstances:

• A photon from the transmitted optical signal in the C or L band is
travelling through the erbium-doped fiber piece and stimulates the
electron to release its energy by forming another photon. This pho-
ton will have the exact same wavelength, phase and propagation di-
rection as the stimulating photon. Therefore the incoming photon
is duplicated, effectively achieving a doubling of the optical signal
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power. These two photons will duplicate again when propagating
further along the erbium-doped fiber, resulting in an amplification of
the incoming optical signal. This is called stimulated emission.

• An electron spontaneously transits to the ground state (as a result of
not being stimulated), and emits a photon with at a random wave-
length, phase and propagation direction. This photon will subse-
quently stimulate emission of other photons. This is called amplified
spontaneous emission (ASE). When the ASE is overlapping with one
of the transmitted signal wavelengths, as is usually the case since the
ASE is occurring across the whole transmission band of interest, this
results in noise which affects the transmission performance.

Population inversion is required to obtain amplification of the incoming
light signal. If the pump laser is too weak or no pump laser is present the
erbium ions will absorb light from the transmitted signal instead. The po-
sition in an erbium-doped fiber where the signal is amplified is determined
by the placement of the erbium ions and where the light of the pump laser
and the propagating signal overlap with these erbium-doped areas. In SMF
EDFAs the erbium ions are concentrated in the center of the core, where
the pump light and signal intensity are the largest. For few-mode EDFAs
(FM-EDFAs) however the concentration of the erbium dopant is not nec-
essarily in the center, but might be tailored to be on a ring around the
center, to achieve a more equal gain between the modes.

Co-propagating 
Pump

Isolator Isolator

Counter-propagating 
Pump

Gain-flattening 
filter

Erbium-doped fiber
Signal

Figure 2.15: Schematic representation of an EDFA.

Fig. 2.15 depicts a simple setup of an EDFA with the different pump
schemes possible. Commercial devices normally have multiple erbium-
doped fiber stages. As can be observed from Fig. 2.15, pumping can be
done in a forward direction (co-propagating pump), a backward direction
(counter-propagating pump) or in both directions (bi-directional pump).
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The isolators are used to prohibit the backward propagating light from re-
flections or ASE to take away gain from the incoming optical data signal
and avoids that the EDFA starts to lase.
Normally the gain across the whole band of interest is not totally flat.
Therefore a gain-flattening filter (GFF) is commonly used to flatten the
output spectrum of the EDFA, such that all channels have an equal power
or gain.

Optical signal-to-noise ratio (OSNR)

The ASE added by optical amplifiers limits the feasible transmission dis-
tance. The received OSNR is defined as:

OSNR = Psig,out
P totASE

(2.25)

where Psig,out is the pure power of the transmitted signal after the amplifier,
i.e. Ptot − P totASE , and P totASE the total accumulated ASE power along the
transmission link, with both powers in Watts. Assuming that all amplifiers
add the same amount of ASE and all spans have an equal loss, then P totASE =
PASE ·Nspans, where Nspans is the number of spans. Eq. 2.25 can then be
written as:

OSNR = Psig,out
PASE ·Nspans

= Psig,out
2 ·N0∆f0

(2.26)

with N0 the noise power spectral density per polarization and ∆f0 the
normalized bandwidth, commonly chosen 0.1 nm which is also the case in
this dissertation.
N0 can be expressed as follows [79]:

N0 = nsphf0 (G− 1)Nspans (2.27)

where nsp is the spontaneous emission coefficient, h the Planck’s constant,
f0 the reference frequency and G the gain of the amplifier. The sponta-
neous emission factor is ≥ 1 [79]. Normally the gain of the amplifier can
be assumed G = α · Lspan, i.e. the gain of the amplifier is equal to the
attenuation induced by the span.
The (simplified) noise factor F of an EDFA is given by [79]:

F = 2nsp ·
(
G− 1
G

)
+ 1
G

(2.28)
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Eq. 2.28 shows that in the case of a large gain, i.e. F ≈ 2nsp, the minimum
obtainable noise figure (NF) of an EDFA (10 · log10 (F )) is 3 dB, in case
nsp = 1.

By combining the equations 2.26 to 2.28 (rewriting Eq. 2.28 as G ·F − 1 =
2nsp · (G− 1)) an expression for the OSNR as a function of the span loss
and amplifier NF can be found:

OSNR = Psig,out
(G · F − 1)hf0∆f0 ·Nspans

(2.29)

= GPsig,in
(G · F − 1)hf0∆f0 ·Nspans

G·F�1≈ Psig,in
F · hf0∆f0 ·Nspans

where Psig,in denotes the signal power at the input of the amplifier. When
rewriting Eq. 2.29 in dB’s this gives:

OSNR = Psig,in[dBm]− 10 · log10 (Nspans) + 58dBm−NF (2.30)
= Psig,out − α · Lspan − 10 · log10 (Nspans) + 58dBm−NF

where it is used that −10 · log10 (hf0∆f0) ≈ 58 dBm for a reference fre-
quency f0 of 193.4 THz (1550 nm) and a reference bandwidth ∆f0 of 0.1 nm
(12.5 GHz).
Eq. 2.30 is a very useful formula. It implies that the OSNR is dependent on
the launch power Psig,out and the span loss. Tab. 2.1 shows some examples
of calculated OSNRs assuming a NF of 5 dB, a launch power Psig,out of
0 dBm, an α of 0.2 dB/km and a reach of 2,000 km. A clear improvement
is observed when the span lengths are reduced from 100 km to 50 km.
From Eq. 2.30 it follows that the OSNR increase from the reduction in
span length is 10 dBs, whereas the number of spans has doubled at the
cost of 3 dBs of OSNR. This means the received OSNR improved by 7 dB.
At a certain point the term indicating the number of spans in Eq. 2.30 will
grow beyond the span loss improvement obtained, as such decreasing the
received OSNR again.
For terrestrial links it is common to use ∼ 80-km spans. To improve the
received OSNR transoceanic links consists of shorter spans, typically rang-
ing ∼ 50 km in length.

EDFAs can be designed for specific purposes, obtaining different properties.
For instance the EDFA can be designed to maximize the gain for a certain
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Table 2.1: Calculated OSNRs using Eq. 2.30 assuming a NF of 5 dB, and launch power
Psig,out of 0 dBm and an α of 0.2 dB/km and a reach of 2,000 km.

Span length [km] Received OSNR [dB/0.1nm]
1 19.79
10 27.99
20 29
50 26.98
80 23.02
100 19.99

part of the spectrum, or to obtain a small required gain to achieve the re-
quired output power. The choice of pump laser wavelength influences the
EDFA behavior. A 980 nm pump will achieve a large population inversion
and a low NF, whereas a 1480 nm pump can be used to obtain a larger
output power [79].
The typical noise figure of the EDFAs used in this dissertation is∼ 5−6 dB.

2.3.2 Raman amplification

The Raman effect was discovered by Raman already in 1928. It describes
the effect of an incident optical field with a high intensity onto any molec-
ular medium, transferring a small part of its intensity to another, higher
wavelength (spontaneous Raman scattering) where the difference in dis-
tance between the original wavelength and the higher wavelength is deter-
mined by the vibrational modes of the medium (phonons). This effect was
observed for the first time in optical fibers in 1972 [80, 81]. Back then the
Raman effect was considered harmful instead of useful, since it limited the
performance of multi-wavelength systems. In the mid- to late 1990s the
interest in Raman amplification revived for its beneficial improvement on
OSNR as well as the partial mitigation of non-linear effects in long-haul
transmission systems.
The Raman amplification mechanism shows a great analogy with that of
EDFAs from a quantum-mechanical point of view. The Raman-scattering
process is depicted in Fig. 2.16 for wavelengths used in optical fiber trans-
mission. An incident photon from the pump laser, with a wavelength of
1450 nm for C-band amplification, excites a molecule of an optical fiber up
to a virtual energy level (h · fpump) equal the wavelength of the photon.
The molecule quickly decays to a lower energy level, a vibrational state (a
phonon), emitting a signal photon (h · fsig) in the process. The difference
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Figure 2.16: Schematic representation of Raman scattering proces, in this case for optical
telecom wavelengths and silica-based optical fiber.

in energy between the pump and signal photon generated is dissipated by
the vibration, a phonon, and the resulting difference in wavelength or fre-
quency is called the Stokes shift (fpump−fsig). For optical fibers, the Stokes
shift between the pump laser and amplified signal is ≈ 100 nm (13.2 THz,
Fig. 2.17(b)) [82]. An anti-Stokes shift can also occur but this requires
a phonon to be initially present with the right energy and momentum.
Therefore the anti-Stokes shift is less likely to take place and its efficiency
as such is a lot weaker, making it an insignificant effect in optical fiber
telecommunication systems.

In case the Raman scattering is initiated by a signal photon stimulating
the scattering of another photon with the same frequency, phase and po-
larization state, the process is called stimulated Raman scattering (SRS).
SRS therefore is the effect which amplifies the incoming optical signal.
Raman amplification can be obtained by pumping a high-powered laser with
a wavelength ∼ −100 nm away from the optical signal that needs to be am-
plified into the glass optical fiber. Similar to EDFAs, except for the fiber
and wavelengths used to achieve amplification, co-propagating, counter-
propagating and bi-directional pump schemes can be used (Fig. 2.17 a). It
should be noted that Raman amplification is polarization-dependent, thus
requiring depolarized pump lasers [82].
The equations describing the evolution of pump power Ppump and signal
power Psig along the fiber direction z for Raman amplification are as fol-
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lows:
Psig
dz

= grPpumpPsig − αsig · Psig (2.31)

±Ppump
dz

= −fpump
fsig

grPpumpPsig − αpump · Ppump (2.32)

where gr indicates the Raman gain coefficient in 1/ (W · km) normalized
to the effective area (Aeff ) of the fiber (gr = γr/Aeff ), α and f the at-
tenuation coefficient of the fiber and frequency at the pump and signal
wavelength, respectively. The + and − signs in Eq. 2.32 represent a co-
propagating and counter-propagating pump setup, respectively.
The first term on the right-hand side of Eq. 2.31 indicates the signal gain
due to SRS whereas the second represents the attenuation of the signal
experienced during propagation. Equivalently the first term on the right-
hand side of Eq. 2.32 shows the pump depletion due to SRS and the second
term the loss experienced by the pump signal.
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Figure 2.17: (a) Schematic representation of a Raman amplifier. (b) Raman gain effi-
ciency for three different fiber types, being dispersion compensating fiber (DCF), NZDF
and super large area fiber (SLA) with an effective area of 15, 55 and 105µm2, respectively,
using a pump laser running at a wavelength of 1450 nm [85].

If it is assumed that the pump source is powerful enough to prohibit de-
pletion, the first term in Eq. 2.32 can be neglected. Solving the resulting
equation assuming a counter-propagating pump setup then yields:

Ppump(z) = Ppump(0) · e−αpump(L−z) (2.33)

with Ppump(0) the launched pump power and L the fiber length. When
substituting Eq. 2.33 into Eq. 2.31 and solving the differential equation
this leads to:

Psig(z) = Psig(0) · egr·Ppump,0·Leff−αsigL = Gon/off (L)Psig(0) (2.34)
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where Leff is the effective length for the pump signal given by Eq. 2.16
and Gon/off = egr·Ppump,0·Leff−αsigL is the gain obtained due to the SRS
process, commonly referred to as the Raman on/off gain.
If the transmission fiber is used to amplify the signal exploiting SRS, this is
referred to as distributed Raman amplification (DRA). This is the manner
in which it is used in this dissertation. Due to the amorphous nature of
silica, a relatively broad wavelength range will be amplified (Fig. 2.17(b)).
However if the required output spectrum with a certain range has to be
flat, multiple pump wavelengths are required as well as a tuning of the
pump powers. A 100-nm flat spectrum using Raman amplification has
been demonstrated in [84].
The fiber type used is of significant influence to the gain achieved by Ra-
man amplification. This is clearly observed in Fig. 2.17(b) which shows
the Raman gain coefficient gr for different fiber types. The DCF has a
10 times better gain efficiency than the super large area fiber (SLA) fiber.
One of the reasons for this is the reduced effective area of DCF, the other
the higher doping level of germanium (γr). As such using highly non-linear
fiber for instance by doping the fiber with germanium, lumped or discrete
Raman amplifiers can also be realized. These optical gain media can be
used the same as EDFAs [82, 86].
For DRA the pump configuration used can be of influence in how the sig-
nal is evolving along the transmission link. An illustration of the power
of the optical signal along a fiber span is indicated Fig. 2.18(a) for differ-
ent pump configurations. A co-propagating pump and bi-directional pump
setup could result in the optical signal to enter the non-linear limited power
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Figure 2.18: (a) Illustration of the power evolution of an optical signal with a launch
power of 0 dBm over a span considering no pump, a co-propagating pump, a counter-
propagating pump and a bi-directional pump setup. (b) Power evolution of an EDFA-
only amplified transmission link vs. a hybrid EDFA + counter-pumped Raman amplified
transmission link.
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region of the transmission system, having detrimental influence on the over-
all performance. A counter-propagating pump configuration avoids that the
signal is entering this region.
The amplification provided by the Raman amplification might not be suf-
ficient to compensate the span-loss. In that case a hybrid solution where
Raman amplification in combination with discrete optical amplifiers such
as EDFAs can be used. A quite common solution is the use of a counter-
pumped Raman amplification scheme in combination with EDFA to com-
pensate the residual loss.
The power evolution over a transmission link using such a scheme is de-
picted in Fig. 2.18(b) as well as the EDFA-only amplification scheme. As
can be observed the hybrid scheme is keeping the signal power out of the
non-linear region as well as the noise limited (OSNR degradation) region,
whereas the EDFA-only scheme is entering both of these areas. As such the
hybrid scheme can be used to increase the overall transmission performance
by improving the received OSNR as well as reducing the induced non-linear
transmission penalty. The hybrid scheme is also used in the experiments
in this dissertation.
Another way to see that DRA is improving the received OSNR is by con-
sidering it as a cancellation of a portion of the loss of a fiber span. As such
the α ·Lspan term in Eq. 2.30 is decreased, resulting in an improved received
OSNR. Thus, DRAs give an equivalent performance of much closer spaced
amplifiers [83]. For these reasons DRA is normally used to improve the
reach of optical transmission systems.

2.4 Reconfigurable add/drop multiplexers

Reconfigurable add/drop multiplexers (ROADMs) are nodes in an optical
network (Fig. 2.19) where network operators can add and drop wavelength
channels, which can be reconfigured over time, such that they can optimize
the network configuration in terms of capacity and latency and can easily
route channels from A to B. For that reason, ROADMs are the basis of the
agile networks which terrestrial optical links are these days.
A critical building block of a ROADM is a wavelength-selective switch
(WSS). As the name suggest, the WSS can switch selected wavelength
channels from a common input port to different output ports (≥ 1), or vice
versa. By using a multitude of WSSs, a N input fibers × M outputs fibers
ROADM can be realized as depicted in Fig. 2.20.
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Figure 2.19: Schematic representation of three ROADMs nodes, illustrating the adding
and dropping of wavelengths.

Apart from selecting wavelength channels, WSSs can also equalize them,
making it able to control the launch power of each channel and optimize
the performance of the system.
Several approaches of realizing a WSS exist, although the main structure
is the same for all of them. This structure is shown in Fig. 2.21.
The optical signal originating from the input fiber is first collimated and
propagates through some beam shaping optics. If the switching mechanism
is polarization dependent, additional optics splitting the polarizations and
aligning them are used such that both of the polarizations are separately ad-
dressed in the same way. Afterwards the light is directed towards a diffrac-
tion grating, resulting in a separation of the wavelengths. This is achieved
by creating a periodic structure as indicated in the inset in Fig. 2.22, in
this case a sawtooth. Different then for Fig. 2.3, the light reflected by the
grating is out of phase. As such the different wavelengths will coherently
interfere at an angle θdif given by:

d (sin (θin) + sin (θdif )) = m · λ (2.35)

where θin is the incident angle of the incoming beam and m indicating the
order of diffraction. Since θin is equal for all wavelengths, θdif changes.
After diffracting the incoming light, it is fed, eventually using a mirror,
to the switching engine to apply beam steering which in the end results
in guidance of the wavelength channels of interest to the required output
fiber. After recombining the selected wavelength channels into one optical
beam using the diffraction grating again, and possibly recombining the two
polarization-components and reversing the beam shaping, the light is cou-
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Figure 2.20: ROADM node. WSSs are used to select and equalize wavelength channels,
as such being the main building block of a ROADM.

pled into the output fiber of choice.

Several technologies to deflect a beam exist [87–90]. Here the optical micro-
electromechanical system (MEMS) micro-mirrors arrays and liquid crystal
on silicon (LCoS) pixel based wavelength selection and beam steering will
be succinctly described, which are the WSSs technologies used for the ex-
periments in this dissertation.
Fig. 2.22 shows a possible WSS configuration [89] in which either technol-
ogy to deflect the beam can be used. The optical MEMS technology is best
described as micro-mirrors, where the applied electrical voltage determines
the reflectivity such that they can also be used to equalize the wavelength
channels by decreasing the reflection (attenuating) the stronger wavelength
channels [87]. By rotating the mirrors the beam is steered in the direction
of choice (see inset 1 in Fig. 2.22). This can be done in a one dimension, or if
required in two dimensions, to be able to address several output ports [88].
The LCoS technology achieves the same beam steering operation by con-
trolling the phase of light at each pixel [89]. The LCoS panel can be seen
as a display, for which each pixel can be programmed to induce a phase-
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Figure 2.21: Building blocks of an WSS. Different approaches exist for the switching
engine, whereas the other blocks are largely the same.

shift on the incoming light beam. Applying a phase-shift to the incoming
beam in a linear manor for a number of pixels and repeating this a couple
of times is similar to feeding the incoming beam to an sawtooth diffrac-
tion grating. Therefore using LCoS technology an electrical programmable
grating is created, being able to divert the incoming beam with an angle of
choice. Equalization of the channels can be achieved by diverting the beam
such that the light is not fully coupled into the output fiber, for instance by
coupling it into two different fibers: one output fiber and a dump fiber [89].

An important property of a WSS is its filter shape and its ability to change
the bandwidth of the filtered channel. Whereas today’s optical networks
mainly use the 50-GHz or 100-GHz International Telecommunication Union
(ITU)-grid [31], a trend towards flexi-grids is going on to maximize the effi-
cient use of available spectrum and enabling channel bandwidths capable of
transporting > 400G channels over long-haul distances (section 2.5). The
filter shape is important since a cascade of filters in a transmission link will
decrease the actual bandwidth available to transmit a signal without severe
induced filtering penalties [88, 91]. A cascade of ROADMs will inherently
cause the cascaded bandwidth to shrink due to slight misalignments in the
center frequency arising from component imperfections, manufacturing mis-
alignment, environmental stress and temperature. It has been shown that a
filter shape with a flat center and steeply falling edges obtains a much better
cascaded bandwidth than a filter shape with gently falling edges [88]. This
can be easily understood. The latter shape, in case of perfect alignment of
the centers of the cascaded filters, will still experience a larger attenuation
toward the edges of the filter. This, however, is only marginally the case if
the edges are very steep. Therefore the latter filter shape is preferred. A
steeper filter shape additionally minimizes inter-channel crosstalk.
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2.5 Transmitters and modulation

When discussing optical transmitters, one is normally referring to modula-
tion formats and data rates. A trend towards flexible transmitters, able to
increase or decrease the data rate by switching the modulation format, is
visible [92–95]. Albeit different transmitter technologies are available, for
instance directly modulating the driving current of the laser (which is as
such limited to intensity modulation) or using electro-absorption modula-
tors (EAMs), the most common way to modulate the optical signal is the
use of a Mach-Zehnder modulator (MZM). The lithium niobate (LiNbO3)
MZM has the highest optical power handling, lowest loss, broad bandwidth
operation and zero chirp [96]. Chirp induced penalties (in combination with
CD) are one of the main sources why EAMs are unsuitable for intensity
modulated direct-detection long-haul optical transmission systems [97, 98],
although they are favorable in size which makes integration possible. In
commercial transponders mainly MZM based modulators are used. More-
over only MZM based modulators were used in the work presented in this
dissertation and therefore are the only ones discussed here.

2.5.1 Mach-Zehnder modulator (MZM)

A single-polarization Mach-Zehnder Modulator (MZM) structure is shown
in Fig. 2.23(a). The operation principle of a MZM is based on the electro-
optic effect (Pockels effect) in which a change in electric field leads to a
delay of the optical signal. Although there are several structures possible
to achieve this, the one used most is a waveguide embedded in a LiNbO3
crystal material [96]. For these kind of modulators a change in the electric
field (V+ - V-) results in a refractive index change of the LiNbO3 material.
This alteration of refractive index accordingly leads to a delay in the optical
signal, carried in the waveguide, which will lead to a phase change at the
output of the MZM. It is seen in Fig. 2.23(a) that both paths of the MZM
have a different electric field polarity. Hence, the two arms will have a
different delay ∆t given by:

∆t = ∆n · lp
c

(2.36)

with ∆n the change in refractive index due to the applied voltage, lp the
length of the path before recombination of the waves and c the velocity of
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Figure 2.23: (a) a Lithium Niobate (LiNbO3) MZM, (b) transmittance vs. voltage curve
of an MZM.

light in a vacuum. This delay yields to a phase change ∆φ expressed as:

∆φ = ω ·∆t = ∆n · ω · lp
c

(2.37)

where ω is the angular frequency of the optical signal.
An MZM in principle could have different path lengths and unequal applied
voltages to these distinct paths. This would lead to the following expression
for Eout:

Eout(t) = Ein(t)
1 + η

(
ηejφ1 + ejφ2

)
(2.38)

with φx the phase change of path x, which depends on the applied voltage
and length of the path, and η = P1

P2
the fraction of power per path. Only

when P1 = P2 = Pin/2 the amplitude of Eout can become zero when Ein 6=
0. Assuming η = 1, Eq. (2.38) becomes:

Eout(t) = Ein(t)
2

(
ejφ1 + ejφ2

)
Eout(t) = Ein(t) cos

(
φ1 − φ2

2

)
ej

φ1+φ2
2 (2.39)

From Eq. (2.39) it can be seen that the MZM applies both an amplitude
modulation (cosine term) and a phase modulation (exponential term) to
the incoming signal. The output power of the MZM modulator, which is
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independent of the phase modulation term, is then given by:

Pout(t) ∝ |Ein(t)|2 cos2
(
φ1 − φ2

2

)
(2.40)

In the MZM displayed in Fig. 2.23, both paths have the same lengths and
the power in both paths is equal, which is common for commercial MZMs.
Moreover the applied voltages are the same, only of opposite sign. This
means that the phase change induced by path 2 is the opposite of the one
induced by path 1, i.e. φ2 = −φ1. When substituting this into equation
(2.39) and (2.40) this yields:

Eout(t) = Ein(t) cos (φ1) (2.41)
Pout(t) ∝ |Eout(t)|2 = |Ein(t)|2 cos2 (φ1) (2.42)

From these equations it is easily seen that φ1 = 0 results in a full signal
transmission without phase change, i.e. the two split optical waves interfere
constructively. In case φ1 = π this will result in a full signal transmission
with a 180◦ degree phase change, because cos(π) = ejπ. When φ1 equals
π
2 and 3π

2 the split optical waves interfere destructively, resulting in a full
cancellation of the waves and as such no output power. The transmittance
vs. voltage curve as displayed in Fig. 2.23(b) is the result from Eq. (2.42),
showing the two maxima at φ1 = 0 or φ1 = π and one minimum for φ1 = 1

2π
or φ1 = 3

2π. It should be noted that for 1
2π < φ1 <

3
2π the optical phase

of Eout will be shifted by a π phase compared to Ein, shown in blue in
Fig. 2.23(b), whereas for all other values of φ1 there is no phase shift be-
tween Eout and Ein, which is evident from the cos(φ1) term in Eq. 2.41.

An important variable characterizing an MZM is Vπ. Vπ is defined as the
voltage difference between the point that gives a full transmittance and the
voltage that results in no transmittance. This voltage is an important value
as it is used to create phase modulated and return-to-zero (RZ) signals.
Another important value which characterizes a MZM is its extinction ratio.
The extinction ratio (ER) is defined as the maximal output power divided
by the minimum output power in dBs:

ER = 10 · log10

(
Pout,max
Pout,min

)
(2.43)

A higher extinction ratio indicates a clearer difference between the two
signal levels and therefore will result in better performance.
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The V0 in Fig. 2.23 represents the bias voltage for which the transmittance
of the MZM is equal to zero. This bias voltage is the common setting for
creating phase modulated formats.

2.5.2 Modulation formats and polarization multiplexing

Modulation formats are becoming of increasing importance since the avail-
able spectrum is shrinking, making efficient use of what is left of it of high
importance. The more bits that are encoded in the transmitted symbols,
the higher the spectral efficiency of the respective modulation format. The
drawback of increasing the order of the modulation format, and as such
spectral efficiency, is typically a lower tolerance towards noise originating
from ASE and non-linear transmission impairments [91, 99–101]. In addi-
tion to this reduced tolerance, the generation of higher-order modulation
formats suffers from higher implementation penalties.
Fig. 2.24 depicts the theoretical performance of different modulation for-
mats [102] versus the measured performance. The table indicates the penal-
ties for moving to higher order modulation formats and the implementation
penalties.
Clearly the induced OSNR penalties will limit the achievable transmis-
sion distance possible. There have been studies that relate the maximum
achievable spectral efficiency (SE) with transmission distance for the SMF
medium [5, 103]. Therefore the choice of modulation format is a trade-off
between SE and transmission distance.

On-off keying (OOK)

The oldest, first and still most widely deployed modulation format used in
optical communications, although 100G coherent is taking over, is 10-Gbit/s
on-off keying (OOK).
OOK can be created by using a MZM which is electrically driven using a
binary sequence between the zero transmittance and maximum transmit-
tance point (Vπ) and applying a bias voltage of V0 + 1

2Vπ as depicted in
Fig. 2.25(a). This results in the light being switched on or off. As such
OOK is an amplitude modulation.
The corresponding constellation and measured optical eye are depicted in
Fig. 2.25(b) and (c). It should be noted that OOK is phase insensitive,
which means the outer point in principle could be anywhere on the constel-
lation circle.
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Figure 2.24: Bit error rate vs. OSNR [dB/0.1 nm] for different constellations at a sym-
bol rate of 32 GBaud. The dashed lines show the theoretical performance, whereas
the solid lines show measurement results obtained in a back-to-back configuration using
polarization-multiplexing, coherent detection and DACs running at 32 Gsymbols/s. At
the bottom the table showing the gross and net bit rate, spectral efficiency (SE), theo-
retical OSNR penalty (between brackets the penalty from increasing the bit rate), and
implementation penalty.
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Figure 2.25: (a) Electrical driving signal, (b) corresponding constellation (note that any
point on the circle will represent a ”1”), (c) measured optical eye for a 10.7 Gb/s OOK
modulated signal.

Because of the amplitude transitions between the consecutive symbols and
the additional low symbol rate, OOK induces large XPM penalties and
therefore requires a large channel spacing which reduces efficient use of the
available spectrum [104–106]. Increasing bit rates from 10 Gb/s to 40 Gb/s
using OOK (and using direct detection) is difficult since higher symbol rates
are less tolerant towards linear transmission impairments.
Special forms of OOK are vestigial sideband OOK, in which part of the out-
put of the OOK transmitter is filtered to increase the SE, and duobinary,
where three electrical amplitude levels are used with additional pre-coding
between symbols to improve the filtering and linear transmission impair-
ment tolerance. Duo-binary therefore can be used for 40-Gb/s transmis-
sion [107].

Binary phase-shift keying (BPSK)

Instead of using different amplitude levels to encode bits, different phases
can be used. In binary phase-shift keying (BPSK), as the name suggests,
two phase states are used to encode one bit. By maximizing the difference
between the phase states the highest sensitivity is achieved and therefore a
π difference between the two constellation points is common (illustrated in
Fig. 2.26(b)).
To obtain a π phase shift between two consecutive symbols to encode dif-
ferent bits and to obtain the lowest loss, the MZM has to be driven with
a voltage swing of 2Vπ (Fig. 2.26(a)) and biased in V0. From both Fig.
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Figure 2.26: (a) Electrical driving signal, (b) corresponding constellation, (c) measured
optical eye for a 21.5 Gb/s BPSK modulated signal.

2.26(a) and (b) it is observed that a change in phase states leads to a dip
in the output power since the change in voltage causes the MZM to go
through the zero transmittance point. This is observed in the optical eye
depicted in Fig. 2.26(c).
The spacing between the two constellation points for BPSK is twice as
large as for OOK in terms of power, and therefore in principle BPSK has
a 3 dB improved sensitivity compared to OOK, which depends on the re-
ceiver scheme used. It is not possible to measure a phase change or state
with a single photodiode only. Therefore a more complex detection scheme
is needed to decode BPSK to a binary bitstream compared to OOK mod-
ulation.
One can use differential encoding of the binary sequence if it is wanted
to retrieve the original bits from the phase change rather than the phase
state itself. This is a must for direct detection of BPSK, therefore in that
case commonly referred to as differential phase-shift keying (DPSK). Also
when coherent detection is used, the detection of the phase change might
be beneficial to battle a phenomenon called cycle-slips.
BPSK is very tolerant towards non-linear transmission impairments. This
in addition to a higher sensitivity with respect to OOK, makes it an inter-
esting candidate for 40-Gb/s transmission [108] using direct detection. Still
the high symbol rate puts constraints on linear impairment tolerance which
makes long-haul transmission of direct-detected 40-Gb/s BPSK difficult to
realize.
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Quadrature phase-shift keying (QPSK)

Previously discussed modulation formats modulated the optical wave only
in one dimension, referred to as in-phase or real dimension. The orthogonal
dimension, called the quadrature or imaginary dimension, can also be used
for encoding data. This can be achieved by phase-shifting the output of
the MZM by π/2, changing the cosine term in Eq. 2.41 as such into a sine
term which implies a shift from the real to the imaginary part. To be able
to modulate both dimensions at the same time, two parallel MZMs can be
used as depicted in Fig. 2.27. This structure is referred to as nested MZM or
IQ-modulator where the I indicates the in-phase or real component and Q
the quadrature or imaginary component. If the MZMs of the IQ-modulator

MZM1

MZM2

V+

V-

Phase 

Shifter

MZM1:

MZM2+

Phase shift:

Output:

+

Figure 2.27: Illustration of an IQ-modulator or nested MZMs. Two MZMs are used
to modulate light, after which one of them passes though a phase shifter to create a
π/2 phase-shift. As such both the in-phase (I) or real and quadrature (Q) or imaginary
component of the light are modulated.

are both driven with a binary signal with 2Vπ voltage swing and biased in
V0 (Fig. 2.28(a)), the output phase states of the light signal will take the
four values n

4 · π with n = 1, 3, 5, 7 (Fig. 2.28(b)). This modulation format
is called quaternary or quadrature phase-shift keying (QPSK).
The optical eye, depicted in Fig. 2.28(c), shows two dips because two types
of transitions are possible. The deep dip is occurring when both sequences
are switching between a ”1” and a ”0”, causing a π phase shift, whereas the
smaller dip occurs when only one of them is changing, inducing a π

2 phase
shift.
Since two dimensions are modulated at the same time using two indepen-
dent binary sequences, two bits per symbols are encoded. This means that
only half the symbol rate is needed to achieve the same bit rate equiv-
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Figure 2.28: (a) Electrical driving signal, (b) corresponding constellation, (c) measured
optical eye for a 56 Gb/s QPSK modulated signal at a 28 Gbaud symbol rate.

alently achieved by OOK or BPSK. Although the spacing between the
constellation points is less than for BPSK, the increased symbol time for
achieving equal bit rates results in the same OSNR requirements for both
modulation formats. Due to the lower symbol rate QPSK is more toler-
ant to linear transmission impairments, which is an important feature for
direct-detection systems. Also cost-effective lower bandwidth electrical and
optical components can be used. However an ideal direct-detection receiver
for QPSK can not be realized [109–111]. Also differential encoding is re-
quired for QPSK to be able to directly detect it.
For coherent transmission systems it has been shown that BPSK is more tol-
erant towards non-linear transmission impairments than QPSK [112, 113].
This means that one should make a trade-off between reach and spectral
efficiency when choosing either one of these modulation formats.

Higher-order modulation formats

OOK, BPSK and QPSK are created by driving the optical modulators
with binary bit streams. More complex modulation formats, commonly re-
ferred to as quadrature amplitude modulation (QAM), could be created by
adding more MZM structures, either in series or parallel, and driving them
with binary streams [110, 111, 114–117], which would result in very complex
structures. These structures require voltage controls for each biasing point
which is especially tricky for MZMs in series. Quadrature amplitude mod-
ulation (QAM), as the name indicates, refers to the modulation of both the
phase and amplitude of the optical signal to encode (more than two) bit
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streams into symbols to achieve higher spectral efficiencies. The number
in front of QAM is used to indicate the number of constellation points.
Taking the log2 of that number results in the amount of bits encoded into
one symbol. It should be noted that only the phase of the optical signal
can be modulated with more than four phase states to encode more than
2 bits per symbol. This is referred to in literature as phase-shift keying
(PSK). PSK modulation for more than four phase states however does not
achieve the highest tolerance towards random noise [102], and therefore is
not considered in this dissertation.
The most cost-effective and flexible approach to create QAM signals is using
two DACs driving the two arms of a single IQ-modulator, as such enabling
any constellation wished for, and enabling pulse/spectral shaping and pre-
distortion of the electrical and optical components to improve performance.
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Figure 2.29: Schematic setup of two DACs driving a single IQ-modulator to generate
higher-order modulation formats. Green eyes depict the electrical driving signals gener-
ated by the DAC, whereas the yellow eyes show the optical representation of the different
modulation formats. On the right the obtained constellations after reception using a co-
herent receiver with DSP.

The schematic of the setup of two DACs driving an IQ-modulator is de-
picted in Fig. 2.29 with electrical and optical eyes generated for 32 GBaud
8-level quadrature amplitude modulation (8QAM), 16-level quadrature am-
plitude modulation (16QAM), and 32-level quadrature amplitude modula-
tion (32QAM) with the DACs running at one sample per symbol.
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8QAM
QAM can be subdivided into two subclasses, the even and odd, referring
to the number of bit streams to the power of two encoded into one symbol.
For the odd QAM, like 8QAM, the constellation points cannot simply be
placed on a square lattice to achieve an equal spacing between points which
would imply the best tolerance towards random noise [102, 118].
For 8QAM multiple constellation arrangements are possible. The one
achieving the best tolerance towards random noise is depicted in Fig. 2.24
and 2.29 [102]. Therefore this is the most used constellation configuration
for 8QAM transmission.
Since 8QAM encodes 3 bits per symbol, it does not double the data rate
with respect to QPSK. To achieve a doubling in data rate the symbol
rate should be increased, which also implies a spectral broadening and as
such possible detrimental filtering penalties. Therefore 8QAM up to now
is not often considered for long-haul transmission systems. However with
new DAC technology and Nyquist pulse shaping it might be an interesting
alternative compared to 16QAM [119]. Also 8QAM might give an improve-
ment over QPSK when the same net bit rate is concerned by using the
additional bit for forward-error correction code (FEC) [120].

16QAM
16-level quadrature amplitude modulation (16QAM) is one of the most
attractive modulation formats for transmission of 200 Gbit/s and beyond
since it achieves a good trade-off between spectral efficiency and reach. The
encoding of 4 bits per symbol allows for an equal spectrum occupation as
QPSK at 100 Gbit/s. Although high OSNR requirements (Fig. 2.24) and
limited tolerance towards non-linear transmission impairments impacts the
maximum reach, recent advances in FEC-coding, pulse shaping and back-
propagation have been shown to allow for transoceanic transmission of this
modulation format [121–123].

32QAM
Transmission of QAM modulation beyond 16QAM over SMF seems to be
of limited interest because of high OSNR requirements and implementa-
tion penalties (Fig. 2.24), implying a short reach application of these for-
mats. Transmission of low symbol rate 32QAM with coherent detection
over 200 km, 400 km and even 800 km has been shown in [124], [125]
and [126], respectively. The choice for modulation at lower symbol rates
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typically reduces the implementation penalty and therefore allows for a
higher reach. To achieve a higher overall data rate, multiple transmitter
structures are required thereby reducing the cost-effectiveness.
32QAM is the highest order modulation format considered in this disser-
tation. It might be an interesting modulation format when fiber loss and
non-linearity decrease for future fiber types.

64QAM and beyond
Although modulation formats beyond 32QAM are being studied by several
research groups, they suffer from very high implementation penalties, high
OSNR requirements and low tolerance towards non-linear transmission im-
pairments. 64-level quadrature amplitude modulation (64QAM) transmis-
sion has been shown recently over very short reach and error-floors in the
order of 5 · 10−3 [127–129]. This indicates that high symbol rate 128QAM
and 256QAM can hardly be generated below the FEC-limit in a back-to-
back configuration, making long distance transmission impossible, at least
with current state-of-the-art of technology.

Orthogonal frequency division multiplexing (OFDM)
Orthogonal frequency division multiplexing (OFDM) is a modulation tech-
nique where multiple carriers are generated in the digital domain which
each carry low symbol rate modulated signals. As such, each carrier in
principle can carry a different modulation format. The spacing between
the carriers is chosen such that the resulting spectra are orthogonal to each
other. Normally the electrical driving signals for the IQ-modulator are
obtained by firstly multiplying the Fourier transforms of the rectangular-
shaped modulated signals with their respective carriers in the frequency
domain. The resulting signal, therefore existing of multiple modulated car-
rier frequencies, is inverse Fourier transformed to obtain its time-domain
representation which subsequently can be used to electrically drive the IQ-
modulator.
The rectangular-shaped modulated signals result in sinc like spectra which
all are zero at ± frequencies equal to the symbol rate modulated [130].
Therefore in the ideal case the spacing between the carriers is equal to the
symbol rate modulated per carrier to obtain orthogonal frequency division
multiplexing. When at the receiver the carrier of interested is mixed down
to the baseband, this will result in the modulated signal transmitted on
that carrier (one stable level over the symbol time), whereas the other car-
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riers will show a sine wave of which the integral over the symbol time equals
zero [131].
Orthogonal frequency division multiplexing (OFDM) is interesting to in-
crease the SE since the resulting spectrum of the multiple combined carriers
achieving a certain data rate looks like a rectangle. Therefore OFDM is
very filter tolerant and the spacing between several OFDM generated chan-
nels can in principle be very tight due to the little inter-channel crosstalk.
In practice generating OFDM is more complex than generating single-
carrier channels. Also the non-linear tolerance of OFDM compared to
single-carrier equivalents is worse, at least for dispersion-managed trans-
mission links. This can be attributed to the high peak-to-average power
ratio (PAPR), being a result from the destructive and constructive inter-
ference between the carriers [132].
The power of OFDM, which is its rectangular spectrum, is further com-
promised by the introduction of pulse shaping for single-carrier generation
using DACs, which as well results in a very compact rectangular shaped
spectrum allowing for tight channel spacing and filtering.
All of the above mentioned reasons add up to the fact that as of today no
OFDM optical transponders are available.

2.5.3 Polarization multiplexing

The optical field propagating in an SMF can be described by an electric field
(and magnetic field) with two orthogonal components x and y, as discussed
in subsection 2.2, that are called the polarizations. When modulating a
laser source with a single IQ-modulator, only one of the polarization com-
ponents is modulated. In principle the other polarization component can
also be independently modulated, as such doubling the spectral efficiency
since the signal spectra overlap each other. All of the cited references using
coherent detection take advantage of this additional dimension to increase
the SE, as well as all of the work presented in this dissertation.
Until the introduction of coherent receivers, polarization-multiplexing was
not considered practical since the receivers should be able to track the state
of polarization (SOP) using a polarization controller allowing polarization
demultiplexing. However field deployed fiber can experience very fast SOP
changes induced by mechanical disturbances [100, 133]. Polarization con-
trollers trying to track extremely fast changes are very difficult to rea-
lize and equally unstable [134]. Hence stable direct-detection transmission
systems using polarization-multiplexing are not achievable. Polarization-
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Figure 2.30: Illustration of polarization multiplexing and optical eyes for 112-Gb/s DP-
QPSK, 192-Gb/s DP-8QAM, and 112-Gb/s DP-16QAM. PBS: Polarization-beam split-
ter, PBC: polarization-beam combiner.

diversity coherent receivers translate the whole optical field information
(amplitude, phase, polarizations) into the electrical domain. As such DSP
can be used to rotate back the polarization components to their original
sent position, achieving polarization demultiplexing. The DSP is able to
track fast variations in the SOP [100], enabling polarization-multiplexing
for the use in long-haul transmission systems.
Polarization multiplexing in research is abbreviated with many different
terms: polarization-multiplexing (POLMUX), dual-polarization (DP) and
coherently detected polarization multiplexed (CP) are seen in literature.
To achieve polarization-multiplexing two orthogonal fields, Ex and Ey, are
modulated with two separate IQ-modulators and subsequently combined
using a polarization-beam combiner (PBC) as illustrated in Fig. 2.30.
Fig. 2.30 also depicts the optical eyes measured after polarization-
multiplexing for several modulation formats. Polarization-multiplexed
transmission in combination with coherent detection enabled the robust
transmission of 100 Gbit/s in a 50-Ghz slot using DP-QPSK modulation
over long-haul transmission distances.

Four-dimensional (4D) modulation

The scheme depicted in Fig. 2.30 is transmitting a symbol on both polar-
izations at the same time. Each polarization is carrying a symbol which can
be essentially decoded by itself, i.e. both polarizations can be observed as
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separate channels exploiting only the in-phase and quadrature dimension to
encode a symbol. Assuming QPSK transmission, each polarization can be
used encode 2 bits/symbol, given by the alphabets {IX,QX} and {IY,QY }
which can take the values ±1 adding up to four possibilities each (i.e. the
2 bits/symbol) and therefore encode 16 states (log2(16) = 4 bits/symbol).
However, in case the two polarizations are combined to encode QPSK sym-
bols, the alphabet extends to {IX,QX, IY,QY } where two of them are
used to encode a symbol taking the values ±1 and the other two remain
zero. As such it is now possible to encode 24 states, while keeping the
distance between the symbols equal. Therefore the SE is increased to
log2(24) ≈ 4.585 bits/symbol. This is practically exploited by encoding
9 bits on two succeeding symbols, achieving 4.5 bits/symbol. Therefore the
SE is increased while the sensitivity is kept almost equal (non-ideal map-
ping), obtaining a similar reach with effectively more data transmitted.
This concept was first introduced by [135, 136] and demonstrated by sim-
ulations and experiment amongst others in [137, 138]. This form of encod-
ing bits on optical symbols is referred to as four-dimensional modulation
or POL-QAM, since all states of polarization are exploited to encode a
(QPSK) symbol. Although through implementation penalties (the addi-
tional ’zero’ level) four-dimensional modulation in a back-to-back environ-
ment performs slightly worse [137], the additional encoded data can be used
for FEC to obtain a better sensitivity than the dual-polarization equivalent.

Four-dimensional modulation has not been investigated in this disserta-
tion since it might evolve to be a beneficial modulation format to push
the achievable capacity in SMFs to its limits, but it will not increase the
achievable SE for a fixed distance by a significant amount (> factor 10).

2.5.4 Multi-carrier and super channels

As mentioned before, the maximum reach for a certain SE for SMF has
been studied and seems to agree well with experiments [5, 103]. For in-
stance keeping the symbol rate constant, 100-Gb/s DP-QPSK will have a
larger reach than 200-Gb/s DP-16QAM.
A possible approach to keep the reach the same, but doubling the trans-
mitted data rate is by employing two 100-Gb/s DP-QPSK channels. Since
the two channels will travel along the same link, the two different carriers
could be multiplexed into one ”super channel” requiring a larger bandwidth
than a single 100-Gb/s DP-QPSK channel, but a smaller bandwidth than
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two separate channels by exploiting the unused spectrum in between which
is normally required for cascaded ROADM filtering. This implies that
flexigrid ROADMs have to be able to route the new 200-Gb/s dual-carrier
DP-QPSK channel [139]. Therefore using the super channel or multi-carrier
approach, the SE can be slightly increased while still being able to obtain
the same reach as before [91, 140].
Another advantage of the super channel approach is that low symbol rate
channels can be produced, which will have a lower implementation penalty.
The trade-off for super channel technology is that in general n times the
number of transmitters, with n equal to the number of carriers, have to be
realized which reduces the cost-effectiveness of this approach.

The multi-carrier or super channel approach is studied in particular for
400 Gb/s and 1 Tb/s transmission over SMF and an experiment will be
presented in chapter 3.

2.6 Receiver

Optically modulated signals have to be received and decoded to complete
the communication chain. The need for more capacity has driven a develop-
ment of different receiver structures of which the relatively recent movement
from direct-detection towards coherent detection and the use of advanced
digital signal processing (DSP) has opened up the possibility to increase
capacities of currently deployed fiber links a tenfold.
In this section direct-detection receivers will be succinctly described. Af-
terwards the coherent receiver and DSP will be extensively treated.

2.6.1 Direct-detection receivers

Direct-detection receivers, as the name says, detect the optical field using
photodiodes and translate it directly, without the use of DSP algorithms,
into a bitstream using a decision circuit.
The current produced by a photodiode can be represented by [29]:

i(t) = R · P (t) + n(t) (2.44)
P (t) ∝ E(t)E∗(t) = |E(t)|2

where R is known as the responsivity in ampère per Watt, P is the optical
signal power in Watts and n(t) is the noise, which is a combination of several
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sources. In the following we neglect the noise term. The received electric
field over time can be expressed as E = A(t) · ej·(ωt+φ). From Eq. 2.44 it is
observed that photodiodes do not take the phase of the optical signal into
account but only its amplitude.
For OOK only the amplitude A is modulated, and from Eq. 2.44 it is clear
that this results in a current when the light is on (A > 0) and no current
when the light is off (A = 0), which as such can be directly translated into
a binary stream.
For BPSK the phase φ is modulated and the amplitude is constant. There-
fore, except at a symbol transition, the produced photo current will be
static. As such directly detecting the optical signal using a photodiode
will not result in a bit stream but an additional step is required. Mach-
Zehnder delay interferometers (MZDIs) are splitting the incoming light into
two tributaries and delay one by a symbol time before combining the two
tributaries again. If the two subsequent symbols have the same phase, the
tributaries will constructively interfere resulting in an photo current. If
two subsequent symbols are of opposite phase, the beams interfere destruc-
tively and no photocurrent will be produced. Since differential phases are
detected this way, pre-coding of the bit streams is needed to achieve a cor-
rectly demodulated sequence.
QPSK can also be demodulated using direct-detection. Since QPSK is a
phase-modulated signal as well, also in this case an additional optical de-
vice is needed to demodulate the received optical signal. To be specific two
parallel MZDI structures have to be employed, one for the in-phase com-
ponent and another for the quadrature component. This implies that at
least two photodiodes are required to demodulate QPSK. The suboptimal
obtained demodulation, results in a 1-2 dB sensitivity penalty [111].
Direct-detection of higher-order modulation formats is also possible but
normally large sensitivity penalties are obtained [110, 111, 116], making
these structures as such unsuitable for long-haul transmission systems.

Direct-detection systems only transfer the amplitude or phase difference
(using MZDIs) into the electrical domain. Therefore compensation of trans-
mission impairments like CD and PMD is very hard if DSP was to be used
since information about the electric field is lost. Direct-detection systems
therefore require optical transmission impairment compensation, which is
not always straightforward and might induce more non-linear transmis-
sion penalties or incur an OSNR degradation as a result of more cascaded
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EDFAs in the transmission link.

2.6.2 Coherent detection receivers

In the 1980s coherent detection received a lot of research interest because
back then no pre-amplification was available in front of the receiver [141–
145]. Therefore the detection was limited by the thermal noise of the elec-
trical components like the photodiodes and electrical amplifiers. Coherent
amplification was considered a way to increase the receiver sensitivity sig-
nificantly, making it only shot noise limited. However with the invention of
the EDFA to amplify the signal, the interest in coherent detection vanished
until a decade ago.
Coherent receivers transfer the complete optical field, i.e. amplitude, phase
and polarization, into the electrical domain, thus enabling DSP to demod-
ulate the received signals and achieving better sensitivities than direct-
detection systems because suboptimal demodulation is avoided.
To achieve the transfer of the complete single-mode optical field into the
electrical domain, a general structure is used as depicted in Fig. 2.31. At
the input of the coherent receiver the incoming optical signal is divided
into two orthogonal polarization tributaries denoted by Ex and Ey using
a polarization-beam splitter (PBS). Each of the tributaries is fed to an
90◦ optical hybrid where they are combined with the signal coming from a
local oscillator (LO) laser.

Here the signals obtained for the Ex tributary after the 90◦ optical hybrid
and being detected by photodiodes are analysed. As observed in Fig. 2.31
in the optical hybrid first both the incoming electric field and the local
oscillator (LO) go through a 3 dB coupler. The 3 dB coupler and transfer
matrix are depicted in Fig. 2.32 [146]. Depending on the input used, the
output will be either non-shifted or 90◦ = ej

π
2 = j shifted.

Now consider the upper outputs of both 3 dB couplers, carrying half the
power of the incoming Ex field and half the power of the LO with a π

2 phase-
shift. These two components are combined using another 3 dB coupler with
Ex on ina1 and j · ELO on ina2. The outputs therefore will be:

outa1 = 1√
2

( 1√
2
Ex −

1√
2
ELO

)
= 1

2 (Ex − ELO) (2.45)

outa2 = 1√
2

( 1√
2
ej

π
2 · Ex + 1√

2
ej

π
2 · ELO

)
= 1

2e
j π2 (Ex + ELO)
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Figure 2.31: Illustration of a polarization-diversity coherent receiver structure. The in-
coming optical signal (Ein) is split into two orthogonal polarization components (Ex and
Ey) and combined with a local oscillator (LO) signal in 90◦ optical hybrids. Subsequently
the resulting signals are detected by photodiodes obtaining the in-phase (I) and quadra-
ture (Q) for both polarization components. After analog-to-digital conversion the signal
is fed to the DSP stage.

where Ex = Ax · ej·(ωx·t+φx) and ELO = ALO · ej·(ωLO·t+φLO). If the first
field from Eq. 2.45 is fed to a photodiode, the following photo current is
obtained using Eq. 2.44:

ia1(t) ∝ 1
4 (Ex − ELO) · (E∗x − E∗LO)

∝ 1
4

∣∣∣Ax · ej·(ωx·t+φx) −ALO · ej·(ωLO·t+φLO)
∣∣∣2

∝ 1
4
(
|Ax|2 + |ALO|2 − C

(
ej·((ωx−ωLO)t+φx−φLO)

+e−j·((ωx−ωLO)t+φx−φLO)
))

(2.46)

∝ 1
4
(
|Ax|2 + |ALO|2 − 2C · cos ((ωx − ωLO) t+ φx − φLO)

)
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Figure 2.32: Representation of a 3 dB coupler.

For the other component of Eq. 2.45 a similar expression is obtained:

ia2(t) ∝ 1
4
(
ej

π
2 (Ex + ELO)

)
·
(
e−j

π
2 (E∗x + E∗LO)

)
(2.47)

∝ 1
4
(
|Ax|2 + |ALO|2 + 2C cos ((ωx − ωLO) t+ φx − φLO)

)
In both equations the term C = AxALO. When comparing Eq. 2.46 and
Eq. 2.47 with each other, one can observe that |Ax|2 and |ALO|2 are the DC
terms which are equal for both equations. The third term indicates that
the output current is dependent on the multiplication of the signal power
proportional to |Ax|2 and the local oscillator power proportional to |ALO|2.
Therefore the mixing of the signal with the LO in the photodiodes induces
an effect called coherent amplification which in the 1980s was studied to
improve the sensitivity of the receivers. It is also noticed that the third
term only takes into account the cosine component of the phase and fre-
quency difference between the signal Ex and LO. Therefore these currents
represent the in-phase component. It can be observed as well that the third
term is equal in both equations, but both are of opposite sign. Therefore
subtracting ia1(t) from ia2(t) would lead to a removal of the DC terms and
a doubling of the cosine term, which is called balanced detection. However
this is not needed, a DC-block could also remove the DC terms and the
obtained signal would still be the same only with half the amplitude. This
is known as single-ended coherent detection, because of the single photo
current used. This type of detection is almost used for every experiment
in this dissertation. The drawback of single-ended detection compared to
balanced detection is that the performance of the receiver is influenced by
relative intensity noise (RIN) of the LO, which is the instability of the
power level of a laser [147, 148]. The RIN is cancelled out by the balanced
detection scheme.
To obtain the quadrature term, the bottom outputs of the first stage of
3 dB couplers have to be combined. Doing this in a second stage 3 dB
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coupler gives:

outb1 = 1√
2

( 1√
2
ej

π
2Ex −

1√
2
ELO

)
= 1

2
(
ej

π
2Ex − ELO

)
(2.48)

outb2 = 1√
2

( 1√
2
· −Ex + 1√

2
ej

π
2 · ELO

)
= 1

2
(
−Ex + ej

π
2ELO

)
When the first output of Eq. 2.48 is detected by a photodiode this yields a
photocurrent ib1(t):

ib1(t) = 1
4
(
ej

π
2Ex − ELO

)
·
(
e−j

π
2E∗x − E∗LO

)
∝ 1

4

∣∣∣Ax · ej·(ωx·t+φx+j π2 ) −ALO · ej·(ωLO·t+φLO)
∣∣∣2

∝ 1
4
(
|Ax|2 + |ALO|2 − C

(
ej·((ωx−ωLO)t+φx−φLO+π

2 )

+e−j·((ωx−ωLO)t+φx−φLO+π
2 ))) (2.49)

∝ 1
4

(
|Ax|2 + |ALO|2 − 2C · cos

(
(ωx − ωLO) t+ φx − φLO + π

2

))
∝ 1

4
(
|Ax|2 + |ALO|2 + 2C · sin ((ωx − ωLO) t+ φx − φLO)

)
where it is used that cos

(
x+ π

2
)

= − sin (x). For the second output of
Eq. 2.48 the following expression is obtained:

ib2(t) ∝ 1
4
(
−Ex + ej

π
2ELO

)
·
(
−E∗x + e−j

π
2E∗LO

)
∝ 1

4

(
|Ax|2 + |ALO|2 − 2C · cos

(
(ωx − ωLO) t+ φx − φLO −

π

2

))
∝ 1

4
(
|Ax|2 + |ALO|2 − 2C · sin ((ωx − ωLO) t+ φx − φLO)

)
(2.50)

where C = AxALO and it is used that cos
(
x− π

2
)

= sin (x). As can be
observed from Eq. 2.49 and Eq. 2.50 this time the third term is depending on
the sine term of the difference between the phase and frequency difference
between the signal Ex and LO. As such the photo currents ib1(t) and ib2(t)
represent the quadrature component.
The same exercise can be repeated for the other polarization tributary Ey.
As a result the structure depicted in Fig. 2.31 will transfer the in-phase and
quadrature components of both polarizations, indicated by IX, QX, IY
and QY , into the digital domain using ADCs. These components represent
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the amplitude, phase and polarization information of a single-mode signal
and are subsequently transported to the DSP stage where therefore a lot
of possibilities exist to achieve amongst others polarization-demultiplexing,
compensation of the linear transmission effects and to a certain extent non-
linear effects.

2.6.3 Heterodyne, Homodyne, Intradyne

There are multiple ways of implementing coherent detection which is re-
ferred to as homodyne, heterodyne and intradyne detection. The difference
between these three methods depends on the frequency at which the LO
is running (ωLO), relatively to the frequency of the transmitter laser of
the channel of interest (ωs). In Eq. 2.46 till 2.50 this is observed by the
(ωx − ωLO) within the sine and cosine term, where ωx = ωy = ωs. This
term is responsible for the down-conversion of the signal of the channel of
interest into the baseband of the receiver.
In case ωLO − ωs = 0, i.e. both frequencies are the same, this is called
homodyne detection. For heterodyne detection ωLO − ωs = ωIF , the inter-
mediate frequency (IF) ωIF is larger than the electrical bandwidth (BW)
of the signal. For intradyne detection ωLO − ωs ≈ 0. All possibilities are
depicted in Fig. 2.33, as well as their down-converted spectra.
It is seen that an ωIF < 2BW would lead to an overlap of sidelobes of the
spectra resulting signal distortions. To avoid these distortions ωIF is typi-
cally chosen larger than two times the signal bandwidth (> 2BW ) [149].
All these flavours of detection have their pros and cons. To fulfill the ho-
modyne requirement, an active control of the LO is needed, for instance by
using a optical phase-locked-loop (PLL), which puts stringent requirements
on the laser linewidth [143, 145].
The main drawback of heterodyne detection is the photodiode needs a
bandwidth of at least twice the signal bandwidth, due to the intermedi-
ate frequency restriction to avoid signal distortions. A heterodyne receiver
therefore needs broadband photodiodes, amplifiers and ADCs, which makes
high symbol rate transmission cumbersome. Nevertheless, a simpler coher-
ent receiver structure than depicted in Fig. 2.31 can be used requiring only
the in-phase or quadrature component of both polarizations. The resulting
output signal will be a sine wave with amplitude and phase-shifts accord-
ing to the modulation. The in-phase and quadrature component can be
obtained by (electrically) down-mixing the sine wave with a cosine (in-
phase) and sine (quadrature) running at the ωIF [130, 143, 149]. Moreover
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Figure 2.33: Spectra of a (a) homodyne, (b) heterodyne and (c) intradyne downconver-
sion.

the laser linewidth requirements are less stringent for heterodyne detection.
It should be noted that for multi-channel transmission the channel under
test should be optically filtered out before combining it with the LO to
avoid cross-talk from the image of the neighbouring channel.

Intradyne detection is similar to homodyne detection, with the exception
the frequency difference between the LO and transmitter laser is approxi-
mately zero. The frequency difference tolerated actually depends on digital
signal processing blocks that are needed to make intradyne detection pos-
sible [145]. Intradyne detection relies on detection of both the in-phase
and quadrature component to compensate for frequency and phase offset
between the LO and transmitter laser and is therefore better known as a
phase-diversity receiver.
In theory all three described detection schemes achieve the same sensi-
tivity. However the flexibility the intradyne receiver offers over the other
two methods, i.e. LO frequency and phase offset tolerance as well as re-
laxed bandwidth requirements compared to heterodyne detection, makes
the polarization-diversity intradyne detection receiver the common choice
for commercially available coherent transponders, and is used for practically
all experiments in this dissertation.
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2.6.4 Digital signal processing (DSP)

The renewed interest in coherent detection and as such the digitalization
of the whole single-mode optical field, opened up a whole new field in
optical communication, namely digital signal processing (DSP). Although
well-known from wireless communication, DSP applied to optics requires
some special algorithms to battle optical fiber medium specific transmission
impairments.
Ultimately DSP enabled spectral efficient and robust transmission of 100G
DP-QPSK, which is now widely being deployed. Although mainly applied
to long-haul communication systems, to continuous growth of overall trans-
mitted data and production cost reduction will most probably in the near
future result in coherent optical transponders relying on DSP to be intro-
duced in lower layers of the optical network hierarchy.
Different flavours of DSP flowcharts exists, eventually achieving the same
outcome only in a different order. The position of the different stages in the
flowchart however can have a crucial effect on the stability of the DSP. Here
the flowchart of the DSP used in this dissertation is described (Fig. 2.34)
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Figure 2.34: Digital signal processing (DSP) flowchart as used in this work. Although the
depicted DSP stages order is specific for the experiments described in this dissertation,
in general all coherent transponders are applying these steps to recover the originally
transmitted signal.
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as well as a general introduction to the algorithms used.

2.6.5 Resampling

The first stage in the DSP, as depicted in Fig. 2.34, is the resampling stage.
This stage, as it says, is responsible for resampling the samples obtained
by the analog-to-digital converters (ADCs) to two samples per symbol. In
normal transponders this will be the standard. The required number of
samples per symbol depends on the CD and filtering tolerance require-
ments. A twofold or fractional oversampling will make it possible to fully
equalize the signal, whereas sampling at the symbol rate can only fulfil
this requirement when the accumulated CD is limited and the filtering is
relaxed [150].
For lab equipment however the ADCs (digital sampling scopes) are running
at fixed sampling rates independent from the symbol rate of the sent signal,
normally resulting in a non-integer amount of samples per symbol as such
requiring resampling. This stage is therefore indicated as optional.
Resampling is performed by separate spline interpolations of the four in-
coming streams and subsequently taking samples at new time positions
equal to two samples per symbol from the resulting curves.

2.6.6 CD estimation and compensation

After resampling, the in-phase and quadrature signals are combined to get
the representations of the distinct polarization electric fields. For normal
SMF fibers the accumulated CD induced by both polarizations will be
equal. CD is a linear transmission impairment as explained in subsection
2.2.3 and more specifically observed in Eq. 2.18. If we assume only linear
impairments to be induced on the signal (right hand side term equals 0), the
bandwidth of the signal being small such that the dispersion slope

...
β (z) can

be neglected [61], and the loss compensated for, then the resulting equation
simplifies to:

dE(z, t)
dz

= − i2 β̈ (z) d
2E(z, t)
dt2

(2.51)

The frequency domain representation of Eq. 2.51 results in [151]:

E(z, ω) = E(0, ω)e
i
2 β̈(z)ω2z (2.52)
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Eq. 2.52 indicates that in the frequency domain representation, the accu-
mulated CD can be simply represented by a multiplication of the electric
field at the beginning of the transmission link (z = 0) with an exponential
term depending on the β̈ (z), the transmission distance z and the angular
frequency ω, essentially representing the accumulated dispersion for a cer-
tain wavelength. This implies that if the exponential term is multiplied by
its conjugate, i.e. the negative amount of dispersion, it is compensated for.
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Figure 2.35: Visualization of CD estimation and compensation stage.

In literature the exponential term in Eq. 2.52 is normally represented by the
CD parameter D which relates to β̈(z) as indicated in Eq. 2.12, resulting
in:

H(z, ω) = e−
i
2D

λ
2πcω

2z (2.53)

Now let’s assume a transmitted signal T that is travelling through the
dispersive medium H(z, ω). The received signal R at a distance z = L, will
then be:

R = H(L, ω) · T (2.54)

This implies that the received signal R will equal the transmitted signal T
if H(L, ω) is cancelled out. This can be achieved by multiplying H(L, ω)
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with its inverse:

T = H−1(L, ω) ·R (2.55)

Therefore the CD can be compensated in this way, as illustrated in Fig. 2.35.
As mentioned before, this can be done for each polarization component in-
dependently, because the induced accumulated CD will be equal for both.
To compensate for the accumulated CD, its value has simply to be in-
serted into Eq. 2.53 and inverted, which requires that this value is known.
If this is not the case, then the accumulated CD has to be determined.
There are multiple algorithms developed to estimate the CD induced by
a signal [152–154]. For the experiments in this dissertation the algorithm
described in [153] was used. It is important to note that after the CD esti-
mation and compensation algorithms, although pretty accurate, still some
residual CD will be left on the signal which has to be compensated for in
a later stage.
Eq. 2.53 can be expressed in time domain. However a multiplication in
frequency domain implies a convolution in time domain, requiring more
complex multiplications for CD compensation in time-domain equalization
(TDE) compared to frequency-domain equalization (FDE) [155]. Therefore
normally the frequency domain equalization approach for compensating the
largest part of the accumulated CD is used.
The compensation of CD in DSP introduced a lot of freedom in transmis-
sion link design. Although most deployed links are still dispersion-managed,
replacing dispersion compensating modules can be costly and time consum-
ing. Moreover these modules normally require an additional amplification
stage, resulting in a lower received OSNR. Also non-dispersion managed
links will have more walk-off between the channels, as such achieving a
lower induced non-linear penalty.

2.6.7 Timing Recovery

The ADCs are sampling at random points within a symbol, where ideally
the samples should be at the middle of the symbol and at the sides. The
difference in frequency and phase of the transmitter and receiver clock,
causing this non-ideal sampling position, is referred to as timing phase
error.
To estimate the phase error several algorithms have been developed. Two of
the most well-known algorithms are the Gardner algorithm [156], requiring
two samples per symbol to indicate an early-late phase error, and the square
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timing recovery introduced in [157] which requires an interpolation to four
samples per symbol.
The principle of the square timing algorithm is depicted in Fig. 2.36. By
the squaring operation the phase modulation is removed and the resulting
waveform will be a sine with a frequency at the symbol rate, plus a DC
term [156]. If the Fourier transform of this is taken, three peaks will appear
in the spectrum: two at the positive and negative frequency indicating
the symbol rate, and one at 0 representing the DC term. If subsequently
the tones representing the symbol rate (clock tones) are filtered out, the
amplitude and phase can be determined. The phase will represent the
timing phase error.
The four time oversampling is needed to be able to nicely represent the
clock tone, which for a two time oversampling would be at the edges of the
spectrum. Also sufficient induced CD should be removed, otherwise the
clock tone does not appear [152, 158].

2.6.8 2 × 2 multiple input multiple output (MIMO) equal-
ization

During transmission different linear transmission effects act upon the op-
tical signal (section 2.2). These effects include CD, PMD, polarization-
dependent loss (PDL) (polarization-dependent attenuation in splices and
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Figure 2.37: Linear effects acting upon the transmitted signal.

components resulting in an received OSNR difference between the polar-
ization tributaries [159]), phase ripples that might be induced by Bragg
gratings, crosstalk between the two orthogonal polarization components
and bandwidth limitations causing ISI (Fig. 2.37). Moreover, the received
signal at the input of the coherent receiver front-end, has a random SOP,
meaning that the digitized signals entering the DSP are a random combi-
nation of the two originally sent polarization components.
Let’s consider a transmitted signal T that is composed of two orthogonal
polarizations EH and EV defined as:

T =
(
EH

EV

)
(2.56)

Next, the channel transfer matrix H has to take into consideration all
linear transmission effects, polarization crosstalk and random rotation of
the optical signal. Therefore this transfer function has to be a 2 by 2 matrix
to take into account the polarization effects:

H =
(
A B

C D

)
(2.57)

Now the received signal R can be represented as a multiplication of the
transmitted signal with the channel transfer matrix:

R =
(
Ex

Ey

)
= H · T(

Ex

Ey

)
=

(
A · EH +B · EV
C · EH +D · EV

)
(2.58)
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This equation looks very much like the one introduced in the CD compensa-
tion subsection, with the only difference being that now the channel transfer
matrix is depending on both polarization components, since cross-coupling
and mixed reception has to be taken into account and compensated for.
Eq. 2.58 implies that a multiplication of H with its inverse will cancel out
all induced linear effects:

T = H−1 ·R (2.59)

Therefore if H is known, all linear transmission impairments can be com-
pensated and polarization demultiplexing is achieved.
Since H represents the distortions affecting a single pulse when it would
travel down the fiber, it is commonly called the impulse response. The next
task of the DSP as such is to estimate this impulse response based on the
received signal and apply its inverse to obtain the originally transmitted
signal. Of course this would be the ideal case where all transmission im-
pairments would be linear and no noise in the system is present. Therefore
normally the T is indicated by T̃ to symbolize that actually an estimated
representation of the transmitted signal is obtained.
It is important to realize that Eq. 2.58 and 2.59 actually represent a fre-
quency domain representation of the problem. Although FDE is possi-
ble [158, 160], in commercially available transponders as well as in this
dissertation, time-domain equalization (TDE) is used. In essence the dif-
ference between the two approaches is that one method applies a single
complex multiplication for compensation (FDE), whereas the other uses a
convolution (TDE) generally resulting in more multiplications and a larger
complexity [155] which depends on the memory of the filter structure (num-
ber of taps). The memory indicates how much time, for instance pulse
broadening due to residual CD and PMD, the filter can compensate for.
Time domain equalization is generally realized using finite impulse response
(FIR) filter structures, which are well-known from DSP literature [161]. By
using four FIR filters in a butterfly configuration, each of the elements in
H (as illustrated in Fig. 2.37), can be represented. An illustration of this
butterfly structure is shown in Fig. 2.38, as well as the feed-forward im-
plementation of the FIR filter. It is observed that an FIR filter contains
multiple taps, T/2 (with T the symbol time) spaced because of the two
samples per symbol, indicating the memory of the filter in number of sam-
ples or equivalently time. Normally the number of taps is unequal, such
that the middle tap is representing the information of the pulse under con-
sideration at t = 0 and the other taps the information of the same pulse
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Figure 2.38: 2× 2 MIMO or TDE stage, implemented using FIR filter structures.

carried in leading samples or in trailing samples due to residual CD and
PMD. In regular coherent transponders the number of taps is in the order
of 11 to 21 taps with a T/2 spacing as such being able to compensate for
an information leakage in 2.5 to 5 future and past symbols. The factor
that the tap is contributing to the reconstruction of the actual signal, is
representing the amount of information/energy from the original pulse was
dispersed.
As can be concluded from the preceding, the 2× 2 MIMO stage, indicating
the four FIR filters in a butterfly structure, has to estimate the coefficients
of the different taps. To estimate these coefficients, i.e. the training period,
some knowledge about the sent signal has to be known at the receiver side.
If this knowledge is limited to knowledge of the modulation format only,
the DSP has to blindly estimate the impulse response, known as blind DSP.
If a training sequence known to the receiver is sent, the tap factors can be
trained based on this knowledge. This kind of DSP is called data-aided
DSP. Both methods have their advantages and drawbacks [162], with guar-
anteed convergence of data-aided DSP being the most important. However,
firstly the beginning of the training sequence has to be found (frame syn-
chronization) which can be complicated due to the distorted received signal.
The two most frequently used algorithms to train the TDE stage are shortly
discussed next.
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Constant modulus algorithm (CMA)

The constant modulus algorithm (CMA) algorithm is a well-known algo-
rithm from wireless communication. As the name says, the algorithm uses
the knowledge of the fact that for phase modulated modulation formats the
constellation points are positioned on a circle. As such the position of each
symbol has to be on that circle, implying that the absolute value or mod-
ulus of all symbols after equalization (z[k]) have to be constant. Therefore
an error signal e can be created by penalizing a deviation from the constant
power (R2 = E(|a[k]|4)

E(|a[k]|2) , where |a[k]| is the modulus of the transmitted sym-
bol [163]). This is illustrated in Fig. 2.39 for a QPSK constellation. CMA
does not take into account the phase information of the signal. Therefore
the CMA algorithm can be applied without the need for frequency offset
correction.
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Figure 2.39: Illustration of the constant modulus algorithm (CMA) operation (assuming
a frequency offset).

By minimizing the error signal the two polarization components of a re-
ceived signal can be blindly demultiplexed by transferring back the energy
of the symbol that entered the receiver due to the misaligned SOP at the
other polarization component to its original polarization component. Ad-
ditionally energy of the symbol that leaked away from its center towards
neighbouring symbols can be transferred back, as such mitigating residual
CD and PMD.
It should be noted that both outputs of the CMA might converge to the



78 Single-mode fiber transmission systems

same solution, since the only operation it in principle has is creating a
ring structure from the Ex and Ey signals entering the receiver, not taking
into account which signal belongs on what polarization. To be specific,
the FIR filters do not look at each other and this may therefore result
in both outputs ending up with the information of the same polarization
component, as such losing the other component in the process. By imple-
menting a condition not allowing this to occur, blind source separation is
achieved [160, 164].
The CMA algorithm can also be used for other QAM constellations. By
using a modulus which is the average over all possible transmitted sym-
bols, the steady state error for a correctly demultiplexed signal will be
close to zero. Another algorithm taking into account the different radii of
QAM constellations is the radius directed algorithm or the multi-modulus
algorithm [114, 165].

Least-mean square (LMS)

The least-mean square (LMS) algorithm is also a much applied algorithm.
The algorithm tries to map the received symbol onto the constellation point
where it is supposed to be. The distance difference between the constella-
tion point and the received symbol is used to create an error signal e. The
least-mean square (LMS) algorithm is illustrated in Fig. 2.40.
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Figure 2.40: Visualization of the least-mean square (LMS) operation (assuming frequency
offset compensation).
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For data-aided DSP the reference constellation points are known, and as
such the error signal can be computed from the difference between the
received symbol and the expected constellation point. If blind DSP is em-
ployed however, the constellation point that is selected for error calculation
is dependent on the decision the receiver takes for the received symbol. This
kind of LMS is commonly referred to as decision-directed LMS (DD-LMS).
LMS, in contrast to CMA, is dependent on the phase of the received signal.
If the phase between two consecutive symbols is changing too fast, the error
signal produced by the LMS algorithm will change rapidly and the DSP
will not converge. Therefore a frequency offset compensation has to be em-
ployed before or together with this algorithm to obtain stable performance.

In blind DSP normally a combination of CMA, for polarization demul-
tiplexing, followed by LMS is used. The error signal e computed by either
algorithm is used to update the weight of the filter taps in the following
way:

h(k + 1) = h(k) + µe(k)z∗(k) (2.60)

where h(k) is the weight of the filter tap with k denoting the time in
samples, µ is the step-size or the adaptation factor, and z(k) the equalizer
output signal at time instant k. The time needed to achieve convergence
largely depends on µ, which is also responsible for the final minimum error
[161]. By adapting the step size µ over time based on the error value
(lower value, lower µ), an optimum between the convergence speed and
final minimum error is obtained [166].

Frame synchronization

As mentioned above, to enable data-aided equalization, the start of the
training sequence (TS) has to be found. This is called frame synchroniza-
tion. By recovering the known TSs, the transfer function is known [162]. A
well known approach is the use of constant amplitude zero auto-correlation
waveform (CAZAC) sequences [167].
Data-aided methods are dominantly used in wireless channels that suffer
from severe impairments and recently have found their way into coherent
optic applications. They offer a stable and fast convergence, where on the
contrary using blind estimation, the convergence cannot be guaranteed by
design and the convergence time is significantly larger than for data-aided
methods [162].
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Figure 2.41: Different frame synchronization options. (a) Find start using two repetitions
of the training sequence, (b) brute force searching for start by seeing if the output error
decreased, i.e. the equalizer converged, (c) performing blind DSP and correlate output
sequence with known training sequence to determine start, (d) using differential phase
information, i.e. correlate received differential phase information with known training
sequence differential phase information.

Data-aided channel acquisition requires a framing function, meaning that
the start of the training sequence has to be found before the actual equaliza-
tion. This can become quite complex if the channel distortions are severe or
if several channels are transmitted at the same time using MIMO transmis-
sion. Designing training sequences that include the framing functionality
inherently increases the overhead used for training sequences and thus leads
to an ineffective use of the limited spectrum.

Approaches
Two common approaches exist for finding the beginning of the training se-
quence in MIMO channels. The first one is based on a repetition of the
training sequence to find a repeating distortion pattern (Fig. 2.41(a)) [168].



2.6 Receiver 81

This approach means that the overhead used for training sequences is dou-
bled. Given a constant spectrum for a channel, this leads to a reduction of
the FEC overhead, which decreases the reach and system margin of such
a system. Moreover, this approach is vulnerable to a frequency offset that
might be introduced by a mismatch between the transmitter laser and the
local oscillator at the receiver.
The second approach (Fig. 2.41(b)) includes a brute-force search of the
training sequence, where the receiver tries to lock at the training sequence
by moving in defined steps through a complete received frame. This ap-
proach not only increases the convergence time by at least a factor of hun-
dred, but also the convergence is prone to errors and does not guarantee a
100% finding of the training sequence.
A third less conventional approach is depicted in Fig. 2.41(c). The approach
is trying to converge to a solution using blind DSP and after convergence of
(at least one of) the channels, the start is found by correlating the expected
sequence with the converged signal [169]. This approach will require a large
start up time of the system, and convergence is not assured.

Differential phase correlation
The approach applied in this dissertation is based on an algorithm de-
scribed in [170] and introduced by the author into optical communication.
This method only works when the signal is phase-modulated. The method
is based on correlating the differential phase information of the sent and
received training sequence (Fig. 2.41(d)). In case the two match, a high
peak will be observed and the beginning of the training-sequence (TS) is
found. This brings the direct advantage that the training sequence does not
have to be repeated, reducing the required training sequence overhead by
a factor of two compared to the first method. Since the approach is based
on the phase difference between two symbols, it can also inherently toler-
ate frequency offsets by the local oscillator. Although in principle 16QAM
symbols can be used for this method since it is a phase-modulated as well
as amplitude modulated format, the efficiency using QPSK or BPSK sym-
bols will be higher due to a lower probability of a QPSK/BPSK symbol
crossing a boundary. To explain the behavior of this algorithm, QPSK TSs
are assumed.

The algorithm used in this dissertation was implemented as follows. Both
the differential phase information for the training sequence and received
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Figure 2.42: Differential phase regions decision lines and assigned values and typical
correlation plot for the start of the frame at position 1,000 in a 32,768 symbol long
sequence (no impairments) and considering 512 TS symbols.

data are calculated. Correlating these results without applying an addi-
tional step will result in non-optimal performance. Correlating a phase
shift of 0 with 0 will yield 0, where a large value is preferred in case the
phase shifts match. The same holds for a 1

2π phase-shift, where a full cor-
relation will only result in a 1

4π
2, compared to π2 when the phase-shifts are

both π. Therefore every phase shift is first assigned two corresponding val-
ues of either 1 or -1, such that all full correlations yielded the same results,
and opposite phase changes result in a negative correlation. These values
are depicted in Fig. 2.42. The resulting two column matrices for both the
TS and received signal are used for calculating the correlation. Please note
that these decision lines can also be used when using either BPSK (regions
2 and 3 can be seen as a lower reliability zone and as such result in a lower
correlation) or 16QAM TSs (correlation on most significant bit). A typi-
cal result without transmission impairments is also depicted in Fig. 2.42,
which shows a very sharp peak at the start of the frame. The resilience
of this algorithm to linear transmission effects was tested using simulations.

Simulation setup
The setup used in the simulations is depicted in Fig. 2.43. The optical sig-



2.6 Receiver 83

Coherent
Rx

LO

CD, PMD, 
PDL

Polarization Rotation
Noise loading

PBC

Filtering

45 GHz

DAC
Laser Linewidth

Laser Linewidth
Frequency Offset

Figure 2.43: Simulation setup.

nal output power from a laser was splitted into two equally powered tribu-
taries which are both 28 GBaud QPSK modulated using an IQ-modulator,
driven by an ideal digital-to-analog converter (DAC) running at 2 samples
per symbol, after which they are combined again using a PBC. The sig-
nals driving the IQ-modulators were randomly generated 32768 symbols
long binary streams of which the pattern was stored for correlation after-
wards, creating completely uncorrelated signals on both polarizations. The
resulting 28-GBaud DP-QPSK modulated signal was first filtered using a
Gaussian 4th order optical band pass filter with a 45-GHz 3-dB bandwidth
and subsequently sent into a totally linear fiber to emulate CD, PMD and
PDL (loss depending on the polarization axis, which can occur in splices
and devices across the transmission link (similar to mode-dependent loss
(MDL), see section 4.1.2)). At the receiver side the signal is filtered using a
Gaussian 4th order optical band pass filter of which the filter bandwidth was
varied. Afterwards, the SOP was changed, the frequency offset between LO
and signal as well as laser linewidth was emulated and the OSNR was set.
After regular coherent detection and re-sampling, a two sample per sym-
bol signal was obtained on which the proposed algorithm was performed
to determine the start of the sent symbols using 512 symbols in the sent
sequence as TS.
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Results and discussion
In first instance a single polarization is analyzed for performance of the al-
gorithm, in which all parameters are considered ideal and only two of them
are varied. Per setting one hundred realizations were analyzed. The optical
filter before the receiver was set to a 45-GHz 3-dB bandwidth. Fig. 2.44(a)
depicts a contour plot in which the OSNR [dB/0.1nm] is swept versus CD
[ps/nm]. The contours show the normalized correlation value (ncv) ob-
tained, where 0 means no correlation and 1 full correlation, between the
TS and the start of the TS in the received signal. It can be observed
that the algorithm is quite sensitive to CD compared to OSNR. Beyond
± 200 ps/nm the reliability quickly drops. Therefore prior to determining
the start, CD compensation has to be employed which is standard for state
of the art coherent receivers [171]. Another way to mitigate this problem
is reducing the symbol rate of the TS. At an OSNR of 10 dB/0.1nm the
algorithm still proves to be very reliable (ncv > 0.7).
Fig. 2.44(b) shows the tolerance of the algorithm in OSNR [dB/0.1nm] vs.
frequency offset between LO and signal [MHz]. Since the algorithm is based
on a differential phase correlation it is expected to be very tolerant to a
frequency offset, as also observed from Fig. 2.44(b). Assuming no noise,
the algorithm is expected to malfunction at a boundary of 3500 MHz for
a 28 GBaud QPSK signal, in which a 1

4π shift is obtained between two
consecutive symbols.
In the last contour plot, Fig. 2.44(c), the frequency offset between LO and
signal [MHz] vs. CD [ps/nm] is depicted. This figure underlines the previ-
ous observed behavior, i.e. a good tolerance to frequency offset and large
dependence on residual CD.

Table 2.2: Simulation Parameters.
Quantity Unit Value

Baud rate [GBaud] 28
PDL [dB] 3
PMD [ps] 36
CD [ps/nm] 200
OSNR [dB/0.1nm] 12
Carrier offset [MHz] 200
Laser linewidth [kHz] 500
SOP [θ◦, φ◦] Random, random
Realizations - 10,000



86 Single-mode fiber transmission systems

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

Normalized correlation value

P
D

F
w/o CD, PMD and PDL
with CD, PMD and PDL
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PDL.

As a last reliability test, simulations (using polarization multiplexing) were
carried out with the parameters listed in Tab. 2.2. In Fig. 2.45 the prob-
ability density functions of the normalized correlation value obtained are
plotted for the cases with (blue) and without (red) CD, PMD and PDL.
Without the transmission effects a mean ncv of ∼ 0.7 with a standard de-
viation 0.1 is obtained. For comparison, in case random data without the
TS was tested for finding the start, a mean correlation of 0 was obtained
with a standard deviation of ∼ 0.1. For this case with all realizations the
correct start was found.
With transmission effects obviously the percentage of correlation drops, but
still the mean ncv is > 0.4. The standard deviation did not change sub-
stantially and is ∼0.1. The start was determined correctly in >94% of the
cases, where a single symbol offset was considered to be correct as it is still
within the MIMO equalizer’s window which again is normal for state of the
art coherent receivers [171]. The reliability could easily be increased by us-
ing more symbols (for 1024 symbols the start was determined correctly for
all cases), by averaging over more frames, or by using a special pattern TS.

As mentioned before, this algorithm was successfully used, sometimes in
adapted form, for the data-aided MIMO-DSP in this dissertation.

2.6.9 Frequency and phase recovery

Multiple algorithms exist to compensate the frequency and phase offset
[160] as existent on the digitized signal due to the intradyne reception.
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Here the digital phase-locked loop (DPLL) and the Viterbi & Viterbi carrier
phase recovery are introduced.

Digital phase-locked loop (DPLL)

The structure of a (second-order) digital phase-locked loop (DPLL) is de-
picted in Fig. 2.46.
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Figure 2.46: Schematic representation of the employed PLL, also known as a Costas
loop [160], to correct for the frequency and phase offset between the transmitter laser
and the LO laser.

Firstly a symbol decision ŝ[k] is taken on the incoming signal r[k] which is
then used to compute an error signal e[k] and is expressed as:

e[k] = =m
(
ŝ[k]∗r[k]e−jφ̂[k]

)
(2.61)

Eq. 2.61 is know as the Costas detector [160]. This error signal is subse-
quently fed to the loop filter which computes the phase correction term
φ̂[k]. The two branches in the loop filter are used to compensate at the
same moment for the phase offset (G1) and the frequency offset (G2) [172].
Finally the estimated phase e−jφ̂[k] is computed in the numerically con-
trolled oscillator.
By minimizing the error, which implies the numerically controlled oscillator
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matches the frequency and phase offset of the detected signal, the second-
order PLL corrects for both the phase offset as well as the frequency offset
between the transmitter laser and the LO laser.

Viterbi & Viterbi carrier phase recovery

One of the most well-known algorithms to recover the phase of the carrier of
phase-modulated signals was invented in 1983 by Viterbi and Viterbi [173].
The algorithm is depicted in Fig. 2.47.
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Figure 2.47: Procedure of the Viterbi & Viterbi carrier phase recovery algorithm.

As a first step the frequency offset has to be removed. The frequency off-
set can be corrected (approximately) by integrating the phase change over
a large number of symbols and subsequently dividing by the number of
symbols. This method assumes that each phase state is hit with an equal
probability. Another method to correct the frequency offset is to estimate
the shift in the frequency domain by first multiplying all phases by M ,
which is the number of phase states of the signal, and afterwards taking
the Fourier transform of the resulting signal. The frequency shift seen will
then be M times the actual frequency offset between LO and transmitter
laser.
After removing the frequency offset between the transmitter laser and the
LO, the carrier phase offset can be estimated and corrected for. The carrier
phase estimation (CPE) algorithm takes the M th power of the symbols in
order to remove the phase modulation from the phase modulated signal,
with M the number of phase states. For the illustrated case of QPSK in
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Fig. 2.47, t(k) = s(k)4 with s(k) the X or Y polarization signal obtained
from the TDE stage. Subsequently a running average is used over a pre-
defined number of symbols of the complex vector t(k),

∑k+N
i=k−N ait(i). For

a 2N + 1 symbols CPE the N pre-cursor and N post-cursor symbols are
considered. The parameter ai can implement a windowing function. The
argument finally results in the phase correction factor θ(k) that is used to
apply a correction to the original symbols.
The number of symbols over which the CPE averages can have a critical
influence on the performance. When ASE is the dominant impairment, a
larger number of symbols for CPE is more optimal as this will average out
the Gaussian noise and therefore obtain a better phase estimation. If lasers
with a broad laser linewidth are used (∼MHz) or when XPM is the main
nonlinear impairment, both resulting in a relatively large phase noise, a
smaller number of symbols is preferred as this allows better tracking of the
fast change in phase offset [174–176].

Cycle-slips

Cycle-slips are the phenomenon that the phase recovery makes a wrong
decision on a symbol, resulting in the symbol ending up in the wrong quad-
rant. If subsequently due to the phase correction applied, the error is
minimized, the algorithms assume they are converging. As a result all sub-
sequent symbols will end up in the wrong quadrant, resulting in the whole
decoded stream after the cycle slip to be incorrect.
Cycle slips are especially observed in the presence of large phase noise,
either resulting from a large laser linewidth, or by induced XPM. Also op-
erating in low OSNR regimes increases the possibility of cycle-slips [177].
An efficient way to alleviate the effect of cycle-slips is the use of differential
decoding. In this case the phase change between consecutive symbols is
taken into account and thus a single cycle-slip will result in only two wrong
decoded symbols.

2.6.10 Demapping and bit error counting

The last stages in the DSP are the demapping of the symbols and bit er-
ror counting. The demapping is used to obtain from each received symbol
the originally sent bitstream. The demapping stage is simply the inverse
of the mapping stage used at the transmitter side to create out of the in-
coming bitstream(s) the transmitted symbols which are represented by the
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constellation points. First a decision on the incoming symbol is taken by
determining to which constellation point it is closest, and subsequently the
corresponding bits to that constellation point are generated.
After demapping, the resulting bitstream(s) is (are) compared to the orig-
inally sent bitstream(s) and the errors are counted. This can be simply
implemented by an XOR operation and summing over the result. The
number of bit errors divided by the number of transmitted bits result in
the bit-error ratio which is a commonly used value to represent transmission
quality or performance.

2.6.11 Digital backpropagation (DBP)

Mitigation of fiber nonlinear impairments has been a important topic of
research already for years. As mentioned before, the dispersion map config-
uration used to have a large influence on the performance of direct-detected
optical transmission systems. With the introduction of coherent technol-
ogy, non-dispersion managed links were found to be the best in terms of
nonlinear tolerance, especially for high-dispersive fibers [40]. For both
transmission link configurations nonlinear penalties will arise, putting a
hard limit on the maximum SE achievable for a certain transmission dis-
tance [5]. Therefore the mitigation of nonlinear impairments still is a topic
of research. One proposed method is using mid-link optical phase conjuga-
tion [178, 179] to cancel out the non-linear phaseshifts induced in the first
part of the transmission link by flipping the phase and as such reverting
those phaseshifts in the second part of the link. This can be quite cum-
bersome for non-uniform links and when flexibility is required. Another
method is using phase-conjugated twin waves [180] where the two orthog-
onal polarizations transmitted are carrying the same modulated data but
conjugated in phase. After transmission over a symmetric dispersion map
(which can be achieved be pre-distorting the transmitted signal by the
opposite of half the accumulated CD of the non-dispersion managed link)
combining the electric fields of both polarizations after DSP cancels out the
complete induced nonlinear phaseshift. The theory namely shows that the
non-linear distortion accumulated on both polarizations is anti-correlated
(opposite sign) for such a link and therefore, for phase-conjugated twin-
waves, Ex(L, t) + Ey(L, t)∗ = 2E(0, t) (applied after DSP). Obviously this
method comes at the cost of halving the SE since one polarization has to
be sacrificed.
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The two methods described above mainly achieved compensation of the
non-linear induced phase-shift by optical means. This mitigation of non-
linear impairments can also (partially) be achieved in the electrical domain
by using DSP. This method is commonly referred to as digital backprop-
agation (DBP). Over the last few years DBP received considerable atten-
tion [181–188]. As the name suggest, the algorithm tries to reverse the
propagation of the optical signal over the transmission link and undo non-
linear phase rotations and compensate accumulated CD at the same time.
This requires in principle full knowledge of the link, meaning the fiber loss
and dispersion coefficient as well as the span lengths and launched optical
powers. The DBP algorithm is replacing the CD compensation block in
Fig. 2.34. An illustration of the algorithm is given in Fig. 2.48.

TX RX
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Lfib

Signal

Power
Adjust

Linear 
step

Nonlinear 
step

xN 

xM 

1 Span

xN 

α , γ, D

1 Span

Backpropagation

Transmission

Electrical domain

Optical domain

Figure 2.48: Illustration of the digital backpropagation algorithm. The linear step is com-
pensating for the accumulated CD (fiber D coefficient) whereas the nonlinear step tries
to revert the non-linear phase-shift (related to the fiber γ). These steps can be repeated
several times per span (×M), and for each span (×N) or for multiple spans together
depending on the implementation of the algorithm and transmission link configuration.

Fig. 2.48 shows that for digital backpropagation each span is split up in
one or several sections (×M) where each section is described by an op-
tical power (power adjustment), a chromatic dispersion (linear step) and
a nonlinear phase shift dependent on the optical power (nonlinear step).
That this approach recovers the original transmitted signal can be shown
as follows. Using the simplified non-linear Schrödinger equation (NLSE)
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as given in Eq. 2.18, neglecting the GVD slope term (which is valid for
relative small bandwidth signals), the evolution of the electric field can be
split into the linear operator (D̂, fiber loss and dispersion) and nonlinear
operator (N̂ , non-linear phase-shift) as [181–183]:

dE

dz
= −α (z)

2 E − i

2 β̈ (z) d
2E

dt2
+ iγ |E|2E

=
(
D̂ + N̂

)
E (2.62)

D̂ = −α (z)
2 − i

2 β̈ (z) d
2

dt2

N̂ = iγ |E|2

The transmitted signal can therefore be calculated from the inverse of
Eq. 2.62 when absence of noise is assumed, i.e.:

dE

dz
=

(
D̂−1 + N̂−1

)
E (2.63)

From this equation it follows that if the received signal is transmitted back
of over the original transmission link with parameters of opposite sign (−D,
−α and −γ), the transmitted signal is obtained.
The DBP algorithm therefore tries to approach the exact solution of
Eq. 2.63. For an exact solution an infinite number of steps per span would
be needed (M = ∞). Besides of being impossible to implement, a large
number of steps per span requires a lot of complex multiplications, making
this approach very unattractive. However, it is known that most non-linear
interactions take place in the part of the span where the signal power is
highest, as described in subsection 2.2.4. Therefore a good approximation
is obtained by only taking into account the effective length of the span, as
such already reducing the number of steps per span.
To further limit the complexity of DBP, most approaches use a single step
per span (M = 1). In that case it does matter at what percentage of span
CD is compensated before the non-linear step is applied [182, 183] (around
85% seems optimal). This is the main reason why the non-linear phase
rotation can not be compensated at once in the DSP [181] which would
significantly decrease complexity.
Another drawback of DBP is that the optimal amount of non-linear phase-
shift compensation to be applied (ζγ with ζ = {0, 1}) has to be found
empirically due to the influence of ASE [181, 188], requiring a large start-
up time.
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The DBP algorithm is very susceptible to incorrect transmission link infor-
mation, since an incorrect power, dispersion or γ will result in a incorrect
compensation, yielding a worse equalized performance than equalization
without the use of DBP. Also the algorithm is only able to backpropagate
the field information it received. Therefore the DBP algorithm can only
compensate for the SPM effect for non point-to-point transmission links.
For high symbol rate systems and considering non-dispersion managed links
SPM is the main non-linear impairment such that significant performance
improvements can still be obtained. DBP can be used to compensate the
XPM impairments if the electric fields of the neighbouring channels are also
received and if the channels propagated together over the full transmission
link [184], like in a point-to-point system.
Research at the moment is focussed on decreasing the complexity of the
DBP algorithm [183, 185, 187], as well as making it more robust to incor-
rect link information [188].

Despite all the drawbacks mentioned above the DBP algorithm has been
shown to improve performance of optical transmission systems significantly
when correct information about the transmission link is known [183]. Also
in work presented in this dissertation the DBP was employed (section
3.2).

2.7 Forward-error Correction (FEC)

The success of high-speed telecommunication like taking place in the back-
bone optical fiber networks is partly driven by FEC. FEC allows the trans-
mission systems to operate in a low OSNR regime and still perform quasi
error-free. Moreover, it allows complex transmitter structures like 16QAM
and 32QAM, which typically suffer from a high-error floor at high symbol
rates (see section 2.5), to be transmitted error-free.
In this section the concept and power of FEC is briefly introduced.

2.7.1 Concept

The main idea behind FEC, which can get quite complex, is to add bits to
the originally transmitted bits, to be able to detect and correct errors that
occurred during transmission. These redundant bits are the FEC-overhead,
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Figure 2.49: Example of forward-error correction functionality [189]. The incoming 16
bits are placed in a 4 × 4 square lattice where the parity of each row and column is
computed. After transmission and demodulation, one bit-error occurred. By scanning
the rows and columns, the error is successfully located and corrected.

normally expressed in percentage of the net data rate.
At the transmitter side therefore an encoder is placed to add the extra
bits to the incoming bitstream. At the receiver side a decoder is placed
after or as a last stage in the DSP to correct for the bits-errors and remove
the overhead. A simple example of this process is depicted in Fig. 2.49.
The incoming bits (payload) are placed on a square lattice. Subsequently
parity bits (overhead) are computed, to identify the amount of 1’s and 0’s
in a row or column. If the number of 1’s is even (uneven), the parity-bit
is 0 (1). Afterwards the encoded bitstream, consisting of the payload and
the overhead, is transmitted over the channel, in this case the optical fiber
link. At the receiver side, due to transmission effects, one of the bits in the
payload made a transition resulting in an error. By checking the parities
of the rows and columns, this bit is identified and corrected for, resulting
in an error-free output.

The FEC-overhead is defined as follows. If the payload consists of k bits
and after the encoder n bits are transmitted, then the code rate is R = k

n .
The percentage ( 1

R − 1) · 100 is the resulting FEC-overhead.



2.7 Forward-error Correction (FEC) 95

10-2

10-4

10-6

10-8

10-10

10-12

10-14

10-16

4 6 8 10 12 14 16
OSNR [dB/0.1nm]

B
it-

er
ro

r r
at

io
Uncoded transmission

C
oded transm

ission

NCG (@10-12)

NCG (@10-15)

Figure 2.50: Typical curves obtained for uncoded and coded transmission. The net-
coding gain (NCG) [dB] of the applied code is the difference observed between the two
curves taking into account the overhead used.

2.7.2 Net coding gain

By exploiting FEC, communication robustness can be improved signifi-
cantly. Typical curves obtained by using FEC-coded transmission are de-
picted in Fig. 2.50.
As can be observed, the typical waterfall curve (bit-error ratio (BER) ver-
sus OSNR) for coded transmission greatly improves the tolerance towards
OSNR. The total gain achieved by applying FEC compared to uncoded
transmission is commonly expressed in net-coding gain (NCG). As indi-
cated in Fig. 2.50, this gain is expressed in the sensitivity improvement
obtained at a BER of 10−12 or 10−15, after subtraction of the overhead
(adding 10 · log10(R)) [31, 190].

2.7.3 Hard-decision (HD) and soft-decision (SD) FEC

The example described above and depicted in Fig. 2.49 is decoding the de-
modulated signal based on a symbol-decision. In other words, the input to
the decoder are merely ones and zeros. This kind of forward-error correc-
tion coding is called hard-decision (HD)-FEC.
Another option is the use of soft-decision (SD)-FEC where instead of using



96 Single-mode fiber transmission systems

the decision on the symbols, the demodulated symbols themselves (several
quantization levels) are used for decoding. This allows the decoder to de-
termine how reliable the information carried by the symbol is and use this
to improve the reliability. Given that the received signal is of sufficient
quality, iterating through this decoding process will increase the reliability
each step, ultimately achieving an error-free decoded signal. Normally SD
decoding is more computational intensive, but can achieve 1-3 dB more
NCG [189, 191, 192].
Several types of codes exist. The description of these codes is out of scope
of this dissertation. Most state-of-the-art FEC-codes however make use of
a concatenated inner- and outer-FEC code, being a combination of these
codes, as illustrated in Fig. 2.51 [190].

Outer-FEC
Encoder

Inner-FEC
Encoder

Channel

Outer-FEC
Decoder

Inner-FEC
Decoder

Figure 2.51: Schematic of a multi-stage encoder and decoder. State-of-the-art FEC uses
both inner- and outer-FEC.

Typical NCGs of such codes with a ∼ 7% total FEC-overhead are around
9 dB. The FEC-limit, i.e. the BERin (which is the BER if the signal would
have been uncoded) threshold where an error-free BERout performance is
obtained, of these codes is around 3 · 10−3. This means these codes can
correct 1 error every ∼ 300 bits. This coding is employed in current 40G co-
herent products (see section 3.1).
The FEC-limit can be improved by adding more FEC-overhead to the code,
able to correct for more errors. Usually a combination of SD-FEC and HD-
FEC is used for this, adding up to a ∼ 20% FEC-overhead, which can result
in a quasi error-free transmission for a BERin of around ∼ 2 · 10−2 [193].
This means these codes can correct 1 error every ∼ 50 bits. Soft-decision
FEC with these thresholds are now finding its way into products.
The work in [120], using constellation expansion where the additional bit
per symbol (50% FEC-overhead) is used for FEC and using iterative decod-
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ing, achieved a 11.6 dB NCG obtaining a FEC-limit at a BER of ∼ 1 ·10−1,
as such able to correct 1 bit error every 10 bits. This demonstrates the
power of FEC-coding to improve the noise tolerance of optical transmis-
sion system to expand the reach.
To underline this point, in [122] 60% FEC-overhead was used for transmis-
sion 44.1 Tb/s over 9,100km with an SE of 4.93 bit/s/Hz. And in [123]
47% FEC-overhead was used for an SE of 5 bit/s/Hz (38.75 Tb/s) transmis-
sion over 6,600km. Both of these works illustrate that FEC-coding provides
an important contribution to achieve ultra long-haul transmission distances
with a high SE.

In this dissertation some work has been carried out using a soft-decision
FEC turbo-product code described in [194] as inner-code and assumed a
hard-decision FEC as outer-code, with an FEC-limit at 3.8 · 10−3 ( [190]
appendix I.9). The concatenation of codes results in an FEC-limit at
∼ 2 · 10−2.
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Chapter 3

Single-mode fiber system
experiments

With the introduction of coherent technology, data rates of 40 Gb/s and
higher were introduced with a large tolerance towards linear transmission
impairments (subsection 2.2.3). However, most optical long-haul transmis-
sion systems use 10-Gb/s on-off keying (OOK) transponders inducing a
large of cross-phase modulation (XPM) penalty. Therefore the first studies
focussed on the interoperability of coherent channels with direct-detection
neighbours and most robust modulation formats. Moreover the fiber in-
frastructure designed to obtain an optimal performance of direct-detection
transponders are not necessarily optimal for coherent transponders. Oper-
ators however are not keen on deploying new fiber (greenfield deployment)
since this is the most costly operation of deploying an optical network.
Therefore legacy infrastructure has to be tested for suitability to coherent
transponders and as such the feasibility to upgrade the total capacity of
the legacy network.
With 100-Gb/s dual-polarization QPSK (DP-QPSK) coherent technology
being deployed since 2009 and now being well established, the next step
for researchers is to look for more spectral efficient modulation formats,
still being able to reliably carry the data over large distances. As men-
tioned in chapter 2, feasible transmission distance (without regeneration)
and achievable spectral efficiency (SE) are closely related to each other.
This is heavily dependent on the fiber type, and related non-linear para-
meter, used as well (subsection 2.2.4). The question remaining is how far we
can push the boundaries before operators are forced to install new fiber to
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support the unprecedented capacity growth predicted for the next decades.

In this chapter several experiments will be presented to underline depen-
dence of the feasible transmission distance on spectral efficiency (SE). First
a comparison between dual-polarization BPSK (DP-BPSK) and DP-QPSK
for 40 Gb/s transmission obtained in a field trial (dispersion-managed trans-
mission link) is presented. During the same field trial 100-Gb/s DP-QPSK
data was collected, for feasibility tests of 100G deployment on the legacy op-
tical network. Next, 100-Gb/s DP-QPSK is transmitted over regular stan-
dard single-mode fiber (SSMF) and compared to transmission over large
effective area pure-silica-core fiber (PSCF) and the related performance
differences are discussed. In the last section 200-Gb/s dual-polarization
16QAM (DP-16QAM) and dual-carrier 400-Gb/s DP-16QAM transmission
over the same large effective area PSCF is looked at.

3.1 40G and 100G field trial

100-Gb/s coherent transponder technology can be deployed both by up-
grading existing 10-Gb/s on-off keying (OOK) optimized transmission sys-
tems, or by greenfield deployment of 100-Gb/s optimized overlay networks.
An overlay network allows for the optimum transmission performance and
therefore is the most scalable approach towards 100-Gb/s deployment, mak-
ing this the preferred approach for most terrestrial networks. This avoids
the additional complexity and transmission impairments that can occur
when legacy networks with installed 10-Gb/s channels are upgraded with
coherent technology [106, 195].
Increasing the capacity of submarine cable networks is more challenging
when compared with terrestrial networks. The greenfield deployment of
a new submarine cable network is tremendously expensive and requires a
long lead time for planning, certification and deployment. This has re-
sulted in a surge of submarine line terminal equipment upgrades [108, 196]
where legacy 10-Gb/s line terminals are replaced with 40-Gb/s transponder
technology. However, experiments using re-circulating loop configurations
have shown that with state-of-the-art amplifiers and fiber technology it is
feasible to transmit 100-Gb/s line rates over the transmission distances of
interest to submarine networks [171, 197, 198].
In this section the transmission of 45.8-Gb/s and 125-Gb/s DP-QPSK and
45.8 Gb/s DP-BPSK over 2,054 km (unidirectional) and 4,108 km (opti-
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cally looped-back, without regeneration) of field deployed submarine cable
between Florida and Puerto Rico is shown. In addition, the transmission
of 45.8 Gb/s DP-BPSK modulation over 9,420 km of optically looped back
field deployed submarine cable between Puerto Rico and Brazil is reported.

Puerto Rico

Brazil

a b
2054 km

4710 km

Figure 3.1: (a) Segment 1: Boca Raton - San Juan (2,054 km), (b) Segment 2: San Juan
- Fortaleza (4,710 km).

3.1.1 Submarine cable and terminal configuration

Submarine cable description

The field trial has been carried out on two segments of deployed submarine
cable networks, depicted in Fig. 3.1(a) and Fig. 3.1(b): Segment 1 from
Boca Raton, Florida, to San Juan, Puerto Rico, and segment 2 from San
Juan, Puerto Rico to Fortaleza, Brazil [199]. Segment 1 consists of 36 spans
and has an average span length of 57 km, resulting in a transmission dis-
tance of 2,054 km. Segment 2 consists of 88 spans with an average span
length of 53 km, yielding a total transmission distance of 4,710 km. The
dispersion map of both segments is built up with hybrid spans consisting of
a large mode field fiber with an effective area of > 72 µm2 and chromatic
dispersion (CD) coefficient of −3.9 ps

nm·km (at 1550 nm), and high dispersion
fiber with an effective area of 50 µm2 and CD coefficient of −2.7 ps

nm·km .
Periodic dispersion compensation is achieved with non dispersion-shifted
fiber with an effective area of > 75 µm2 and a dispersion coefficient of
20 ps

nm·km . The effective zero dispersion wavelength of the complete seg-
ment is at 1550 nm. The characteristics of both segments are summarized
in Tab. 3.1.
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Table 3.1: Characteristics segment 1 and 2.
Segment 1 Segment 2

Transmission band 1540 - 1560 nm 1540 - 1560 nm
Accumulated CD 1540nm ∼ −1700 ps

nm
∼ −3200 ps

nm

Accumulated CD 1560nm ∼ 1700 ps
nm

∼ 3200 ps
nm

Average dispersion slope ∼ 0.08 ps
nm2·km ∼ 0.07 ps

nm2·km
Zero dispersion wavelength 1550 nm 1550 nm
Accumulated CD 1552.12nm ∼ 360 ps

nm
∼ 678 ps

nm

Average Span Length 57 km 53 km
Number of spans 36 88
Total length 2,054 km 4,710 km

Table 3.2: 45.8-Gb/s DP-QPSK transponder card specifications.
Laser linewidth (combined) 1 MHz
Sampling rate 22.9 Gsamples/s
Pulse shaping non-return to zero (NRZ)
Coherent receiver algorithms [200]
FEC overhead 13% HD-EFEC
FEC coding gain 9.6dB NCG @ 1 · 10−15 post-FEC

Transmitter and receiver setup

For the measurements with 45.8-Gb/s DP-QPSK a commercial transponder
card was used. The specifications of the 45.8-Gb/s DP-QPSK commercial
transponder card are listed in Tab. 3.2. The schematics of the transmitters
used for 125-Gb/s DP-QPSK and 45.8-Gb/s DP-BPSK generation are de-
picted in Fig. 3.2(a) and (b), respectively.

125-Gb/s DP-QPSK transmitter
The 125-Gb/s DP-QPSK transmitter consists of a tunable ECL-laser with
a < 100-kHz linewidth. The output of the laser is first return-to-zero (RZ)
modulated using a Mach-Zehnder modulator (MZM) driven with a radio
frequency (RF) clock signal at a frequency of 31.25 GHz. The resulting
signal is then split into two parts using a polarization-maintaining 50%-
50% coupler, and each tributary is quadrature phase-shift keying (QPSK)
modulated using a nested-MZM.
The driving signals of the nested-MZMs are pseudo-random binary se-
quences (PRBSs) with length 215 at a 31.25 GBaud symbol rate generated
by a pulse pattern generator (PPG). The two outputs of the pulse pattern
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Figure 3.2: (a) 125-Gb/s DP-QPSK transmitter, (b) 45.8-Gb/s DP-BPSK transmitter.

generator (PPG) are delayed with respect to each other for decorrelation of
the polarizations and subsequently split into two equally powered signals.
These driving signals are again delayed with respect to each other and then
fed to the in-phase (I) and quadrature (Q) port of the nested-MZMs. All
three delays exceeded the length of the finite impulse response (FIR) filters
used in the receiver-side digital signal processing (DSP). Subsequently the
two polarizations are combined by means of a polarization-beam combiner
(PBC), resulting in a 125-Gb/s DP-QPSK modulated signal.

45.8-Gb/s DP-BPSK transmitter
The 45.8-Gb/s DP-BPSK modulated signal is generated by pulse carving
the output of a 100-kHz linewidth ECL-laser by means of a Mach-Zehnder
modulator (MZM) driven with a 22.9-GHz RF clock signal. The pulse-
carved light is subsequently binary phase-shift keying (BPSK) modulated
using a second MZM. The second MZM is driven by a PRBS of length 215 at
a symbol rate of 22.9 GBaud. After modulation the signal is split up using
a polarization-maintaining coupler into two tributaries. The X tributary is
delayed by 14 symbols using an optical delay line. The Y-tributary is tuned
in power using a variable optical attenuator (VOA) to match the power of
the X-tributary, before combining the two using a polarization-beam com-
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biner (PBC). The output of the PBC contains the 45.8-Gb/s DP-BPSK
modulated signal.

Coherent receiver
After transmission the channel under test (CUT) is demultiplexed and fed
to the coherent receiver. Here the signal is combined with an local oscilla-
tor (LO) in a polarization-diversity 90◦ optical hybrid. The in-phase and
quadrature components of both polarizations are then converted to the
electrical domain using four single-ended photodiodes and subsequently
analog-to-digital sampled at a 50-Gsample/s sampling rate by a digital
storage scope (DSA72004B). 2 · 106 samples for 45.8-Gb/s DP-BPSK and
1 · 106 samples for 125-Gb/s DP-QPSK, corresponding to ∼ 9 · 105 bits and
∼ 6.25 · 105 symbols per polarization component respectively, are used for
offline signal processing.
Because the channel under test (CUT) was demultiplexed before sending it
into the coherent receiver and the LO-to-signal-power-ratio was optimized
to be 22 dB, no significant penalty is to be expected from employing single-
ended photodiodes instead of balanced photodiodes [201].
The DSP consists of several stages, described in section 2.6. Blind con-
vergence of the time-domain equalization (TDE) is used. Carrier phase
estimation (CPE) is employed for phase recovery. Differential decoding is
used to avoid the destructive influence of cycle-slips.

Terminal setup

The terminal setup used for this field trial is depicted in Fig. 3.3. At the
transmitter side the five transmission channels, consisting of
4 × 43-Gb/s DP-QPSK channels and the CUT, are multiplexed using a
50-GHz multiplexer. The inline amplifiers operate at a fixed operating
point that minimizes spectral tilt along the cable segment, which requires
a constant total output power. Since only a few channels have been trans-
mitted in the field trial, loading channels are used for stabilization of the
cable segment. The loading channel generator (LCG) consisted of five tun-
able quasi-continuous wave (CW) channels, as can be observed from the
spectrum in the inset in Fig. 3.3. The LCG channels are set such that the
total amplifier output power is kept constant, independent of the actual
launch power of the transmission channels. This allows for varying the
launch power into the fiber of the transmitted channels during the field
trial in order to optimize transmission performance, while not changing
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Table 3.3: Simulation settings.
BER evaluation Monte Carlo (13 iterations)
Number of symbols used for BER evaluation 131,072
Number of channels 9
Polarization mode dispersion (PMD) 0.01 ps√

km

the working point of the in-line amplifiers. The loading channel generator
(LCG) channels are added to the transmission channels after the multi-
plexer and the optical power of all channels combined is used to monitor
the total power launched into the wet plant. The transmitted / received
signal is (de)coupled from the installed terminal equipment by means of
a 3-dB coupler. At the receiver side the received signal is demultiplexed
using a 50-GHz demultiplexer, and the CUT is fed to the coherent receiver.

Wavelength-division multiplexing (WDM) Transmission
In order to emulate WDM transmission on a 100-GHz or 50-GHz channel
grid the 45.8-Gb/s DP-QPSK signal is multiplexed with 4× 43-Gb/s DP-
QPSK neighbouring channels, generated by commercial transponder cards,
such that the CUT is the center channel. For 45.8-Gb/s DP-BPSK and
125-Gb/s DP-QPSK only a single channel was available. As such emulation
of WDM transmission for these two test cases was provided by multiplexing
the CUT with 4 × 43-Gb/s DP-QPSK neighbours as well. However, the
symbol rate of the 43-Gb/s DP-QPSK channels is less than half the sym-
bol rate of a 45.8-Gb/s DP-BPSK or a 125-Gb/s DP-QPSK channel. This
means that a larger induced cross-phase modulation (XPM)-penalty is to
be expected from the 43-Gb/s DP-QPSK co-propagating channels on the
CUT than from neighbours with the same symbol rate. Simulations were
therefore performed to investigate more closely the optical signal-to-noise
ratio (OSNR)-penalty from co-propagating 43-Gb/s DP-QPSK neighbours
when the CUT is either 45.8-Gb/s DP-BPSK or 125-Gb/s DP-QPSK mod-
ulated.
The signal parameters used in the simulation are listed in Tab. 3.3. The
propagation equation is based on numerical integration of the non-linear
Schrödinger equation (NLSE) by using the split-step fast-Fourier trans-
form. The channels are decorrelated by randomly initializing the state of
polarization, the time delay between the bit sequences and the phase-shift.
The same DSP algorithms are used as in the experimental verification.
The simulation results depicted in Fig. 3.4(a) and (b) show the required
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Figure 3.4: Relative power between 43-Gb/s DP-QPSK and (a) 45.8 Gb/s DP-BPSK,
and (b) 125-Gb/s DP-QPSK versus required OSNR.

OSNR versus the channel power of the co-propagating neighbours with
respect to the CUT for transmission over segment 2, with 45.8-Gb/s DP-
BPSK and 125-Gb/s DP-QPSK, respectively, as the center channel. The
launch power of the CUT is -8 dBm. Both figures show that the non-
linear transmission penalty resulting from co-propagating 43-Gb/s DP-
QPSK neighbours is significantly higher compared to neighbours carrying
the same modulation format, as expected. It can be observed that for both
45.8 Gb/s DP-BPSK as well as 125 Gb/s DP-QPSK modulation the penalty
can be lowered by reducing the relative power of the neighbours with re-
spect to the center channel. With a 1.5 dB lower power of the neighbouring
channels an only slightly higher non-linear penalty is obtained compared to
transmission with the same modulation format for both center and neigh-
bouring channels. In the field trial the powers of the 43-Gb/s DP-QPSK
neighbouring channels were therefore as well reduced by 1.5 dB compared
to the CUT power for the 45.8-Gb/s DP-BPSK and 125-Gb/s DP-QPSK
transmission scenarios.

Pre-compensation
The optimum per-channel CD pre-compensation is as well a crucial para-
meter to optimize transmission performance over the legacy dispersion-
managed submarine link. The simulation results shown in Fig. 3.5 depicts
the optimum pre-compensation as a function of wavelength for transmis-
sion of 125-Gb/s DP-QPSK over segment 2. In the field trial the pre-
compensation is optimized using a tunable dispersion compensator. How-
ever, the optimum per-channel CD pre-compensation is fully deterministic
and in an actual system deployment slope adjusted fiber Bragg gratings
(FBGs) can be used instead of tunable dispersion compensators.
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Figure 3.5: Optimum pre-compensation as a function of wavelength, simulated for trans-
mission of 125-Gb/s DP-QPSK over segment 2 (4,710 km).

3.1.2 Field trial results

The results presented in this section are obtained when the CUT is placed
close to the center of the available spectral band, at 1552.12 nm.
In Fig. 3.6 WDM transmission results of 45.8-Gb/s DP-QPSK on a 50-GHz
grid for the CUT placed in the red band (longest wavelengths), blue band
(shortest wavelengths) and middle band are shown. As can be seen the
results obtained for the middle band are the worst. This is because the
CUT is then located very close to the zero-dispersion wavelength, result-
ing in a reduced walk-off between the CUT and the neighbouring channels
and therefore the highest XPM-penalty across the transmission band. The
results presented here therefore resemble the worst case performance. In
the field trial the CUT was transmitted in a single-channel configuration
(where the 43-Gb/s DP-QPSK neighbours were placed at both ends of the
spectral band, far away from the CUT), or with 43-Gb/s DP-QPSK neigh-
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Figure 3.6: WDM transmission with 50-GHz spaced neighbours of 45.8-Gb/s DP-QPSK
over 4,108 km.
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bours on a 100-GHz and 50-GHz grid.
For all measurements conducted, the optimal launch power and optimum
pre-compensation were determined by an iteration of steps. First the
launch power was set such that an acceptable received OSNR value was
achieved and with that a pre-compensation sweep was conducted. After-
wards the launch power sweep was performed at the optimal measured
pre-compensation and subsequently the pre-compensation sweep was veri-
fied at the optimal launch power.
The following FEC-limits are assumed. For the 45.8-Gb/s DP-QPSK
transponder card 13% of HD-EFEC is implemented giving a net-coding
gain (NCG) of 9.6 dB at a post-FEC bit-error ratio (BER) of 1 · 10−15 re-
sulting in a FEC-limit at 7.9 dBQ (BER of ∼ 7 · 10−3). For the prototypes
a soft-decision FEC-coding with a NCG of 10.8 dB at a post-FEC BER of
1 · 10−15, as shown in [192, 202], was assumed. For 45.8-Gb/s DP-BPSK,
having 13% of FEC-overhead, this results in a forward-error correction code
(FEC)-limit of 6.7 dBQ (BER of ∼ 1.5 ·10−2). 125-Gb/s DP-QPSK carries
20% of FEC-overhead, which results in a FEC-limit of 6.4 dBQ [192, 202],
corresponding to a BER of ∼ 1.8 · 10−2.

Unidirectional segment 1: 2,054 km

The 2,054 km experiment consisted of transmission over segment 1 in an
unidirectional configuration, from Puerto Rico to Florida as described in
subsection 3.1.1.

45.8-Gb/s DP-QPSK
The 45.8-Gb/s DP-QPSK transmission results over 2,054 km are depicted

in Fig. 3.7. Fig. 3.7(a) shows that the optimal launch power per chan-
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Figure 3.7: Optimization of 45.8-Gb/s DP-QPSK after 2,054 km transmission, (a) launch
power per channel [dBm], and (b) pre-compensation [ps/nm].
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nel for single channel 45.8-Gb/s DP-QPSK transmission is -4 dBm. For
WDM transmission with the neighbours on a 100-GHz grid, the optimal
launch power is -5 dBm, and for 50-GHz spaced neighbours the optimal
launch power is around -6 dBm. This shift in optimal launch power clearly
indicates that the strong XPM-penalty resulting from the co-propagating
43-Gb/s DP-QPSK neighbours. However, for all configurations the perfor-
mance is above 13 dBQ (BER of ∼ 3 ·10−6), which is a margin with respect
to the FEC-limit at 7.8 dBQ (BER of ∼ 7 · 10−3) of over 5 dBQ.
Fig. 3.7(b) shows the pre-compensation sweep measured at the optimal
launch powers. For all configurations the optimal pre-compensation is
around 0 ps

nm . It is also observed from Fig. 3.7(b) that using a non-optimum
pre-compensation affects WDM configurations less than the single-channel
scenario. This can be explained as follows. The optimum launch pow-
ers are lower for the WDM configurations which are used to measure
the pre-compensation tolerance. As such the CUT is less limited by self-
phase modulation (SPM) impairments for the WDM configurations com-
pared to the single-channel transmission scenario. By optimizing the pre-
compensation, mainly the SPM-penalty is reduced and therefore a larger
penalty is expected from applying a non-optimum pre-compensation for the
single-channel scenario compared to the WDM configurations.

45.8-Gb/s DP-BPSK
The transmission of the 45.8-Gb/s DP-BPSK modulated signal over
2,054 km shows a performance better than 13.5 dBQ (BER of 1 · 10−6)
for all configurations and for a large range of launch powers per channel,
indicating a margin of more than 7 dBQ with respect to the FEC-limit.
This means that the samples that were captured in that range were error-
free after demodulation.

125-Gb/s DP-QPSK
The 2,054 km transmission results using 125-Gb/sDP-QPSK modulation
are depicted in Fig. 3.8. Fig. 3.8(a) shows that the optimum launch power
per channel into the fiber for a single-channel transmission is approximately
-5 dBm, and does not change significantly with neighbours placed on a
100 GHz grid. A slight decrease in optimal launch power to -6 dBm per
channel is measured when the co-propagating 43-Gb/s DP-QPSK channels
are placed on a 50-GHz spaced WDM grid.
Fig. 3.8(b) shows the pre-compensation sweep with the co-propagating
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Figure 3.8: Optimization of 125-Gb/s DP-QPSK after 2,054 km transmission, (a) launch
power per channel [dBm], and (b) Pre-compensation [ps/nm].

channels on a 100-GHz grid. The optimum pre-compensation is read out
from the fitting curve, which flattens out the fluctuations obtained from the
measurement. In this case the optimum pre-compensation is at -300 ps

nm ,
which is in line with the simulation results shown in Fig. 3.5 that pre-
dict a close to 0 ps

nm optimum pre-compensation near the middle of the
transmission band. The measured margin is approximately 3.4 dBQ at the
optimal launch power per channel, assuming a FEC-limit of 6.4 dBQ (BER
of 1.8 · 10−2).
Fig. 3.9 shows the received spectrum for single-channel transmission at a
launch power of -7 dBm per channel.

Optical loop-back segment 1: 4,108 km

For the 4,108 km transmission experiment over Segment 1, an optical loop-
back (no regeneration) was established in Boca Raton, Florida.
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Figure 3.9: Received spectrum for single 125-Gb/s DP-QPSK channel transmission at a
launch power of -7 dBm per channel.
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Figure 3.10: Optimization of 45.8-Gb/s DP-QPSK after 4,108 km transmission, (a)
launch power per channel [dBm], and (b) pre-compensation [ps/nm].

45.8-Gb/s DP-QPSK
Fig. 3.10 depicts the results obtained after transmission of 45.8-Gb/s DP-
QPSK over 4,108 km of submarine cable. The optimal launch power per
channel for single-channel transmission decreased by 1 dB compared to the
2,054 km setup, to -5 dBm. For WDM transmission with neighbours on a
100-GHz grid, the optimal launch powers also decreased by 1 dB, towards -
6 dBm. For 50-GHz spaced neighbours the optimal launch power decreased
by 2 dB, to -8 dBm per channel, clearly indicating a strong increase of the
impact of XPM due to the extended transmission distance. For all trans-
mission configurations under test there is still a good margin with respect
to the FEC-limit. For single-channel transmission a margin of 3.7 dBQ
has been measured, whereas for WDM transmission with 100-GHz and 50-
GHz spaced neighbours a margin of 2.9 dBQ and 1.7 dBQ is measured,
respectively. The results indicate that an upgrade of the existing subma-
rine transmission link, with a total length of 4,108 km, to a 50-GHz spaced
WDM system carrying 40-Gb/s DP-QPSK modulation on each wavelength
channel is a viable option.
The pre-compensation sweep, performed for single-channel transmission
and WDM transmission with 100-GHz spaced neighbours, is depicted in
Fig. 3.10(b). Again it is observed that, for both configurations, the optimal
pre-compensation is around 0 ps

nm , as is to be expected from the previously
discussed 2,054 km measurement results.
Fig. 3.11 shows the received spectrum for 100-GHz grid WDM transmission
at a launch power of -4 dBm per channel.
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Figure 3.11: Received spectrum for 100-GHz grid WDM transmission at a launch power
of -4 dBm per channel.

45.8-Gb/s DP-BPSK
Fig. 3.12 shows the transmission performance of 45.8-Gb/s DP-BPSK mod-
ulation over 4,108 km of submarine cable. In the launch power optimiza-
tion plot, depicted in Fig. 3.12(a), it is observed that due to the robust-
ness of DP-BPSK towards non-linear transmission impairments, still no
BER could be measured for launch powers in the range from -6 dBm per
channel to -3 dBm per channel due to the limited number of bits used
for error counting. This indicates a performance of > 13.5 dBQ for all
transmission configurations. The first bit error for single-channel transmis-
sion has been measured at a launch power of -1 dBm per channel. For
WDM transmission on a 100-GHz grid this launch power is -2 dBm and for
50-GHz spaced neighbours -3 dBm. Because the ASE-limit is the same
for all configurations, this indicates the penalty due to non-linear impair-
ments is higher in case of WDM transmission. The margin towards the
FEC-limit at 6.7 dBQ (BER of 1.5 · 10−2) is still well above 7 dBQ for
all transmission scenarios, indicating that 45.8-Gb/s DP-BPSK is perfectly
suitable for transmission over transoceanic distances. This difference in
transmission performance between 45.8-Gb/s DP-QPSK, where for WDM
transmission on a 50-GHz grid only a 1.7 dBQ margin is obtained, and
45.8-Gb/s DP-BPSK is expected from long-haul transmission experiments
in re-circulating loop test beds [112, 113].
We also performed a pre-compensation sweep for the WDM-setups, and
the results are depicted in Fig. 3.12(b). Both transmission configurations
show the same trend, although the scenario with 100-GHz spaced neigh-
bours did not show bit errors for several pre-compensation values. For the
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Figure 3.12: Optimization of 45.8-Gb/s DP-BPSK after 4,108 km transmission, (a)
launch power per channel [dBm], and (b) pre-compensation [ps/nm].

50-GHz grid configuration it is seen that the optimal pre-compensation is
around -400 ps

nm . Because of the same trend observed for the
100-GHz spaced WDM transmission configuration, the pre-compensation
of -400 ps

nm is chosen as the optimal one for all configurations.

125-Gb/s DP-QPSK
Fig. 3.13 depicts the transmission performance of 125-Gb/s DP-QPSK over
4,108 km. From Fig. 3.13(a) it is observed that the optimal launch power
for single-channel transmission and WDM transmission with neighbours at
a 100-GHz channel spacing is -6 dBm, whereas this is -7 dBm for WDM
transmission with neighbours on a 50-GHz grid. Compared to the 2,054 km
transmission results, the optimal launch power decreased by 1 dB for all
configurations, indicating that SPM is the main limiting non-linear im-
pairment. The measured margin with respect to the FEC-threshold is
approximately 1.1 dBQ for WDM transmission. For single-channel trans-
mission this margin is slightly higher, around 1.3 dBQ. The optimum pre-
compensation, depicted in Fig. 3.13(b), is found to be around -600 ps

nm ,
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Figure 3.13: Optimization of 125-Gb/s DP-BPSK after 4,108 km transmission, (a) launch
power per channel [dBm], and (b) pre-compensation [ps/nm].
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which has doubled compared with unidirectional transmission over seg-
ment 1.
The results show that 125-Gb/s DP-QPSK transmission is feasible over
the existing 4,108 km submarine cable, yielding a potential tenfold in-
crease in capacity on the existing link, originally deployed and optimized for
10-Gb/s transmission.

Optical loop-back segment 2: 9,420 km

For the 9,420 km experiment transmission was executed over a bi-directional
submarine segment 2, which has been optically looped-back (without re-
generation) in Fortaleza, Brazil.

45.8-Gb/s DP-BPSK
From the previous results it was seen that 45.8-Gb/s DP-BPSK was trans-
mitted over 4,108 km with a margin with respect to the FEC-limit of over
7 dBQ, indicating the possibility to transmit this modulation format over
ultra long-haul distances. To verify this 45.8-Gb/s DP-BPSK was transmit-
ted over 9,420 km of field deployed fiber. The results obtained are shown
in Fig. 3.14. No transmission experiment with WDM neighbours placed
on a 100-GHz grid was conducted. Fig. 3.14(a) shows that the optimal
launch power for single-channel transmission of 45.8-Gb/s DP-BPSK over
9,420 km of field-deployed fiber is approximately -5 dBm. For WDM trans-
mission with neighbours at a 50-GHz channel spacing, the optimal launch
power is around -6 dBm. The margin with respect to the FEC-limit for this
configuration is 1.2 dBQ, clearly indicating the feasibility of transmitting
45.8-Gb/s DP-BPSK on a 50-GHz grid over 9,420 km. For single-channel
transmission the margin is as high as 2.5 dBQ.
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Figure 3.15: Received spectrum for 50-GHz grid WDM transmission at a launch power
of -4 dBm per channel.

Fig. 3.14(b) shows the results obtained from the pre-compensation sweep,
performed for the single-channel configuration and the configuration with
50-GHz spaced neighbours. The optimal pre-compensation is found to be
around -400 ps/nm for both configurations.
As mentioned before, the margins indicate that transmission of 45.8-Gb/s
DP-BPSK is feasible over 9,420 km of field deployed fiber. However it seems
plausible that the margins could have been larger if the existing transmis-
sion system would have been optimized. From Fig. 3.15, which displays the
received spectrum after 9,420 km of 45.8-Gb/s DP-BPSK transmission with
neighbours on a 50-GHz grid and a per channel launch power of -9 dBm,
a large tilt is observed. The difference in received power between the most
left and right channel is more than 10 dB. A similar spectrum was also
shown in [199], indicating that some settings in the transmission link can
be further optimized in order to increase the performance.

3.1.3 Conclusions

Transmission of several modulation formats over field-deployed submarine
links was shown in this section, with the results summarized in Tab. 3.4,
Tab. 3.5, and Tab. 3.6 for quasi single-channel, 100-GHz spaced neighbours

Table 3.4: Summary of measured Q-margin values for single-channel transmission.
2,054 km 4,108 km 9,420 km

45.8-Gb/s DP-QPSK > 5 dBQ 3.7 dBQ -
45.8-Gb/s DP-BPSK > 7 dBQ > 7 dBQ 2.5 dBQ
125-Gb/s DP-QPSK 3.7 dBQ 1.3 dBQ -
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Table 3.5: Summary of measured Q-margin values for WDM transmission with
100-GHz spaced neighbours.

2,054 km 4,108 km 9,420 km
45.8-Gb/s DP-QPSK > 5 dBQ 2.9 dBQ -
45.8-Gb/s DP-BPSK > 7 dBQ > 7 dBQ -
125-Gb/s DP-QPSK 3.5 dBQ 1.1 dBQ -

Table 3.6: Summary of measured Q-margin values for WDM transmission with
50-GHz spaced neighbours.

2,054 km 4,108 km 9,420 km
45.8-Gb/s DP-QPSK > 5 dBQ 1.7 dBQ -
45.8-Gb/s DP-BPSK > 7 dBQ > 7 dBQ 1.2 dBQ
125-Gb/s DP-QPSK 3.4 dBQ 1.1 dBQ -

and 50-GHz spaced neighbours, respectively. 45.8-Gb/s DP-QPSK was
transmitted over a distance of 2,054 km with more than 5 dBQ margin,
and over 4,108 km with a 1.7 dBQ margin with respect to the FEC-limit.
Over both distances also 125-Gb/s DP-QPSK was measured and shown
to have an adequate margin of 3.4 dBQ and 1.1 dBQ for 2,054 km and
4,108 km, respectively. This demonstrates the possibility of a tenfold in-
crease in transmission capacity over legacy submarine fiber, thereby delay-
ing the need and costs for new cable deployment. Although the results
discussed here show excellent transmission performance of 40G/100G DP-
QPSK technology over installed submarine links, more extensive long-term
soak tests are required to confirm the conclusions drawn here before a de-
ployed submarine link can be upgraded for commercial operation.
Transmission of 45.8-Gb/s DP-BPSK over 2,054 km and 4,108 km distances
with a > 7 dBQ margin was also shown. After transmission over 9,420 km,
this modulation format performed with a margin of 1.2 dBQ with respect
to the FEC-limit, underlining the great robustness of DP-BPSK towards
non-linear transmission impairments and thereby the feasibility to cross
trans-oceanic distances on a legacy submarine cable network.

3.2 100G DP-QPSK over SSMF and LA-PSCF

DP-QPSK has emerged in recent years as the most suitable modulation for-
mat for 100G line rates, as it is compatible with the standardized
50-GHz channel spacing [45]. This allows for a spectral efficiency of
2 bit/s/Hz, scaling C-band only transmission systems to a total capacity of
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up to 10 Tb/s assuming 100 channels. Experiments using 100G DP-QPSK
modulation have demonstrated the feasibility of unregenerated transmis-
sion over ultra long-haul transmission distances [197, 198, 203]. Key en-
ablers of the demonstrated ultra long-haul transmission distances are on
one hand Raman amplification schemes or on the other hand the use of
very short span lengths, both increasing the received OSNR. For greenfield
deployments, an alternative approach might be the deployment of fiber
types specifically optimized for dispersion unmanaged 100G transmission
which guarantees both a lower span loss as well as a strongly increased
non-linear threshold [40, 204].
In this section ultra long-haul transmission using 100G DP-QPSK modula-
tion for a transmission system consisting of EDFA-only amplification and
standard 80 km span lengths is demonstrated. The ultra long-haul trans-
mission reach in this experiment is enabled by the use of large effective area
pure-silica core fiber (LA-PSCF). A comparison between the LA-PSCF and
SSMF is discussed and it is shown that the improved non-linear coefficient
and higher dispersion coefficient of LA-PSCF allow for a 55% increase and
by using digital backpropagation (DBP) a 65% increase in transmission
distance. For the experimental comparison the span lengths for both fiber
types were different and formed by combining multiple spools together,
yielding additional losses per span. In case the span lengths would have
been the same and would have only two splices per span, an additional
20% in reach improvement due to the lower span loss of the LA-PSCF is
expected. This would result in a total increase in transmission distance of
85% by using LA-PSCF instead of SSMF.

3.2.1 Experimental setup

The experimental setup used is depicted in Fig. 3.16. At the transmitter
(Fig. 3.16(a)), two laser combs are generated by coupling together 5 lasers
on the International Telecommunication Union (ITU)-grid and 6 lasers on
the ITU offset grid by using a passive coupler. The two combs consist
of a mixture of external cavity laser (ECL) and distributed feedback laser
(DFB) lasers, where the center channel is an ECL laser with a 100-kHz
linewidth. The output signals of both combs are first RZ pulse-carved by
means of a MZM driven by a 28-GHz clock signal. Subsequently the signals
are 56-Gb/s QPSK modulated with an IQ-modulator. Two outputs of a
PPG, generating 215 PRBS sequences at a 28-Gbaud symbol rate, are first
cleaned up using two DFFs. One of the two data flip-flop (DFF) outputs is
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then delayed by 52 symbols for decorrelation and both are after electrical
amplification fed to the IQ-modulators. The 56 Gb/s RZ-QPSK modulated
signals are first amplified and subsequently multiplexed using a wavelength-
selective switch (WSS) (Waveshaper 4000S) on a 50-GHz ITU-grid. After
the multiplexing stage the signal is fed into a polarization-multiplexing
(POLMUX) stage. Here the incoming optical signal is split up into two
equally-powered tributaries, one delayed by 230 symbols for decorrelation,
and subsequently re-combined using a PBC, resulting in a 112-Gb/s RZ-
DP-QPSK modulated signal. The resulting optical spectrum containing
eleven 112-Gb/s RZ-DP-QPSK modulated signals is shown in Fig. 3.16(d).

The transmission link consists of a re-circulating loop (Fig. 3.16(b)) con-
taining a loop-synchronized polarization scrambler (LSPS), four fiber spans
followed by an erbium-doped fiber amplifier (EDFA) to compensate the
losses, and a WSS. The LSPS is used to emulate the polarization changes
occurring in a long-haul transmission link. The WSS emulates optical add-
drop nodes and equalizes the optical spectrum. The four fiber spans are
either SSMF or LA-PSCF. The specifications of both fibers are given in
Tab. 3.7. It can be observed that the average span loss is approximately
the same for both fiber types, whereas one would expect a lower span
loss for LA-PSCF due the lower attenuation. The SSMF span loss follows
from the attenuation coefficient plus splice losses (75 km × 0.19 dB/km +
3 × 0.1 dB). The span length of the LA-PSCF is 82 km instead of 75 km for
the SSMF spans, but in addition the span loss of the LA-PSCF is 1.6 dB
higher than expected from the attenuation coefficient times span length.
This additional span loss results from the splice losses between the LA-
PSCF to SSMF pigtails. The difference in core area of the LA-PSCF and
SSMF results in a ∼0.3 dB higher splicing loss compared to splicing two
SSMFs together [205], yielding a 0.4 dB loss per splice. The 82-km LA-
PSCF span consists of two spools with both two splices to SSMF, resulting
in a total span loss of 14.8 dB (82 km × 0.161 dB/km + 4 × 0.4 dB). Please
note that due to the longer span length, the total transmission distance for
each loop re-circulation is 300 km in case of SSMF spans compared to 328
km for LA-PSCF spans.
After transmission, the center channel at 1550.12 nm is filtered out us-
ing a demultiplexing filter with a 50-GHz bandwidth and subsequently fed
to a polarization-diversity 90◦ optical hybrid (Fig. 3.16(c)). The signal is
combined with a local oscillator (LO) with 100 kHz linewidth, tuned within



3.2 100G DP-QPSK over SSMF and LA-PSCF 121

Table 3.7: Average fiber parameters
SSMF LA-PSCF

Attenuation [dB/km] 0.19 0.161
Span Length [km] 75 82
Span Loss (with splices) [dB] 14.6 14.8
Chromatic Dispersion @ 1550nm [ps/(nm· km)] 16.8 21.0
Dispersion slope [ps/(nm2·km)] 0.057 0.061
Effective Core Area [µm2] 80 133
Nonlinear coefficient [1/(W·km)] 1.3 0.6

±200 MHz of the center wavelength. The 8 outputs of the 90◦ optical hybrid
are converted to the electrical domain using balanced photodiodes, and sub-
sequently digitized using a 50-Gsamples/s real-time digital sampling scope
(DSA72004B). Two million samples, corresponding to 1.12 million symbols
are used for offline digital signal processing. Per measurement point, four
shots are taken at different time instances from which the average BER
is presented in the results section. Offline blind digital signal processing
is used to demodulate the resulting samples as described in section 2.6.
Differential decoding was used to avoid the influence of cycle-slips.

3.2.2 Transmission results

Fig. 3.17(a) shows the measured back-to-back curve of the 112-Gb/s RZ-
DP-QPSK channel. The required OSNR to reach a BER of 10−3 is
15.2 dB/0.1nm, which corresponds to a ∼ 1.3 dB penalty with respect
to theory. The recovered constellation of the signal that is transmitted
is shown in Fig. 3.17(b). In Fig. 3.17(c) the log10(BER) is depicted as
a function of the launch power per channel after a transmission distance
of ∼ 4, 500 km. Please note that, since the span lengths for both fiber
types are not equal, the number of loops is 15 for SSMF spans and 14
for LA-PSCF spans. This means we obtain almost the same received
OSNRs, because the average span loss for LA-PSCF is slightly higher than
for SSMF, but the additional loop for SSMF spans adds approximately the
same OSNR degradation. This can also be observed in Fig. 3.17(c) from
the overlapping curves in the OSNR limited region.
As the received OSNR is near to identical for both fiber types the dif-
ference in transmission performance is resulting solely from the difference
in the non-linear threshold. The total improvement in non-linear thresh-
old is ∼3.85 dB between LA-PSCF and SSMF, as can be observed in
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Figure 3.17: (a) Back-to-back curves: theoretical limit and measured curve, (b) recovered
Constellations, (c) log10(BER) versus launch power per channel after ∼ 4, 500 km of
transmission distance, (d) log10(BER) versus transmission distance.

Fig. 3.17(c). The larger core size of LA-PSCF (and the reduced refractive
index) results in a non-linear coefficient of 0.6 1

W ·km , which is 3.4 dB lower
than for SSMF (1.3 1

W ·km). The higher dispersion coefficient of LA-PSCF
(21.0 ps

nm·km) compared to SSMF (16.8 ps
nm·km) results as well in an increase

of the non-linear threshold. In [70] it has been shown that the non-linear
tolerance scales approximately linearly with the difference in dispersion co-
efficient to the power of 0.4, which amounts to a difference of +0.4 dB
(10 · log10((21/16.8)0.4)). The longer effective length of LA-PSCF reduces
the non-linear threshold somewhat (-0.7 dB), but this is partially offset by
the larger splice loss between LA-PSCF and SSMF pigtail (+0.3 dB). The
additional loop for SSMF adds a +0.3 dB penalty, and the total improve-
ment in non-linear threshold relative to SSMF therefore amounts to 3.7 dB,
which is close to the measured 3.85 dB difference.
Fig. 3.17(d) shows the transmission distance as a function of the measured
log10(BER). It can be observed that for SSMF the FEC-limit (BER of
3.8 ·10−3) is reached after 6,100 km of transmission, whereas the ∼ 3.85 dB
increase in non-linear threshold for the LA-PSCF results in an increase of
this distance to 9,500 km. This is a 55% increase in transmission distance
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resulting from the lower non-linear coefficient of the LA-PSCF. Note that
for 80-km spans with optimum span loss, i.e. 80 km of fiber and two splices
only, the difference is an additional 1.5 dB between LA-PSCF and SSMF
(factoring in the 2 × 0.3 dB higher splice loss between the LA-PSCF and
SSMF pigtails). This would add an approximate 20% difference in reach
improvement between both fibers because of the lower attenuation of the
LA-PSCF, resulting in a total difference in maximum feasible transmission
distance of 75%.

3.2.3 Back-propagation

An even larger improvement in transmission distance can be obtained by ap-
plying non-linear compensation techniques. DBP [181–183] recently gained
a momentum being one of the most suitable techniques since it compen-
sates bulk chromatic dispersion (CD), self-phase modulation (SPM) and, to
some extent, cross-phase modulation (XPM) at the same time as described
in subsection 2.6.11.
The DBP algorithm is based on the solution of the non-linear Schrödinger
equation (NLSE) (subsection 2.2.4) and serves as an approximate inverse
channel model. The NLSE is a precise approximation of optical fiber prop-
agation for the case of a single-polarization optical field. However, in mod-
ern WDM long-haul systems two polarizations are employed to increase the
spectral efficiency. Therefore the so-called vectored NLSE has to be used
to cope with polarization effects on the non-linear interactions as described
in [183]. Moreover optical transmission fibers are nominally not birefrin-
gent, however they still exhibit residual birefringence that randomly scat-
ters the polarization of the electrical field. By averaging the vectored NLSE
over these relative fast polarizations changes, it results in a new version of
NLSE, the so-called Manakov Equations [183], which is used in the DBP
algorithm.
To apply DBP, the full knowledge of the link is required. The span lengths,
the dispersion map, the fiber type, and the launch power have to be known
by the receiver. So far, DBP has been mainly discussed at an academic
level without clear proposal for real-time hardware implementation. How-
ever, recent research showed that the computational requirements can be
decreased considerably. In [184], it was shown that the number of required
steps per span can be reduced by using the correlated DBP. In [185], a com-
plexity reduction of 50% without considerable system performance degra-
dation is shown. In Fig. 3.18(a) (SSMF) and (b) (LA-PSCF) the same
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results as in Fig. 3.17(c) are shown, with additionally the results after ap-
plying DBP. The DBP method used considers one single step per span.
The results show that with DBP, an improvement in non-linear threshold
of ∼2 dB for single-channel transmission and ∼1.3 dB for WDM trans-
mission over SSMF is obtained. For transmission over LA-PSCF, a non-
linear threshold improvement of ∼3 dB for single-channel transmission is
obtained. For WDM transmission, the non-linear threshold improvement
is ∼2 dB.
Fig. 3.19 shows the log10(BER) results as a function of the transmission
distance for the WDM transmission over LA-PSCF and SSMF. For SSMF
the transmission distance has improved by 16% at the FEC-limit. For
LA-PSCF, the improvement is about 26%. This means an additional 10%
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difference in reach improvement between the fibers, in favor of LA-PSCF.
This brings the total measured reach improvement when employing LA-
PSCF instead of SSMF to 65%. In case spans with equal length and two
splices per span would have been used, resulting in a lower span loss for
the LA-PSCF, the increase in reach sums up to be 85%.

3.2.4 Conclusions

In this section a comparison of two fiber types, SSMF and large effective
area Pure-Silica Core fiber (LA-PSCF) for ultra long-haul 112-Gb/s DP-
QPSK transmission on a 50-GHz grid was shown. The increased core size
and higher dispersion coefficient of the LA-PSCF results in a 3.85 dB in-
crease in non-linear threshold, which translates into an increase in feasible
transmission distance of 55%. An additional reach improvement when using
DBP of 10% in favor of LA-PSCF has been shown. In case spans with equal
length and two splices per span would have been used to reduce the span
loss, this would result in a total increase of feasible transmission distance
of 85% by using LA-PSCF instead of SSMF.

3.3 200G/400G DP-16QAM

With 100G transport solutions well established, there is the need to un-
derstand how optical meshed networks can evolve to line rates of 400G
and beyond. Increasing the spectral efficiency through the use of more
dense modulation formats is historically the most effective method to rea-
lize higher transmission capacities at a comparable or lower cost per trans-
mitted bit. For example, by scaling from DP-QPSK to 16-level quadra-
ture amplitude modulation (16QAM). Based on DP-16QAM [206–212],
or even denser QAM constellations [126, 213], several transmission experi-
ments with line rates of 400G and beyond have been reported with spectral
efficiencies as high as 8.37 bit/s/Hz. However, most of these transmission
experiments [208–213] consider point-to-point links without in-line recon-
figurable add/drop multiplexers (ROADMs), which allows the use of all
available optical spectrum. Deployed networks, on the other hand, typically
have a meshed network architecture where the signal needs to pass multiple
ROADMs along the link, which requires in-line optical filtering. The limited
available bandwidth within a 50-GHz ITU-grid and the strongly reduced
transmission margin for dense QAM constellations make it very hard to
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transport 400G within a 50-GHz WDM grid over long-haul distances (sec-
tion 2.5). One solution is the use of flexi-grid technology, which allows a
flexible scaling of channel spacing across the transmission band [139, 206].
This permits 400G line rates to use a spectral band broader than 50 GHz,
and enables a trade-off between transmission distance and spectral effi-
ciency depending on network topology and physical layer infrastructure.
At the same time, multi-carrier modulation can be used to reduce the re-
quired bandwidth of optical and electrical components.
A particularly promising approach to realize 400G line rates more cost-
effectively is the use of dual-carrier DP-16QAM modulation, as this requires
modulation of only two optical carriers and re-uses the optical and electri-
cal components developed for 100G DP-QPSK modulation. In this section
the transmission of 448-Gb/s dual-carrier DP-16QAM on an 87.5-GHz grid
over 1,230 km and 5 cascaded ROADM nodes is demonstrated. This allows
for a 4.8 bit/s/Hz spectral efficiency, and demonstrates the feasibility of
next generation transport using flexi-rate technology on an optimized fiber
infrastructure.

3.3.1 Experimental setup

Fig. 3.20 depicts the experimental setup. At the transmitter two combs
of 5 ECL lasers (< 100 kHz linewidth) are coupled together using passive
couplers. The combs are tuned such that there is 87.5-GHz frequency
spacing between the laser lines, and the relative frequency spacing be-
tween the two combs is 35 GHz. Both combs are modulated using IQ-
modulators driven with 28-Gbaud 4-pulse amplitude modulation (PAM)
electrical signals. The 4-PAM signals are amplified to have a voltage swing
of ∼ 2.6 Vpp, and then used to drive the in-phase or quadrature input of
the IQ-modulator (Vπ ∼ 2.8V). The five carriers at the output of both IQ-
modulators, which carry a 112-Gb/s 16QAM modulated signal, are 34 GHz
filtered and multiplexed using a flexigrid wavelength selective switch (WSS,
Waveshaper 4000S) with 87.5-GHz channel spacing into five 224-Gb/s dual-
carrier 16QAM channels. The 35-GHz spacing between the two carriers is
optimized such that (1) the linear crosstalk between both carriers is re-
duced and (2) the signal is tolerant to filtering by cascaded ROADMs in-
side the transmission link. The resulting filter tolerance of the 448-Gb/s
DP-16QAM channel is depicted in Fig. 3.21(a). It is observed that a 1-dB
filtering penalty is obtained for a 62-GHz filter bandwidth. The optical sig-
nal out of the WSS is fed into a polarization-multiplexing stage to generate
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and 5 passes. (c) Response flexi-grid WSS. Solid line: Port 1. Dashed line: Port 2.

448-Gb/s dual-carrier DP-16QAM modulation. The WDM spectrum after
polarization-multiplexing is shown in Fig. 3.20.4.
The transmission link consists of a re-circulating loop with three spans of
82-km LA-PSCF and a flexi-grid WSS. The average loss of the fiber is
0.161 dB/km. This results in a total span loss of 14.8 dB when all splice
losses are included. The chromatic dispersion coefficient is 21.0 ps

nm·km at
a wavelength of 1550 nm, and the average effective area of the large-Aeff

fiber is 133µm2. Further details on fiber characteristics can be found in
section 3.2. Hybrid EDFA/Raman amplification has been employed, using
backward pumping with an average ON/OFF Raman gain of 8.5 dB. The
Raman gain is reduced due to the core size of the large-Aeff fiber, but the
low fiber loss at the Raman pump wavelengths (0.20 dB/km at 1450nm)
ensures that a sufficiently high Raman gain is still obtained at a moderate
pump level (650 mW). At the end of each loop the optical signal passes
through a WSS to emulate a ROADM. The flexi-grid WSS within the re-
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circulating loop is set such that the even and odd 400G channels are filtered
at 80.5-GHz (single pass) to prohibit large inter-channel crosstalk penal-
ties, and passed to different output ports. Afterwards the even channels
are delayed by approximately 3,000 symbols for decorrelation, and subse-
quently re-combined with the odd channels using a 50%-50% coupler. This
ensures that both narrowband filtering and coherent crosstalk in a ROADM
are taken into consideration. Fig. 3.21(c) depicts the flexi-grid WSS filter
curves, measured after the 50%-50% coupler. The largest crosstalk level
observed between the ports is < 31 dB, indicating there is no significant
impact from intra-channel crosstalk. Fig. 3.21(b) shows the filter curve of
the flexi-grid WSS considering a single 400G channel measured after one
loop and after five loops. The 3-dB filter bandwidth after a single pass
through the WSS pass equals 80.5 GHz, which is reduced to 72.6 GHz after
5 passes. The resulting bandwidth is also shown in Fig. 3.21(a), as well
as the 3-dB bandwidths after three and seven loops. As can be observed,
no significant filter penalty is to be expected even after 7 passes ROADM
passes.
After transmission the channel under test is filtered out using a demultiplex-
ing filter with a 100-GHz bandwidth and subsequently fed to a polarization-
diversity 90◦ optical hybrid. The signal is combined with a local oscillator
(LO) which selects the carrier of interest by coherent channel selection
(tuned within ±100 MHz of the carrier wavelength). The eight outputs of
the optical hybrid are converted to the electrical domain using balanced
photodiodes, and subsequently digitized using a 40-Gsamples/s real-time
digital sampling scope (Lecroy LabMaster 945MZi-A). Per measurement
point four shots are taken at different time instances. Each shot contains
eight hundred thousand samples, corresponding to 5.6 · 105 symbols. Off-
line blind digital signal processing is subsequently used to demodulate the
samples as described in section 2.6. The average BER obtained after de-
modulation of the four shots is presented in the results subsection. During
the measurements no cycle-slips were observed, and therefore no differential
decoding has been used.

3.3.2 Results

Fig. 3.22(a) shows the measured back-to-back curves for the center
448-Gb/s dual-carrier channel, the back-to-back curves for a 224-Gb/s sin-
gle carrier before multiplexing, and before and after filtering, as well as
the theoretical curves for 224-Gb/s and 448-Gb/s 16QAM modulation. For
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Figure 3.22: (a) Back-to-back curves. (b) BER versus launch power per 400G channel for
the center 400G channel after transmission over 1,230km. (c) BER versus transmission
distance for the center 400G channel at a launch power of 1 dBm per channel. (d) BER
results for the five 400G channels after transmission over 1,230 km.



3.3 200G/400G DP-16QAM 131

the unfiltered 224-Gb/s carrier a BER of 1 · 10−3 is reached at an OSNR
of 25 dB/0.1 nm, which is a ∼ 4.5dB penalty with respect to theory. An
additional 0.8 dB penalty is obtained from filtering the 224-Gb/s carrier at
34 GHz. After multiplexing the carriers, the 1 · 10−3 BER line is crossed
at an OSNR of 29.6 dB/0.1 nm, indicating a 0.8 dB penalty from linear
crosstalk between the carriers.
Fig. 3.22(b) depicts the launch power per 400G channel versus the bit-
error ratio measured for the center 400G channel after transmission over
1,230 km, which equals five ROADM passes. It can be observed that the
optimum launch power per 400G channel is around 1 dBm per channel.
At this optimum launch power the performance is measured as a function
of the transmission distance which is shown in Fig. 3.22(c). The linear
increase of the log10(BER) with distance shows that the 400G channel is
hardly affected by the filtering inside the loop up to 7 ROADM passes,
which is in-line with the measurements as shown in Fig. 3.21(a).
To confirm that all the five 400G channels are performing below the FEC-
limit at an BER of 3.8 · 10−3 (7% FEC overhead) after a transmission
distance of 1,230 km, all channels were measured by setting the demulti-
plexing optical filter center frequency to the channel under test and mixing
the separate carriers with the LO. The results are depicted in Fig. 3.22(d).
As can be seen the bit-error ratio of all channels is below the FEC-limit,
with an average BER for the worst performing 400G channel of 2.5 · 10−3.
These results indicate that the use of 448-Gb/s dual-carrier DP-16QAM on
an 87.5 GHz channel grid is very robust to cascaded optical filtering in a
meshed network.

3.3.3 Conclusions

The successful transmission of 5×448-Gb/s dual-carrier DP-16QAM on an
87.5-GHz grid over 1,230 km, including five cascaded ROADM passes. The
results show that 448-Gb/s dual-carrier DP-16QAM on an 87.5-GHz grid
is a suitable candidate for next-generation meshed networks.
Compared to the previous to section, it is observed that the transmission
distance using the same fiber type shrank with a factor of
∼ 8 (9,500 km / 1,230 km), whereas the SE improvement was only a fac-
tor 2.4 (4.8/2). This result is on one hand side the reduced sensitivity of
200G/400G DP-16QAM compared to 100G DP-QPSK. The total amount
of sensitivity drop resulting from data rate and constellation size increase
as well as implementation penalty at a BER of 1 · 10−3, i.e. 25 dB/0.1 nm
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(200G DP-16QAM) versus 15 dB/0.1 nm, sums up to ∼ 10 dB. On the
other hand the use of 16QAM also reduces the tolerance to induced phase
noise from non-linear impairments, reducing the feasible transmission dis-
tance as well. These results underline the relation between achievable SE
and reach. Therefore to facilitate the increase of capacity of the trans-
mission systems, keeping the reach equal and at the same time avoiding
costly re-generation [214], deployment of new fibers or a new transmission
medium is required which will be discussed in the next chapters.



Chapter 4

Few-mode fiber transmission
systems

Single-mode fiber (SMF) has now served for decades as the transmission
medium of choice for reliable long-haul transmission of high data rate sig-
nals. Nowadays SMFs are deployed all over the world, connecting cities and
continents, and supporting society’s ever increasing data traffic demands
to date. However, the evolution of other fields of technology, such as mo-
bile communications and video media, combined with increased access to
this technology due to greater global prosperity, means that the amount of
data circulating on the world’s fiber networks is increasing by about 40%
per annum [2]. Consequently, as pointed out in chapters 2 and 3, networks
based on SMFs will start to reach their practical capacity limits sometime
in the next decade or so due to fundamental limitations imposed by optical
nonlinearities (subsection 2.2.4), and it will not be possible to support fur-
ther traffic growth without the costly deployment of new fiber [5].

Since the optical society started to realize that the limits of the SMF are al-
most reached and all dimensions but one were exploited (Fig. 4.1), research
started to target the space dimension around the year 2008 [216] to increase
the capacity of optical transmission systems from the current ∼ 10 Tbit/s
towards 1 Pb/s, a 100-fold augmentation. The most simple approach to
space-division multiplexing (SDM) would be deploying more single-mode
fibers to linearly increase the capacity with the number of fibers deployed.
This would allow by itself for integration of components and possibly cost-
saving and energy reduction, which would reduce the cost per bit which is
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Space. This dissertation is looking into multi-mode fiber technology to increase the
capacity of a single fiber beyond that of an SMF.

an important driver for introducing new technology. Also this technology
is well-known and would allow for a simple upgrade of systems.
Another approach is multi-core fiber technology. Here normally multiple
single-mode cores are placed inside the same cladding material, spaced suf-
ficiently far apart or with special structures [217, 218] to reduce crosstalk
between the cores and essentially trying to obtain multiple single-mode
fibers in one core surround. The simplicity of this approach, although cou-
pling to the cores is not straightforward and requires some fan-in fan-out
devices [219–221], allowed for a relatively quick demonstration of (ultra)
long-haul reach [222–226] and/or multi-core EDFAs. Also it enabled the
first demonstration of 1 Pb/s through a single fiber [227, 228].

The third approach, and the one studied in this dissertation, is the ex-
ploitation of multiple fiber guided modes. As mentioned in chapter 2, a
fiber is single-mode when the V-parameter is V ≤ 2.405 which is influenced
by the core size and refractive indices of the fiber. By increasing the core
size, the number of modes supported by the fiber grows. Since these modes
are all unique solutions to the waveguide equations, they are orthogonal
to each other and as such can be exploited to transmit data similar to
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polarization-multiplexing.
The first approaches to use several modes for increasing the capacity per
fiber were using regular step-index multi-mode fiber (MMF) [229, 230]. By
offset launching (eventually with an angle) a beam of light carrying data,
mode-groups with approximately the same group velocity were excited and
found to exit the fiber at around the same offset. As such by launching
three beams at three distinct radial offset points, three channels at the
same wavelength can be multiplexed. At the receiver side the light at sev-
eral radial offsets is subsequently detected. However due to non-selective
excitation of modes, modal crosstalk and modal differential group delay
(DGD) the transmission distance (< 1 km) and obtained data throughput
were very limited.
The approach discussed in this chapter and chapter 5 is using a subclass of
multi-mode fibers, the FMFs. As the name suggests, FMFs only support
a limited number of modes. By either selectively exciting these modes,
or by exciting linear combinations of them, generally referred to as mode-
division multiplexing (MDM), they can be exploited to increase the capac-
ity of the fiber linearly with the number of modes guided by the few-mode
fiber (FMF). Coherent reception of all the electrical fields supported by
the FMF is required, as well as multiple input multiple output (MIMO)
digital signal processing (DSP) to unravel coupling between the modes and
making the transmission system robust. Using this approach, in the next
chapter long-haul transmission and a 6-fold increased capacity compared
to state-of-the-art single-mode fiber (∼ 10 Tb/s) is shown.

In this chapter the basics of few-mode fiber systems are introduced. In
the first section shortly the difference between multi-mode fibers and few-
mode fibers is described, as well as the first higher-order modes which are
exploited for transmission. Section 4.2 introduces few-mode EDFA (FM-
EDFA) concepts and their difficulties. Section 4.3 shows some possible few-
mode reconfigurable add/drop multiplexer (ROADM) concepts and the last
section discusses transmitters, mode-division or space-division-multiplexers
and the receiver structures along with the employed MIMO-DSP.

4.1 Few-mode fibers

As explained in the introduction of this chapter and in chapter 2, single-
mode fibers are formed by creating a core size and structure such that
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the normalized frequency V ≤ 2.405 as denoted in Eq. 2.7. By increasing
the core size the number of modes guided by the fiber can be increased,
as such creating multi-mode fibers. Commercially available multi-mode
fibers typically have a core diameter of 50 − 100 µm [231, 232] compared
to the 9 µm of an SMF. Due to this big increase, the number of modes
supported by a multi-mode fiber is > 10. It would require a large number
of transmitters and receivers to properly address and receive each of these
modes, which not only increases the required hardware, but also introduces
an immense complexity in terms of transmission impairments which MIMO-
DSP has to undo. Although maybe theoretically viable, a more realistic
approach is to create a fiber supporting only a limited number of modes
< 10, such that the scaling of components as well as DSP complexity is
manageable. This subdivision of multi-mode fibers is called few-mode fibers
(FMF).

4.1.1 Linearly-polarized (LP) modes and mode groups

A FMF can simply be created by manipulating the parameters of freedom
to scale V beyond 2.405. This will result in more waveguide modes, solu-
tions to the Maxwell equations, to be supported, as depicted in Fig. 4.2.
As observed, up to a V ≈ 3.8 the TE01, TM01 and the HE21 are guided.
These modes have almost the same propagation constants (the curves lie
very close each other), and therefore can be grouped together to form the
LP11 mode as proposed by Gloge [29, 233]. The same can be done for guided
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Figure 4.2: Combination of waveguide modes to create LP modes, based on similar
propagation constants [233].
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modes supported by the fiber when V is even further increased.
The first four LP modes are indicated in Fig. 4.2 (LP01 (the HE11 mode),
LP11, LP21 and LP02). Some of these LP modes can have multiple orthog-
onal orientations, but have the same approximate propagation constants
as such being degenerate. These two orthogonal orientations are indicated
by the subscripts a and b. Also, each LP mode consists of two orthogonal
polarization-components.
The resulting intensity and phase distribution of the LP modes are very
different. The mode field pattern of the fundamental mode indicated by
LP01 has a simple circular Gaussian-like intensity distribution, with most
intensity confined in the core of the fiber and having an uniform phase.
The LP11 mode consist of two intensity areas of opposite phase. This, as
well as the combination of waveguide modes forming these distributions,
are depicted in Fig. 4.3.
As observed, the mode group LP11 can be subdivided in the degenerate
LP11a and LP11b modes. The orthogonality of the modes with respect to
each other is observed by calculating the overlap integral (E-fields), giv-
ing a zero outcome in all cases due to the π phase-shift and orthogonality
of polarizations. This suggests that mode selection or conversion can be
achieved by using a phase-plate, inducing a δπ phase-shift between two
semicircle parts of a Gaussian optical beam.
From Fig. 4.3 it is clear that by exploiting the LP01 and LP11 mode groups,
in total six spatial and polarization modes can be exploited for transmission
compared to two polarization modes in a single-mode (LP01) fiber. In this
dissertation the polarization modes are assumed inherent to a spatial mode,
and as such when talking about a fiber or system supporting 3 modes, the
spatial LP01, LP11a and LP11b modes are meant, each containing two po-
larization components.

The work in this dissertation is limited to MDM transmission exploiting
3 modes only. Other groups however already exploited the first 4 mode-
groups, or 6 modes: LP01, LP11a, LP11b, LP21a, LP21b and LP02 [234, 235].
These are depicted in Fig. 4.4.

4.1.2 Fibers and transmission effects

FMFs can be created using a step-index profile. However, the fiber design
is of influence on some transmission effects which might deteriorate the
overall system performance, depending on its application.
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Mode coupling and differential group delay (DGD)

Mode coupling is the phenomenon that energy from one mode is transferred
into another mode. This is caused by perturbation of the fiber, like bend-
ing, twisting and stress. Mode coupling is stronger for modes that have a
similar propagation constant [236]. As such coupling between the degen-
erate LP11 modes can not be avoided and actually occurs within a short
length of fiber, whereas coupling between the LP01 mode and LP11 mode
might be reduced by ensuring a large group velocity difference between the
two, referred to as modal DGD.

As one of the first approaches to demonstrate MDM, step-index FMFs
were manufactured to provide a large effective area (for reducing nonlinear
impairments) per mode and large modal DGD to reduce coupling between
the modes [237]. If the latter can be sufficiently satisfied, i.e. the modal
crosstalk is low enough to avoid the need for MIMO-DSP as studied in [238],
separate reception of the LP mode-groups without a large penalty is possi-
ble. However this still requires MIMO-DSP for the individual mode-groups
due to the coupling between the degenerate modes [239–241]. Only low
transmission distances were obtained since apart from mode coupling, se-
lectively exciting and demultiplexing the modes with very high ERs, as such
avoiding the need for extended MIMO-DSP, is very difficult, as described
in section 4.4.
If complex MIMO-DSP has to be used anyhow, a better method is mini-
mizing the DGD between modes to reduce the impulse response spread of
the system and therefore minimize the memory required in the DSP and
the related computational complexity. This can be achieved by using a
graded-index fiber, eventually with trench, as illustrated in Fig. 4.5. The
structural optimization of the fiber to achieve this was already presented in
1981 [242], and demonstrated recently to achieve low DGD values in [243–
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245]. The graded-index fiber with trench, presented in [243], is used for all
the work presented in this dissertation.
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Figure 4.5: Illustration of different index profiles to achieve beneficial properties in FMFs.

Attenuation, chromatic dispersion (CD) and polarization mode
dispersion (PMD)

The loss mechanism of FMFs is the same as for SMFs since the materials
used to fabricate the fiber are equal, and therefore reported losses are in the
same range [237, 243, 244]. For the same reasoning the linear transmission
effects chromatic dispersion (CD) and polarization mode dispersion (PMD)
have the same origin for FMFs and SMF. These linear transmission effects
are described in subsection 2.2.3. Although CD and PMD deviate between
modes, normally the order is much lower than the DGD. Therefore DGD
is the main limiting linear impairment as discussed in section 4.4 and the
next chapter.
Because the higher-order modes have a larger part of their E-field propagat-
ing in the cladding than the fundamental mode, slight loss differences be-
tween the modes occur. This also results in a higher sensitivity to bending-
loss of the higher-order modes [29].
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Mode-dependent loss (MDL)

The differences in attenuation between the LP01 mode and LP11 mode, as
well as different gains and losses in other components (splices for instance),
cause MDL. The worst case would be if the modes do not mix at all and
all the components causing MDL are aligned such that the MDL adds
up. In such a case, one of the modes can completely die out and the
information carried in that mode as such is lost. In that case the potential
capacity of the system is reduced, since not all modes can be exploited for
transmission. However, in general the MDL is not aligned throughout the
link and additionally mode-mixing takes place, improving the robustness
of the transmission system towards MDL.
There has been some extensive simulational work into MDL, showing that
mode coupling is beneficial and should be introduced if possible [246, 247].
Ideally, introducing enough randomness in the system through mixing, an
aggregate average system MDL of up to 10 dB should be acceptable to still
practically achieve the maximum MDM capacity [248].

Non-linear transmission impairments

Since the material of FMFs is identical to SMFs, the same fundamental
non-linear effects are expected to occur. However, next to interaction be-
tween channels, also new interactions can takes place, namely those between
modes.
Typically the effective area of the modes is larger in a FMF than for a SMF,
which suggest that for FMF should allow for a larger non-linear tolerance
in case it is used for single-mode transmission (see subsection 2.2.4). This
has been simulated in [249] and demonstrated in [250]. However to exploit
the additional capacity that the FMF permits, more power per unit area
might be launched, as such still limiting the maximum launch power as
observed in [251, 252].
Some research using simulation shows that introducing a large DGD be-
tween the different modes can increase the non-linear tolerance due to a
reduction in inter-modal interactions [253, 254]. However, this will increase
the complexity of the required DSP as mentioned before. Besides that,
in [255, 256] it is shown that these large DGDs might cause that two chan-
nels spaced very far apart, even up to 2 THz, affect each other due to cross-
phase modulation (XPM) because of the group-velocity match between the
LP01 mode of the first channel and the LP11 mode of the second channel.



142 Few-mode fiber transmission systems

Also phase matching might occur between the modes of different wave-
length channels over a large frequency range due to the large inter-modal
DGD, causing three channels to create four-wave mixing (FWM) products
at other positions in the spectrum, deteriorating the channel present at
that wavelength similar to FWM in SMF.

As should be concluded from the previously written, non-linear interac-
tions and their impact on the transmission quality of MDM systems still
have to be investigated to be able to state firm conclusions.

Ring-core fiber and coupled-core fiber

A regular FMF is formed by a single core with a higher refractive index,
which abruptly or gradually transits to a lower refractive index, as depicted
in Fig. 4.5. There are however different core arrangements possible meant
to enhance the modal coupling and as such reduce the impulse response
length and resilience towards MDL which is averaged out. It has been nu-
merically shown that in the strong coupling regime the group delay spread
scales in proportion to the square-root of the total system length [257, 258],
similar to PMD (subsection 2.2.3).
Two fiber approaches to achieve this are ring-core fibers and coupled-core
fibers, both illustrated in Fig. 4.6.
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Figure 4.6: Ring-core fiber and coupled-core fiber with corresponding supermodes.

The ring-core fiber reduces the difference in group-velocity between the
LP01 and LP11 mode and as well results in a similar intensity profile for
both, as such enhancing the modal coupling. As shown in [259], a strong
modal coupling is indeed occurring, however the impulse response length
was still very long.

The coupled-core fiber in essence is a multi-core fiber, but the cores are so
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closely spaced that the electro-magnetic fields of each individual cores cou-
ple with each other to form supermodes, which are equal to the few-mode
fiber supported LP modes as indicated in Fig. 4.6 bottom right. The effec-
tive area of these coupled-core fibers can be larger than the FMF equivalents
and therefore should have a larger nonlinear tolerance [260]. Also it has
been demonstrated that the DGD between modes can be small [261]. This
fiber type was used to demonstrate the largest MDM transmission distance
up to now, exploiting three modes with 5 wavelength-division multiplexing
(WDM) channels carrying 80-Gb/s dual-polarization QPSK (DP-QPSK)
each. A 4,200 km distance was obtained [262].
Due to its beneficial properties the coupled-core fiber in combination with
multiple groups of coupled-cores within one fiber [263] hold a large poten-
tial for increasing the overall capacity per fiber, reducing computational
complexity and offering a robust transmission performance.

4.2 Few-mode amplifiers

An important step towards making SDM an attractive solution to increase
the capacity of long-haul transmission systems, is the demonstration of op-
tical amplifiers capable of amplifying the spatial multiplexed channels [264].
MDM technology holds the promise of being able to achieve a higher en-
ergy efficiency for both FM-EDFA and Raman amplification technology
than multi-core technology [264–266].

In this section both the FM-EDFA and few-mode Raman amplifiers that
were demonstrated by several groups are described.

4.2.1 Few-mode erbium-doped fiber amplifiers (FM-EDFA)

The amplification principle of a FM-EDFA is the same as described in sub-
section 2.3. By doping the silica material with erbium ions and pumping
it with a laser, population inversion is achieved and the incoming signal is
amplified through stimulated emission.

The radial region of the light field amplified is determined by the inten-
sity overlap (phase independent) of the pump field distribution with the
erbium ions and the signal. The overlap fraction (η) between two intensity
distributions (I) depending on the radius r and phase φ is illustrated in
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Fig. 4.7 and calculated as:

η =

∣∣∣∫ 2π
0
∫∞

0 I1(r, φ) · I2(r, φ) · rdrdφ
∣∣∣2∫ 2π

0
∫∞

0 |I1(r, φ)|2 · rdrdφ ·
∫ 2π

0
∫∞

0 |I2(r, φ)|2 · rdrdφ
(4.1)

As such a homogeneous doping of the core of a FMF and pumping it at
the center of the fiber, will favor amplification of the LP01 over the higher-
order modes [267–269], because the overlap between intensity profiles of
the pump, LP01 mode of the signal and the erbium ions is the largest. This
causes mode-dependent gain (MDG), or equivalently MDL, which should
be avoided to maintain the overall capacity as discussed in the previous
subsection.

Two approaches to equalize the MDG, based on the erbium-doped fiber
radial amplification region, are the following:

• Changing the pump field intensity distribution. This can be achieved
either by offset launching the pump laser into the erbium-doped FMF
[270], or by using multiple combined pump beams with one or more
converted to a higher-order mode [268, 271]. The first approach is
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effectively the same as the second, offset launching the pump will
result in a coupling of the pump light in the fundamental and higher-
order modes [267]. In general offset launching or coupling higher-
order mode pump beams, generated by using phase-plates [245], will
result in higher coupling losses of the pump light. In-fiber mode-
conversion can be used to relax this [271].

• Changing the radial erbium-doping concentration profile of the erbium-
doped FMF [267, 269]. As such the overlap of the pump and signal
light with the erbium concentration is altered, resulting in more am-
plification of the higher-order signal modes.

Both approaches are schematically depicted in Fig. 4.8. Although simula-
tions indicate that simply using a Gaussian distributed pump in combina-
tion with a ring-doped FMF should be able to achieve sufficiently low MDG
(< 0.5 dB) [267, 269], in practice, especially for 6 LP-mode amplification,
it turns out that a combination of erbium-doping profile engineering and a
one (or more) higher order-mode pump-beams is required [271–274]. Also
a concatenation of multiple erbium-doped fiber pieces with different pro-
files can be used to firstly amplify one mode and successively the other [275].

Even though several demonstrations of full C-band amplification with good
MDG have been demonstrated, for instance in [272, 273] and in the exper-
iments described in chapter 5, a lot of progress on FM-EDFAs is still re-
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quired to make them as robust as their single-mode equivalents. The gain
and flatness of the output spectrum can probably be improved by using a
gain-flattening filter and using multiple pumping stages.

4.2.2 Few-mode Raman amplifiers

Compared to FM-EDFAs, few-mode Raman amplification is not as fre-
quently studied. Only one group up to now demonstrated it, achieving
a straight-line reach of 209 km over 3-mode FMF with 5 WDM channels
carrying 80-Gb/s DP-QPSK each [276].
The Raman amplification principle is described in subsection 2.3. Through
stimulated Raman scattering by pumping the fiber medium with a pump
laser, a longer wavelength, ∼ 100 nm away from the pump, can be amplified.

For Raman amplification the gain is also defined by the intensity overlap
between the pump and the signal, and additionally this is polarization de-
pendent in general requiring de-polarized pump lasers [82, 266]. As pointed
out in subsection 2.3, the Raman gain is dependent on the doping of the
fiber medium used for amplification. This suggest that using a germa-
nium doped profile might privilege one mode to be more amplified than
the other. However also here the MDG can be equalized by converting the
depolarized pump laser to a higher-order mode. By calculating the inten-
sity profiles, it turns out that for a 3-mode depressed-cladding FMF a LP11
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Figure 4.9: Possible few-mode Raman amplification configuration. Either co- or counter-
propagating or a combination can be used. Depending on the amount of modes the FMF
supports, multiple higher-order mode pumps are required [266].
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pump will almost equally amplify all modes, since the intensity overlap is
fairly equal [266]. The long length of the amplification medium compared
to the beat lengths between the actual fiber modes of the LP11 (kilometers
compared to meters) will average out the gain obtained for the LP11a and
LP11b, as such only requiring depolarized pumping in one degenerate LP11
mode. A few-mode Raman amplification setup is illustrated in Fig. 4.9.
For amplifying multiple higher-order modes in a more mode supporting
FMF a combination of several pump modes will be required to obtain an
equalized MDG.

4.3 Few-mode ROADMs

Another key building block that made single-mode fiber transmission sys-
tems a success, were the ROADMs. As explained in section 2.4, the adding
and dropping of optical wavelength channels is done by WSSs. Therefore
in this section the focus will be on possible implementations of few-mode
WSSs.

4.3.1 Few-mode WSS

With some of the other key technologies explored in reasonable detail,
demonstration of long-haul transmission and switching capability of wave-
lengths is an important next step for MDM transmission systems.
To battle MDL and DGD spread between modes, strong mode-coupling
is important, making separate reception of the modes impossible. Avoid-
ing modal crosstalk to such amounts is quasi impossible due distributed
mode coupling, splicing, amplifying and mode (de)multiplexing as will be
observed in the next subsection. Therefore a single wavelength channel
consisting of all the spatial modes supported by the FMF (i.e. a spatial
super channel) has to be routed from transmitter to receiver to assure ro-
bust communication. This is an important assumption, making individual
routing of the distinct modes unnecessary and in principle allowing for a
wavelength-selective switch (WSS) operation as described in section 2.4 and
depicted in Fig. 4.10(a). However, this would require that the collimated
light from a FMF can be treated as a Gaussian beam which is not the
case. Distinct LP-modes occupy a different region of space and also the
spatial profiles vary, requiring a special passband shape for each LP-mode
to prevent MDL [277–280].
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Figure 4.10: Two possible few-mode WSS approaches. (a) FMF array in and out, requir-
ing complex filter shapes and wide bandwidths to reduce MDL. (b) Using mode/spatial
(de)multiplexers to convert the spatial modes to a number of single-mode beams equal to
the number of modes supported by the FMF, as such allowing single-mode switching (all
beams together to maintain the information carried in the spatial wavelength channel)
and characteristic single-mode WSS performance.

Although for the first two mode-groups successful operation of a liquid
crystal on silicon (LCoS) based WSS converted to be used with FMFs
was demonstrated, the minimal required passband width was 50 GHz for a
32 WDM 30 GBaud signals 100 GHz spaced apart to avoid severe MDL lim-
iting the transmission performance [281]. Therefore to maintain good reso-
lution and enabling switching of wavelength channels consisting of
> 3 modes, the most promising approach is to mode/spatially de-multiplex
the incoming light signal (section 4.4) and perform the switching in the
single-mode domain [280] illustrated in Fig. 4.10(b). After switching the
single-mode signals are mode/spatially multiplexed again and transmitted
over the next link. Although this approach relies on low MDL
(de)multiplexers, single-mode switching performance can be obtained.

For the work presented in this dissertation no few-mode WSS was available.



4.4 Mode-division multiplexing transmitters and receivers 149

4.4 Mode-division multiplexing transmitters and
receivers

Mode-division multiplexing transmitters and receivers rely on single-mode
technology, which is extended into multiple parallel streams to exploit the
increased capacity offered by a few-mode fiber. These parallel streams, be-
longing to a single wavelength channel, should be treated as a spatial super
channel. Due to modal coupling during propagation and modal crosstalk,
induced by multiplexing, splicing, amplifying and switching, it is required
to receive the complete optical signal contained in all modes at the same
time instance. This allows MIMO-DSP to unravel the distinct transmitted
signals, which cannot be reliably performed by using optical means.
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MIMO 
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Single-
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Figure 4.11: An illustration of a typical MDM setup. The mode MUX and DEMUX are
the two additional building blocks compared to single-mode transmission systems.

The generation of the optical signals is the same as described in chap-
ter 2. It should be noted, assuming MIMO-DSP is used to demultiplex
the spatial channels, that all channels which are to be transmitted on the
same wavelength occupying multiple modes, have the same symbol rate. In
principle different modulation formats are allowed (section 5.3.4) as well as
other symbol rates allowing the same tap-spacing (which requires an adap-
tation in the DSP).
The main difference between the transmitter structure and receiver struc-
ture used for MDM transmission is the mode- or spatial-(de)multiplexer
to combine the parallel data-streams at the same wavelength together, as
depicted in Fig. 4.11. Therefore this section will mainly focus on the sev-
eral techniques developed to achieve this. Moreover the MIMO-DSP will
be discussed.
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4.4.1 Mode- or spatial-(de)multiplexers

Mode multiplexers can be realized in several ways. Their task is to con-
vert the multiple single-mode (polarization-multiplexed) signals to a linear
combination of the modes supported by the FMF. Important properties
thereby are:

• Low insertion loss (IL)

• Low MDL

• Supporting the full transmission bandwidth

• Small footprint

• Robust, insensitive to environmental fluctuations.

• Easy to handle

• Cost-effective

• Scalable to support a higher number of modes

Mode demultiplexers theoretically have the same operation as the mode
multiplexers, i.e. they are reciprocal to each other. As long as all the in-
formation carried by the N multiplexed signals is received by an equivalent
number N coherent receivers, in any random linear combination, MIMO-
DSP will be able to retrieve the originally sent signals [248]. As such,
different technologies to mode multiplex the signals and successively de-
multiplex them can be used.
Several approaches to mode multiplex and demultiplex have been demon-
strated which will succinctly be covered here.

Mode-selective multiplexers

The first demonstrations of MDM used phase-plate based mode multiplex-
ers, or a spatial light modulator (SLM) (LCoS technology) to imprint the
phase profile onto the incoming beam, to multiplex three single-mode sig-
nals onto distinct modes supported by the FMF, the LP01, the LP11a and
the LP11b mode [239, 240, 245, 272, 282]. Each mode is selectively excited
to carry one of the single-mode signals.
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Figure 4.12: Mode-selective (de)multiplexer for 3 modes using phase plates to imprint
the LP11 profile onto the single-mode beam for mode-conversion and vice versa.

Phase-plate based mode-(de)multiplexer
The schematic of a phase-plate based mode multiplexer is depicted in
Fig. 4.12. First it is assumed the signals are travelling from left to right.
As observed, one of the single-mode beams is passing throguh two beam-
splitters and is launched into the FMF without applying any mode-conversion.
Therefore this signal will couple, when properly aligned, into the LP01
mode. The other two inputs after collimation are sent through a phase-
plate to imprint the higher-order mode phase profile onto the single-mode
beams. Depending on the orientation of the phase-plate, the beam will
couple either into the LP11a or LP11b mode of the FMF. Actually the FMF
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fiber axis are unknown and therefore a random combination of the LP11
mode will be excited by these inputs, but orthogonality is assured by the
90◦ rotation of the phase plates with respect to each other. Even if the
LP11a or LP11b would have been purely exited, due to their degeneracy
these modes will couple after several meters of FMF.
The DEMUX operation is easily verified by reversing the travel direction
of the signals. The incoming LP01 beam is coupled into the output port
without a phase-plate. If the LP01 signal is passing through a phase-plate,
converting it to the LP11 mode, it will not couple into the SMF or rapidly
die out. The same will occur for the LP11 signals. They will not directly
couple into the SMFs, as such achieving mode-selectivity. Therefore phase-
plates are used to convert the LP11 modes back into the LP01 mode. Again
the LP11 can be an arbitrarily combination of the input signals, due to
mode-coupling inside the FMF. This requires extended (4 × 4) MIMO-
DSP for the LP11 mode to unravel the two originally multiplexed signals in
any case [239]. The same reasoning applies for the LP21 mode if the setup
is extended to include this mode [240].
It should be noted that in Fig. 4.12 a tele-centric lens [245] combination is
used. This increases the ability to achieve a higher extinction ratio (mode-
selectivity) between the LP01 mode and LP11 mode (better than 28 dB as
demonstrated in subsection 5.1.1). However, this is not required. A com-
mercial device, without the tele-centric launch and achieving a > 20 mode-
selectivity is available [283] and very easy to handle (used in section 5.3).
The phase-plate based mode MUX has been proven to be broadband in the
next chapter and in [284]. The MDL can be controlled by adjusting the
input powers to the distinct ports. The downside of this multiplexer is that
it is very bulky, unstable over time (the lab version), and the insertion loss
is large, with a theoretical minimum loss (optimizing the beam splitter ra-
tios) of 5.5 dB for the displayed coupling arrangement [245]. This loss will
only increase if more modes have to be added, which makes this approach
not scalable.

Silicon-on-insulator (SoI) mode (de)multiplexer
Another mode-selective mode multiplexer is depicted in Fig. 4.13 and suc-
cessfully demonstrated in [285]. The input to the SoI device are six fibers for
3 mode operation, one for each polarization. The polarization-multiplexing
(POLMUX) operation is performed on the SoI device. The mode profiles
are created by splitting the incoming signal for the LP11 modes, delaying
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and input fiber is required. Vertical grating couplers are use to coupling in and out of
the single-mode and few-mode fibers. The π phase shift is created by heating elements
delaying the input signal [285].

one of the tributaries to obtain a δπ phase-shift between them, and verti-
cally coupling the resulting spots into the FMF.
The SoI-device is very compact. MDL can be controlled by determining
the optimum spot-size. However due to the spot-arrangement and the re-
sulting poor mode overlap, the IL is high even if ideal grating couplers
are assumed (theoretically 5.3 dB [285]). Moreover the settings for the de-
vice are wavelength dependent (heater), not allowing mode multiplexing of
multiple wavelength channels together, but only per spatial super channel.
The additional required supply and tuning of electrical voltages make the
device complicated for mode multiplexing purposes.
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Spatial light modulator (SLM) mode (de)multiplexer
A third option to obtain mode-selective multiplexing of several single-mode
signals is using a LCoS device, commonly referred to as SLM. The SLM can
be programmed to imprint the higher-order mode profile onto the single-
mode beam. Due to the polarization-dependence of LCoS, each polarization
has to be converted to the higher-order mode separately. By doing so, a
phase-plate replacing operation can be achieved [239], although LCoS is
wavelength dependent and as such per spatial super channel a separate
mode MUX will be required. Additionally, this approach is very lossy.
The SLM can be more efficiently used however by imprinting a phase-profile
to achieve beam steering (see section 2.4) as such combining multiple input
signals, as well as at the same moment imprinting the mode profile of the
higher order mode (multi-mode phase mask), as such avoiding the lossy
beam-splitters and achieving mode-selective mode (de)multiplexing. Theo-
retically a low MDL and insertion loss of 1.06 dB (1.87) and 0.66 dB (1.29
dB) should be obtainable for demultiplexing 3 modes (5 modes) using this
technology [286]. For low-complexity transmission this might be a very at-
tractive solution. However in practice if long-haul MDM transmission has
to be achieved, mode-selectivity is not required, which makes this solution
for mode multiplexing costly, and therefore unattractive.
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Figure 4.14: Dissimilar-core photonic lantern. The mode in the larger core at the input
side has a larger propagation constant than the other two cores. This means that the
degeneracy between the LP01 mode and LP11 mode is already broken at the input (in
contrast to the similar cores in Fig. 4.16), and the propagation constants will not cross
during tapering (illustrated on the right), hence achieving mode-selectivity [287, 288].

Dissimilar-core photonic lantern
Photonic lanterns are a number of adiabatically tapered single-mode fibers
equal to the number of modes a FMF supports, normally exciting a lin-
ear combination of modes as such being a spatial multiplexer. However
by using a combination of dissimilar-core fibers which are adiabatically
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tapered to match the FMF core, the degeneracy between the modes is bro-
ken already at the single-mode input of the lantern and the propagation
constants of the modes do not cross during the entire transition (as such
avoiding mode-coupling) as illustrated in Fig. 4.14 [287, 288]. After taper-
ing the smallest (largest) propagation constant photonic lantern mode will
couple into the smallest (largest) propagation constant FMF mode, there-
fore achieving mode selectivity.
The IL of photonic lanterns can be close to lossless, and a small MDL can be
achieved. However the demonstrated mode selectivity, ranging from 5.5 dB
to 15 dB, is very poor.

The different mode-selective multiplexer options with their respective pro’s
and con’s are enlisted in Tab. 4.1.
Next to SLMs and phase-plates different methods exist to achieve mode
conversion. One of them is a long-period fiber grating [289]. The grating
will convert power from one mode to the other if the perturbation period,
in this case the grating period (Lg), is equal to the modal beat length given
by Lg = λ

neff,LP01−neff,LP11
. A good extinction ratio (ER) of over 30 dB

can be achieved. However, as readily seen from the formula, this result is
depending on the wavelength. As such only a good conversion is achieved
for one or few wavelength channels. Besides that modal couplers are addi-
tionally needed, effectively ending up with the phase-plate based solution,
possibly saving a little IL due to the better mode matching.
Since long-period fiber gratings are in-fiber components, they can be very
useful for measurements of modal content.

Table 4.1: Mode-selective mode multiplexers.
Phase-plate SoI SLM single- SLM multi- Diss.-core
based (exp./ device mode phase- mode phase- photonic
commercial) mask mask lantern

MDL + + + + ++
IL - - - - - - + ++
Bandwidth ++ - - - ++
Footprint - - + - - - +
Stability –/++ - - - ++
Handling –/++ - - - - ++
Cost-eff. –/◦ - - - - ++
Mode-sel. +/◦ + + + ◦
Scalability - - - - - + +
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Spatial multiplexers

Spatial multiplexers are combining the single-mode beams without applying
any mode conversion. As such, each input signal will couple into a combina-
tion of modes and normally a low IL and MDL are obtained. All approaches
show similarities in geometric requirements and operational principle.

Spot launcher
The first demonstrated spatial multiplexer is the spot launcher and is de-
picted in Fig. 4.15. The incoming SMFs beams are collimated, arranged in a
geometry using free-space optics such that all modes can be equally excited
when launching all spots to avoid MDL [291], and subsequently projected
onto the FMF facet. If the few-mode fiber is regarded as a coupled-core
fiber (see section 4.1), each of these spots will couple into one of these
cores, hence exciting all modes of the FMF. The coupling of the spots into
the corresponding LP modes can be described by a unitary transition ma-
trix [291]. The coupling ratio is dependent on the radial offset from the
center (closer to the middle, preferentially the LP01) of the FMF core as
well as the spot radius. By calculating the field overlaps for several offset
positions and radii the optimal settings can be obtained [290, 291], and a
trade-off between IL and MDL can be made. An IL of 2 dB and a (close to)
0 dB MDL is obtainable for a 3-spot launcher able to couple into a 3-mode
supporting FMF.
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Figure 4.15: Three-mode spot launcher arrangement as presented in [290]. A 3-surface
prism is used to combine the three single-mode input beams. The spot-offset from the
center as well as the spot-size determine the IL and MDL obtained.
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It is complicated to realize a spot launcher able to launch more than three
spots using free-space optics. Also the IL will grow if the MDL has to stay
minimal [291].

During the experiments, demonstrated in [290] and in the (sub)sections 5.2.3
and 5.3, the spot launcher proved to be stable over much longer time peri-
ods than the phase-plate based mode multiplexer.

Photonic lantern
The photonic lantern is a device that emerged from the field of astrophoton-
ics [292]. By putting a number of single-mode fibers equal to the amount
of modes supported by the FMF which is to be used together into a jacket,
and adiabatically tapering them down until the core diameter of the FMF
is obtained, the single-mode beams are converted into the modes of the
FMF (Fig. 4.16). The light is initially guided in the single-moded cores,
but during tapering the single-mode cores are vanishing and the cladding of
the single-mode fibers start to be the new, few-mode, core, and the different
inputs start to couple (creating supermodes, like the couple-core fibers as
described in section 4.1) and as such form the LP modes.
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Figure 4.16: Three-mode photonic lantern. The modes have equal propagation constants
at the input, causing coupling and as such each input SMF will excite a combination of
modes in the FMF [292, 293].

The adiabatic tapering is an important requirement to avoid loss from
light that starts to propagate in the cladding, unsupported by the FMF,
and therefore will radiate outside the lantern [293].
Another important requirement is the geometric arrangement of the single-
mode fibers. If the arrangment is incorrect, the formed supermodes are
not corresponding to the FMF supported LP modes, and therefore will not
couple. This will result in a large or infinite MDL, decreasing the capacity
of the transmission system [293].
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A third important consideration is the core spacing between the single-
mode input fibers. A too low core spacing will result in a coupling of the
modes with the lossy cladding modes, causing IL and MDL [292].

Nonetheless it has been shown in [293] that photonic lanterns can be the-
oretically created with a negligible loss and no MDL for a high-number of
LP modes (51). In practice an IL of maximally 3.5 dB over the C-band
and a 2.5 dB MDL was obtained [234].

3D waveguide
The last spatial multiplexer treated here is the 3D waveguide. A three-mode
3D waveguide is depicted in Fig. 4.17 and was used in work described in sub-
section 5.2.3. Also six-mode 3D waveguides have been demonstrated [294]
and used [235]. They are even already commercially available, showing the
good manufacturability of these devices [295].
The 3D waveguide MUX is a piece of glass-composite in which waveguides
are laser-inscribed, essentially creating a photonic lantern. At the input
side an array of single-mode inputs is created which then are transitioned
into a arrangement of coupled-cores, supporting the super-modes equally
supported in the FMF under investigation [294].
The waveguides can be inscribed such that the separation between the
cores is large to avoid coupling between the cores, as such allowing the 3D
waveguide to be used as a spot launcher (additional optics required). This
however would results in a high IL if a low MDL is targeted.
According with the high similarity to photonic lanterns, the demonstrated
3D waveguides achieved an insertion loss of ∼ 4 dB and a MDL of 2.5 dB,
whereas theoretically these numbers can be zero.

The properties of the three spatial multiplexers discussed are summarized
in Tab. 4.2.

4.4.2 Multiple-input multiple-output digital signal process-
ing (MIMO-DSP)

The digital signal processing is supposed to compensate all linear induced
transmission effects, plainly illustrated in Fig. 4.18.
In general the FMF transmission medium is not that different from a single-
mode fiber channel. The only additional linear effects that occur are cou-
pling (or crosstalk) between the propagating modes, and a larger induced
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FMF

SMF 3 × SMF

FMF

Figure 4.17: Three-mode 3D waveguide. The waveguides are inscribed by using a high-
power laser, and are arranged such that at the input an horizontal array of single-mode
spots is coupled into, and at the output a proper geometric spot arrangement is created
to obtain supermodes which are guided by the FMF [293, 294].

DGD compared to the PMD in SMF transmission systems, requiring more
receiver memory.
Since the FMF system is largely the same as the SMF system, the digi-
tal signal processing required to compensate the linear transmission effects
rely on the same concepts as presented in section 2.6. Merely the number
of inputs and outputs have to be extended to cover all spatial and po-
larization modes, which for a three (N) mode FMF system means 6 (2·N)
inputs and 6 (2·N) outputs, therefore named multiple input multiple output
DSP [296]. The factor 2 is required to include the polarization-components,
two for each LP mode. The resulting three-mode DSP scheme, which is

Table 4.2: Spatial multiplexers.
Spot launcher Photonic lantern 3D waveguide MUX

MDL + ++ ++
IL ◦ ++ ++
Bandwidth ++ ++ ++
Footprint + + ++
Stability ++ ++ ++
Handling + ++ ++
Cost-eff. ◦ ++ ++
Mode-sel. - - - - - -
Scalability + ++ ++
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Figure 4.18: Linear effects induced by the transmitted signal in a three-mode FMF.

used throughout the rest of this dissertation, is depicted in Fig. 4.19 and
largely resembles Fig. 2.34. It can be easily extended to be used for more
modes. The depicted scheme assumes a mode-selective DEMUX. If a spa-
tial de-multiplexer is used, the LPxy can simply be replaced by the port
number.
As observed, the LP01 mode here is used to estimate the CD which is
subsequently compensated for all other modes. However, the CD on the
other modes does not necessarily have to be the same. The residual CD
will however be compensated in the time-domain equalization (TDE) or
frequency-domain equalization (FDE) stage, and normally will be less than
the induced DGD between modes. CD estimation could also be skipped by
setting the CD using the link data.
Fig. 4.19 shows that the start of the frame is also detected using the data
received on the LP01 ports. If however a spatial demultiplexer is used, the
frame synchronization algorithm described in subsection 2.6.8 can simply
be adapted to find the start using the data from all ports, by applying the
algorithm on all streams and combining the result.
Most algorithms are applied on each polarization-component separately,
only linearly increasing the computational complexity of the DSP with the
number of modes which would also be the case if the number of parallel
SMFs would be increased. The part of the DSP where the complexity how-
ever does not scale linearly is the MIMO equalization stage.

MIMO equalization
The first complexity increase of the MIMO equalization stage is illustrated
in Fig. 4.20. For a single-mode system a 2 × 2 structure is required to de-
multiplex the polarizations and compensate any crosstalk, as observed in
Fig. 4.20(a). For three modes, each having 2 polarizations, this scheme has
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to be extended 6 × 6 to cover all possible crosstalk in occurring in the FMF
as illustrated in Fig. 4.18. This implies that the complexity scales from 4
finite impulse response (FIR)-structures to 36 FIR-structures moving from
a single-mode system to a three-mode FMF system (Fig. 4.20(c)), whereas
this would be only 12 FIR-structures for three single-mode systems (three
times 4 FIR-structures, one for each SMF). In general the required MIMO
equalization scheme scales as 2N × 2N , where N denotes the number of
LP modes supported, and the factor of two the polarization-components
(Fig. 4.20(b)). Therefore the complexity of the MIMO equalization scales
quadratically instead of linearly.
Moreover, due to the relatively large DGD between modes compared to
CD and PMD, the required number of taps for TDE in case of long-haul
transmission will typically be a factor of 10 to 100 larger to be able to com-
pensate for the whole modal group-delay spread/impulse response. How-
ever, as mentioned before in subsection 2.6.6, the use of FDE will relax
the increase in complex multiplications per bit with an increasing number
of modes and a larger impulse response. Several independent groups have
shown that the use of FDE will result in a moderate increase in computa-
tional complexity per mode of around ∼ 30% if 6 modes are transmitted,
compared to an equivalent SMF system achieving the same overall data rate
channel (either by using several carriers, or multiple SMFs) [258, 297, 298].

In this dissertation only MIMO-DSP employing 6 × 6 TDE was used.
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Chapter 5

Few-mode fiber system
experiments

In the previous chapter the theory of few-mode transmission systems was
(partially) introduced. Here the work conducted using few-mode fiber
(FMF) technology is presented, demonstrating several transmission exper-
iments and a field trial with a FMF component.
In section 5.1 mode-division multiplexing (MDM) experiments over a FMF-
link with mid-span few-mode EDFA (FM-EDFA) are described, using the
full C-band as transmission window and different modulation formats rang-
ing from 32 GBaud dual-polarization QPSK (DP-QPSK) up to dual-polari-
zation 32QAM (DP-32QAM).
In section 5.2 an optical chopper based re-circulating loop is introduced
to emulate long-distance transmission. Experimental results obtained by
transmitting single channel 32 GBaud DP-QPSK and
dual-polarization 8QAM (DP-8QAM) are presented.
In the last section, section 5.3, the possibilities to upgrade current single-
mode fiber (SMF) networks with higher-capacity enabling FMF are dis-
cussed, supported by results obtained during a field experiment. This is an
important step towards industry acceptance of this new technology.

5.1 Straight-line experiments

The first experiments using FMF technology were conducted using a straight-
line setup to get used to the technology and explore the possibilities and
drawbacks that FMF offer.
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To start of simple, the first test was undertaken using the well-known
quadrature phase-shift keying (QPSK) modulation format and single chan-
nel transmission, to achieve an operational system.
Afterwards the more complex transmission of MDM
dual-polarization 16QAM (DP-16QAM) and wavelength-division multiplex-
ing (WDM) is looked at, finishing with WDM-MDM DP-32QAM transmis-
sion, demanding the utmost from the FMF transmission system.

5.1.1 3 modes · 112-Gb/s DP-QPSK

The first proof of concept of MDM was demonstrated using QPSK mod-
ulation, phase-plate based mode multiplexers (MUXs) and a straight-line
FMF link and is described in this subsection.
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Figure 5.1: 3 modes · 112-Gb/s DP-QPSK experimental Setup. (a) Optical 56-Gb/s
QPSK eye, (b) optical 112-Gb/s DP-QPSK eye.

Fig. 5.1 depicts the experimental setup. At the transmitter side, an exter-
nal cavity laser (ECL) laser (linewidth < 100 kHz) is tuned to a wavelength
of 1550.12 nm. The output is divided into four equally powered signals us-
ing a passive polarization-maintaining coupler. Three of these signals serve
as local oscillators (LOs) after amplification to a +14 dBm output power
by polarization-maintaining erbium-doped fiber amplifiers (EDFAs). The
fourth signal is 112-Gb/s DP-QPSK modulated as previously described in
section 3.2. This 112-Gb/s DP-QPSK signal is split up into three equally
powered signals, which are fed to the mode MUX which is more extensively
described below. The signals directed to the LP11a port and LP11b port
have delays of 2,413 and 3,847 symbols, respectively, with respect to the
signal going to the LP01 port to make sure the three distinct signals after
transmission are still sufficiently decorrelated for proper verification of the
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system performance. A correct decorrelated signal means that the induced
differential group delay (DGD) in number of symbols has to be lower than
the separation of the signals. Also the number of taps used in the time-
domain equalization (TDE) to equalize the modes play a role here, since a
too large memory might introduce better performance because information
from one signal is then beneficially used to re-construct another signal.

Phase-plate based mode multiplexer

For this experiment a phase-plate based mode MUX and demultiplexer
(DEMUX) were used, whose theory of operation was introduced in the
previous chapter. The three modes used were the linear-polarized mode
LP01, and the twofold degenerate LP11 modes. The LP11 modes were cre-
ated by using phase plates to match the phase profile inside the FMF. This
method was verified by looking at the intensity profiles after ∼10m of FMF
(Fig. 4.12) and through extinction ratio (ER) measurements.

Extinction ratio (ER) optimization
In the first experiments mode-selectivity (high extinction ratio (ER)) was
expected to be of significant importance to achieve a operational transmis-
sion system. Therefore basic measurements were done to select the best
phase plates, lens combinations and launch technique. These basic mea-
surements are depicted in Fig. 5.2.
Polymethyl methacrylate (PMMA) phase plates were used for the mode

SMF SMF

FMFSMF SMF

FMFSMF SMF

FMFSMF SMF
Iris

a

b

c

d

Phase plate

Phase plate

Phase plate

Phase plate

Phase plate

Figure 5.2: Basic measurements for ER between LP01 and LP11 modes. (a) Coupling of
a LP11 mode into a SMF to select the best phase plates. (b) Exciting the LP01 / LP11
mode and checking the ER and back conversion from LP11 to LP01. (c) Using tele-centric
launching to obtain a cleaner LP01 excitation in the FMF. (d) Increased LP11 to LP01
ER using an iris to minimize lens aberration effects.
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conversion. By optimizing free-space coupling from a SMF to SMF and
sliding in the phase plate, an ER of better than 30 dB was obtained
(Fig. 5.2(a)). This confirmed that the induced phase-shift by the phase-
plate was close to π. After selecting the best performing phase plates based
on the measured ER, the simplest launching method, i.e. using one lens
to collimate the beam and another one to focus it (Fig. 5.2(b)), was tested
for ER. The ER for LP01 was measured to be only ∼ 12 dB. The back-
conversion from LP11 to LP01 was confirmed, i.e. the setup in Fig. 5.2(b)
could provide a good mode selectivity for the degenerate LP11 modes (ER
> 20dB). A much better mode selectivity (ER > 28 dB) was however ob-
tained for the LP01 mode when using the tele-centric launch technique,
demonstrated in [245](Fig. 5.2(c)). To avoid the need for another lens in
the mode demultiplexer, an iris was used in front of the LP01 port as de-
picted in Fig. 5.2(d). By doing so, at the cost of just a small power penalty,
an ER of >25 dB was achieved when launching LP11. The use of the iris
minimizes lens aberration effects which causes some LP11 power to couple
into the LP01 mode.
Resulting from these experiments a mode MUX and DEMUX were built as
depicted in Fig. 5.3. The lens combinations used in the mode MUX were a
focal length of f1=3.1 mm for the collimators and f2=125 mm for the other
lens, leading to a beam diameter of around 12 µm, which matched the mode
field diameter of the FMF well (∼ 11 µm). For the DEMUX lenses with a
bigger focal length of f3=13.8 mm were used for ease of tuning.
For the experiment described in this subsection the characterization of
the mode MUX and DEMUX resulted in the crosstalk levels indicated in

f1 = 3.1 mm
f2 = 125 mm

f1f1

f1

f1

f2

Phase plates SMF

SMF

SMF

Mode MUX

f3 = 13.8 mm

Phase plates

FMF
f3

f3
SMF

f3
f3

SMF

Mode DEMUX

Iris

SMF

Figure 5.3: Mode multiplexer and demultiplexer as used in most transmission experiment
presented in this dissertation, unless indicated otherwise.
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Table 5.1: Crosstalk levels back-to-back [dB].
LP01 in LP11a in LP11b in

LP01 out 0 -23.7 -24.8
LP11a out -31.5 0 -0.5
LP11b out -28.6 1.9 0

X-talk LP01 <–> LP11 -26.8 -27.8 -27.5

Tab. 5.1. As observed an ER of ∼ 27 dB was obtained between the LP01
mode and LP11 modes and vice versa. The highest insertion loss was mea-
sured on the LP01 port for the mode MUX, 8.5 dB, indicating the high
insertion loss (IL) inherently related to the presented MUX setup.

After mode multiplexing the resulting signal was launched into the trans-
mission link. The link consisted of FMF and a FM-EDFA. The first span
consisted of three few-mode fiber spools of length 30 km, 10 km and 30 km.
The second span consisted of two times 5 km of fiber. Fiber details are listed
in Tab. 5.2. The spools in the first span were combined such that the av-
erage DGD over the span was low (433.7 ps ≈ 12 symbols). The average
measured loss of all spools was ∼ 0.2 dB/km for both LP modes. After
the first span a ring-doped FM-EDFA, shortly described in subsection 5.1.2
and in [274], is placed. The FM-EDFA was able to deliver > 20 dB gain
per mode. The gain was tunable by changing the pump power.
After the transmission link the signal was sent into a mode DEMUX. The
highest insertion loss for the DEMUX, 8.9 dB, was again measured for the
LP01 port.

Table 5.2: Spool combination for span 1 (spool 1+2+3) and span 2 (spool 4+5).
Spool 1 Spool 2 Spool 3 Spool 4 Spool 5

Length [km] 30 9.93 30 4.85 5.03
Dist. Cpl.∗ [dB] -26 x -26 -30 x
DGD [ps/m] 0.060 0.0044 -0.047 0.18 -0.006
CD LP01 [ps/(nm·km)] 19.9 19.8 19.8 20.1 19.8
CD LP11 [ps/(nm·km)] 20 20 19.9 20 19.9

*Distributed mode coupling

The outputs of the DEMUX were sent into commercial coherent receivers
using single-ended detection with trans-impedance amplifiers. The optimal
signal input power into the coherent receivers is about -10 dBm. Because
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of the high gain of the FM-EDFA and the relatively short length of the
second FMF span, no EDFAs were needed in the single-mode regime after
the DEMUX. The LP11a and LP11b receivers were connected to the same
40 GSamples/s digital sampling scope (scope 1 in Fig. 5.1), whereas the
LP01 was connected to a 50 GSamples/s digital sampling scope (scope 2).
The delays between the scopes and signals were carefully determined and
compensated for to assure synchronization of all channels. The samples ob-
tained from the scopes were processed offline. The digital signal processing
(DSP) was based on the proven blind single-mode approach of 2 × 2 mul-
tiple input multiple output (MIMO) described in chapter 2, extended to a
6× 6 equalizer. 800,000 from scope 1 and 1,000,000 samples from scope 2
were captured, resulting in 560, 000 DP-QPSK symbols per mode. First the
chromatic dispersion was blindly estimated on the LP01 received signal and
compensated for subsequently on all three modes. In the next stage, time-
domain 6 × 6 MIMO equalizer, containing 121 taps, 100, 000 symbols are
used for constant modulus algorithm (CMA) followed by 100, 000 symbols
used for decision-directed least-mean square (LMS) for convergence. This
leaves 720, 000 bits per spatial polarization mode to evaluate the BER. Per
evaluated BER point two shots at different time instances are processed
and averaged.
Fig. 5.4 depicts the OSNR vs. BER curves measured back-to-back (a), after
30 km (Spool 1) (b), 70 km + FM-EDFA (c), 70 km + FM-EDFA + 5 km
(Spool 5) and 70 km + FM-EDFA + 10 km (d). First proper MUX and
DEMUX working was confirmed by comparing the back-to-back penalty
with MUX and DEMUX compared to single-mode performance at a BER
of 1 · 10−3. A small OSNR penalty of ∼ 0.4 dB was obtained. Afterwards
fiber was added.
First spool 1 with a length of 30km was added. A small penalty of ∼ 0.3 dB
is observed compared to back-to-back. Thereafter span 1 was created. The
delay between the LP01 and LP11 modes was 17 symbols, confirming that
the combination of positive and negative DGD spools averaged out the ac-
cumulate DGD successfully. The increase in crosstalk going from 30 km
to 70 km (see Tab. 5.3) is mainly attributed to imperfections in the FMF
splicing. The automatic alignment function of the splicing device did not
properly align the fiber ends and as a result active core alignment was
needed to obtain the lowest crosstalk levels. Because the received power
after 70 km was too low for measurements, the FM-EDFA was added.
After the amplifier very high levels of crosstalk were observed (in the range
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Table 5.3: Delays between LP01 and LP11 in symbols calculated (Calc.) and measured
(Meas.), and crosstalk (X-talk) level [dB].

Calc. Meas. X-talk
30km 50 52 -19.2
70km 12 17 -15.4
70km+FM-EDFA 12 17 -
70km+FM-EDFA+5km 11 18 -
70km+FM-EDFA+10km 36 42 -

-5 dB to -0.4 dB). The splicing difficulties exacerbated at this point in the
system due to a significant mode-mismatch between this particular trans-
mission fiber and the few-mode erbium-doped fiber. Nevertheless, the blind
DSP was able to handle this level of crosstalk, with an OSNR-penalty of
only 0.9 dB compared to back-to-back at a BER of 1 · 10−3. From Fig. 5.4
it can be seen that the OSNR-penalty did not increase by adding spool 4
and 5, the measured OSNR-penalty was still 0.9 dB.

Impact from modal crosstalk

Tab. 5.3 denotes the measured crosstalk levels after 30 km and 70 km of
FMF. Because the crosstalk after the FM-EDFA could not be determined
reliably, this is not displayed in the table.
To show the impact of crosstalk on the performance of the MDM system
using mode-selective multiplexers and demultiplexers and low-complexity
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MIMO-DSP, the performance of processing all modes together and sepa-
rately was investigated. This means that in the first case 6×6 MIMO-DSP
was used to undo the transmission effects and recover the transmitted sig-
nals, using all outputs of the mode DEMUX. In the latter case, the signal
received on the LP01 port was processed separately using 2×2 MIMO-DSP,
like in single-mode systems, and the signals received on the LP11 ports were
processed together, not using the information received on the LP01 port as
such requiring 4×4 MIMO-DSP. The results are depicted in Fig. 5.5.
It is observed that after 30 km a small penalty is induced by all demodu-
lated signals, which is in good agreement with the crosstalk measurement
of -19.2 dB and what is shown in [238]. After 70 km + FM-EDFA, the
modes have mixed a lot due to fiber mode mismatch and splicing. The
penalties observed for separately processing the modes are > 5 dB for each
single one of them. This again matches well with the ∼ −5 dB crosstalk
levels observed and the ∼ 5 dB penalty expected from [238].
It can be concluded that low-complexity MIMO-DSP, like proposed in [239,
240], is not feasible for long-distance transmission since every component
will introduce crosstalk. This will eventually induce large penalties espe-
cially when transmitting higher-order modulation formats.

5.1.2 3 modes · 256-Gb/s DP-16QAM

To obtain a high spectral efficient transmission, 16QAM modulation can
be used. If besides that the full C-band is exploited, enabled by the FM-
EDFA, a large transmitted capacity is obtained. To be specific a factor
6 increment compared to currently achievable for single-mode systems as-
suming a full C-band transmission of 100G DP-QPSK. Fig. 5.6 depicts
the experimental setup. At the transmitter side, 96 channels carrying
a 256-Gb/s DP-16QAM modulated signal were created. The channels
are composed of 48 even and 48 odd channels, of which one is dropped
and a channel under test (CUT) is inserted. The even and odd channels
were generated by multiplexing 48 ECL lasers running on the 50-GHz ex-
tended C-band (191.35 THz - 196.1 THz) International Telecommunication
Union (ITU) grid using arrayed waveguide gratings (AWGs). Subsequently
the signals containing 48 wavelengths each were 128-Gb/s 16QAM mod-
ulated using IQ-modulators. The modulators were driven with electrical
four level 4-PAM signals (Fig. 5.6(a)) generated by separate digital-to-
analog converters (DACs) for the in-phase (I) and quadrature (Q) port.
These 4-PAM signals were created in the digital domain by adding two
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pseudo-random binary sequence (PRBS) sequences of length 213 together,
shifted by 383 symbols for decorrelation. The 4-PAMs feeding I and Q
were shifted with respect to each other by 767 symbols. The outputs of the
DACs were electrically amplified before feeding them to the IQ-modulators.
The output swing was set such that the IQ-modulators were operated in
the linear regime with no applied pre-distortion. After modulation the
256-Gb/s DP-16QAM signals were emulated by polarization multiplexing
the outputs of the IQ-modulators. This was achieved by splitting the signal
into two equal power tributaries, delaying one by ∼ 200 symbols, and com-
bining them again using a polarization-beam combiner (PBC). The CUT
was generated the same way as the even and odd channels, with the excep-
tion that only one laser was modulated and different sequences and delays
were used. The 4-PAM signals were generated using PRBS15 sequences,
shifted by 8,191 symbols. The 4-PAM signals fed to I and Q were shifted by
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Table 5.4: Crosstalk levels back-to-back [dB].
LP01 in LP11a in LP11b in

LP01 out 0 -30.1 -29
LP11a out -31.5 0 0
LP11b out -30.6 -1.8 -1.6

X-talk LP01 <–> LP11 -28 -32.3 -31.3

16,383 symbols. In the POLMUX stage of the CUT one of the tributaries
was delayed by 357 symbols with respect to the other. Finally, the three se-
tups were WDM using a wavelength-selective switch (WSS), and equalized.
One of the even or odd channels was dropped and the CUT was inserted
on that wavelength instead. The constellations obtained for the CUT in
a single-mode back-to-back configuration and the WDM spectrum at the
transmitter side are depicted in Fig. 5.6(b) and Fig. 5.6(c), respectively.
After WDM, the signal containing 96× 256-Gb/s DP-16QAM was split up
into three equally powered signals, which were fed to a mode MUX with
respective delays of 0, 2,810 and 4,402 symbols for decorrelation. Again a
phase-plate based mode multiplexer and demultiplexer were used, obtain-
ing measured crosstalk levels in a back-to-back configuration as reported
in Tab. 5.4.

Few-mode erbium-doped fiber amplifier (FM-EDFA)
Fig. 5.7 depicts the FM-EDFA used in the experiment. The FM-EDFA
was designed to simultaneously amplify the LP01, LP11a and LP11b mode.
A 980 nm fiber pigtailed diode laser was used to pump the active fiber in
a backward pumping scheme. The 980 nm pump radiation was free-space,
offset-launched into the FM-EDFA using two dichroic mirrors which re-
flected the 980 nm light and unaffected the C-band wavelengths. A length
of the FMF was spliced directly to a 6 m length of the few-mode ring Er3+-
doped active fiber and the amplified output was coupled into the output
FMF. The free end of the 980 nm pump laser fiber-pigtail was angle cleaved
(Fig. 5.7(b)) to suppress Fresnel reflection and a polarization-insensitive
isolator was used to suppress any signal light propagating in the backward
direction. Fig. 5.7(c) shows the signal gain for LP01, LP11a and LP11b as a
function of frequency when pumped with a coupled power of 22 dBm.
The shape of the gain spectrum of the FM-EDFA is similar to that of con-
ventional single-mode EDFA, which has a gain peak around 195.5 THz and
a flat region centered at 193.5 THz. For an input signal power of -5 dBm
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per mode at the input of the FM-EDFA, the average gain across the full
C-band was 18.5 dB for the LP01 and 16.5 dB for the LP11 modes. The
camera images of the amplified output beam confirm that the modal in-
tegrity of the signals is well preserved through the amplification process.
After multiplexing the modes, the MDM signal was sent into the transmis-
sion link. The transmission link consisted of graded index FMF and the
FM-EDFA [274] briefly described above. For the 119 km transmission ex-
periment the first span was built up out of three FMF spools with lengths
of 30 km, 30 km and 24 km. The second span was created by combining a
30 km and a 5 km spool. Two more 30 km spools were available to achieve a
longer distance, but these were not used in the final experiment for reasons
explained later on. The fiber characteristics are listed in Tab. 5.5. The
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attenuation for LP01 is around 0.198 dB/km, whereas this is slightly lower
for the LP11 modes, 0.191 dB/km. The mode field diameter of both modes
is around 11 µm. The spools in the first span were combined such that the
average differential mode delay (DGD) and distributed mode coupling over
the span was low to try to reduce the spread of the impulse response. The
FM-EDFA after the first span provided more than 16 dB of gain per mode.

Table 5.5: The DGD-compensated hybrid FMF span (@ 1550nm).
Spool 1 Spool 2 Spool 3 Spool 4 Spool 5

Length [km] 30 29.98 23.81 29.98 5.03
Dist. Cpl.∗ [dB] -26 -26 -28 -26 x
DGD [ps/m] 0.060 -0.034 -0.052 0.039 -0.006
CD LP01 [ps/(nm·km)] 19.9 19.9 19.9 19.9 19.8
CD LP11 [ps/(nm·km)] 20 20 20 20.1 19.9

*Distributed mode coupling

After the transmission link the signal was sent into the mode demulti-
plexer as depicted in Fig. 5.3. The outputs of the DEMUX were amplified
using single-mode EDFAs. After amplification the CUT was filtered out
using 50-GHz tunable optical filters. After another amplification stage, the
signal was sent into commercial coherent receivers using single-ended de-
tection with trans-impedance amplifiers. The LP11a and LP11b receivers
were connected to the same 40 GSamples/s digital sampling scope (scope
1 in Fig. 5.6), whereas the LP01 receiver was connected to a 50 GSam-
ples/s digital sampling scope (scope 2). The delays between the scopes
and signals were carefully compensated before measuring to assure proper
synchronization. The samples obtained from the scopes were processed
offline using data-aided digital signal processing (DSP). 800,000 samples
from scope 1 and 1,000,000 samples from scope 2 were captured, resulting
in 640,000 DP-16QAM symbols per mode. First the chromatic dispersion
was blindly estimated on the received LP01 signal and then compensated
for on all modes. Subsequently feed forward timing recovery was applied.
The next step was a 6× 6 MIMO TDE with 401 taps (200 symbols). Here
∼ 260,000 symbols were used for training using LMS. A digital phase-locked
loop (DPLL) was used to remove the frequency offset between the local os-
cillator and signal and for phase recovery. Afterwards ∼ 1.5 million bits per
spatial polarization mode were obtained for BER evaluation. Three shots
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per measured BER point were processed and averaged for the back-to-back
curves and two shots at different time instances were used for the other
measurements.
Fig. 5.8(a) depicts the BER versus OSNR curves measured back-to-back
in the single-mode regime only and back-to-back for MDM with the mode
MUX and DEMUX in between. A forward-error correction code (FEC)
overhead of 20% was assumed with an FEC-limit at a BER of 2.4·10−2 [193].
The single-mode results show a 2.2 dB OSNR-penalty at the FEC-limit with
respect to theory. An error-floor of 2 ·10−5 is observed. The OSNR penalty
and error-floor are expected to improve when pre-distortion is used. For
the MDM setup there is practically no additional penalty at the FEC-limit
compared to the single-mode setup. However, for the MDM setup an error-
floor at 1 · 10−4 is observed when averaging the BER over the three modes.
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As can be observed this was mainly limited by the LP01 performance.
Fig. 5.8(b) shows the BER versus the output power out of the DEMUX
per spatial mode per wavelength channel in a back-to-back configuration.
This plot shows that amplified spontaneous emission (ASE) produced in
the single-mode EDFAs at the receiver side limits the performance as soon
as the received power gets lower than −20 dBm per channel. This is con-
firmed in Fig. 5.8(c), which shows the BER versus transmission distance.
As the distance grows, the received power reduces and becomes a major
source of penalty. This proves that a lower loss from coupling the modes in
the multiplexer and demultiplexer should substantially increase the trans-
mission distance. It was decided to transmit over 119 km of fiber such that
a decent margin with respect to the FEC-limit was assured.
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To improve understanding of the limitations of and what is happening in
the transmission system, an analysis can be done on the equalizer impulse
response. From this one can observe where light from one mode leaked into
another, or where a bad splice is located.
Fig. 5.9 depicts the 36 plots of the magnitude of the impulse response versus
taps of the 6×6 MIMO-equalizer as obtained after 119 km of transmission.
Two taps correspond to one symbol, i.e. 31.25 ps. The LP01 mode (bottom
right 2 × 2 square) is used as a reference and therefore the main peak is
always at 0. For this particular case, it can be observed that after 119
km of transmission the sequences sent on LP01 and LP11 (upper left 4× 4
square) were received almost at the same time (LP11 leads by ∼ 4 symbols).
This shows that the combination of spans used successfully minimized the
impulse response.
More interesting information can however be deduced from the plots that
are outside of the squares. These plots show the leaking of power from
LP01 to LP11 and vice versa. To show the taps that correspond to each
other, certain parts in these plots are highlighted using the same colors.
The green highlighted part is at the center of the impulse response, which
corresponds to the signal received at the DEMUX and for this particular
case, because the modes are received at the same time, also the MUX. These
peaks therefore correspond to crosstalk induced by the MUX and DEMUX.
The peaks in the blue highlighted part correspond to the crosstalk induced
by the FM-EDFA after the first span, which was substantially higher in
the QPSK experiment of the previous subsection due to the un-optimized
splicing recipe used at that time. The blue and orange shaded areas show
the beginning and end of the plateau built up by distributed mode coupling
during transmission. This plateau is formed within the DGD window of
the two spans together.
Fig. 5.10 shows the transmission results for all the 96× 3× 256-Gb/s DP-
16QAM modulated channels over 119 km of few-mode fiber as well as the
received spectrum after transmission and typical recovered constellations
for all modes. All WDM channels performed well below the FEC-limit for
each separate mode. The received spectrum turned out to be relatively flat
over the full transmitted frequency range.

The total transmitted gross data rate of 73.7 Tb/s, resulting after sub-
traction of FEC- and network-overhead in a net data rate of 57.6 Tb/s,
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is six times the amount of the current state-of-the-art in SMF (96·100G),
as such demonstrating the potential of FMF technology to increase the
capacity per fiber. An important next step is to demonstrate long-haul
transmission capability which is showcased in section 5.2.

5.1.3 3 modes · 320-Gb/s DP-32QAM

In this subsection it is shown that the combination of MDM with MIMO-
DSP allows for robust transmission of a 32 GBaud space-division multi-
plexing (SDM) 32QAM signal, with an overall bit rate of 960 Gb/s per
wavelength channel, over 60 km of FMF with inline FM-EDFA. The high
symbol rate 32QAM signal has high OSNR requirements. However, using
FEC, an error-free transmission is achieved with an spectral efficiency (SE)
of 15 bit/s/Hz. Also the non-linear penalty for quasi single-wavelength
transmission is evaluated by sweeping the combined (over all modes) chan-
nel input power.
The experimental setup for this experiment is depicted in Fig 5.11. At the
transmitter 20 channels (Fig. 5.11(c)) are selected from 48 even, 48 odd
channels and a CUT, all running at 50 GHz ITU-grid specified frequencies
(191.35 THz to 196.1 THz), using a wavelength selective switch (WSS).
Because of the high expected error-floor for 32 GBaud DP-32QAM, the
CUT external cavity laser (ECL) (< 100 kHz linewidth) is modulated with
pre-generated 32-level quadrature amplitude modulation (32QAM) FEC-
coded symbols using DACs running at 32 GBaud (Fig. 5.11(a)) driving the
in-phase and quadrature port of an IQ-modulator.
Subsequently polarization-multiplexing was emulated by a polarization-
multiplexing stage where the incoming signal was split into two equally
powered tributaries, after which one of them was delayed by 700 symbols
before combining them using a PBC.
The even and odd channels were generated alike except that the electri-
cal signals driving the IQ-modulator were composed of signals created by
combining five PRBS of length 215, for sequence n = 2, 3, 4, 5 shifted by
4,096 · (n− 1)− 1 symbols, and mapped onto 32QAM symbols.
After WDM, the signal is split up into three tributaries, decorrelated with
respect to the signal fed to the LP01 port of the mode multiplexer by 2,810
(LP11a) and 4,402 (LP11b) symbols for emulation of separate unique sig-
nals, amplified using single-mode EDFAs, and mode multiplexed using a
phase-plate based mode MUX. The power was set to +8.4 dBm per mode
(total Plaunch ≈ +13.1 dBm).
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Figure 5.12: (a) Differential group delay vs. transmission distance based on Tab. 5.6
and cross (X)-coupling in the FM-EDFA. (b) Measured impulse responses after DSP,
confirming the prediction from (a).

Table 5.6: Fiber parameters span 1 and 2.
Spool 1 Spool 2

Length [km] 30 30
Dist. Mode Coupl. [dB] -26 -26
DGD [ps/m] 0.039 -0.044
CD LP01 / LP11 [ps/(nm·km)] 19.9 / 20.1 19.8 / 20
Att. LP01 / LP11 [dB/km] 0.198 / 0.191 0.198 / 0.191

The transmission link consisted of two 30 km FMF spans supporting the
LP01, LP11a and LP11b modes, with fiber details listed in Tab. 5.6. The
fiber spans are chosen such that the overall differential group delay is av-
eraged out, as observed in Fig. 5.12(a) by the red and blue lines, trying
to minimize the taps needed in the MIMO-DSP. However due to cross-
coupling in the FM-EDFA, i.e. LP01 → LP11 and vice versa, the total
spread of the impulse response was around 100 symbols (> 201 taps) as
explained in Fig. 5.12(a) by the green and orange line and confirmed by the
measured impulse response (corresponding colors) depicted in Fig. 5.12(b).

After the first span the signal was amplified using a ring-doped FM-EDFA.
The performance of the FM-EDFA was evaluated using 3 modes
· 256-Gb/s DP-16QAM to notice a clearer difference and is depicted in
Fig. 5.13. It is observed that the performance quickly drops when lower-
ing the input power per mode (Fig. 5.13(a)). Also the dependence on the
pump power was measured Fig. 5.13(b). As a result the FM-EDFA pump
laser was set to +22 dBm to obtain optimal performance at a total input
power of ∼ +7 dBm (+2.2 dBm per mode). The total output power of the
FM-EDFA was ∼ +17 dBm (∼ 4 dB higher than the power launched into
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span 1).
After mode demultiplexing (mode DEMUX), the signals were amplified us-
ing single-mode EDFAs after which the CUT was selected using 50-GHz
tunable optical band pass filters. The resulting signals were amplified
again before being fed to the coherent receivers employing single-ended
photo detectors. An ECL was divided into three tributaries, amplified
with polarization-maintaining single-mode EDFAs yielding +16 dBm sig-
nals serving as LO.
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Figure 5.13: BER performance of the FM-EDFA as a function of (a) input signal power
per mode (fixed 22 dBm pump power) and (b) pump power (fixed -5 dBm per mode
input power). The analysed signal is 3 modes · 256-Gb/s DP-16QAM.

The coherent receivers 1 and 2, receiving the signals from the LP11a and
LP11b ports respectively, were connected to a 40 GSamples/s digital sam-
pling scope (scope 1) with a 20 GHz electrical bandwidth, whereas the
LP01 port was connected to a 50 Gsamples/s digital sampling scope (scope
2) with a 16 GHz electrical bandwidth. Before measuring the scopes were
time synchronized by taking into account the delay difference between the
ports of the mode DEMUX and the distinct receivers, as well as the delayed
trigger signal between the scopes. For the measurements 800,000 samples
were collected from scope 1 and 1,000,000 from scope 2. This results in
640,000 symbols available for offline 6× 6 MIMO-DSP.
In the DSP, which is described in subsection 4.4.2, receiver imperfections
are removed first. Subsequently the chromatic dispersion is estimated on
the LP01 received signal and compensated for on all signals. After deter-
mining the start of the symbols using differential phase correlation tech-
nique using BPSK symbols (subsection 2.6.8), ∼ 100, 000 symbols are used
for convergence of the data aided MIMO time-domain equalizer, leaving
500, 000 symbols for BER calculation. Three time different shots are taken
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transmission.

per measurement point. The average BER calculated over these measure-
ments is used for displaying the results.
Fig. 5.14(a) shows the difference in back-to-back performance between all
receivers directly connected (blue) with single-mode fiber to the transmit-
ter, and for the mode MUXed case (red). It can be observed that in the
single-mode regime all receivers perform differently, obtaining the worst
performance for the receiver connected to the LP11a port, with only a very
minimal difference at the FEC-limit. This behavior is also observed in the
mode MUXed case, however the two receivers receiving the mixed LP11
modes average out the performance for these modes, obtaining almost the
same performance for LP11a and LP11b, which is observed to be better
than the LP01 performance. The average implementation and mode MUX-
ing penalty are 3.0 dB and 0.7 dB, respectively.
Fig. 5.14(b) shows a comparison between the average back-to-back mode
MUXed performance (orange) and the average performance after trans-
mission over 60 km of FMF (blue), as well as the post inner-FEC curve
after transmission (purple). The back-to-back curve and the curve after
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Figure 5.15: (a) Frequency vs. BER for 20 WDM channels after transmission. (b) Non-
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transmission are quasi overlapping, confirming the proper setting of the
FM-EDFA. The post-inner FEC curve is showing performance as expected
in a single-mode regime, showing proper functioning for MDM transmis-
sion. A pre-FEC BER of 2 ·10−2 is obtained at an OSNR of 24 dB/0.1 nm.
At this point the post inner-FEC BER is already far below the outer-FEC
threshold. It was verified that each individual tributary achieved an error-
free post-inner FEC performance.
The performance after transmission for all the 20 WDM × 960-Gb/s SDM
32QAM modulated channels and the received spectrum at the LP01 port
are depicted in Fig. 5.15(a). The received spectrum is flat. To assess the
performance of each of the 20 wavelengths, the WSS is used to block one of
the odd or even channels and the CUT is tuned and inserted at that wave-
length. As can be seen the performance is equal for all channels, showing a
maximum average BER around 5 ·10−3, which is well below the FEC-limit,
and thus obtaining error-free transmission after FEC-decoding.
Fig. 5.15(b) shows the measurement in which single wavelength transmis-
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sion was emulated by selecting neighbouring channels on a> 1 THz distance
from the CUT (Fig. 5.11(d)). It has been shown that for few-mode fiber
transmission inter-modal cross-phase modulation and four-wave mixing can
occur between channels separated by several THz [255, 256]. However, the
non-linear interactions shown in [255, 256] occur due to the large DGD ex-
isting between the LP01 mode and LP11 mode, such that the same group
velocities are obtained for the signal propagating in the LP01 mode and
the signal propagating in the LP11 mode when the wavelength difference
between the two signals is 16.2 nm (∼ 2 THz). Here however the DGD
between the modes is much smaller, such that the mentioned inter-modal
non-linear interactions take place when the wavelengths are separated by
< 5 nm (<∼ 750 GHz), which depends on the DGD distribution within
the FMF [256]. As such the quasi single-wavelength propagation condition
should be fulfilled for this particular experiment by placing the neighbour-
ing channels on a > 1THz (∼ 8 nm) distance from the CUT. By adding
channels the launch power of the center channel could be swept, keeping all
the overall powers equal such that the FM-EDFA and single-mode EDFAs
were performing the same, with the only change in performance arising
from non-linear effects. The figure shows the total combined power (i.e.
all modes) for the CUT as launched into span 1 versus output BER. It
should be noted that the power launched into span 2 is ∼ 4 dB higher than
this power. It is observed that for a total launch power of +6 dBm the
performance starts to be affected by non-linear impairments.

5.1.4 Conclusions

Several straight-line experiments were presented in this section. First trans-
mission of 3 MDM × 112-Gb/s DP-QPSK over 80 km with an FM-EDFA
was shown, using blind MIMO-DSP. A small penalty was obtained for mode
multiplexing. It was also shown that after the FM-EDFA the crosstalk
between the modes was high, resulting in the requirement of using 6×6
MIMO-DSP to successfully demodulate all modes without a large penalty.
When low-complexity MIMO-DSP was used, large penalties of over 5 dB
were obtained.
In the next step it was demonstrated that the FMF transmission system,
using a phase-plate based MUX and DEMUX and FM-EDFA, is able to sup-
port complete C-band transmission. By transmitting 96 WDM × 3 modes
× 256-Gb/s DP-16QAM over 119 km, a record transmitted capacity of
73.7 Tb/s was obtained which is six times higher than the current state-of-
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the-art SMF systems.
Afterwards, the robustness of data-aided MIMO-DSP was demonstrated by
transmitting 3 modes × 320-Gb/s DP-32QAM, having large OSNR require-
ments and a high error-floor. By employing FEC, error-free transmission
of 20 WDM × 960-Gb/s was obtained.

5.2 Re-circulating loop experiments

5.2.1 Optical chopper re-circulating loop

Whilst the first steps in SDM research were mainly directed towards proving
technological feasibility, the critical next step is to demonstrate that the
various approaches under investigation are able to support long distance
transmission, which is after all the main driver behind SDM technology.
To be able to do this in a lab environment, a re-circulating loop has to be
realized.
The first approaches to such re-circulating loops for FMF systems were
based on the previous single mode technology [235, 251], incorporating a
number of single-mode LiNbO3 switches (one for each mode supported by
the FMF) for opening and closing the loop in the single-mode domain,
since few-mode fiber switches are not available at present, and an identical
number of EDFAs (since these experiments did not use a FM-EDFA) which
requires demultiplexing of the modes every circulation of the loop [234, 251].
The first all-FMF re-circulating loop [273] , with FM-EDFA, was presented
where a mechanical free-space loop switch was employed without any de-
tails described.
In this subsection an optical chopper switched re-circulating loop is intro-
duced. The two following subsections make use of this switch to achieve
long distance all-FMF transmission using FM-EDFAs to emulate a realistic
few-mode transmission link.
The operation of a SMF re-circulating loop is described in [299, 300] and
depicted in Fig. 5.16. In the first step the loop is completely filled with
optical signal by closing the switch 1 to the transmitter and opening the
loop switch 2, called the loading state, for a duration longer than the loop
time (the roundtrip time delay for the optical signal to travel through the
loop). The loop time for a L = 60 · 103 m loop, as used in the experiment
described later, is calculated in equation 5.1 assuming a refractive group
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Figure 5.16: Schematic setup of a SMF re-circulating loop.

index of ng ≈ 1.45 and the speed of light c ≈ 3 · 108 m
s .

tloop = ng · L
c

= 1.45 · 60 · 103

3 · 108 = 290 µs (5.1)

The next state is the looping state, i.e. closing the loop switch 2 and block-
ing further signal from transmitter. This allows the trapped optical signal
to circulate around the loop which incorporates EDFAs. The length of
this state defines the emulated transmission distance, i.e. the total num-
ber of loops. By triggering (gating) the receiver, which is receiving light
continuously, at the right time the signal can be analysed after a certain
transmission distance. By choosing the gating signal to be shorter than
the loop time, burst errors at the edges of the time window are avoided,
which occur due to the rise and fall times of the loop switch. In SMF
re-circulating loops the switching is usually performed by acousto-optic
modulators (AOMs), or fast electro-optic switches like LiNbO3 switches.

The same switching operation can however be obtained by using an op-
tical chopper within a free-space 3dB coupler and some control signals,
depicted in Fig. 5.17. This approach gives great flexibility; every kind of
FMF can be used in principle. Moreover lossy switches are avoided. In
this particular case a single-slot chopper blade is used, but in principle a
multi-slot blade can be used if the following conditions are satisfied. By
using optical stages, the signal beam coming from the transmitter (input
beam) is positioned in the same plane as the loop output beam (output
beam), to make sure that when the chopper is blocking the input beam the
output beam is not blocked and vice versa (Fig. 5.17(a)).
The rise and fall time of the switching are determined by the chop fre-
quency, beam size and the position of the beams with respect to the center
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Figure 5.17: Optical chopper re-circulating loop, (a) beam positioning and (b) timing
control, (c) scaled representation of captured signal.

of the blade. In the described experiments a blade with diameter of 4 inch
≈ 101.6 mm was used, and set to run at a chop frequency of f = 50 Hz.
The beams were positioned at the outside of the blade (rblade = 5 · 10−2 m)
to obtain the fastest rise and fall times, having a rotational speed at that
position of:

vrot = 2 · π · rblade · f
m

s
= 2 · π · 5 · 10−2 · 50 = 15.7 m

s
(5.2)

The choice of lenses influences the fiber-to-fiber coupling loss and the MDL
as depicted in Fig. 5.18(a) and (b) respectively, as well as the collimated
beam diameter obtained inside the free space 3dB coupler. Lenses with a
focal length of 4.51 mm were used in the experiment, achieving low cou-
pling loss (< 2 dB) and MDL (< 0.5 dB), and resulting in a measured
collimated beam diameter of around 0.6 mm. This yields, approximating
the diameter as being the distance to be covered by the blade, a rise and
fall time of 0.6 · 10−3m/15.7ms ≈ 40 µs. The measurements of the rise and
fall times, depicted in Fig. 5.19, agree well with this calculated time. This
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indicates that with a 60 km FMF loop more than enough signal is available
for analysis, given that one million samples on the 50 GSamples/s digital
sampling oscilloscope (DSO) and 800 thousand samples on the 40 GSam-
ples/s scope are stored, which equals a time of 20 µs (illustrated on scale
in Fig. 5.17(c)).
The chop frequency (and blade used) also defines the maximum number of
loops that the signal can travel before the loop is re-loaded (Fig. 5.17(b))
which is equal to the looping state divided by the loop time. Note that this
is not the case for an AOM or LiNbO3 switched loop where the looping
state is controlled electronically. To collect the signal in an optical chopper
operated loop after a certain distance, the DSOs have to be triggered at
the right time. To achieve this, the reference signal produced by the pho-
todiode inside the chopper itself to control the chop frequency, is fed to a
timing-control box, which produces a trigger after a tunable offset time. By

Figure 5.19: Rise (blue) and fall (orange) time measurement of the optical chopper re-
circulating loop (≈ 40µs).
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first determining the static delay between the chopper reference signal and
the actual signal appearing on the DSOs, the signal after a certain number
of loops can be collected by setting the offset time to the static delay (first
loop) plus the n times the additional loop time, to analyse the signal after
n+ 1 loops.

5.2.2 3 modes · 128-Gb/s DP-QPSK

Fig. 5.20 depicts the experimental setup using the optical chopper re-
circulating loop to emulate transmission distance over FMF supporting the
linearly-polarized modes LP01, and LP11 modes. At the transmitter side
five lasers running at 193.0, 193.1, 193.4 (CUT), 193.8 and 193.9 THz were
passively combined using a 1×8 polarization maintaining coupler, and sub-
sequently modulated using an IQ-modulator, driven by two DACs running
at a 32 GBaud symbol rate with 1 sample/symbol that address the in-phase
and quadrature ports of the IQ-modulator. The electrical driving signal
was formed by combining two pseudo-random binary sequences of length
215 which were shifted by 16,383 symbols with respect to each other before
combining them and mapping them onto QPSK symbols (Gray coded).
After modulation, polarization-multiplexing was emulated by splitting the
signal into two equally-powered tributaries, delaying one by 700 symbols
for decorrelation, and combining them again using a PBC. The 128-Gb/s
DP-QPSK signal subsequently is split into three signals which are delayed
by 2,803 and 4,410 symbols with respect to the original signal again for
emulation of three different signals, and fed to the phase-plate based mode
multiplexer, which launches the signals into a 3-mode supporting FMF
pigtail. The FMF pigtail was connected to the free-space 3dB coupler.
The input signal was coupled into the loop containing two ring-doped FM-
EDFAs [301], and 60 km of FMF with the parameters listed in Tab. 5.7.

Table 5.7: 60 km FMF span (@ 1550nm).
Spool 1 Spool 2

Length [km] 30 30
Dist. Mode Coupl. ∗ [dB] -26 -25
DGD [ps/m] -0.044 0.053
CD LP01 / LP11 [ps/(nm·km)] 19.8 / 20 19.8 / 20
Att. LP01 / LP11 [dB/km] 0.198 / 0.191 0.198 / 0.191

*Distributed mode coupling
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The 60 km FMF span has a DGD between the LP01 and LP11 modes of
around 9 symbols. At the input and output of the loop a FM-EDFA was
placed to compensate for the span and coupling loss of the 3dB coupler.
The MDL after one loop was measured to be ∼ 0.5 dB. A low MDL is cru-
cial to obtain a long transmission distance, especially in this setup where
no mode-scrambler was used and the FMF has a low distributed mode cou-
pling.
At the output of the re-circulating loop a phase-plate based mode demulti-
plexer was used to mode demultiplex the three signals. The 193.4 THz
CUT was filtered out using 50-GHz tunable filters and afterwards fed
to three coherent receivers connected to two digital sampling scopes: an
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transmission distance [km] for 3 MDM × 128-Gb/s DP-QPSK over FMF.
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8 port 40-Gsamples/s scope (20 GHz electrical bandwidth) and a 4 port
50-Gsamples/s scope (16 GHz electrical bandwidth) depicted in Fig. 5.24.
Both digital sampling scopes were carefully synchronized beforehand to as-
sure all signals are received time-aligned. Afterwards, offline 6× 6 MIMO-
DSP was employed to reconstruct the transmitted signals.
Fig. 5.21(a) shows the back-to-back performance of the 128-Gb/s DP-QPSK
signal in the single-mode domain for all three coherent receivers (Rxs) and
when mode multiplexed and demultiplexed. The performance shows a 1 dB
penalty with respect to theory at the FEC-limit, assumed at 2.4 · 10−2, in
the single-mode regime for all Rxs and a very small penalty (< 0.1 dB) for
MDM.
Fig. 5.21(b) shows the transmission distance versus bit-error ratio. Af-
ter 1,020 km an average BER over all modes of ∼ 1.1 · 10−2 is reached,
with all modes still performing below the FEC-limit. After 1, 080 km and
1, 140 km the BER increased to 1.6 · 10−2 and 2.6 · 10−2, respectively, with
the LP11a signal performing the worst as a result of the MDL and being
above the assumed FEC-limit. The inset shows the recovered constella-
tions after 1,020 km. Although the modes are separately excited using the
phase-plate base mode MUX, during transmission the modes start to mix
and 6 × 6 MIMO-DSP is required to undo the mixing. Fig. 5.22 shows
one the 36 impulse responses obtained after 8 loops (480 km), 12 loops
(720 km) and 16 loops (960 km), respectively. After 8 loops 9 peaks are
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Figure 5.22: Impulse response after 8 Loops (480 km), 12 Loops (720 km) and 16 Loops
(960 km) of transmission.
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observed, each spaced at ∼18 taps apart from each other. This is a result
of the 9 symbols DGD between the LP01 and LP11 modes. Each loop an-
other peak appears due to the mode mixing occurring in the FM-EDFAs
and 3dB coupler. This can be observed after 12 loops and 16 loops, having
13 and 17 peaks, respectively, indicating proper performance of the optical
chopper based re-circulating loop.

5.2.3 3 modes · 192-Gb/s DP-8QAM

A similar experiment as described in the previous subsection was carried
out with a different modulation format, achieving a higher data through-
put, and a different mode MUX and DEMUX. Fig. 5.23 depicts the exper-
imental setup used. At the transmitter side five lasers running at 193.0,
193.1, 193.4 (CUT), 193.8 and 193.9 THz were passively combined using a
1× 8 polarization-maintaining coupler, and subsequently modulated using
an IQ-modulator, driven by two DACs running at a 32GBaud symbol rate
that address the in-phase and quadrature ports of the IQ-modulator. This
time the electrical driving signal was formed by combining three PRBSs of
length 215 which were shifted by 8,191 and 16,383 symbols with respect to
each other before combining them and mapping them onto 8QAM symbols.
After modulation, polarization-multiplexing was emulated by splitting the
signal into two equally powered tributaries, delaying one by 700 symbols
for decorrelation, and combining them again using a PBC.
The 192-Gb/s DP-8QAM signal subsequently is split into three signals
which are delayed by 2,825 and 4,415 symbols with respect to the orig-
inal signal again for emulation of three different signals, and fed to the
spot launching spatial multiplexer (Fig. 5.23(a), subsection 4.4.1), which
launches the signals into the 3-mode supporting FMF pigtail.
Like before, the pigtail was connected to the optical chopper (Fig. 5.23(b))
based re-circulating loop using the free-space 3dB coupler. The loop was
built out of 60 km of FMF with the parameters listed in Tab. 5.7, resulting
in a 9 symbol delay between the LP01 and LP11 mode every loop, and two
ring-doped FM-EDFAs.
At the output of the re-circulating loop a 3D waveguide device (Fig. 5.23(c),
subsection 4.4.1) was used to spatial demultiplex the three signals. The
193.4 THz CUT was filtered out using 50-GHz tunable filters and after-
wards fed to three coherent receivers connected to two digital sampling
scopes: an 8 port 40-Gsamples/s scope (20 GHz electrical bandwidth) and
a 4 port 50-Gsamples/s scope (16 GHz electrical bandwidth) depicted in
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Figure 5.24: Receiver stack composed of 2 DSOs and 3 coherent receiver front-ends, to
receive the six spatial and polarization modes (three LP modes).

Fig. 5.24. Both DSOs were carefully synchronized beforehand to assure all
signals are received time-aligned. Afterwards, offline 6×6 MIMO-DSP was
employed to reconstruct the transmitted signals.
Fig. 5.25(a) shows the back-to-back performance of the 192-Gb/s DP-
8QAM signal when mode multiplexed and demultiplexed. The performance
shows a ∼ 1.5 dB penalty with respect to theory at the FEC-limit.
Fig. 5.25(b) shows the transmission distance versus bit-error ratio. After
480 km an average BER over all modes of ∼ 1.3 · 10−2 is reached. Af-
ter 540 km this BER increased to 3 · 10−2, which is above the assumed
FEC-limit at 2.4 · 10−2. The inset shows the recovered constellations after
480 km.
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Figure 5.25: (a) Back-to back performance of the 192-Gb/s DP-8QAM for all three
coherent receivers (orange) and 3 MDM × 192-Gb/s DP-8QAM. (b) Bit-error ratio versus
transmission distance [km] for 3 MDM × 192-Gb/s DP-8QAM over the FMF.

As observed in Fig. 5.26(a), showing the impulse responses after 120 km,
300 km and 480 km transmission, the DGD between the LP01 and LP11
mode in the 60 km span is not fully averaged as expected and also observed
in the previous subsection. This causes the impulse response (number of
peaks) to grow each loop as well as the number of taps needed to com-
pensate this which is depicted in Fig. 5.26(b). For 480 km the optimum
number of taps is ∼ 321, whereas this is ∼ 241 for 300 km, and ∼ 161 for
120 km.

5.2.4 Conclusions

This section presented the basic principles of an optical chopper based re-
circulating loop, enabling emulation of long-haul FMF transmission using
only a limited amount of fiber.
Long-haul (>1,000 km) transmission was demonstrated for
3 MDM · 128-Gb/s DP-QPSK using the optical chopper re-circulating loop.
3 MDM · 192-Gb/s DP-8QAM was successfully transmitted over 480 km
using a spot-launching mode MUX and 3D waveguide DEMUX.

Comparing the 3 MDM · 128-Gb/s DP-QPSK results with those obtained
for single-mode transmission (section 3.2), it is observed that the reach has
significantly reduced from ∼6,000 km using single-mode fiber to ∼1,000 km
employing all few-mode technology. This indicates that still a lot of work
has to be done to achieve a comparable reach.
The use of WSSs to filter away ASE and to equalize the spectrum as well
as higher mode coupling FMF or mode scramblers should already improve
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transmission distance. The few-mode transmission system will also bene-
fit from improved FM-EDFAs technology, few-mode components (variable
optical attenuators (VOAs), (broadband) mode scramblers) and more mon-
itoring equipment (power, optical spectrum analyser (OSA)).
As mentioned before, the non-linear tolerance of few-mode fiber systems
still is an interesting topic of study. Once stable few-mode transmission
systems for emulation of long-haul transmission are realized, it will be pos-
sible to investigate (the additional) non-linear transmission impairments
better.

5.3 Field demonstration

This far work on optical SDM technology has been mainly confined to the
laboratory. All the experiments have been performed using only full FMF or
multi-core fiber links, largely neglecting many of the practical/commercial
constraints set by operators. It is unlikely that operators will deploy a full
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SDM-link from day one due to the high costs of fiber installation. It is more
likely that they will prefer gradual upgrade steps before a pure SDM-link is
established. Therefore it is important to show that current SMF technology
is compatible with SDM technology such that congested SMF-spans carry-
ing the most data-traffic can be replaced first by high-capacity SDM-spans
without the need to immediately deploy a fully end-to-end SDM-link. This
has been done to a certain extent in [302] for multi-core fiber links, but not
for FMF links.
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Figure 5.27: Schematic of studied network upgrade. One of the spans is exchanged with
a few-mode technology span (pink link at the bottom), as such upgrading the potential
capacity of that span.

In this section three probable upgrade scenarios for field-installed fiber net-
works are demonstrated, successfully showcasing the interoperability of a
live commercial network with two FMF spans including a mid-span FM-
EDFA (Fig. 5.27). First the link configuration used for all the experiments
will be explained. Then as a first scenario, single-mode transmission over a
regular single-mode network with an additional 120 km FMF link is shown.
The second scenario covers the more conventional MDM scenario. Three
single-mode signals operating at the same wavelength are mode-multiplexed
after travelling over three different SMFs of equal length. After mode de-
multiplexing the three signals travel again over three different SMFs of
equal length and are received together. The last upgrade scenario consid-
ers the case that the three signals are running at the same wavelength but
originate from different laser sources and are modulated with various mod-
ulation formats. Also the signals have travelled different distances before
they are mode multiplexed.
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Table 5.8: Link data single-mode fibers (@ 1550nm).
Link 1 Link 2 Link 3

Fiber Type SSMF NZDSF SSMF
Length [km] 660 363 52.2
Avg. Loss [dB/km] 0.23 0.25 0.23
Avg. chromatic dispersion (CD) [ps/(nm·km)] 17.2 4.4 17

5.3.1 Link configuration

The field experiment was carried out on the live traffic carrying Coriant
hiT7300 system of the A1 Telekom Austria (A1) network running between
Salzburg - Klagenfurt - Vienna (link 1) and Vienna - Linz - Salzburg (link 2,
Fig. 5.28(a)), with different span lengths and fiber types (standard single-
mode fiber (SSMF) and non-zero dispersion shifted fiber (NZDSF)) as listed
in Tab. 5.8, with a total length of 1,023 km. Additionally, six single-mode
dark fibers were available between Salzburg and Bischofshofen (Bhn) (link
3, Fig. 5.28(a)), each with an equal length of ∼ 52.2 km each.

The FMF link was installed in Bhn and comprised four spools of FMF
supporting the linearly-polarized (LP) LP01 and LP11 modes and with the
properties listed in Tab. 5.9. The spool combination was chosen to aver-
age out the DGD between the LP01 and LP11 modes to within one symbol
(summing up the DGDs of the separate spools yields (0.039 + −0.044 +
0.053 + −0.047) · 30000 = 30 ps). The total FMF link was 120 km long
with a FM-EDFA placed after 60 km.
At the transmitter side two commercial Coriant 100G cards were available
for testing, as well as 16 freely tunable C-band ECL lasers (< 100 kHz

Table 5.9: The DGD-compensated hybrid FMF link (@ 1550 nm).
Spool 1 Spool 2 Spool 3 Spool 4

Length [km] 30 30 30 30
Dist. Coupl. ∗ [dB] -26 -26 -25 -26
DGD [ps/m] 0.039 -0.044 0.053 -0.047
CD LP01 [ps/(nm·km)] 19.9 19.8 19.8 19.8
Aeff LP01 [µm2] 96 95 95 95
CD LP11 [ps/(nm·km)] 20.1 20 20 20
Aeff LP11 [µm2] 96 96 95 96

*Distributed mode coupling
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linewidth) with single-polarization IQ-modulators and DACs to create the
modulation formats wanted. At the receiver side three coherent receivers
were employed to receive the (mixed) signals after transmission, thereby
enabling any cross-coupling that happened either during mode multiplex-
ing or during transmission over the FMF link to be undone.
Fig. 5.28 will be used throughout this section to indicate how the scenario
under study was tested using the link configuration described.

5.3.2 Scenario I: Single-mode transmission FMF
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Figure 5.29: Scenario I: Single-mode transmission over FMF. Two commercial 100G cards
are wavelength-division multiplexed with sixteen 256-Gb/s DP-16QAM channels and
transmitted over link 1 and 2 (1,023 km), after which one 100G channel is demultiplexed
and sent over link 3 + the FMF link (1,247 km).

As a first upgrade scenario the performance of a commercial 100G card over
a live field deployed fiber network in combination with a FMF span was
considered. Single-mode transmission over FMF and multi-mode fiber was
already demonstrated previously [250, 303]. Both references are showing
that single-mode transmission over FMF is feasible. In [250] it is shown
that single-mode transmission over FMF might even offer improvements
relative to SSMF since the non-linear tolerance of the FMF is typically
better due to the larger effective area of the fundamental (LP01) mode.
The setup for this scenario is depicted in Fig 5.29. In Salzburg two 100G
coherent cards [304] were set to run at the frequencies of 193.55 THz and
194.4 THz respectively of the A1 network. Both were multiplexed on a
50-GHz ITU-grid together with eight even and eight odd 256-Gb/s DP-
16QAM channels (193.6-194.35 THz), which were generated by two sepa-
rate setups as described later on. Afterwards the resulting 18 wavelength
channels were transmitted over the 1,023 km fiber link comprising of link 1
and link 2. The 100G signal running at 194.4 THz was dropped in Salzburg
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using an arrayed wave-guide grating (AWG) and subsequently, after am-
plification, transmitted to Bhn with a 0 dBm launch power. In Bhn the
100G signal was coupled into the 120 km FMF link incorporating a mid-
span FM-EDFA, using the LP01 port of a Kylia phase-plate based mode
multiplexer [283] (> 25 dB extinction ratio). At the output of the FMF link
the FMF was spliced to a SMF using a regular SMF splicing procedure,
amplified, and transmitted back to Salzburg where the 100G signal was
received after travelling 1, 247 km (of which was ∼ 10% FMF) using one
of the commercial 100G transponder cards (Fig. 5.29). Since it was known
from the experiment described in subsection 5.1.1 that the FM-EDFA is
causing a substantial cross-talk between modes, mandrels were placed at
the input and output of the FM-EDFA to filter out the higher-order modes.
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Figure 5.30: Scenario I results. (a) Launch power (blue circle) and pump power opti-
mization (red square) (b) 100G BER over time after travelling across Austria (1,023 km),
and after 1,247 km, including 120 km FMF.

After the 1,023 km commercial link the obtained pre-FEC BER was
∼ 8 · 10−4 (Fig. 5.30(b) (red curve)). After tuning the launch power
into the FMF link and the FM-EDFA pump power (Fig. 5.30(a)) and plac-
ing additional mandrels at the input and output of the FMF link (as such
obtaining better performance than measured in Fig. 5.30(a)), a pre-FEC
BER of ∼ 1.3 · 10−3 was obtained, as observed from the blue curve in
Fig. 5.30(b), showing zero post-FEC errors over the whole measurement
and therefore the viability of using legacy transponders in an interoperabil-
ity mode over FMF links. The observed slight increase in BER is caused
by the additional 224 km transmission and the signal passing through four
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extra optical amplifiers in the path.

5.3.3 Scenario II: Mid-link mode multiplexing and
demultiplexing of three signals (3× SMF → FMF → 3
× SMF)
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Figure 5.31: Scenario II: 3 × SMF → FMF → 3 × SMF. Eight even and eight odd
channels were wavelength division multiplexed, split in to three decorrelated tributaries,
and transmitted over link 3. In Bischofshofen the signals were mode multiplexed and
transmitted over the FMF link. After mode demultiplexing the signals were transmitted
over link 3 and received in Salzburg using three coherent receivers and offline 6 × 6
MIMO-DSP.

The second upgrade scenario considers mode multiplexing three single-
mode signals running at the same wavelength after propagating over three
separate SMF spans together onto one FMF link. After the FMF link the
mode demultiplexed signals are sent over three separate SMF spans again,
as depicted in Fig. 5.31. This scenario targets the possibility of replacing
the most congested spans with higher capacity fiber at a lower cost/bit,
utilizing cost-efficient multi-mode optical amplifiers and reconfigurable op-
tical add/drop multiplexers (section 4.3), without the need to deploy a pure
FMF transmission link.
The signals were generated by the experimental setup depicted in Fig. 5.31.
16 channels were created by modulating eight lasers running at the even
(193.6 THz - 194.3 THz) and eight lasers running at the odd ITU-grid
(193.65 - 194.35 THz) (Fig. 5.31.1) with two separate single-polarization
IQ-modulators, after passively combining them using 1 × 8 polarization-
maintaining (PM) couplers. The in-phase and quadrature ports of the
IQ-modulators were electrically driven by two linearly amplified outputs
of a 64 GSamples/s DAC, which generated either 8-level quadrature am-
plitude modulation (8QAM) or 16-level quadrature amplitude modulation
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Figure 5.32: Optical spectrum before transmission.

(16QAM) symbols at 32 GSymbols/s. The voltage swing was tuned to drive
the IQ-modulators in the linear regime. For both modulation formats the
symbols were created using either three or four 215 long PRBSs, combining
them after shifting them over (n−1) ·8,192−1 bits, with n = 1, 2, 3, 4, and
mapping them onto the respective symbols.
Polarization-multiplexing was emulated by splitting the signal out of the
IQ-modulators into two tributaries of equal power, delaying one of them
for decorrelation (180 symbols (even) or 800 symbols (odd)), and com-
bining them again using PBCs. The resulting dual-polarization (DP) sig-
nals were multiplexed after amplification using single-mode EDFAs. Subse-
quently a WSS was used to equalize the 16 WDM channels carrying either
192-Gb/s DP-8QAM or 256-Gb/s DP-16QAM on a 50-GHz grid obtaining
the spectrum depicted in Fig. 5.32.
After wavelength division multiplexing the signal was first split into three
tributaries and each tributary was delayed with respect to the others for
decorrelation (by 1,854 symbols and 5,535 symbols respectively) to emulate
three distinct signals each however carrying the same modulation format
(at the same data rate) and produced from the same laser source. These
signals were subsequently coupled into three 52.2 km long separate SMF
links going from Salzburg to Bhn (link 3, Fig. 5.31).
In Bhn the three single-mode signals were mode multiplexed into the FMF
using the packaged phase-plate based mode-multiplexer shown in
Fig. 5.33(a), having insertion losses of 3.7 dB, 8.9 dB and 9.1 dB for the
LP01, LP11a and LP11b ports, respectively. Following the FMF link, a
spot-launch spatial demultiplexer (Fig. 5.33(b)) was used to demultiplex
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the three spatial signals, with a 3.5 dB insertion loss per port. Afterwards
the three demultiplexed signals were sent into three separate 52.2 km long
SMFs before detection using three coherent receiver front-ends connected
to three different time synchronized DSOs (Fig. 5.31.4). The scopes were
sampling at 40, 50 and 50 GSamples/s and have an electrical bandwidth of
20 GHz, 16 GHz and 23 GHz, respectively.
Offline 6 × 6 MIMO-DSP was used to retrieve the originally sent signals
(subsection 4.4.2). Firstly, all samples were re-sampled to two samples per
symbol after which the skew between the I and Q signals was removed. Af-
terwards frequency domain chromatic dispersion (CD) compensation was
employed followed by feed-forward timing recovery. In the next step, the
start of the frames was determined using the differential phase correlation
technique introduced in subsection 2.6.8, which was slightly adjusted using
all three input signals thereby resulting in six sharp peaks that define the
start of the frames of the three DP-signals. This information was passed on
to the 6× 6 MIMO data-aided TDE stage, employing 201 taps with a T/2
spacing, with T being the symbol duration of 31.25 ps. This stage com-
pensates for transmission impairments like residual chromatic dispersion,
polarization-mode dispersion and modal coupling across the FMF link. Al-
though the spool combination used to create the FMF link was chosen to
compensate DGD between the LP01 and LP11 modes, the mode coupling is
distributed along the whole link and therefore requires more memory (i.e.
taps) in the receiver than expected from the simple addition of the spool
DGDs. The TDE stage used 100, 000 symbols for training employing LMS.
After training a switch was made to decision-directed LMS (DD-LMS) to
track the variations over time. A DPLL was employed for carrier tracking
and removing the phase offset. In the last two stages the recovered constel-
lation was demapped to obtain the bitstreams which were compared to the
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Figure 5.33: (a) Mode MUX and (b) mode DEMUX as used in the field experiment. The
mode MUX is based on the phase plates, whereas the DEMUX uses spot launch spatial
demultiplexing (subsection 4.4.1).



210 Few-mode fiber system experiments

DP-sig. 1

DP-sig. 2

DP-sig. 3

MDM Avg. BER 
after 224 km

Even Ch. BTB

Odd Ch. BTB

12 16 20 24 28
10

-6

10
-5

10
-4

10
-3

10
-2

OSNR [dB/0.1 nm]

B
it
-e

rr
o
r 

ra
ti
o T

h
e
o
ry

 1
9

2
-G

b
/
s
 

D
P

-8
Q

A
M

a

14 18 22 26 30
10

-6

10
-5

10
-4

10
-3

10
-2

OSNR [dB/0.1nm]

B
it
-e

rr
o
r 

ra
ti
o T

h
e
o
ry

 2
5
6
-G

b
/
s
 

D
P

-1
6
Q

A
M

b

DP-sig. 1

DP-sig. 2

DP-sig. 3

MDM Avg. BER 
after 224 km

Even Ch. BTB

Odd Ch. BTB
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channel (Ch.) back-to-back (BTB) and after 224 km transmission of an odd channel, of
which 120 km MDM over FMF, for (a) 192-Gb/s DP-8QAM and (b) 256-Gb/s DP-
16QAM.

215 PRBS sequence sent and used for bit-error counting. In total 500, 000
symbols for each of the three DP-signals were used for error-counting, and
for each measurement point three samples collected at different times were
taken and the BERs averaged for presentation.

Fig. 5.34(a) and (b) show the back-to-back curves measured for a single
channel generated by the odd (solid diamond lines) as well as the even
(dashed triangle lines) experimental setup. In all cases the noise was
loaded and OSNR was measured at the transmitter side. Fig. 5.34(a) and
(b) show the results obtained for the generation of 192-Gb/s DP-8QAM
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Figure 5.35: Transmission results scenario II (BER and received spectrum). The results
show the successful transmission of 16 WDM × 3 MDM × 192-Gb/s DP-8QAM (blue
circles) and 256-Gb/s DP-16QAM (red squares) (FEC-limit assumed at 2.4 · 10−2), as
well as the demodulated constellations for the channel at 193.95 THz.
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and for 256-Gb/s DP-16QAM, respectively, using the worst coherent re-
ceiver which limits the MDM performance. In both cases a penalty is
observed between the two transmitter setups, which is around 0.5 dB for
192-Gb/s DP-8QAM at a BER of 1 · 10−3 and grows to 1.5 dB when
256-Gb/s DP-16QAM is employed. Also the performance of a single odd
channel after 224 km transmission (solid circle lines), of which 120 km is
MDM transmission over FMF, is displayed in the same figures. The OSNR
for this curve indicates the transmitted OSNR. With respect to the single-
mode BTB performance, transmission penalties of 1.8 dB and 3.4 dB are
obtained for 3 · 192-Gb/s DP-8QAM and 3 · 256-Gb/s DP-16QAM trans-
mission, respectively, at a BER of 1 ·10−3. These penalties are composed of
added noise, DGD and mode-coupling occurring during transmission, and
additionally mode-dependent loss and mode multiplexing by itself.
Fig. 5.35 shows the results obtained after measuring all the 16 transmitted
channels for both modulation formats by only changing the LO frequency,
as well as the received spectrum for one of the three received signals. Using
an OSA on the same signal, received OSNRs for all channels of between
28.9 dB/0.1 nm and 29.3 dB/0.1 nm were measured. For the transmission
of 3 · 192-Gb/s DP-8QAM and 3 · 256-Gb/s DP-16QAM average BERs of
around 3 · 10−5 and 1 · 10−3 for each channel are obtained, respectively.

5.3.4 Scenario III: Mode multiplexing and demultiplexing
of multi-rate (different lasers and modulation) and
multi-distance (different chromatic dispersion and
OSNR) signals.

The third and final upgrade scenario considers the possibility of mode multi-
plexing differently modulated signals that have travelled different distances
over SMF (as is quite possible in a real system due to different transmission
impairment tolerances). The signals are at the same wavelength but are
generated using different transmitter lasers. This scenario is depicted in
Fig. 5.36.

The odd IQ-modulator was used to create a 128-Gb/s DP-QPSK signal at
193.95 THz. The even IQ-modulator created a 192-Gb/s DP-8QAM signal,
also operating at 193.95 THz, which was split into two and one component
delayed with respect to the other for decorrelation. The 128-Gb/s DP-
QPSK signal was first transmitted over the 1,023 km link through the A1
network before being sent to Bhn together with the 192-Gb/s DP-8QAM
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Figure 5.36: Scenario III: Multi-rate, multi-distance 3 × SMF → FMF → 3 × SMF.
The ’odd’ transmitter generates 128-Gb/s DP-QPSK with laser source 1, whereas the
’even’ transmitter generates 192-Gb/s DP-8QAM at the same wavelength as the ’odd’
transmitter, but with a different laser source. The signal of the ’odd’ transmitter is sent
over link 1, 2 and 3 where it is mode multiplexed with two decorrelated copies of the
signal of the ’even’ transmitter, which travelled only over link 3. After travelling over
the FMF link, the three mode demultiplexed signals travel via link 3 back to Salzburg
to be received.

signals via three separate SMFs. In Bhn the signals were again mode mul-
tiplexed using the phase-plate based mode multiplexer and sent over the
120 km FMF link with mid-span FM-EDFA. After space demultiplexing
using the spot-launch demultiplexer, the signals were transmitted back to
Salzburg using three separate SMFs of link 3, where they were received us-
ing the setup in Fig. 5.36.4 and offline 6×6 data-aided MIMO-DSP, largely
the same as in scenario II.

There are several constraints that have to be satisfied to make this sce-
nario work. One of them is a CD constraint. The 128-Gb/s DP-QPSK
signal and 192-Gb/s DP-8QAM signal had different accumulated CDs at
the receiver, ∼ 16, 900 ps/nm and ∼ 4, 100 ps/nm respectively, since the
signals travelled over a different distance and no dispersion compensating
modules were used in the transmission link. Both signals will also mix dur-
ing transmission over the FMF span and will be mixed on reception due to
the spot-launch spatial demultiplexer used. Therefore it is of only little use
to apply CD compensation before the TDE stage since the mixed signals
have different CD values and any CD compensation of one signal, would
not be correct for the other, although it will be partially compensated.
One approach to solve this is the use of long filter tap structures in the TDE
stage, beyond the 201 which we used. But in this case the differential phase
correlation algorithm used to find the start of the frames will not work since
the CD value is too high, making initial convergence challenging. Therefore
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to mitigate this problem the 128-Gb/s DP-QPSK signal was pre-distorted
using the driving DACs by the negative amount of CD accumulated over
link 1 and 2 (i.e. 12,800 ps/nm), resulting in the same CD for all signals
at the receiver.
Another constraint is that all of the transmitters need to be running at the
exact same symbol rate, 32 GSymbols/s in this case, to ensure that the
samples are time aligned as such enabling the same receiver structure for
all signals.
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To assess the quality of the transmitted 128-Gb/s DP-QPSK signal the
back-to-back curves and MDM performance over the 224 km link used in
scenario II were first measured. The results are depicted in Fig. 5.37(a).
The signals generated by the odd (solid diamond line) and even (dashed
triangle line) transmitters both have a penalty of ∼ 1.1 dB at a BER of
1·10−3. The solid circle line indicates the performance of a single odd chan-
nel (3 × 128−Gb/s DP-QPSK) travelling over the 224 km link, of which
120 km is MDM transmission over the FMF link. An additional penalty of
1 dB is observed for this case at a BER of 1 · 10−3.
Fig. 5.37(b) shows the performance of scenario III over time. The results
show stable performance over timescales of multiple minutes, with average
BERs of 6 · 10−4 for the 128-Gb/s DP-QPSK signal, and 1 · 10−5 for the
192-Gb/s DP-8QAM signals, respectively. Both results match well with
the results observed for the two other cases, successfully showcasing the
possibility to spatially multiplex, transmit in FMF, and receive together
multiple modulation format signals, generated using different transmitter
lasers, and transmitted over different distances.
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5.3.5 Conclusions

In this section the first ever field experiment to incorporate a component of
MDM was demonstrated. The experiments illustrate three gradual upgrade
scenarios that should allow the progressive integration of few-mode tech-
nology into current single-mode systems. In the first scenario single-mode
transmission over a 1,247 km transmission link of which 1,023 km was a
live SMF network and 120 km was an FMF link incorporating a mid-span
FM-EDFA, using commercial 100G equipment was successfully tested.
In the second scenario three single-mode signals generated from the same
laser source and carrying the same modulation format, were sent over three
separate SMF spans of the same lengths, being mode multiplexed onto the
FMF link and after mode demultiplexing sent over three separate SMF
spans again (total 224 km transmission distance) before being received us-
ing 6 × 6 MIMO-DSP to demodulate all signals. Successful transmission
of 16 WDM × 3 MDM × 192-Gb/s DP-8QAM and 16 WDM × 3 MDM
× 256-Gb/s DP-16QAM was achieved, assuming a FEC-limit at a BER of
2.4 · 10−2 [193].
As the third and last scenario transmission of three differently modulated
signals, generated by different lasers running at the same wavelength, and
being sent over different distances before being mode multiplexed onto the
FMF link and received afterwards, was tested. The MDM channel under
test was built up out of 112-Gb/s DP-QPSK and 2·192-Gb/s DP-8QAM,
sent over 1,247 km and 224 km, respectively, and good performance match-
ing with the other cases was obtained.
All these scenarios confirm compatibility of current single-mode systems
with FMF technology, alleviating the need to deploy a full FMF transmis-
sion link at the outset.



Chapter 6

Hollow-core photonic band
gap fiber

To keep ahead of the capacity crunch, much research is currently being de-
voted to investigating various strategies to increase the capacity per fiber
by incorporating multiple spatial channels within the same fiber, known as
space-division multiplexing (SDM). In conventional, solid core fibres this
can be accomplished either by placing multiple cores within the same fiber,
as in multi-core fibers, or by increasing the normalized frequency parameter
V either by increasing the core size and/or refractive index difference be-
tween core and cladding to support multiple modes, as in multi-mode fibers
(mode-division multiplexing (MDM)), each of which can be used to trans-
port data as discussed in the chapters 4 and 5. A combination of the two
approaches is also possible. Substantial progress on both approaches has
already been made showing large transmitted capacities and high spectral
efficiencies [305, 306].
A third possibility to improve the capacity per fiber is to leave behind the
solid-core designs and to adopt a completely new fiber guidance mechanism
and design, namely a hollow-core photonic band gap fiber (HC-PBGF).
A HC-PBGF, as the name says, guides the light in its hollow core which
means the light is travelling in air rather than glass. This fact offers several
highly beneficial properties compared to any solid-core fiber:

• Ultra low nonlinearities (> 103 reduction over single-mode fiber)

• Ultra low Rayleigh scattering and potential for ultra-low overall trans-
mission loss.
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• Ultimate low latency (99.7% the speed of light in vacuum [307])

The first two properties are known to limit the maximum capacity in a
single-mode solid core fiber [5] and therefore already make HC-PBGF an
interesting candidate as a replacement for single-mode fiber (SMF).
The HC-PBGF attracted a lot of attention due to these appealing proper-
ties that allow for a large increase of capacity per fiber. This resulted in
the first demonstration of a HC-PBGF in 1999 [308]. Significant progress
on the guiding and loss principles since then have been made, although a
lot of research is still left for this fiber to deliver the promise it holds.
In this chapter the guiding properties of the HC-PBGF are discussed as
well as the loss mechanisms, which currently still is the limiting property
of making HC-PBGF attractive for long-haul transmission systems.
Finally experiments using the HC-PBGF for single-mode as well as for
mode-division multiplexed transmission are presented.

6.1 Guiding mechanism and loss

6.1.1 HC-PBGF guiding mechanism

HC-PBGFs guide light in an air core. As explained in chapter 2, in regu-
lar fibers the guiding mechanism is based on total internal reflection which
requires a core material with a higher refractive index than the cladding ma-
terial. Air however has almost the lowest refractive index possible, nair ≈ 1,
making it impossible to create a cladding material to achieve total internal
reflection. Therefore in HC-PBGFs the light is guided using a different
mechanism.
A HC-PBGF, as the name suggest, is realized by creating a band gap struc-
ture, a forbidden zone for photons of certain wavelengths which therefore
shows an analogy to electrical band gaps where electrons are forbidden to
exist. The center is taken out from this band gap structure such that light
is able to propagate inside. Due to the band gap structure surrounding the
center, the air or hollow core, the light of certain wavelengths is not allowed
to escape through the cladding, since guidance is forbidden there. As such
the light is trapped inside the core, and the light can only propagate along
the HC-PBGF length.
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Creation of the band gap

The realization of a band gap for photons can be explained using the tight-
binding model [309, 310]. Several rods of silica are placed sufficiently close
together with an equal spacing, such that the modes from the individual
rods interfere with each other (resonate) forming a band of supermodes with
its own range of allowed effective indices. This is illustrated using a one-
dimensional array of M closely spaced identical silica rods (ncore = 1.45)
in air (nclad = 1) in Fig. 6.1(a).
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from each other. (b) Dispersion diagram for an array of M = 100 silica rods ncore = 1.45
spaced Λr = a/0.42 with a the rod radius in a background of air nclad = 1 and assuming
only the modes of the two closest neighbours couple with the considered rod.

Here the figure on the bottom of Fig. 6.1(a), indicating the photonic band
gap, is derived as an example. The rods are assumed to have a radius a
and the spacing or pitch between the rods is Λr = a/0.42, i.e. a periodic
spacing. The M supermodes generated by these rods have propagation
constants βn [309]:

βn · Λr = β · Λr − 2 · C · Λr · cos( l · π
M + 1), l = 1, 2, 3, ....M (6.1)

Where β is the approximate single rod propagation constant of the funda-
mental and the LP11 mode, defined as [309]:

β2 = (ncore · k)2 − V 2
∞
a2

k2

(k + η/a)2 (6.2)
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with k = 2π
λ defined as the wavenumber, V 2

∞ equal to 2.405 and 3.832
which are the cut-off normalized frequencies for the LP01 and LP11 mode,
respectively, and η = (1−∆)/(ncore

√
2∆) with ∆ = (n2

core−n2
clad)/(2n2

core).
C is the coupling coefficient between two identical rods, valid for the LP01
and LP11 mode, defined as [309]:

C · Λr =
√

2π · ncore ·∆ · a · k ·
√
ncore ·

√
2∆ · k · Λr (6.3)

·e−( a
Λr
−1)·( Λr

a
−ncore

√
2∆·k·Λr)

The calculated propagation constants of the generated supermodes with
M = 100 rods and refractive indices, radius and pitch given above and
only considering the LP01 and LP11 mode, are depicted in Fig. 6.1(b).
The figure shows the formation of the photonic bands obtained by the
superposition of the modes of the separated rods. A photonic band gap is
observed between the two photonic bands (LP01 and LP11 modes), which
is the area where the modes of the rods are in anti-resonance and as such
light is not guided. The band gap extends to effective indices lower than
1, indicated by the yellow area, showing the possibility of trapping light in
an air core surrounded by such a construction of rods.
In realistic structures the rods are arranged in a two dimensional way with
connecting struts between them because the rods cannot float in air. This
is depicted in Fig. 6.2. However the same reasoning as above applies: a
photonic band gap below the air line is created making it able to guide

Hollow
Core

rod

strut

air hole

Figure 6.2: 19-cell PBGF left: illustrated with indication of the air core in the middle
of the photonic band gap structure, the rods,struts, and air holes, right: manufactured
19-cell PBGF [311].
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light in a hollow core within this structure. The fact that the band gap
is existing above the airline as well indicates that the structure can also
achieve guiding for other core materials than air. However air has the
attractive capabilities of low-loss, high nonlinear tolerance and low latency,
as described in the introduction of this chapter.
The type of HC-PBGF is normally indicated by the number of cells omitted
in the center of the band gap, used to create the air-guiding core. Removing
two rings (including the middle) results in a 7-cell, a third ring in a 19-cell
and another ring in a 37-cell HC-PBGF. These numbers represent the HC-
PBGFs reported to date.

Central wavelength and bandwidth control

The construction of a HC-PBGF introduces struts between the rods. The
struts are the cause that only one band gap is normally existing in a HC-
PBGF [309, 310]. This band gap is present for a very well defined normal-
ized frequency V [312]. Therefore, if V is fixed (Eq. 2.7), then the factor
a
λ , the ratio between the rod radius and the wavelength, has to be kept
equal. This indicates that a larger central wavelength of the band gap can
be obtained if the rod radius is increased.
The bandwidth usable for transmission is largely defined by the air-filling
factor of the cladding, or equivalently the thickness of the interconnecting
struts. The thicker and closer to each other the struts are, the more distor-
tions arise from resonance between modes present in these struts and the
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Figure 6.3: Different rod arrangement to create the photonic band gap cladding, from
left to right: Honeycomb, square and triangular rod lattice.
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band gap will slowly vanish [313]. Thus, by reducing the strut thickness
the available bandwidth is increased [310, 314]. This can be achieved by
adjusting the shape of the air holes or equivalently the rod arrangement.
For most conventional HC-PBGFs a triangular arrangement of air holes is
used (i.e. a honeycomb rod array). When moving to a square lattice of rods
or holes [315] or triangular arrangement of rods [314] (honeycomb arrange-
ment of holes), the distance between the rods is increased from Λr = Λh√

3 ,
with Λh the inter-hole spacing, for a honeycomb rod array to Λr = Λh
and Λr =

√
3 ·Λh for the square and triangular rod lattice, respectively, as

depicted in Fig. 6.3.
This implies that if the strut thickness t is variable but the hole size d with
respect to the inter-hole spacing, which relates to t as d

Λh = 1− t
Λh , is kept

constant and Λr is fixed as well, then the strut thickness has to decrease
moving from a honeycomb rod arrangement to a triangular lattice since:

d

Λh
= 1− t

Λh
C1 = 1− t

k · Λr
(1− C1) = t

k · Λr
(6.4)

k · Λr · (1− C1) = t

C2t = k · Λr

where Cn is indicating a constant and C2 = 1
1−C1

. In Eq. 6.4 k is de-
creasing from

√
3 to 1/

√
3 moving from a honeycomb rod arrangement to

a triangular lattice, and as such t is decreasing by the same amount. This
indicates that the triangular rod lattice has the smallest strut thickness,
and therefore indicates the best of the three rod arrangements.
Up to now the honeycomb rod arrangement HC-PBGFs support band-
widths of 100 to 200 nm, or, expressed in a more commonly measuring unit
for HC-PBGFs, a 10-15% width-to-center transmission wavelength ratio.
Higher bandwidths should be achievable when the air-filling factor is in-
creased by reducing the strut size. Using other rod arrangements however
should result in an even larger bandwidth. A 44% width-to-center trans-
mission wavelength ratio was demonstrated for the square lattice structure
in [316]. Because of manufacturing issues the honeycomb arrangement is
the only commercially HC-PBGF available [317]. In any case the HC-
PBGF holds the potential of offering a larger transmission bandwidth than
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solid-core silica fibers (especially in a higher wavelength window, which ac-
cording to the theory described in the next section should achieve a lower
loss).

Surface modes (SMs)
The bandwidth is further affected by SMs arising from the sudden termina-
tion of the band gap material where it meets the core boundary [318, 319], as
such destroying the anti-resonance at that point. These SMs are spectrally
guided at wavelengths which are in the photonic band gap and can interact
with the core guided modes, generating a supermode which normally is very
lossy and therefore consumes usable bandwidth (illustrated in Fig. 6.4(a)).
Besides the bandwidth reduction, surface modes cause HC-PBGFs to be
vulnerable to external perturbation and affect the polarization dependency
on loss and coupling. Therefore a lot of research has been spent on creat-
ing surface mode (SM) free HC-PBGFs or at least reducing their influence
by optimizing the core surround [310, 318, 319]. This has successfully been
obtained in [311, 320] (Fig. 6.4(b)) where the SMs are pushed very far to
the sides to obtain a large usable bandwidth.
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(red) and a HC-PBGF with surface modes. (b) Measured attenuation vs. wavelength
curves for the 37-cell HC-PBGF presented in [320].

6.1.2 Loss mechanisms HC-PBGF

Since the optical signal is mainly propagating in air rather than glass, the
loss caused in HC-PBGFs is not (mainly) originating from Rayleigh scat-
tering as for glass optical fiber (chapter 2, only ∼ 7 · 10−4 dB/km in dry
air), nor from infrared absorption for the longer wavelengths.
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One of the loss mechanisms of HC-PBGFs is confinement loss or radiation
loss, which can be made sufficiently small by incorporating enough rings
in the cladding structure [310, 321]. Research has shown that rather than
confinement loss, the main loss mechanism in HC-PBGFs is expected to
be the scattering of light at the core boundary due to very small surface
roughness. This roughness originates from frozen-in capillary waves, which
are small oscillations resulting from tension on the glass during manufac-
turing [322, 323].
Different from Rayleigh scattering that decreases with wavelength as 1

λ4 ,
surface scattering loss has a 1

λ3 dependence. Since almost all of the electro-
magnetic field is propagating inside the hollow core and only a fraction is
overlapping with the glass surface, absorption losses are minimal for wave-
lengths even well beyond the current transmission window at 1550 nm. As
such a different transmission window at longer wavelengths will push the
losses arising from surface scattering down. However, for sufficiently high
wavelengths the electromagnetic field will start to overlap significantly with
the glass again. At those wavelengths absorption loss is the main contrib-
utor to the overall loss.

Since surface scattering loss is the most fundamental loss mechanism of
HC-PBGFs, there are three options to reduce the overall loss for this fiber
type. The first one is trying to minimize the surface roughness of the glass
used for the core surround, which is very difficult and one of the research
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topics at the moment.
The second one is moving to longer wavelengths, with the predicted loss to
be lowest around ∼ 2 µm, obtaining a reduction of a factor ∼ 2 as depicted
in Fig. 6.5. Although this would require a change of transmission wave-
length which is now around 1550 nm (C-band, chapter 2), this is not im-
possible since optical amplifier technology [324] and lasers at 2 µm [325, 326]
have been demonstrated already.
The third possibility is trying to reduce the overlap of the optical signal with
the core boundary, as such reducing the scattering effect to take place. As
a first approach this was achieved by using relatively thick core surrounds
(compared to a strut) to approach the best antiresonance. Although this
pushed the loss down to values below 2 dB/km (still a decade away from
glass fibers), due to its thickness more surface modes were introduced lim-
iting the usable bandwidth for transmission purposes [327, 328].
Another way of reducing the electromagnetic field overlap with the core
surround is by increasing the core size [25, 307]. Scattering losses scale
with ∼ 1

r3 (with r the radius of the core) and therefore omitting an ad-
ditional ring of cells to create the guiding core should reduce the overall
loss. However, omitting more cells might result in the HC-PBGF to guide
multiple modes, which requires the technology described in chapter 4 for
transmission and reception. This in principle makes this fiber suitable for
achieving a larger capacity than SMFs and few-mode fibers (FMFs).
Fibers using a thin core surround, therefore obtaining a large bandwidth,
and increased core size were presented in [311, 320]. These fibers however
still have losses around 3 dB/km in the C-band, severely limiting transmis-
sion distance.

As should be clear by now still a lot of research is required to obtain
HC-PBGFs which deliver the promise they hold. The combination of low
non-linearity, low-loss, a large transmission bandwidth and additionally
supporting multiple modes, in potential allows for a ∼ 100× increase in
capacity per fiber. Furthermore aspects that might turn out to limit the
performance of optical communication systems like mode-dependent loss
(MDL), differential group delay (DGD) and/or chromatic dispersion (CD)
differences between modes have to be investigated.
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6.2 Single-mode transmission experiment

This section presents the first single-mode coherently detected, polarization
multiplexed transmission over a HC-PBGF. For the experiment only the
fundamental mode of the 19-cell HC-PBGF reported in [311] was exploited.
Filling the extended C-band, both 96×256-Gb/s dual-polarization 16QAM
(DP-16QAM) and 96× 320-Gb/s dual-polarization 32QAM (DP-32QAM)
were transmitted over the HC-PBGF, obtaining, after accounting for 21%
of forward-error correction code (FEC)-overhead, net data rates of 19.2
Tb/s and 24 Tb/s, respectively.

6.2.1 Experimental setup

Fig. 6.6 depicts the experimental setup. At the transmitter side, 96 channels
carrying the 256-Gb/s DP-16QAM or 320-Gb/s DP-32QAM modulated
signal were created. The 96 channels are divided in 48 even and 48 odd
channels, of which one is replaced by the channel under test (CUT). The
48 even and odd channels were generated by multiplexing together 48 ex-
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ternal cavity laser (ECL) lasers running on the International Telecommu-
nication Union (ITU) 50-GHz grid ranging from 191.35 THz to 196.1 THz,
using arrayed waveguide gratings (AWGs). Subsequently the signals con-
taining 48 wavelengths each are modulated using IQ-modulators. The mod-
ulators are driven by separate digital-to-analog converters (DACs) for the
in-phase and quadrature port, which were synchronized to generate the
16-level quadrature amplitude modulation (16QAM) or 32-level quadra-
ture amplitude modulation (32QAM) symbols at 32 GBaud. These sym-
bols were created in the digital domain from regular PRBS15 sequences for
16QAM. Since 32QAM will have a higher error floor, 13.8% soft-decision
(SD)-FEC as described in [194, 329] was implemented as inner code, result-
ing, assuming 7% of hard-decision (HD)-FEC as outer code, in a FEC-limit
at a bit-error ratio (BER) of 2 · 10−2. The outputs of the DACs were elec-
trically amplified using linear broadband amplifiers before feeding them to
the IQ-modulators. The output swing was set such that the IQ-modulators
were operated in the linear regime, no pre-distortion was applied. After
modulation the signals were polarization multiplexed. This is achieved
by splitting the signal into two equally powered tributaries, delaying one,
and combining them again using a polarization-beam combiner. The CUT
is effectively generated the same way, but only one laser was modulated.
In the polarization-multiplexing (POLMUX) stage of the CUT one of the
polarization tributaries was delayed by 357 symbols with respect to the
other. Finally, the three transmitter setups after de-correlation of several
hundreds of symbols, are multiplexed using a wavelength-selective switch
(WSS). One of the even or odd channels was dropped and the CUT is in-
serted at that wavelength.
The transmission link consists of 230 m of the state-of-the-art 19-cell HC-
PBGF. The fiber and its wavelength dependent loss are shown in Fig. 6.7.
Due to the fact that signals propagate in air rather than glass, this fiber
offers a 30% reduction in latency compared to SMFs [307] and a consid-
erable reduction of the nonlinear effects which ultimately limit the trans-
mission distance of SMFs, as mentioned before. Although the fiber used
in this experiment supports multiple modes, for this proof of concept ex-
periment data is only transmitted on the fundamental mode. To reduce
crosstalk to higher order modes, the launching into and detection from the
HC-PBGF must be very accurately controlled. In principle careful splicing
of an SMF at both the input and output of the HC-PBGF can provide
good crosstalk suppression. However, for additional control a free-space
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Figure 6.7: Wavelength [nm] versus loss [dB/km] [311]. Inset: 19-cell photonic band gap
fiber.

(tele-centric) launch (Fig. 6.6) is used. At the output of the HC-PBGF
an additional mode filter consisting of 60 turns around a 7 mm mandrel
was applied to achieve a further improvement in higher-order mode extinc-
tion. Although the fiber loss in the transmission band of interest was only
∼ 4.5 dB/km, the total span loss measured for this setup was ∼ 10 dB,
which we attribute to mode field mismatch (Tab. 6.1) at both input and
output end of the fiber in combination with the mode stripper section.

Table 6.1: Mode-field diameters (MFDs) and mismatch loss when spliced to an SSMF
[330].

Fiber MFD [µm] (LP01) SSMF mismatch loss [dB]
SSMF 10.4 0

19-cell HC-PBGF 16 1.2
37-cell HC-PBGF 26 3.5

After transmission, the 256-Gb/s DP-16QAM the CUT was selected us-
ing a demultiplexing filter. In case of 320-Gb/s DP-32QAM transmission,
the CUT was selected using coherent channel selection in the coherent re-
ceiver to avoid limitation from amplified spontaneous emission (ASE) built
up originating from the low power budget. A single-ended commercial
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coherent receiver was used to receive the CUT which is connected to a
40 GSamples/s digital sampling scope. The signal was demodulated using
data-aided digital signal processing (DSP) (section 2.6). The results are
obtained by averaging over at least two time-different shots, which contain
∼ 500, 000 symbols (4 or 5 million bits for DP-16QAM and DP-32QAM
respectively) for bit-error counting each.

6.2.2 Results

Fig. 6.8(a) shows the BER versus OSNR back-to-back curve and curve af-
ter transmission for single channel 256-Gb/s DP-16QAM at a 193.4 THz
frequency. The implementation penalty of 256-Gb/s DP-16QAM at the
FEC-limit is observed to be 2.2 dB. For higher order constellations with
a high symbol rate, like 16QAM and 32QAM at 32 GBaud, every kind
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of impairment (in this case crosstalk from higher-order modes) will have
significant impact on the transmission performance [238]. Only a 0.5 dB
additional penalty at the FEC-limit is observed however for transmission of
256-Gb/s DP-16QAM over the 230m of HC-PBGF, showing the successful
suppression of crosstalk from higher-order modes.
In Fig. 6.8(b) the BER versus OSNR back-to-back and after transmis-
sion curves for single channel 320-Gb/s DP-32QAM are shown. A 4-dB
implementation penalty is obtained for 320-Gb/s DP-32QAM. Fig. 6.8(b)
additionally shows the curve after inner SD-FEC after transmission over
the HC-PBGF. Assuming an outer HD-FEC of 7% that will be able to
translate an input BER below 3.8 · 10−3 (Outer FEC-limit in Fig. 6.8(b))
to output BERs below 1 · 10−15 [190], the transmission is error free for an
input BER of 2 · 10−2. The transmission OSNR penalty at the FEC-limit
is only 0.4 dB.
Fig. 6.8(c) shows the results obtained for all 96 channels after transmis-
sion over the HC-PBGF for both 256-Gb/s DP-16QAM and 320-Gb/s DP-
32QAM. The constellations for both modulation formats obtained after
transmission are shown on the right side of Fig. 6.8(c). In both cases the
BERs are well below the FEC-limit. All DP-32QAM results showed zero
post-inner-FEC errors.

6.2.3 Conclusions

Successful transmission of coherently detected, polarization-multiplexed
signals over hollow-core photonic band gap fiber was presented. Both
96× 256-Gb/s DP-16QAM and 96× 320-Gb/s DP-32QAM were transmit-
ted over 230 m of 19-cell HC-PBGF, obtaining, after accounting for 21%
of FEC overhead, net data rates of 19.2 Tb/s and 24 Tb/s, respectively.
This shows the potential of being a broadband optical transmission fiber
supporting high data rates, although the presented losses are much larger
than for current glass fibers. Substantial higher transmission capacities are
possible by better exploiting the spectral bandwidth and the multi-mode
property of the fiber.
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6.3 Mode-division multiplexed transmission ex-
periment

Low-loss HC-PBGFs are usually considered to be intrinsically multi-mode
structures as explained in section 6.1 and therefore raised concerns putting
HC-PBGF research on hold for a while. Losses as low as 1.7 dB/km
at 1565 nm [327, 331] and 1.2 dB/km at 1620 nm [322] have previously
been reported, although with relatively narrow transmission bandwidth
(∼ 20nm) due to the anti-resonant thick core surround. On the other
hand, 19-cell HC-PBGFs with wide bandwidths (> 150 nm) and a mini-
mum 3.5 dB/km loss at its lowest point have recently been demonstrated
and shown to enable high capacity, low-latency single-mode data transmis-
sion: both in the regular transmission window at 1.5 µm as presented in the
previous section, and in the lowest predicted loss window for HC-PBGFs
at 2 µm [325, 326]. A possible solution to further reduce surface scatter-
ing, which is the primary loss mechanism in HC-PBGFs, is to decrease the
optical field overlap with the glass, e.g. by enlarging the core size from
19- to 37-cells. HC-PBGFs with bigger cores, however, present a number of
challenges, including stricter fabrication tolerances, difficulties associated
with a potentially higher number of surface modes and an increased num-
ber of core guided modes [332], which are more narrowly spaced and thus
expected to be more susceptible to perturbation-induced coupling. In prin-
ciple, mode-coupling along the fiber can be unravelled using multiple input
multiple output (MIMO) techniques, so that separate modes can be used to
transmit independent channels, making the intrinsic multi-mode nature of
HC-PBGFs a feature to exploit rather than a problem. However, the very
first experiments of mode-division multiplexing (MDM) in HC-PBGFs have
raised the question as to whether high-capacity MDM might be possible at
all, due to large reported transmission penalties when more than one mode
was launched into the HC-PBGF [333, 334].
In this section the first demonstration of high-capacity optical transmission
using wavelength-division multiplexing (WDM) and MDM in a HC-PBGF
enabled by the fabrication of the first 37-cell HC-PBGF (which by itself is
an important step towards realizing ultra low loss HC-PBGF). The 310 m
long fiber, obtained by applying similar core-surround engineering as the
19-cell fiber in the previous section [307, 311], has a low minimum funda-
mental mode loss of 3.3 dB/km at 1550 nm and a wide 3 dB bandwidth
of 85 nm centered in the C-band. By using mode multiplexing techniques,
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Figure 6.9: (a) Schematic of three-mode (LP01, LP11a, LP11b) mode multiplexer and
SEM image of the fabricated 37-cell HC-PBGF, (b) Transmission loss of LP01 and LP11a,b
modes from a 310 m to 2 m cutback, (c) S2 analysis of modal content (9 m and 2 m
fiber lengths), (d) time-of-flight (ToF) measurement for pure LP01, LP11a,b modes using
310 m of 37-cell HC-PBGF and (e) DGD [ps/m] as a function of wavelength [nm],(f)
bend loss performance of the 37-cell HC-PBGF.
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the fiber modal properties are characterized in detail, showing that it sup-
ports significantly fewer modes than would have been expected and that at
least the LP01 and LP11 modes have properties compatible with MIMO-
based MDM. This is confirmed in the first transmission of polarization
and wavelength-division multiplexed WDM signals over six spatial and po-
larization modes in such a fiber. Using 96 WDM channels, three modes
and optical DP-16QAM for each channel, a total data rate of 73.7 Tb/s is
achieved.

6.3.1 Fabrication and characterization of 37-cell HC-PBGF

Fabrication

The 37-cell HC-PBGF (shown in the inset of Fig. 6.9(a)) was fabricated
by omitting 37 capillaries in the stack and by accurately controlling dif-
ferential pressures between core and cladding during both drawing stages.
Its cladding pitch and relative hole size (4.4 µm and 0.97, respectively)
provide a ∼ 300 nm-wide bandgap. Although controlling the SM position
and number is more challenging than with 19-cell fibers, it was possible
to achieve a fiber with only two groups of SMs, which were successfully
located at either side of the C-band, providing an overall ∼ 85 nm-wide
low-loss bandwidth (Fig. 6.9(b)).
Despite a large core diameter of 37 µm, which is required for low-loss oper-
ation but is in principle able to support as many as 80 core modes, spatial
and spectral (S2) measurements [335] indicate that only 16 modes divided
into 5 mode groups (even fewer than in a previously reported 19-cell HC-
PBGF [311]) are guided with low loss in the fiber. S2 cutback analysis
(traces at 9m and 2m shown in Fig. 6.9(c)) reveals that modes beyond the
LP02 experience high propagation losses (estimated at ≥ 6 dB/m), likely
due to coupling to more lossy cladding modes.

6.3.2 Characterization

The focus is on the characterization of three lowest-order spatial modes
(LP01, LP11a, LP11b), which are predicted to have the lowest propagation
losses [323]. To selectively launch the three individual modes a phase plate
based mode multiplexer (mode MUX), as described in chapter 4 and illus-
trated in Fig. 6.9(a), was used. Light from a super-continuum (SC) source
was split into three paths, encoded in the required mode patterns and cou-
pled into 310 m of 37-cell HC-PBGF via a tele-centric lens arrangement.
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The SC laser provided a high average power which was required to com-
pensate for the high insertion loss of the mode MUX. Time-of-flight (ToF)
measurements using sub-ps pulses from a mode-locked laser at 1550nm and
a 10-GHz bandwidth sampling oscilloscope were employed during the modal
characterization to optimize the launch of each individual mode. Typical
results are shown in Fig. 6.9(d): the DGD of the LP11 and LP21 modes was
estimated at 4-5 ps/m and 10-12 ps/m, respectively, in good agreement
with S2 results. Note that DGD values are roughly 50% smaller than in a
19-cell HC-PBGF [307, 311]. The extinction ratio provided at launch by the
mode multiplexer (MUX) was ∼ 20 dB. For the LP11 mode launch a strong
coupling between the two spatial orientations and a plateau of distributed
scattering [336] of about −20 dB to both LP01 and LP21 modes was ob-
served. Modal cross-coupling is expected to decrease as the fiber loss is
reduced since the two effects have the same underlying physical mechanism
in HC-PBGFs. The wavelength dependence of the DGD (Fig. 6.9(e)) indi-
cates chromatic dispersion around 7 and 18 ps/nm/km for LP01 and LP11
modes, respectively. Through a careful cutback, (from 310 m to 20 m),
the mode-specific spectral-loss was measured, as shown in Fig. 6.9(b). The
minimum loss values for LP01 and LP11a,b are 3.3±0.8 and 7.4±0.8 dB/km,
respectively, at 1550 nm. The higher loss of the LP11 modes originates from
a higher overlap with the air glass interfaces which causes stronger scatter-
ing, and the value of the differential loss between LP01 and LP11 is in good
agreement with numerical predictions [323]. Fig. 6.9(f) shows the spectral
change in transmission after a short section near the output end of the HC-
PBGF was coiled into 13 loops of 16 mm radius. While some bend-induced
loss increase (and associated bandwidth decrease) was observed at or near
the SMs, no measurable change was observed for any core mode in their
respective low loss region, providing further evidence of the importance of
suppressing SMs.

6.3.3 Transmission experiment setup

Transmitter and receiver

The characterized 37-cell HC-PBGF was tested for transmission behavior
in a test bed as depicted in Fig. 6.10. The test bed is configured such
that 97 wavelength channels in total can be generated, running at the ITU-
grid specified frequencies with a 50-GHz spacing, occupying the extended
C-band (191.35 - 196.1 THz). The 97 channels are generated by three dis-
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extended C-band can be created. A phase-plate based mode MUX and DEMUX are
used to (de)multiplex the modes. Offline MIMO-DSP is used to recover the transmitted
signals.

tinct setups, generating 48 even and 48 odd channels, and a CUT.
The CUT is generated in the following way. An ECL (<100 kHz) is modu-
lated using an IQ-modulator. Two DACs are used to drive the in phase (I)
and quadrature port (Q) of the IQ-modulator, respectively. The DACs are
synchronized to generate 32-GBaud symbols (1 sample per symbol), being
either quadrature phase-shift keying (QPSK), 8-level quadrature amplitude
modulation (8QAM), 16QAM or 32QAM. All symbols were created using
PRBSs with a length of 215 bits (PRBS15). QPSK was generated by driv-
ing the I and Q with a PRBS15 with a delay between the two ports of
16,383 symbols. For 8QAM and 16QAM three or four sequences were com-
bined, after shifting them by 8,192 · n− 1 (for the sequences n > 1), before
being mapped onto the respective symbols. In case of 32QAM generation,
five sequences were combined with respective shifts of 4,096 · n− 1 (for the
sequences n > 1) and mapped onto 32QAM symbols. A 1-tap decision feed-
back equalizer was used to improve the quality of the electrical eyes. The
peak-to-peak voltage of the multi-level electrical driving signal was mea-
sured to be ∼ 2.3 V, which slightly lower than the Vπ of the IQ-modulator,
driving it in the linear region of the interferometers.
Polarization-multiplexing was emulated by splitting the modulated optical
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signal into two equally powered tributaries, delaying one by 700 symbols for
decorrelation purposes, and re-combining them again using a polarization-
beam combiner (PBC).
The even and odd channels are similarly generated. Firstly, 48 ECLs run-
ning at either the ITU grid or the ITU-offset grid, are multiplexed using
an AWG. Subsequently they are modulated in the same manner as the
CUT, but random delays in the combining of the PRBS15 as well as the
polarization-multiplexing (several hundreds of symbols) were applied. The
fiber lengths connecting the three optical signals (even, odd and CUT) to
the WSS were also different, assuring de-correlation of the even and odd
channels and the CUT.
The WSS was used to wavelength-division multiplex the 96 channels to-
gether. The CUT could be freely moved over the full transmission band.
The resulting spectrum at the transmitter side for 96 channels carrying
256-Gb/s DP-16QAM modulation is depicted in Fig. 6.11.
Next, the WDM signal was split up into three tributaries. Two of the tribu-
taries were delayed with respect to the third one by 2,810 and 4,402 symbols
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Figure 6.11: Transmitted spectrum of 96 WDM channels being 256-Gb/s DP-16QAM
modulated.
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Table 6.2: Launched and received powers mode MUX and DEMUX
Mode port Plaunch input MUX Pout after DEMUX

LP01 15.6 -10.7
LP11a 16.5 -9.7
LP11b 19.6 -4.8

again for decorrelation of the signals. After amplification by single-mode
EDFAs, the tributaries were fed to the mode MUX, which is equal to the
one depicted in Fig. 6.9(a), multiplexing the linear polarized LP01, and de-
generate LP11a and LP11b together. The input powers fed to each port are
listed in Tab. 6.2, and are set such that each mode was received with equal
power (+4.3 dBm) at the input of the DEMUX. Because the same lens
configuration was used in this experiment as for the FMF experiments in
chapter 5, this led to a mismatch in the mode field diameter of the launched
modes and the actual modes in the 37-cell HC-PBGF.
Subsequently the mode multiplexed signal was transmitted over the 37-cell
HC-PBGF and collected at the mode DEMUX. Alignment of the mode
MUX and DEMUX was performed by minimizing the peaks of the un-
wanted mode using a ToF setup.
The three outputs of the mode DEMUX, with powers as listed in Tab. 6.2,
were first amplified with single-mode EDFAs after which the CUT was fil-
tered out using tunable 50-GHz optical band pass filters. Afterwards the
signals were amplified again before being fed to the coherent receivers em-
ploying single-ended photodiodes. The local oscillator (LO) to signal-power
ratio was set to 26 dB. The coherent receivers (Rx) receiving the signals
from the LP11a (Rx 1) and LP11b port (Rx 2) are connected to a 40 GSam-
ples/s digital sampling scope with an electrical bandwidth of 20 GHz. The
receiver receiving the signal from the LP01 port (Rx 3) was connected to
a 50 GSamples/s digital sampling scope with an electrical bandwidth of
16 GHz which is digitally enhanced to 18 GHz. The scopes are synchro-
nized beforehand both in delay due to different fiber lengths as well as
triggering delay between the scopes. To achieve this only the LP01 mode
is transmitted in a back-to-back setup and the phase plates in the mode
DEMUX are taken out, thus ensuring that the same signal is received on
all scopes. Afterwards the relative time delay between all three received
signals can be determined.
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Digital signal processing

The offline digital signal processing used to recover the six transmitted sig-
nals is depicted in Fig. 4.19. After collecting 800,000 samples from scope 1
and 1,000,000 samples from scope 2, all received signals were first upsam-
pled to two samples per symbol. Thereafter, the CD was estimated on
the LP01 mode and compensated for on all signals. Although the CD for
the LP11 mode is not the same as for the LP01 mode, compensating some
CD for the LP11 in a real system will be beneficial to limit the amount of
taps needed in the time domain equalization stage to compensate for the
residual CD on the LP11 mode. For this experiment the CD was not the
transmission impairment putting constraints on the number of taps needed
as it was a factor of ∼ 100 to 1,000 less than the DGD between the modes,
which therefore was determining the number of overall taps needed as ob-
served in the next subsection.
After CD compensation feed-forward timing recovery was applied to all
signals. Subsequently the start of the frame was determined on the sig-
nal received on the LP01 port based on a correlation operation. The start
position was fed to the 6 × 6 MIMO data-aided time domain equalization
stage (tap spacing T/2) in which the least-mean square (LMS) algorithm
was applied. 100,000 symbols were used for training, leaving 500,000 for
error counting. A digital phase locked loop was used for carrier tracking
and removing the phase offset.
In the last two stages the recovered constellation was demapped to obtain
the bitstreams which were compared to the sent PRBS15 sequence and used
for bit error counting. In the results section an FEC-limit of 2.4 · 10−2 is
assumed, corresponding to 20% overhead for FEC-coding [193].

6.3.4 Results and discussion

Back-to-back

First the back-to-back performance of the setup was tested with the
256-Gb/s DP-16QAM modulated signal. The curves are plotted in Fig. 6.12.
The blue curves show the performance of all receivers separately as if they
would be used for single-mode operation, whereas the grey curve shows
the theoretical optimal performance. It is observed that Rx 2 is perform-
ing worse than the other two receivers. At a BER of 1 · 10−2 the OSNR
penalty between theory and Rx 1 and 3 is ∼ 2.1 dB, whereas for Rx 2
this is ∼ 2.8 dB, indicating a ∼ 0.7 dB penalty between the best and the
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worst receiver. Clearly Rx 2 will therefore limit the overall performance.
The back-to-back performance for the mode multiplexed case is indicated
by the orange curve and is measured using ∼ 10 m of few-mode fiber [243].
The average performance of the mode multiplexed signal almost perfectly
overlaps with the one from Rx 2 (∼ 2.8 dB OSNR penalty at a BER of
1·10−2), indicating that the average mode multiplexed performance is worse
than the average of the three single-mode receivers together. It is also ob-
served that the performance spread of the multiplexed modes is smaller
than in the single-mode regime.

Single wavelength channel transmission performance

Fig. 6.13 shows the average performance of the transmission setup in a
back-to-back configuration using mode multiplexing (dashed lines), ver-
sus the average mode multiplexed single wavelength channel transmission
performance over the 37-cell HC-PBGF (solid lines) for each mode carrying
128-Gb/s dual-polarization QPSK (DP-QPSK) (blue circles),
192-Gb/s dual-polarization 8QAM (DP-8QAM) (red squares),
256-Gb/s DP-16QAM (orange diamonds) and 320-Gb/s DP-32QAM (green
triangles) as well as the theoretical curves which represent upper bounds
for 8QAM and 32QAM.
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The first observation that can be made is that the implementation penalty
grows when the degree of the modulation format increases, causing the
back-to-back mode multiplexed results to deviate more from the theoret-
ical curves as well as causing error floors for 256-Gb/s DP-16QAM and
320-Gb/s DP-32QAM.
After transmission a penalty is observed for all modulation formats. Al-
though the source for this penalty is unclear, it was observed in the measure-
ments that the LP11 mode performed worse than the LP01 mode. Therefore
the transmission performance of only sending and receiving the LP01 mode
and sending and receiving both LP11 modes was measured for the modes
carrying 256-Gb/s DP-16QAM and the results are depicted in Fig. 6.14.
It is observed that for LP01 mode transmission the performance is bet-
ter than the mode multiplexed back-to-back performance, and has almost
no penalty compared to the back-to-back performance in the single-mode
regime. This shows that the 37-cell HC-PBGF can be used for single-mode
transmission, as was also shown for 19-cell HC-PBGF in the previous sec-
tion. For LP11a+b mode transmission a clear OSNR penalty is observed
compared to LP01 mode transmission, which is close to the penalty ob-
served for three mode transmission compared to the back-to-back case.



240 Hollow-core photonic band gap fiber

WDM transmission

Fig. 6.9(b) shows that the 37-cell HC-PBGF supports (more than) the
C-band for transmission. This was verified by transmitting 96 channels
occupying the extended C-band (Fig. 6.11), using three spatial modes for
transmission, all carrying 256-Gb/s DP-16QAM. First the LP01 power was
slightly adjusted to obtain more equal performance for all modes (∼ 1 dB
less than reported in Tab. 6.2). The result is displayed in Fig. 6.15. Since
the output power per channel dropped by almost 20 dB as a result of
using 96 channels rather than one (due to the limit on the amplifier out-
put power), the effect of ASE restricted performance. However, all chan-
nels performed well below the FEC-limit and the possibility to use WDM
and MDM transmission over HC-PBGF was successfully verified. The
total transmitted bit rate demonstrated using this 3 MDM × 96 WDM
× 256-Gb/s DP-16QAM is 73.7 Tb/s. After subtraction of the FEC-
overhead and framing, this leads to a net bit rate of 57.6 Tb/s, which
corresponds to a spectral efficiency of 12 bit/s/Hz.

Impulse response

Fig. 6.16 depicts the impulse responses of an LP01 mode input to an LP01
mode output (Fig. 6.16(a)) and an LP11 mode input to an LP11 mode out-
put (Fig. 6.16(b)). Since the MIMO-DSP is designed to find the start of the
frame on the LP01 port received signal (see subsection 2.6.8) and to consider
this as the start of the training sequence, the main LP01 peak is observed
at the center of the impulse response, with 0 ps/m delay (tap 0). The first
subsequent peak observed is found between taps 80 to 100 in Fig. 6.16(b),
which corresponds to taps/2 symbols · 31.25 ps/symbol / 310 meters of
HC-PBGF, which corresponds to a delay per meter of 4 ps/m to 5 ps/m
and matches perfectly with Fig. 6.9(d). In the same figure, the next peak
is present between 180 taps and 240 taps, corresponding to a delay of
9-12 ps/m and matches that of the LP21 mode, which therefore seems to
be excited during launch and then received. In Fig. 6.16(a) the last peak
is observed between 240 and 260 taps (12-13 ps/m) which implies that the
LP02 mode is excited at the transmitter launch (and is then received). The
latter is to be expected due to the mode field mismatch and fiber support-
ing the LP02 mode.
Another peak observed in Fig. 6.16(a) is around 240 taps, which is most
probably the result from reflections in the setup, rather than a mode trav-
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Figure 6.16: Impulse response for (a) LP01 mode input to LP01 mode output and (b)
LP11 mode input to LP11 mode output.

elling faster than the LP01 mode.
That higher-order modes are excited during launch is also verified by sweep-
ing the number of taps used for equalization. Fig. 6.17 shows the number
of positive taps, which is half compared to the overall number of taps
used, converted to delay in ps/m versus bit-error ratio. Fig. 6.17(a) de-
picts the LP01 mode only transmission (blue dotted line) and mode multi-
plexed transmission (orange solid line) and Fig. 6.17(b) transmission of the
LP11a+b mode (red dashed line). For the latter case, the start of the frame
is determined on the LP11a received signal.
Considering LP01 mode only transmission, it can be observed that a per-
formance improvement is obtained when using 240 positive taps, which
corresponds to a delay of ∼ 12 ps/m which exactly matches the LP02 delay
as measured in Fig. 6.9(c). Similar behavior is observed for LP11a+b mode
transmission. At 110 positive taps the performance starts to improve and
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Figure 6.17: Number of positive taps used vs. bit-error ratio for (a) LP01 mode only and
all modes transmission and (b) LP11 mode transmission only.

it settles at around 140 taps, corresponding to delays of ∼ 5.5 ps/m to
7 ps/m. This matches well with the modal delay of LP21 compared to the
modal delay of LP11, i.e. 9-12 ps/m to 4-5 ps/m which gives a difference
of ∼ 5− 7 ps/m.
When looking at the transmission using both mode groups (Fig. 6.17(a))
the optimal performance is obtained when more than 240 positive taps are
used, covering both the LP21 and LP02 delays.

Differential group delay in HC-PBGFs

As clearly observed from the preceding paragraphs, the number of taps
needed for equalization over 310 m of HC-PBGF is already more than ob-
served in the straight-line MDM experiments using FMF, the reason being
the larger DGDs in HC-PBGFs (typically of the order of several hundreds
of ps/km) compared to FMF (tens of ps/km). To keep receiver complex-
ity reasonable, solutions will have to be found to compensate the DGD or
smart DSP algorithms will have to be developed.
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One way to achieve DGD compensation is by developing DGD-compensating
fibers, as such compensating DGD in the same way that CD can be com-
pensated using dispersion compensating fibers (DCFs). Another possibility
to compensate DGD is through mode de-multiplexing the signal by using
a mode-selective DEMUX, and delaying one of the outputs with respect to
the others by inserting an additional single-mode fiber piece. Both methods
however are cumbersome because they only succeed in compensating DGD
if distributed mode-coupling inside the HC-PBGF is sufficiently low.
When using DSP to compensate for DGD, a first reduction in complexity
could be obtained by moving from time-domain equalization to frequency-
domain equalization [166, 284]. However, since mode coupling in HC-PBGFs
is expected to decrease with any reduction in loss, the different modes
may be well preserved during transmission in future low-loss HC-PBGFs,
such that it is only necessary to take into consideration those taps that
correspond to delays of the specific modes while others can be switched
off [241].

6.3.5 Conclusions

In this section a detailed modal characterization of a novel 37-cell HC-
PBGF boasting a low minimum fundamental mode loss of 3.3 dB/km at
1550 nm and an 85 nm wide 3-dB bandwidth was presented. The mode-
dependent spectral loss of its 3 lowest order modes were measured along
with their propagation and cross-coupling properties. An absence of SMs
and low cross-talk was demonstrated enabling high capacity MDM-WDM
transmission in a HC-PBGF. Successful transmission of several modulation
formats was shown along with a study of transmission impairments. Using
3 MDM × 96 WDM × 256-Gb/s DP-16QAM modulation, a total data rate
of 73.7 Tb/s was transmitted, setting a new transmission capacity record
for HC-PBGFs. These results are an important step towards ultralow-loss
transmission fibers and illustrate the intriguing possibility to employ MDM
in such low nonlinearity, low-latency fibers and extensions thereof.



Chapter 7

Summary and conclusions

The contents of this dissertation were subdivided in three parts: the single-
mode fiber (SMF) systems and experiments, the few-mode fiber (FMF)
systems and experiments, and the hollow-core photonic band gap fiber (HC-
PBGF) theory and experiments. In this final chapter the most important
findings are summarized.

7.1 Single-mode fiber

The chapters 2 and 3 described SMF systems, the currently deployed trans-
mission medium. As pointed out in the theory part and subsequently sup-
ported by the experimental work, moving from binary phase-shift keying
(BPSK) or quadrature phase-shift keying (QPSK), which amplified spon-
taneous emission (ASE) technically have the same optical signal-to-noise
ratio (OSNR) requirements for the same data rate, to higher-order mod-
ulation formats like 16-level quadrature amplitude modulation (16QAM),
will cause a significant drop in reach due to higher OSNR requirements.
These originate both from ASE as well as non-linear tolerance. Besides
these physical causes of reach reduction, the generation of higher-order
modulation formats at high symbol rates will incur a significant implemen-
tation penalty originating from the limited bandwidth and resolution of
digital-to-analog converters (DACs). Additionally the characteristic non-
linear transmittance curve of Mach-Zehnder modulators (MZMs) is putting
restrictions on the electrical driving signal, which reduces the extinction ra-
tio (ER) of the resulting optically modulated signal. Pre-distortion can be
used to mitigate these effects. To enhance the transmission performance,
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advanced fiber types with a slightly higher dispersion coefficient, lower loss
and larger effective area can be used, as such improving the non-linear
tolerance and received OSNR. Additionally non-linear distortions can be
diminished and the received OSNR can be improved by employing Raman
amplication. Either hybrid schemes of Raman amplification and erbium-
doped fiber amplifiers (EDFAs) or Raman amplification only can be used
to achieve this. However, due to both the higher OSNR requirements and
larger implementation penalties of higher-order modulation formats, still
the reach is roughly decreased by a factor 10 when moving from 100G
dual-polarization QPSK (DP-QPSK) to 200G dual-polarization 16QAM
(DP-16QAM). Only by using very advanced forward-error correction code
(FEC) schemes with a large overhead, as such at the cost of spectrum and
computational complexity, (ultra) long-haul distances can be achieved.
The presented results and those from other research groups support the
findings presented in [5]. Reference [5] clearly shows that the achievable
spectral efficiency (SE) and reach are related to each other. Exploiting
polarization, amplitude, phase and frequency to multiplex data, roughly
a maximum of 35 Tbit/s can be transmitted over 2000 km in the C-band
assuming optimal amplification, fibers and modulation. Current commer-
cial transponders are able to support 10 Tbit/s using 100G DP-QPSK. This
amount is only a factor 3.5 away from the maximum supported capacity per
SMF for a 2000 km reach without requiring full 3R regeneration. With the
demand for data traffic steadily growing with 40% each year [1, 2], which is
a ∼ 30 times increase in ten years from now, this implies that the capacity
limitations of this medium are within sight. Therefore a deployment of new
fibers will be required which means moving into the last dimension left to
be exploited, space.

7.2 Space-division multiplexing

Space-division multiplexing (SDM) is a general naming for several technolo-
gies that create multiple transmission lanes to enhance the overall capacity
of optical transmission systems. The simplest form of SDM is deploying
multiple SMFs. By doing so, the total capacity is only scaling linearly with
the number of fibers deployed. Since operators will be forced to deploy new
fiber, it will most probably be beneficial for them to deploy a medium dif-
ferent from SMF that supports more capacity to be future proof. However
operators are driven by the cost aspect. Therefore new technologies have to
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accomplish a lower cost per transmitted bit in order to convince operators
to adopt it.
Several approaches to achieve a higher capacity per fiber have been sug-
gested, with the most promising technologies being multi-core and multi-
mode fibers. The multiple cores in a multi-core fiber serve as single-mode
transmission lanes (although multi-mode cores can be created as well),
whereas in multi-mode fibers each mode functions as a transmission lane.
Both technologies allow for integration of components and as such a reduc-
tion in costs and a larger energy efficiency plus increase the overall capacity
supported in a single fiber.

In this dissertation the focus was on the multi-mode fiber SDM approach
(chapters 4 and 5). Each mode that is used as a transmission lane requires
a coherent receiver for reception, similar to a SMF system. To undo any
mixing of the signals (modes) that occurred during mode (de-)multiplexing
and transmission, multiple input multiple output (MIMO) digital signal
processing (DSP) is required. Since regular commercial multi-mode fibers
support tens of modes, it is hard to exploit all of them both in terms of
required hardware as well as in terms of computational power. Therefore
FMFs were developed, supporting only the first two or four mode-groups.
The experimental work in this dissertation only looked into transmission
over two mode-group supporting FMF, consisting of the LP01 mode and
the two-fold degenerate LP11 mode. As such in principle the capacity of a
single fiber is tripled.
Also the HC-PBGF was studied in this dissertation in chapter 6. HC-
PBGFs have a different guiding mechanism than solid core fibers. In prin-
ciple these fibers can be manufactured to support only a single-mode, and
due to their beneficial properties inherited from the light propagating in
air rather than in glass, this should already allow for a substantial increase
in capacity per fiber compared to regular SMF. To achieve low-loss HC-
PBGFs most probably a large core size is required, supporting multiple
modes. As such HC-PBGFs have the potential to enhance their supported
capacity even beyond that of solid-core equivalents.

7.2.1 Few-mode fiber

By using FMF as a transmission medium in principle the highest informa-
tion density in a single core can be obtained. To achieve successful trans-
mission, a coherent receiver is needed for each mode supported by the fiber.



248 Summary and conclusions

Additionally MIMO-DSP is required, which uses the time-aligned samples
obtained from all receivers to unravel the received signal into the transmit-
ted sequences. For SMF systems 2× 2 MIMO-DSP is used for equalization
of linear propagation effects and the arbitrary state of polarization (SOP) of
the received signal at the input of the coherent receiver. For FMF systems
supporting either 3 or 6 modes, each again having two orthogonal polar-
ization states (therefore indicated by linearly-polarized (LP)), either 6× 6
or 12× 12 MIMO-DSP is needed. Therefore the computational complexity
of the DSP seems to scale quadratically with the number of modes. The
first conducted experiments tried to separately excite and receive the mode-
groups to reduce this complexity. However, in realistic FMF transmission
systems mode-mixing will occur at each splice, which makes avoidance of
complex MIMO-DSP impossible as experimentally demonstrated in sub-
section 5.1.1.
Rather than avoiding mode-mixing and complex MIMO-DSP, this can be
used in our advantage to alleviate the new detrimental transmission effect
of mode-dependent loss (MDL). Moreover, spatial multiplexers with low- or
theoretically no loss can be designed, inherently coupling the transmitted
single-mode signals into a linear combination of modes whereas low-loss
selective mode excitation with a good extinction ratio is much harder to
achieve.

The first experiment in this dissertation using mode-division multiplexing
(MDM), as this form of SDM is normally called, showcased transmission
of three modes each carrying 112-Gb/s DP-QPSK over 80 km of FMF in-
corporating a mid-span few-mode EDFA (FM-EDFA), a phase-plate based
mode multiplexer (selective mode excitation) and using blind MIMO-DSP.
A good quality of transmission, observing only a minimal penalty of ∼ 1
dB, was confirmed. Since blind DSP does not provide a guaranteed conver-
gence [162] and blind source separation is cumbersome if the modes heavily
mix, the other experiments used data-aided DSP to achieve robust trans-
mission.
In the next experiment a fully loaded C-band (96 wavelength channels)
transmission over 119 km FMF with mid-span FM-EDFA, with each chan-
nel carrying a 256-Gb/s DP-16QAM optically modulated signal, was demon-
strated. Due to the lossy phase-plate based mode multiplexers the reach
was limited. A record capacity of six times the current SMF state-of-the-
art was demonstrated, 57.6 Tb/s (73.7 Tb/s gross).
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A 60 km transmission of three modes carrying 20 wavelength-division mul-
tiplexing (WDM) channels with 320-Gb/s dual-polarization 32QAM (DP-
32QAM) was also demonstrated. This showcased that FMF technology
with data-aided MIMO-DSP can actually be a very robust technology.

An important next step is to demonstrate that long-haul FMF transmis-
sion is possible, as such showing that FMF technology offers the potential
to provide a solution to avoid the capacity crunch in back-bone networks.
Therefore as a next step the research focussed on re-circulating loop work.
Using an optical chopper as a switching element to implement the loop
as such emulating multi-span transmission, both 480 km transmission of
3 modes × 192-Gb/s dual-polarization 8QAM (DP-8QAM) was demon-
strated and 1,020 km (long-haul) transmission of 3 modes × 128-Gb/s DP-
QPSK was achieved. This demonstration was one of the first ones con-
firming the ability of this technology to be used in long-haul transmission
systems. However the reach compared with SMF systems has been greatly
reduced. The development of few-mode components like mode scramblers
and few-mode wavelength-selective switches (WSSs) and furthermore im-
proved FM-EDFAs and monitoring options will allow for a longer reach.

The last FMF transmission results were obtained in the first ever field
experiment incorporating components of FMF, demonstrating three pos-
sible upgrade scenarios. Since FMF is not deployed anywhere yet, the
field demonstration was conducted over the commercial SMF network of
A1/Telekom Austria, and two 60 km FMF spans with a FM-EDFA after
60 km. As a spatial multiplexer (MUX) a commercial phase-plate based
mode MUX was used, whereas a spot-launching structure was installed for
spatial de-multiplexing.
The first upgrade scenario demonstrated successful single-mode transmis-
sion of signals from a commercial 100G transponder card over 1, 247 km
including 120 km of FMF and a FM-EDFA.
The second upgrade scenario showcased the transmission of three equally
modulated signals over three parallel field-deployed SMFs, afterwards mode
multiplexed and transmitted over the FMF link, and subsequently trans-
mitted again over field-deployed SMFs before being detected (total distance
224 km). 6 × 6 MIMO-DSP was employed to successfully demodulate all
signals, demonstrating the transmission of 3 modes × 16 WDM channels
× 256-Gb/s DP-16QAM.
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As a last upgrade scenario the possibility to mode multiplex differently
modulated signals, that travelled over a different link but operating at the
same wavelength, was shown. Two signals of 192-Gb/s DP-8QAM travel-
ling over 52 km were mode multiplexed with a 128-Gb/s DP-QPSK signal
that travelled over 1,075 km. After mode de-multiplexing and transmission
over a span of SMF the three signals were successfully demodulated using
an adapted 6× 6 MIMO-DSP.

The work presented in this dissertation was limited to 3-mode FMF technol-
ogy. The basic principles were presented and various working transmission
systems were showcased. Still a lot of research is required. For instance
characterizing and improving FM-EDFAs, and assessing the non-linear tol-
erance of FMFs. As well as research into MDL and differential group de-
lay (DGD) management. This research is needed to achieve more robust
transmission systems and to showcase that FMF is the medium to possi-
bly upgrade long-haul transmission systems providing the capacity (with a
lower cost per bit) needed by operators to serve customers in the future.

7.2.2 Hollow-core photonic band gap fiber

In this dissertation also two experiments using the HC-PBGF were demon-
strated. The HC-PBGF is guiding light in its air core by creating a photonic
band gap structure in which light of certain wavelengths is not allowed to
exist. Therefore the optical signal is not able to escape from the core created
inside this structure and as such is guided along the fiber length. Because
the light signal is highly confined inside the air core, a number of beneficial
properties are obtained:

• Ultra low nonlinearities (> 103 reduction over SMF)

• Ultra low Rayleigh scattering and potential for ultra-low overall trans-
mission loss.

• Ultimate low latency (99.7% the speed of light in vacuum [307])

However, at the moment the loss of the HC-PBGF is still ∼ 10 times higher
than that of solid-core glass fibers. The main loss mechanism of HC-PBGFs
is surface scattering arising from surface roughness originating from frozen-
in capillary waves during the glass manufacturing. A possible method to
reduce the loss therefore is trying to minimize the overlap of the electro-
magnetic field with the core surround which can be achieved by increasing
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the core size. Increasing the core size inherently results in a HC-PBGF that
supports multiple guided modes. On one hand these can be used to achieve
a larger capacity, on the other hand this limits the usefulness of these fibers
for single-mode purposes. Another method to reduce the loss is to move
the transmission window to a longer wavelength. Surface scattering loss fol-
lows a 1

λ3 dependence, and since only a small amount of the electromagnetic
field overlaps with the core surround, absorption loss at wavelengths well
beyond the C- and L-band (which is the limitation for silica-based fibers)
is minimal. The predicted lowest loss window for HC-PBGFs as such is
around 2 µm. Laser and optical amplifier technology at those wavelengths
has already been demonstrated. A movement to the 2 µm window should
also allow for a larger supported low-loss bandwidth. Reality at the mo-
ment however is that also at 2 µm the loss is still around 3 dB/km making
long-haul transmission impossible. Besides that, long lengths of ’low-loss’
HC-PBGF have not yet been demonstrated, although low-loss splicing is
achievable [330].

The first experiment conducted using this fiber type in this dissertation
exploited the fundamental mode of a 230 m long 19-cell HC-PBGF for
single-mode coherent transmission. This was the first successful demon-
stration of coherently detected polarization-multiplexed transmission over
a HC-PBGF ever. A 24 Tbit/s net data rate transmission was achieved
by transmitting 96 WDM channels each carrying a 320-Gb/s DP-32QAM
modulated signal. This experiment showcased that the HC-PBGF is able
to support full C-band if surface modes are successfully eliminated.
The second experiment used a 310 m long 37-cell HC-PBGF in which the
first two mode-groups were used to transmit data. Using phase-plate based
mode MUXes and 96 channels each 256-Gb/s DP-16QAM optically mod-
ulated, a total net data rate of 57.6 Gb/s was transmitted and received
employing 6× 6 MIMO-DSP. The experiment revealed that the two mode-
groups did not perform equally. Also the large DGD between the LP01
mode and LP11 mode required a lot of memory in the DSP. The memory
required to undo transmission effects over the 310 m piece of HC-PBGF
was larger than that for the FMF experiments that had a multi-kilometer
reach. This fact, and the additional factor two of loss difference between
the two mode-groups which is inherent due to the larger overlap of the
LP11 mode with the core surround, might prevent robust long-haul MDM
transmission over this type of fiber.
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7.3 Outlook

The past has shown that human beings in general are very susceptible to
new things. Things like smartphones, high-definition television and stream-
ing video on your mobile phone. Nobody really needs it, but everybody
wants it. Assuming that the future still holds even more data consuming
technologies and an increasing amount of people getting connected since it
is their right to have a broadband connection, it is yet not foreseen that
the current fiber infrastructure will be able to support the amounts of ca-
pacity needed in the near future (2020 and beyond). With the 40% growth
per year rule well established using several independent sources [1, 2], along
with the work showing that the single-mode fiber medium is approaching
its limits [5], this recently (2008) launched research into SDM, showing
immense transmitted capacities, approaching or crossing the 1 petabit per
second.

The question arises how long this traffic growth will continue. At a certain
point in time everybody will be connected, the world population will start
to saturate due to resource restrictions of our planet, and technology will
advance making it able to pack more data inside the same overall amount of
required traffic. The author therefore thinks that in the near-future (within
10 years) operators will be forced to deploy new fiber to support the need
our future holds, but this may well be the technology to last forever. In
case deployment of additional or new fiber is required, the discussion will
be about what the best transmission medium is to make the network sus-
tainable, robust and cost-effective. This dissertation covered some of the
possible solutions and in this final section the author’s view on the future
backbone network architecture is given.

7.3.1 Multi-core fiber or multi-mode fiber?

Two main rivalling technologies have been demonstrated over the last
2 years: multi-core fibers and multi-mode fibers. Whereas the latter is
able to achieve a higher data density, multi-core technology already has
been shown to be very robust and well able to carry large amounts of data
over (ultra) long-haul distances, linearly scaling with the number of cores
with respect to single-mode technology.
The main stream of multi-core technology demonstrated this far are fibers
having multiple single-mode cores inside one surrounding structure. Some
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of the difficulties include coupling the optical signals into the separate cores
and sufficiently suppressing crosstalk between the cores to maintain a good
signal quality. Multi-core EDFAs are finding their way into research right
now, showing a decent performance. Because of the single-mode nature
of transmission, current transponders can in principle be directly used for
transmission over this medium. Therefore multi-core fibers provide a very
straight-forward upgrade technology. Additionally multi-core fibers offer
the possibility for integration of components as such achieving energy and
cost reduction.

Multi-mode fibers, or more specific FMFs, have more issues that have to be
overcome. Crosstalk between the modes cannot be avoided, which other-
wise might have enabled single-mode coherent receivers to demodulate the
received signals without additional penalties. Since this is not the case in
general, very complex MIMO-DSP will have to be employed to unravel the
modes upon reception.
Not only mode-mixing, which actually can be used to alleviate the im-
pact of MDL, is putting additional requirements on receiver technology,
also the difference in group delay between the modes is requiring the re-
ceiver to have a larger memory to undo all linear effects between the modes
that occurred during transmission. Although this can be mitigated to a
certain extent with a different receiver implementation (frequency-domain
equalization (FDE) with respect to time-domain equalization (TDE)) and
with coupled-core fiber approaches [260, 262], probably optical group delay
management is required to limit the spread. One way to achieve this is
by developing DGD-compensating fibers, as such compensating DGD in
the same way that chromatic dispersion (CD) can be compensated using
dispersion compensating fibers (DCFs). Another possibility to compensate
DGD is through mode de-multiplexing the signal by using a mode-selective
demultiplexer (DEMUX), and delaying one of the outputs with respect to
the others by inserting an additional single-mode fiber piece. Both methods
however are cumbersome because they only succeed in compensating DGD
if distributed mode-coupling inside the FMF (or HC-PBGF) is sufficiently
low.
As mentioned shortly before, additionally MDL has to be coped with to
make sure all modes survive, which is a very difficult task. Not only the
FMFs will have different losses for the various modes, also splices [247] and
all other components (FM-EDFA and ROADMs) along the way will induce
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MDL, limiting the achievable transmission distance.
There are some suggestions that the larger core size of FMFs allows for an
increased launch power, or equivalently improves the non-linear tolerance,
as such improving the received OSNR and thus allowing for a higher SE
to be transmitted. However, more non-linear impairments compared to
single-mode transmission are introduced, namely those between the differ-
ent modes [255, 256] which can range over several THz. Moreover, whereas
multi-core technology already has shown a ∼20-fold increase in transmit-
ted capacity over ultra long-haul distances, FMF experiments till now are
limited to a ∼ 1000 km reach, with only a 3- to 6-fold increase in capacity
compared to the single-mode fiber medium. Research into a higher num-
ber of modes is difficult due to the required hardware: for each mode a
coherent receiver front-end plus sampling scope is needed, not to mention
the required computational power and memory which by itself seems to
make a scaling towards a larger number of modes cumbersome. All by all
still a lot of research into multi-mode transmission is required to assess the
non-linear penalties occurring with a fully loaded spectrum, as well as to
demonstrate long-haul transmission with a 80-100 km spacing, requiring
FM-EDFAs to deliver ∼ 20 dB gain per mode.

Neither multi-core nor multi-mode technology by itself is likely to achieve
two orders of magnitude increase in capacity, although the first approach
was the first to demonstrate a 1 Pb/s transmission in a single fiber [227] for
a very limited distance (<100 km). A more vital approach to enable this is
the combination of the two technologies: multi few-mode core fibers [337,

Multi-core 
fiber

Multi coupled-
core fiber

Multi few-mode 
core fiber

Figure 7.1: Three most likely new transmission media to make it to a commercial de-
ployment.
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Figure 7.2: Illustration of a transmission link combining both SDM technologies. The
fiber medium either is an uncoupled multi-core fiber or a separate SMF bundle which
is amplified using a FM-EDFA to achieve a larger energy efficient amplification than
a multi-core EDFA of separate EDFAs. MIMO-DSP will most likely be required to
undo any mode coupling occurring in the amplifiers. The DGD-spread however will be
minimal, reducing its complexity.

338] (or multi-coupled-core [263]) as illustrated in Fig. 7.1. The multiple
cores (∼ 20) supporting multiple modes (∼ 6) should as such allow for a
100-fold in increase in capacity per fiber, scaling current 10 Tb/s trans-
mission systems to 1 Pb/s enabling structures as demonstrated in [228].
Therefore this approach is more likely to find its way into commercial ap-
plications.
The simplicity of single-mode multi-core fibers and/or deploying single-
mode fiber bundles, and as such allowing integration of components and
therefore achieving the combination of robust and cost-effective transmis-
sion, might prohibit few-mode technology to evolve to a real product. The
use of single-mode or uncoupled multi-core fibers in combination with few-
mode amplifier technology also has some potential to achieve a more energy-
efficient amplification of the multiple single-mode signals. This scheme is
depicted in Fig. 7.2. It is likely however that 2N×2N MIMO-DSP, with N
equal to the number of single-mode signals, has to be employed to undo the
mode-mixing occurring in the amplifiers. Due to the discrete coupling, the
impulse response spread will be similar to that of single-mode systems and
as such reduce the complexity of the MIMO-DSP. The question remains
if the obtained energy reduction is worth the development of 2N × 2N
MIMO-DSP chips.

7.3.2 The future of hollow-core photonic band gap fibers

Without doubt the HC-PBGF is an intriguing transmission medium, hold-
ing a lot of potential among which is the purpose of long-haul transmission.
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However it is crucial to achieve a loss in the range of the current solid-core
fibers to be considered as an interesting medium for transmission over these
distances. For short distance communication, as such having a larger loss
tolerance, the low-latency property of the fiber might already be sufficient
to be deployed as soon as a 1 dB/km attenuation is achieved.

For long-haul communication the same applies as stated in the previous
section. The probable multi-mode nature of the low-loss HC-PBGFs, as
explained in chapter 6, will bring issues by itself. Even if the HC-PBGF
can be manufactured such that distributed mode coupling is sufficiently
small, other components along the link will induce crosstalk, therefore
making complex MIMO-DSP a requirement. The inherent factor of two
loss difference between the fundamental mode and the LP11 mode, possi-
bly introducing a large MDL, requires a solution. Moreover the current
DGD between the modes is an order of magnitude higher than for solid-
core FMFs and is not likely to decrease to reasonable values although this
scales with the core size. However, increasing the core size in return results
in more guided modes. If the number of supported modes has to be limited
for computational complexity reasons, this puts a limit on the maximum
core dimensions.

It is unlikely that few-mode HC-PBGFs will be considered for deploy-
ment before solid-core alternatives since a long trajectory of research is
still ahead. Drawing long lengths of low-loss HC-PBGF for now is an
issue, although low-loss splicing [330] and connectorization seem to be fea-
sible. Low attenuation numbers still have to be obtained. Whereas the
loss mechanisms seem to be understood pretty well, demonstrations over
the last ∼ 10 years did not show a large improvement. The lowest loss
reported to date is 1.7 dB/km at the cost of bandwidth due to the intro-
duction of surface modes. For large bandwidth supporting HC-PBGFs the
lowest reported loss is in the order of ∼ 3 dB/km. Removing the frozen-in
capillary waves to reduce surface roughness, the largest contributor to the
loss, might turn out to be very difficult if not impossible. As such the pre-
dicted achievable loss values of ∼ 0.1 dB/km might be never obtained.

A multi-core HC-PBGF structure might be an interesting option in case
low-loss single-mode or few-mode transmission has been proven. Thanks
to the high non-linear tolerance (32QAM transmission maybe viable), the
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larger supported bandwidth (especially at 2 µm, where also thulium-doped
fiber amplifiers are proven to be able to amplify the larger bandwidth com-
pared to EDFAs [324]), the multiple cores and eventually modes, a higher
capacity per fiber should definitely be achievable. Besides that, the reduc-
tion in the number of amplifiers and the scaling to higher-order modulation
formats allows for a higher power-efficiency than the solid-core counter-
part. This also applies for the single-mode regime, which in addition to
low-latency makes HC-PBGF a very interesting technology which is hoped
for by many.

7.3.3 Equalizer complexity and the scalability of modes

The complexity of MIMO-DSP for MDM transmission has been highlighted
several times before. Whereas the largest part of the DSP scales linearly
with the number of modes, therefore not increasing the computational com-
plexity per mode, the equalization stage scales differently. It should be
noted that the power dissipation of the equalization stage (which roughly
scales with the complexity) in single-mode transmission systems only takes
around 10% of the total power consumption [339], as depicted in Fig. 7.3.
Focussing on the equalizer complexity, the use of TDE for MDM systems
seems to be out of question due to the high DGD between modes, requiring
a large amount of memory or equivalently filter taps. Additionally the num-
ber of filter structures necessary to compensate mixing between all modes
scales quadratically with the number of modes. Moving from a single mode

SD-FEC decoder

CD compensation

Other DSP modules

Carrier recovery

MIMO equalizer

Figure 7.3: Typical power dissipation distribution of the different DSP processes in a
100-Gb/s DP-QPSK line card [339].



258 Summary and conclusions

to 3 (6) modes requires an increase from 4 to 36 (144) filter structures, im-
plying a factor 9 (36) increase in number of complex multiplications per bit.
This number has to be multiplied by the increase of filter taps required. For
a regular single-mode receiver ∼ 21 taps are used. From the experimental
results presented in chapter 5, ∼ 401 taps seems a reasonable number for
long-haul MDM transmission systems. This results in an additional factor
20 augmentation in complex multiplications per bit required.
As such the only feasible option to implement equalization for MDM is
FDE. It is well-known that FDE reduces the number of complex multiplica-
tions needed compared to TDE. However, in [298] it is shown that for trans-
mission of six modes each carrying a 25 GBaud DP-16QAM (200 Gb/s) re-
quires at best a four times increment in complexity compared to equalizing
six single-mode signals adding up to the same transmitted data rate. This
would scale to a 30% increase of overall DSP complexity per mode.
Possibly the number of complex multiplications required can be alleviated
by using smaller spatial channels [338], as such requiring more transponders.
It is likely however that this will result in a lower non-linear tolerance. In
general a higher DGD will be beneficial to mitigate non-linear interactions
between modes, similar to CD in single-mode fibers, which in return will
increase the complexity of equalization again.

Because of reasons mentioned in the previous paragraph the author is of
the opinion that scaling the number of modes beyond ten (i.e. 20 × 20
MIMO-DSP) for the purpose of long-haul transmission will neither be re-
alistic nor cost-efficient. Both in terms of implementing the high degree
of parallelization on a single application-specific integrated circuit chip, as
well as in terms of required number of complex multiplications per bit.
However, when the integrated circuit technology scales from the current
28 nm process towards 7-10 nm technology, new numbers might become
realistic again. Only time will tell.



Bibliography

[1] Cisco, “The zettabyte era - trends and analysis,” May 2013. [On-
line]. Available: http://www.cisco.com/en/US/solutions/collateral/ns341/ns525/
ns537/ns705/ns827/VNI Hyperconnectivity WP.pdf

[2] IEEE 802.3 Ethernet Working Group, “IEEE 802.3TM industry connections
ethernet bandwidth assesment,” IEEE, Tech. Rep., Jul. 12 2012. [Online].
Available: http://www.ieee802.org/3/ad hoc/bwa/BWA Report.pdf

[3] Cisco, “Cisco visual networking index: Forecast and methodology, 2012-2017,” May
2013. [Online]. Available: http://www.cisco.com/c/en/us/solutions/collateral/
service-provider/ip-ngn-ip-next-generation-network/white paper c11-481360.pdf

[4] C. Wilson, “Verizon switches on 100G in europe,” Dec.14
2009. [Online]. Available: http://www.lightreading.com/ethernet-ip/
verizon-switches-on-100g-in-europe/d/d-id/673196

[5] R. Essiambre, G. Kramer, P. Winzer, G. Foschini, and B. Goebel, “Capacity limits
of optical fiber networks,” J. Lightw. Technol., vol. 28, no. 4, pp. 662–701, Feb.
2010.

[6] L. Kleinrock, “An early history of the internet [history of communications],” IEEE
Commun. Mag., vol. 48, no. 8, pp. 26–36, Aug. 2010.

[7] R. Dettmer, “Spinning the web [world wide web standardisation],” IEE Review,
vol. 42, no. 1, pp. 28–29, Jan. 1996.

[8] Facebook, http://www.facebook.com.

[9] Instagram, http://www.instagram.com.

[10] LinkedIn, http://www.linkedin.com.

[11] Twitter, https://www.twitter.com.

[12] Youtube, http://www.youtube.com.

[13] C. Jeffcoat, J. Jackson, and J. Ewald, “Considerations in design and laying a new
undersea fiber optic cable,” in OCEANS, 1984, pp. 662–667.

[14] R. Otte, B. Bottoms, T. Bowen, G. Celler, L. Giovane, M. Glick, R. Grzybowski,
L. Kimerling, T. Miao, P. Popescu, and J. Sinsky, “Scaling limits for copper
interconnects,” Oct. 2011. [Online]. Available: http://mphotonics.mit.edu/index.
php?option=com docman&task=doc download&gid=1219&Itemid=198



260 BIBLIOGRAPHY

[15] E. Rawson and R. Metcalfe, “Fibernet: Multimode optical fibers for local computer
networks,” IEEE Trans. Commun., vol. 26, no. 7, pp. 983–990, Jul. 1978.

[16] P. Bonenfant, C. Newton, K. Sparks, E. Varma, and R. Alferness, “A practical
vision for optical transport networking,” Bell Labs Tech. J., vol. 4, no. 1, pp. 3–18,
1999.

[17] K. Tse, “AT&T’s photonic network,” in Proc. Optical Fiber Communication Con-
ference (OFC), San Diego, California, Feb. 24–28 2008, paper NMC1, pp. 1–6.

[18] I. Kaminow and T. Li, Optical Fiber Telecommunications IVB Systems and Im-
pairments, 1st ed. Academic Press, 2002, ch. 8, pp. 329–403.

[19] P. Erlich, “Creating a brighter future,” in IET Seminar on Fibre to Europe, May
2010, pp. 1–31.

[20] X. Fernando, “Broadband access networks,” in International Conference on Signal
Processing, Communications and Networking (ICSCN), 2008, pp. 380–383.

[21] E. Yetginer and E. Karasan, “Dynamic wavelength allocation in IP/WDM metro
access networks,” IEEE Journal on Selected Areas in Communications, vol. 26,
no. 3, pp. 13–27, Apr. 2008.

[22] N. S. Bergano, “The capabilities of the undersea telecommunications industry,”
in Proc. Optical Fiber Communication Conference (OFC), San Diego, California,
Mar. 21–25 2010, paper OTuD3.

[23] V. Veljanovski, W. Schairer, J. Slovak, C. Hofer, U. Bauer, S. Jansen, and
D. van den Borne, “Real-time 96 x 100G transmission over 660 km of disper-
sion shifted fiber at 50 GHz channel spacing,” in Proc. European Conference on
Optical Communication (ECOC), Amsterdam, The Netherlands, Sep. 16–20 2012,
paper Mo.2.C.3.

[24] A. Ellis, “The MODE-GAP project,” in Proc. IEEE Photonics Conference (IPC),
Bellevue, Washington, Jun./Jul. 2013, pp. 299–300.

[25] T. Morioka, Y. Awaji, R. Ryf, P. Winzer, D. Richardson, and F. Poletti, “Enhanc-
ing optical communications with brand new fibers,” IEEE Commun. Mag., vol. 50,
no. 2, pp. s31–s42, Feb. 2012.

[26] K. Kao and G. Hockham, “Dielectric-fibre surface waveguides for optical frequen-
cies,” Proc. of the Institution of Electrical Engineers, vol. 113, no. 7, pp. 1151–1158,
Jun. 1966.

[27] F. Kapron, D. Keck, and R. D. Maurer, “Radiation losses in glass optical wave-
guides,” Applied Physics Letters, vol. 17, no. 10, pp. 423–425, Nov. 1970.

[28] T. Izawa, N. Shibata, and A. Takeda, “Optical attenuation in pure and doped fused
silica in the ir wavelength region,” Appl. Phys. Lett., vol. 31, no. 1, pp. 33–35, Jul.
1977.

[29] G. Keiser, Optical Fiber Communications, 3rd ed. McGraw-Hill, 2000.
[30] F. Yaman, N. Bai, B. Zhu, T. Wang, and G. Li, “Long distance transmission in

few-mode fibers,” Opt. Express, vol. 18, no. 12, pp. 13 250–13 257, Jun. 2010.
[31] Telecommunication standardization sector of ITU, “Optical fibres, cables and

systems,” 2009. [Online]. Available: http://www.itu.int/dms pub/itu-t/opb/hdb/
T-HDB-OUT.10-2009-1-PDF-E.pdf



BIBLIOGRAPHY 261

[32] Y. Chigusa, Y. Yamamoto, T. Yokokawa, T. Sasaki, T. Taru, M. Hirano, M. Kakui,
M. Onishi, and E. Sasaoka, “Low-loss pure-silica-core fibers and their possible
impact on transmission systems,” J. Lightw. Technol., vol. 23, no. 11, pp. 3541–
3550, Nov. 2005.

[33] M. Hirano, T. Haruna, Y. Tamura, T. Kawano, S. Ohnuki, Y. Yamamoto, Y. Koy-
ano, and T. Sasaki, “Record low loss, record high fom optical fiber with man-
ufacturable process,” in Proc. Optical Fiber Communication Conference (OFC),
Anaheim, California, Mar. 17–21 2013, paper PDP5A.7.

[34] OFS, A Furuka Company, “Allwave R© ZWP fiber (zero water peak),” Apr. 2013.
[Online]. Available: http://www.ofsoptics.com/resources/AllWave-117-web.pdf

[35] D. Gloge, “Dispersion in weakly guiding fibers,” Appl. Opt., vol. 10, no. 11, pp.
2442–2445, Nov. 1971.

[36] D. Marcuse, “Pulse distortion in single-mode fibers,” Appl. Opt., vol. 19, no. 10,
pp. 1653–1660, May 1980.

[37] Corning, “Corning R© LEAF R© optical fiber,” Dec. 2012. [Online]. Available:
http://www.corning.com/WorkArea/showcontent.aspx?id=53073

[38] L. Moller, C. Xie, X. Wei, X. Liu, C. Stook, J. Wood, P. Bravetti, P. Bergamini,
and C. Gualandi, “A novel 10-Gb/s duobinary receiver with improved back-to-back
performance and large chromatic dispersion tolerance,” IEEE Photon. Technol.
Lett., vol. 16, no. 4, pp. 1152–1154, Apr. 2004.

[39] M. Alfiad, D. van den Borne, A. Napoli, A. Koonen, and H. de Waardt, “A DPSK
receiver with enhanced CD tolerance through optimized demodulation and MLSE,”
IEEE Photon. Technol. Lett., vol. 20, no. 10, pp. 818–820, May 2008.

[40] M. Alfiad, D. Van den Borne, T. Wuth, M. Kuschnerov, and H. de Waardt, “On the
tolerance of 111-Gb/s POLMUX-RZ-DQPSK to nonlinear transmission effects,” J.
Lightw. Technol., vol. 29, no. 2, pp. 162–170, Jan. 2011.

[41] N. Costa and A. Cartaxo, “Influence of the channel number on the optimal dis-
persion map due to XPM in WDM links,” J. Lightw. Technol., vol. 26, no. 22, pp.
3640–3649, Nov. 2008.

[42] C. Xie, “A doubly periodic dispersion map for ultralong-haul 10- and 40-gb/s
hybrid DWDM optical mesh networks,” IEEE Photon. Technol. Lett., vol. 17, no. 5,
pp. 1091–1093, May 2005.

[43] C. Xia, J. Pina, A. Striegler, and D. Van den Borne, “On the nonlinear threshold
of polarization-multiplexed QPSK transmission with different dispersion maps,” in
Proc. European Conference on Optical Communication (ECOC), Geneva, Switzer-
land, Sep. 18–22 2011, paper We.10.P1.72.

[44] V. A. J. M. Sleiffer, D. Van den Borne, M. Alfiad, S. Jansen, and H. de Waardt,
“Dispersion management in long-haul 111-Gb/s POLMUX-RZ-DQPSK transmis-
sion systems,” in Proc. IEEE LEOS Annual Meeting Conference, Belek-Antalya,
Turkey, Oct. 4–8 2009, pp. 569–570.

[45] D. Van den Borne, V. A. J. M. Sleiffer, M. Alfiad, S. Jansen, and T. Wuth,
“POLMUX-QPSK modulation and coherent detection: The challenge of long-
haul 100G transmission,” in Proc. European Conference on Optical Communication
(ECOC), 2009, pp. 1–4.



262 BIBLIOGRAPHY

[46] G. Gavioli, E. Torrengo, G. Bosco, A. Carena, V. Curri, V. Miot, P. Poggiolini,
F. Forghieri, S. Savory, L. Molle, and R. Freund, “NRZ-PM-QPSK 16 × 100 Gb/s
transmission over installed fiber with different dispersion maps,” IEEE Photon.
Technol. Lett., vol. 22, no. 6, pp. 371–373, Mar. 2010.

[47] L. Gruner-Nielsen, M. Wandel, P. Kristensen, C. Jorgensen, L. Jorgensen, B. Ed-
vold, B. Palsdottir, and D. Jakobsen, “Dispersion-compensating fibers,” J. Lightw.
Technol., vol. 23, no. 11, pp. 3566–3579, Nov. 2005.

[48] D. van den Borne, V. Veljanovski, E. De Man, U. Gaubatz, C. Zuccaro, C. Pa-
quet, Y. Painchaud, S. Jansen, E. Gottwald, G.-D. Khoe, and H. de Waardt,
“Cost-effective 10.7-Gbit/s long-haul transmission using fiber bragg gratings for
in-line dispersion compensation,” in Proc. Optical Fiber Communication Confer-
ence (OFC), Anaheim, California, Mar. 25–29 2007, paper OThS5.

[49] F. Sjostrom, “Fiber bragg grating dispersion compensation en-
ables cost-efficient submarine optical transport,” May 2009. [Online].
Available: http://www.proximion.com/sites/default/files/company/news archive/
090511%20Photonics%20Online%20article.pdf

[50] I. Kaminow and T. Li, Optical Fiber Telecommunications IVB Systems and Im-
pairments, 1st ed. Academic Press, 2002, ch. 15, pp. 725–861.

[51] J. Noda, K. Okamoto, and Y. Sasaki, “Polarization-maintaining fibers and their
applications,” J. Lightw. Technol., vol. 4, no. 8, pp. 1071–1089, Aug. 1986.

[52] C. D. Poole, “Statistical treatment of polarization dispersion in single-mode fiber,”
Opt. Lett., vol. 13, no. 8, pp. 687–689, Aug. 1988.

[53] I. Kaminow and T. Koch, Optical Fiber Telecommunications IIIA, 1st ed. Aca-
demic Press, 1997, ch. 6, pp. 114–161.

[54] M. J. Li and D. A. Nolan, “Fiber spin-profile designs for producing fibers with
low polarization mode dispersion,” Opt. Lett., vol. 23, no. 21, pp. 1659–1661, Nov.
1998.

[55] M. J. Li, A. F. Evans, D. W. Allen, and D. Nolan, “Effects of lateral load and
external twist on polarization-mode dispersion of spun and unspun fibers,” Opt.
Lett., vol. 24, no. 19, pp. 1325–1327, Oct. 1999.

[56] D. Breuer, H.-J. Tessmann, A. Gladisch, H.-M. Foisel, G. Neumann, H. Reiner,
and H. Cremer, “Measurements of PMD in the installed fiber plant of Deutsche
Telekom,” in Digest of the IEEE/LEOS Summer Topical Meetings, Vancouver,
Canada, Jul. 14–16 2003, pp. MB2.1/5–MB2.1/6.

[57] J. Peters, A. Dori, and F. Kapron, “BellCore’s fiber measurement audit of ex-
isting cable plant for use with high bandwidth systems,” in Proc. Optical Fiber
Communication Conference (OFC), Anaheim, California, Mar. 25–29 1997.

[58] S. Lee, R. Khosravani, J. Peng, V. Grubsky, D. Starodubov, A. Willner, and
J. Feinberg, “Adjustable compensation of polarization mode dispersion using a
high-birefringence nonlinearly chirped fiber Bragg grating,” IEEE Photon. Tech-
nol. Lett., vol. 11, no. 10, pp. 1277–1279, Oct. 1999.

[59] M. Chbat, J.-P. Soignb, T. Fuerst, J. T. Anthony, S. Lanne, H. Fevrier,
B. Desthieux, A. H. Bush, and D. Penninckx, “Long term field demonstration



BIBLIOGRAPHY 263

of optical PMD compensation on an installed OC-192 link,” in Proc. Optical Fiber
Communication Conference (OFC), San Diego, California, Feb. 21–26 1999, paper
PD12.

[60] M. Hirano, Y. Yamamoto, Y. Tamura, T. Haruna, and T. Sasaki, “Aeff-enlarged
pure-silica-core fiber having ring-core profile,” in Proc. Optical Fiber Communica-
tion Conference (OFC), Los Angeles, California, Mar. 4–8 2012, paper OTh4I.2.

[61] G. Agrawal, Nonlinear Fiber Optics, 5th ed. Academic Press, 2013.

[62] K. S. Kim, W. A. Reed, K. W. Quoi, and R. H. Stolen, “Measurement of the
nonlinear index of silica-core and dispersion-shifted fibers,” Opt. Lett., vol. 19,
no. 4, pp. 257–259, Feb. 1994.

[63] P. Winzer and R. Essiambre, “Advanced optical modulation formats,” Proc. of the
IEEE, vol. 94, no. 5, pp. 952–985, May 2006.

[64] A. Striegler and B. Schmauss, “Fiber-based compensation of IXPM-induced timing
jitter,” IEEE Photon. Technol. Lett., vol. 16, no. 11, pp. 2574–2576, Nov. 2004.

[65] S. Kumar, J. Mauro, S. Raghavan, and D. Chowdhury, “Intrachannel nonlinear
penalties in dispersion-managed transmission systems,” IEEE J. Sel. Topics Quan-
tum Electron., vol. 8, no. 3, pp. 626–631, May/Jun. 2002.

[66] P. V. Mamyshev and N. A. Mamysheva, “Pulse-overlapped dispersion-managed
data transmission and intrachannel four-wave mixing,” Opt. Lett., vol. 24, no. 21,
pp. 1454–1456, Nov. 1999.

[67] X. Liu, X. Wei, A. H. Gnauck, C. Xu, and L. K. Wickham, “Suppression of in-
trachannel four-wave-mixing induced ghost pulses in high-speed transmissions by
phase inversion between adjacent marker blocks,” Opt. Lett., vol. 27, no. 13, pp.
1177–1179, Jul. 2002.

[68] O. Vassilieva, T. Hoshida, J. Rasmussen, and T. Naito, “Symbol rate dependency of
XPM-induced phase noise penalty on QPSK-based modulation formats,” in Proc.
European Conference on Optical Communication (ECOC), Brussels, Belgium, Sep.
21–25 2008, paper We.1.E.4.

[69] A. Bononi, P. Serena, and N. Rossi, “Nonlinear limits in single- and dual-
polarization transmission,” in Digest of the IEEE/LEOS Summer Topical Meetings,
Playa del Carmen, Mexico, Jul. 19–21 2010, pp. 38–39.

[70] V. Curri, P. Poggiolini, G. Bosco, A. Carena, and F. Forghieri, “Performance eval-
uation of long-haul 111 Gb/s PM-QPSK transmission over different fiber types,”
IEEE Photon. Technol. Lett., vol. 22, no. 19, pp. 1446–1448, Oct. 2010.

[71] R. Stolen and J. E. Bjorkholm, “Parametric amplification and frequency conversion
in optical fibers,” IEEE J. Quantum Electron., vol. 18, no. 7, pp. 1062–1072, Jul.
1982.

[72] A. Gnauck, R. Tkach, A. Chraplyvy, and T. Li, “High-capacity optical transmission
systems,” J. Lightw. Technol., vol. 26, no. 9, pp. 1032–1045, May 2008.

[73] M. Winter, C. A. Bunge, D. Setti, and K. Petermann, “A statistical treatment of
cross-polarization modulation in DWDM systems,” J. Lightw. Technol., vol. 27,
no. 17, pp. 3739–3751, Sep. 2009.



264 BIBLIOGRAPHY

[74] D. Van den Borne, S. Jansen, S. Calabro, N. E. Hecker-Denschlag, G.-D. Khoe, and
H. de Waardt, “Reduction of nonlinear penalties through polarization interleav-
ing in 2 × 10-gb/s polarization-multiplexed transmission,” IEEE Photon. Technol.
Lett., vol. 17, no. 6, pp. 1337–1339, Jun. 2005.

[75] B. Collings and L. Boivin, “Nonlinear polarization evolution induced by cross-phase
modulation and its impact on transmission systems,” IEEE Photon. Technol. Lett.,
vol. 12, no. 11, pp. 1582–1584, Nov. 2000.

[76] A. Bononi, P. Serena, N. Rossi, and D. Sperti, “Which is the dominant nonlin-
earity in long-haul PDM-QPSK coherent transmissions?” in Proc. European Con-
ference on Optical Communication (ECOC), Torino, Italy, Sep. 19–23 2010, paper
Th.10.E.1.

[77] R. Mears, L. Reekie, I. Jauncey, and D. Payne, “Low-noise erbium-doped fibre
amplifier operating at 1.54 µm,” Electron. Lett., vol. 23, no. 19, pp. 1026–1028,
Sep. 1987.

[78] R. J. MEARS, L. REEKIE, I. M. JAUNCEY, and D. N. PAYNE, “High-gain rare-
earth-doped fiber amplifier at 1.54 µm,” in Proc. Optical Fiber Communication
Conference (OFC), Reno, Nevada, Jan. 19 1987.

[79] P. Becker, N. Olsson, and J. Simpson, Erbium-Doped Fiber Ampliers, 1st ed. El-
sevier Academic Press, 1999.

[80] R. Stolen, E. Ippen, and A. Tynes, “Raman oscillation in glass optical waveguide,”
Appl. Phys. Lett., vol. 20, no. 2, pp. 62–64, Jan. 1972.

[81] R. Stolen and E. Ippen, “Raman gain in glass optical waveguides,” Appl. Phys.
Lett., vol. 22, no. 6, pp. 276–278, Mar. 1973.

[82] C. Headley and G. P. Agrawal, Raman Amplification in fiber optical communication
systems, 1st ed. Elsevier Academic Press, 2005.

[83] M. Islam, “Raman amplifiers for telecommunications,” IEEE J. Sel. Topics Quan-
tum Electron., vol. 8, no. 3, pp. 548–559, May/Jun. 2002.

[84] S. Namiki and Y. Emori, “Ultrabroad-band Raman amplifiers pumped and gain-
equalized by wavelength-division-multiplexed high-power laser diodes,” IEEE J.
Sel. Topics Quantum Electron., vol. 7, no. 1, pp. 3–16, Jan./Feb. 2001.

[85] J. Bromage, “Raman amplification for fiber communications systems,” J. Lightw.
Technol., vol. 22, no. 1, pp. 79–93, Jan. 2004.

[86] T. Miyamoto, M. Tanaka, J. Kobayashi, T. Tsuzaki, M. Hirano, T. Okuno,
M. Kakui, and M. Shigematsu, “Highly nonlinear fiber-based lumped fiber Raman
amplifier for CWDM transmission systems,” J. Lightw. Technol., vol. 23, no. 11,
pp. 3475–3483, Nov. 2005.

[87] M. Wu, O. Solgaard, and J. Ford, “Optical MEMS for lightwave communication,”
J. Lightw. Technol., vol. 24, no. 12, pp. 4433–4454, Dec. 2006.

[88] JDSU, “A performance comparison of WSS switch engine technologies,” May 2009.
[Online]. Available: http://www.jdsu.com/productliterature/wsscomp wp cms ae.
pdf

[89] Finisar, “Programmable narrow-band filtering using the waveshaper 1000e and
waveshaper 4000e,” Dec. 2008. [Online]. Available: http://www.finisar.com/sites/
default/files/pdf/PX7rfv-White-Paper-WaveShaper-Basics.pdf



BIBLIOGRAPHY 265

[90] J. Kelly, “Application of liquid crystal technology to telecommunication devices,”
in Proc. Optical Fiber Communication Conference (OFC), Anaheim, California,
Mar. 25–29 2007, paper NThE1.

[91] D. Van den Borne, V. Sleiffer, M. Alfiad, and S. Jansen, “Towards 400G and be-
yond: How to design the next generation of ultra-high capacity transmission sys-
tems,” in Proc. OptoElectronics and Communications Conference (OECC), Kaoh-
siung, Taiwan, Jul. 4–8 2011, pp. 429–432.

[92] J.-L. Auge, “Can we use flexible transponders to reduce margins?” in Proc. Optical
Fiber Communication Conference (OFC), Anaheim, California, Mar. 17–21 2013,
paper OTu2A.1.

[93] K. Yonenaga, “Next generation photonic network elements -multigranularity
switching and rate flexible transponders,” in Proc. Optical Fiber Communication
Conference (OFC), San Diego, California, Mar. 21–25 2010, paper OTuM5.

[94] H. Takara, T. Goh, K. Shibahara, K. Yonenaga, S. Kawai, and M. Jinno, “Ex-
perimental demonstration of 400 Gb/s multi-flow, multi-rate, multi-reach optical
transmitter for efficient elastic spectral routing,” in Proc. European Conference
on Optical Communication (ECOC), Geneva, Switzerland, Sep. 18–22 2011, paper
Tu.5.A.4.

[95] T. He, R. Scott, D. Geisler, N. Fontaine, O. Gerstel, L. Paraschis, J. Heritage,
and S. Yoo, “Flexible-bandwidth, impairment-aware transmitter based on paral-
lel synthesis of optical frequency combs,” in Proc. Optical Fiber Communication
Conference (OFC), Los Angeles, California, Mar. 6–10 2011, paper OTuE4.

[96] G. L. Li and P. Yu, “Optical intensity modulators for digital and analog applica-
tions,” J. Lightw. Technol., vol. 21, no. 9, pp. 2010–2030, Sep. 2003.

[97] J. O’Reilly, “Chirp-induced penalty in optical fibre systems,” Electron. Lett.,
vol. 23, no. 19, pp. 992–993, Sep. 1987.

[98] P.-K. Lau and T. Makino, “Effects of laser diode parameters on power penalty in
10 Gb/s optical fiber transmission systems,” J. Lightw. Technol., vol. 15, no. 9, pp.
1663–1668, Sep. 1997.

[99] K. Roberts, D. Beckett, D. Boertjes, J. Berthold, and C. Laperle, “100G and
beyond with digital coherent signal processing,” IEEE Commun. Mag., vol. 48,
no. 7, pp. 62–69, Jul. 2010.

[100] K. Roberts, A. Borowiec, and C. Laperle, “Technologies for optical systems 100G,”
Optical Fiber Technology, vol. 17, no. 5, pp. 387–394, Oct. 2011.

[101] E. Pincemin, J. Karaki, Y. Loussouarn, H. Poignant, C. Betoule, G. Thouenon, and
R. Le Bidan, “Challenges of 40/100 Gbps and higher-rate deployments over long-
haul transport networks,” Optical Fiber Technology, vol. 17, no. 5, pp. 335–362,
Oct. 2011.

[102] N. Benvenuto and G. Cherubini, Algorithms for Communication Systems and their
Applications. Wiley, 2004.

[103] A. Ellis, “Current capacity limits and activities within the EU project MODE-
GAP to overcome them,” in Digest of the IEEE/LEOS Summer Topical Meetings,
Seattle, Washington, Jul. 9–11 2012, pp. 169–170.



266 BIBLIOGRAPHY

[104] X. Liu and S. Chandrasekhar, “Suppression of XPM penalty on 40-Gb/s DQPSK
resulting from 10-Gb/s OOK channels by dispersion management,” in Proc. Optical
Fiber Communication Conference (OFC), San Diego, California, Feb. 24–28 2008,
paper OMQ6.

[105] A. Bononi, M. Bertolini, P. Serena, and G. Bellotti, “Cross-phase modulation in-
duced by OOK channels on higher-rate DQPSK and coherent QPSK channels,” J.
Lightw. Technol., vol. 27, no. 18, pp. 3974–3983, Sep. 2009.

[106] M. Alfiad, D. Van den Borne, T. Wuth, M. Kuschnerov, B. Lankl, C. Weiske,
E. De Man, A. Napoli, and H. de Waardt, “111-Gb/s POLMUX-RZ-DQPSK trans-
mission over 1140 km of SSMF with 10.7-Gb/s NRZ-OOK neighbours,” in Proc.
European Conference on Optical Communication (ECOC), Brussels, Belgium, Sep.
21–25 2008, paper Mo.4.E.2.

[107] A. Tan and E. Pincemin, “Performance comparison of duobinary formats for 40-
Gb/s and mixed 10/40-Gb/s long-haul WDM transmission on SSMF and LEAF
fibers,” J. Lightw. Technol., vol. 27, no. 4, pp. 396–408, Feb. 2009.

[108] G. Charlet and S. Bigo, “Upgrading WDM submarine systems to 40-Gbit/s channel
bitrate,” Proc. of the IEEE, vol. 94, no. 5, pp. 935–951, May 2006.

[109] A. Gnauck and P. Winzer, “Optical phase-shift-keyed transmission,” J. Lightw.
Technol., vol. 23, no. 1, pp. 115–130, Jan. 2005.

[110] M. Seimetz, M. Noelle, and E. Patzak, “Optical systems with high-order DPSK
and star QAM modulation based on interferometric direct detection,” J. Lightw.
Technol., vol. 25, no. 6, pp. 1515–1530, Jun. 2007.

[111] M. Nolle, M. Seimetz, and E. Patzak, “System performance of high-order optical
DPSK and star QAM modulation for direct detection analyzed by semi-analytical
BER estimation,” J. Lightw. Technol., vol. 27, no. 19, pp. 4319–4329, Oct. 2009.

[112] V. Sleiffer, M. Alfiad, D. van den Borne, S. Jansen, M. Kuschnerov, S. Ad-
hikari, and H. De Waardt, “A comparison of 43-Gb/s POLMUX-RZ-DPSK and
POLMUX-RZ-DQPSK modulation for long-haul transmission systems,” in Proc.
European Conference on Optical Communication (ECOC), Torino, Italy, Sep. 19–
23 2010, paper Mo.2.C.4.

[113] M. Salsi, G. Charlet, O. Bertran-Pardo, J. Renaudier, H. Mardoyan, P. Tran, and
S. Bigo, “Experimental comparison between binary and quadrature phase shift
keying at 40Gbit/s in a transmission system using coherent detection,” in Proc.
European Conference on Optical Communication (ECOC), Torino, Italy, Sep. 19–
23 2010, paper Mo.2.C.5.

[114] X. Zhou and J. Yu, “Multi-level, multi-dimensional coding for high-speed and high-
spectral-efficiency optical transmission,” J. Lightw. Technol., vol. 27, no. 16, pp.
3641–3653, Aug. 2009.

[115] T. Sakamoto, A. Chiba, and T. Kawanishi, “50-Gb/s 16 QAM by a quad-parallel
mach-zehnder modulator,” in Proc. European Conference on Optical Communica-
tion (ECOC), 2007, pp. 1–2.

[116] N. Sotiropoulos, A. Koonen, and H. De Waardt, “Next-generation TDM-PON
based on multilevel differential modulation,” IEEE Photon. Technol. Lett., vol. 25,
no. 5, pp. 418–421, Mar. 2013.



BIBLIOGRAPHY 267

[117] G.-W. Lu, T. Sakamoto, and T. Kawanishi, “Flexible high-order QAM transmit-
ter using tandem IQ modulators for generating 16/32/36/64-QAM with balanced
complexity in electronics and optics,” Opt. Express, vol. 21, no. 5, pp. 6213–6223,
Mar. 2013.

[118] C. Behrens, D. Lavery, R. Killey, S. Savory, and P. Bayvel, “Long-haul WDM
transmission of PDM-8PSK and PDM-8QAM with nonlinear DSP,” in Proc. Op-
tical Fiber Communication Conference (OFC), Los Angeles, California, Mar. 4–8
2012, paper OM3A.4.

[119] M. Salsi, A. Ghazisaeidi, P. Tran, R. Muller, L. Schmalen, J. Renaudier, H. Mar-
doyan, P. Brindel, G. Charlet, and S. Bigo, “31 Tb/s transmission over 7,200 km
using 46 Gbaud PDM-8QAM with optimized error correcting code rate,” in Proc.
OptoElectronics and Communications Conference (OECC), Kyoto, Japan, 30 Jun.
- 4 Jul. 2013, paper PD3.5.
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Acronyms

Acronym Description

16QAM 16-level quadrature amplitude modulation
32QAM 32-level quadrature amplitude modulation
64QAM 64-level quadrature amplitude modulation
8QAM 8-level quadrature amplitude modulation

ADC analog-to-digital converter
AOM acousto-optic modulator
ASE amplified spontaneous emission
AWG arrayed waveguide grating

BER bit-error ratio
BPSK binary phase-shift keying

CAZAC constant amplitude zero auto-correlation waveform
CD chromatic dispersion
CMA constant modulus algorithm
CP coherently detected polarization multiplexed
CPE carrier phase estimation
CUT channel under test
CW continuous wave
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Acronym Description

DAC digital-to-analog converter
dB decibel
DBP digital backpropagation
DCF dispersion compensating fiber
DD-LMS decision-directed LMS
DEMUX demultiplexer
DFB distributed feedback laser
DFF data flip-flop
DGD differential group delay
DP dual-polarization
DP-16QAM dual-polarization 16QAM
DP-32QAM dual-polarization 32QAM
DP-8QAM dual-polarization 8QAM
DP-BPSK dual-polarization BPSK
DP-QPSK dual-polarization QPSK
DPLL digital phase-locked loop
DRA distributed Raman amplification
DSO digital sampling oscilloscope
DSP digital signal processing

EAM electro-absorption modulator
ECL external cavity laser
EDFA erbium-doped fiber amplifier
ER extinction ratio

FBG fiber Bragg grating
FDE frequency-domain equalization
FEC forward-error correction code
FIR finite impulse response
FM-EDFA few-mode EDFA
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Acronym Description

FMF few-mode fiber
FTTX fiber-to-the-x
FWM four-wave mixing

GFF gain-flattening filter
GVD group velocity dispersion

HC-PBGF hollow-core photonic band gap fiber
HD hard-decision

IL insertion loss
IP internet protocol
ISI inter-symbol interference
ITU International Telecommunication Union

LA-PSCF large effective area pure-silica core fiber
LCG loading channel generator
LCoS liquid crystal on silicon
LEAF large effective area fiber
LMS least-mean square
LO local oscillator
LP linearly-polarized
LSPS loop-synchronized polarization scrambler

MDG mode-dependent gain
MDL mode-dependent loss
MDM mode-division multiplexing
MEMS micro-electromechanical system
MFD mode-field diameter
MIMO multiple input multiple output
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Acronym Description

MMF multi-mode fiber
MUX multiplexer
MZDI Mach-Zehnder delay interferometer
MZM Mach-Zehnder modulator

NCG net-coding gain
ncv normalized correlation value
NF noise figure
NLSE non-linear Schrödinger equation
NRZ non-return to zero
NZDF non-zero dispersion fiber
NZDSF non-zero dispersion shifted fiber

OFDM orthogonal frequency division multiplexing
OOK on-off keying
OSA optical spectrum analyser
OSNR optical signal-to-noise ratio

PAM pulse amplitude modulation
PAPR peak-to-average power ratio
PBC polarization-beam combiner
PBS polarization-beam splitter
PDL polarization-dependent loss
PLL phase-locked-loop
PM polarization-maintaining
PMD polarization mode dispersion
PMMA polymethyl methacrylate
POLMUX polarization-multiplexing
PPG pulse pattern generator
PRBS pseudo-random binary sequence
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Acronym Description

PSCF pure-silica-core fiber
PSK phase-shift keying

QAM quadrature amplitude modulation
QPSK quadrature phase-shift keying

RF radio frequency
RIN relative intensity noise
ROADM reconfigurable add/drop multiplexer
Rx receiver
RZ return-to-zero

SC super-continuum
SD soft-decision
SDM space-division multiplexing
SE spectral efficiency
SEM scanning electron microscope
SLA super large area fiber
SLM spatial light modulator
SM surface mode
SMF single-mode fiber
SoI silicon-on-insulator
SOP state of polarization
SPM self-phase modulation
SRS stimulated Raman scattering
SSMF standard single-mode fiber

TDE time-domain equalization
ToF time-of-flight
TS training-sequence
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Acronym Description

VOA variable optical attenuator

WDM wavelength-division multiplexing
WSS wavelength-selective switch

XPM cross-phase modulation
XpolM cross-polarization modulation
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mer Topicals Meeting, Montréal, Canada, 14 - 16 July 2014, to be published.
(Invited)

18. V.A.J.M. Sleiffer, P. Leoni, Y. Jung, H. Chen, M. Kuschnerov, S.U. Alam, M.
Petrovich, F. Poletti, N. Wheeler, N. Baddela, J. Hayes, E. Numkam-Fokoua, D.J.
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