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Abstract

There is an ever present need from Internet users for more bandwidth. This is manifested by
continuous increase in bandwidth demanding applications such as 5G wireless, new end user
consumer links like thunderbolt, video conferencing, high definition video-on-demand
transmitted over the Internet and massive data transfers required with and within data centres
for backup, storage and data processing in cloud computing. Fibre optic communications
technologies are playing a pivotal role in communication, being a major enabling technology
in our increasingly Internet-centric society.

As network services continue to become more dynamic and diverse, Internet service providers
are faced with a challenge of cost reduction in the transmission network, power and spectral
efficiency as well as scalability of the optical network infrastructure to support incremental
expansions and virtual machines. Intelligent design of terrestrial optical networks to allow for
simultaneous signal transmission through shared network infrastructure, and the use of low
cost, power efficient, high bandwidth transmitters such as vertical surface emitting lasers
(VCSELs) as well as exploitation of spectral efficient in-complex advanced modulation
formats is a viable approach to this situation.

In this study, techniques for spectral efficiency upgrade and simultaneous transmission of data
signal, reference frequency (RF) clock signal and pulse-per-second (PPS) over shared
infrastructure have experimentally been optimized in a laboratory environment for adoption in
next-generation telescope array networks such as the Square Kilometre Array (SKA), time
keeping systems such as banking systems, Coordinated Universal Time(UTC) timing and
Global Positioning Systems (GPS), as well as high capacity spectral efficient short reach
optical fibre networks such as data centres.

This work starts by experimentally optimizing VCSEL technology for simultaneous
transmission of 10 Gbps data and 1.712 GHz RF clock signal over a single G. 655 optical
fibre of length 24.75 Km at different channel spacing and different propagation direction for
implementation in a cost effective next-generation telescope array network. The wavelength
tuneability property of VCSEL transmitters allows for wavelength adjustment, a key
requirement for simultaneous data and RF clock signal transmission over a single optical
fibre. A receiver sensitivity of -19.19 dBm was experimentally achieved at back-to-back
analysis. A 24.75 Km of simultaneous data and RF clock signal transmission performed at
0.4 nm channel spacing introduced a transmission penalty of 1.07 dB and 1.63 dB for counter
and co-propagation scheme respectively.

This work mainly utilized direct modulation and direct detection using a positive intrinsic
negative (PIN) due to its simplicity and cost effectiveness. A novel modulation technique for
simultaneous data and polarization-based pulse-per-second timing clock signal transmission
using a single VCSEL carrier is experimentally demonstrated. Two signal types, a directly
modulated 10 Gbps data signal and a polarization-based pulse per second (PPS) clock signal
are modulated onto a single mode 10 GHz bandwidth VCSEL carrier at 1310 nm. Spectral
efficiency is maximized by exploiting the inherent orthogonal polarization switching of the
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VCSEL with changing bias in transmission of the PPS signal. A 10 Gbps VCSEL
transmission with PPS over 11 Km of G.652 fibre introduced a transmission penalty of
0.52 dB. The contribution of PPS clock signal to this penalty was found to be 0.08 dB.

A technique for simultaneous directly modulated data and phase modulated reference clock
signal transmission over a signal channel in wavelength division multiplexing (WDM)
solutions is experimentally demonstrated. This is to prepare solutions to the ever-increasing
demand over gigabit/s, terabit/s and gigahertz capacities in WDM-based terrestrial optical
fibre transmission systems such as telescope array networks. a total capacity of 30 Gbps
(3x10 Ghps) data and 12 GHz (3x4GHz) reference clock signal are multiplexed at a
channel spacing of 100 GHz and simultaneously transmitted over a single mode G.655 fibre
of length 24.73 Km. The recovery of the phase modulated RF clock signal using a differential
delay line interferometry technique is experimentally demonstrated. A 625 Gbps
(25x25 Gbps) DWDM data transmission system is further implemented in simulation by
multiplexing 25 channels at 25 Gbps per channel using 50 GHz channel spacing.

A four level pulse amplitude modulation (4-PAM) data modulation format employing
VCSELSs is experimentally demonstrated for adoption in high bitrate networks such as big
data science projects and data centre networks. 4-PAM offers a good trade-off between
complexity, efficiency, reach, and sensitivity. A software defined digital signal processing
(DSP) receiver is designed and implemented in MATLAB to recover the transmitted 4-PAM
data signal cost effectively without the necessity of costly receiver hardware. A novel
technique for maximizing carrier spectral efficiency through simultaneous 20 Gbps 4-PAM
data and phase modulated 2 GHz RF clock signal transmission on a single mode 10 GHz
bandwidth VCSEL carrier at 1310 nm is experimentally demonstrated for the first time to the
best of our knowledge. Data transmission and clock stability performance of the designed
high spectral efficient VCSEL-based link network is evaluated through BER curve plots,
phase noise measurements and Allan variance analysis respectively. VCSEL-based Raman
amplification is experimentally demonstrated as a viable approach for RF clock signal
distribution in extended reach astronomical telescope array networks and other extended reach
terrestrial optical fibre network application. This is achieved by adopting two pumping
techniques namely forward pumping and backward pumping. A maximum on off gain of
5.7 dB and 1.5 dB was experimentally attained for forward pumping and backward pumping
at 24 dBm pump power respectively, while a maximum 100.8 Km fibre transmission achieved
experimentally.

In summary, this study has successfully demonstrated in-complex, spectral efficient, low cost
and power efficient simultaneous data signal, reference frequency (RF) clock signal and
pulse-per-second (PPS) transmission techniques over shared network infrastructure.
Simultaneous transmission of data, RF clock and PPS timing signal is relevant in next-
generation telescope array networks such as the Square Kilometre Array (SKA), time keeping
systems such as banking systems, Coordinated Universal Time (UTC) timing and Global
Positioning Systems (GPS), as well as high capacity spectral efficient short reach optical fibre
networks such as data centres.
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Chapter 1

Introduction

Communication industry has been experiencing dramatic changes in the recent past. Over the
last decade, network traffic has been increasing exponentially and this trend is anticipated to
continue for the next several years. This is driven by emerging high bandwidth demanding
applications, such as 5 G wireless, Internet of things (1oT), high-definition video streaming,
cloud computing and new consumer links such as thunder bolts. This situation is creating a
pressing need for high scalable optical communication systems, as network services continue
to become more dynamic and diverse. With bandwidth limitation of electrical signal based
technologies such as digital subscriber line techniques (DSL, ADL and VDL) and cabled
modem as well as reach limitation of free-space optical transmission techniques due to high
signal attenuation in air, optical fibre-based transmission technologies are a viable approach.
The high bandwidth of optical fibres and developments in semiconductor lasers and
photodetectors have seen the adoption of optical fibre communication technologies in modern
communication systems. Moreover, network service providers are further facing a challenge
of developing new business models through innovation of their existing network
infrastructure to support an ever-increasing number of end-user mobile devices, user base
mobile applications and virtual machines. Extending the bit rate on such links will therefore
require the use of advanced modulation formats. Modern optical fibre communication links
are also expected to comply with strict power consumption, cost and size limitations to allow
for integration with optical interconnects to further increase their capacities. This has seen the
adoption of high-speed, low cost vertical cavity surface emitting lasers (VCSELS) in optical
communication systems.

Optical fibre networks also forms the transmission layer of data, timing and reference
frequency (TRF) control and monitoring signals of big data science projects (telescope array
networks) such as the Square Kilometre Array (SKA). The SKA is an international science
project in the field of radio astronomy to build a next generation radio telescope. The SKA
will push the boundaries of science into the dark ages of our universe before the formation of
the first stars. Optical fibres forms the backbone of this mega science project. This is because

optical fibres are immune to electromagnetic interference (EMI) therefore ensuring effective



distribution of RF timing signals for control and monitoring function on the dish. The SKA
phase 1, the MeerKAT is made up of 64 interconnected dishes with a maximum baseline of
12 Km. Moreover, with the spiral arms of the SKA project extending to baselines over
3000 Km across other partner countries, distance is a key aspect in realization of the
observational objectives of the project.

This thesis presents viable techniques for capacity, efficiency and flexibility upgrade of
optical fibre communication systems such as next-generation telescope array networks,
access-networks and high capacity short-reach optical communication systems like data
centre networks (DCNs). Energy and cost-effective techniques for providing simultaneous
transmission of data and RF clock signal over shared network infrastructure are presented.
Focus has been emphasized on various technique for implementing simultaneous transmission
of data and timing clock signals in optical fibre communication networks using high
bandwidth, wavelength tunable, low cost and power efficient single mode VCSEL
transmitters. Simultaneous data and RF clock tone transmission over a single optical fibre has
been demonstrated as a viable approach to minimize the installation cost of next-generation
telescope array networks.

This study has experimentally demonstrated the first reported simultaneous data and
polarization-based pulse-per-second (PPS) signal transmission using a single mode 10 GHz
bandwidth VCSEL carrier, for time keeping applications such as UCT timing, GPS, banking
and big data science project. A novel technique for capacity upgrade in high-speed short-
reach networks such as DCN has experimentally been demonstrated through the combined
use of VCSEL-based 4-PAM and phase modulation in simultaneous transmission of 20 Gbps
4-PAM data and 2 GHz phase modulated RF clock signal over a single mode VCSEL carrier
at 1310 nm. For the first time to the best of our knowledge, this study has successfully
demonstrated a cost effective and energy efficient multi-signal modulation technique for
multicast transmission systems in cloud computing and efficiency upgrade in DCNs. This has
experimentally been achieved by multiple-signal modulation on a signal VCSEL carrier in
simultaneous transmission of 10 Gbps data, 2 GHz RF clock tone and PPS timing signal over
a single mode 10 GHz VCSEL carriers. The potential of Raman amplification for RF clock
signal distribution in extended reach astronomical telescope array networks and other long

reach terrestrial optical fibre network applications has been demonstrated experimentally.



1.1 Outline of the thesis

This thesis is structured as follows; chapter 1 introduces the growth of bandwidth demand in
modern communication systems and the need for optical communication technologies in big
data science projects like SKA, high capacity short-range networks such as data centre
networks, as well as the importance for simultaneous data and RF clock signal transmission
over shared infrastructure for next-generation terrestrial optical communication networks.
Chapter 2 gives a brief overview of the SKA and describes the SKA data and clock transport
requirements.

This chapter also presents existing state-of-the-art astronomical telescopes. Chapter 3 starts by
presenting a review of precisely stable state-of-the-art reference frequency dissemination and
synchronization systems. Different clock stability measurement techniques are presented in
this chapter. This is then followed by a discussion on Allan variance. High capacity data
transmission techniques are presented in chapter 4. This chapter begins with VCSEL
technology in simultaneous transmission of data and RF clock signal. Advanced modulation
techniques for VCSEL-based links are then presented. This is followed by some state-of-the-
art experiments employing VCSELs. Different modulation techniques (and their realization)
like NRZ, 4-PAM and polarization modulation are then discussed. This chapter concludes
with a discussion on fibre impairments in optical communication links that affect signal
quality such as chromatic dispersion, attenuation and modal dispersion.

Chapter 5 to 9 presents experimental and simulation research findings of this work as
performed in a laboratory test bed. Chapter 5 begins by demonstrating VCSEL technology as
an ideal candidate for adoption in next-generation high-speed terrestrial optical fibre
networks. The use of VCSELs in simultaneous data and reference frequency (RF) clock signal
transmission in next-generation telescope array networks is proposed and experimentally
verified at different channel spacing and direction of propagation. Chapter 6 reports on a
novel modulation technique for simultaneous data and polarization-based Pulse-Per-Second
clock signal transmission using a single mode 10 GHz bandwidth VCSEL carrier.

Chapter 7 reports on simultaneous directly modulated data and phase modulated reference
clock signal transmission over a single wavelength in WDM solutions. A differential delay
line interferometry technique is also developed and used to recover the simultaneous phase

modulated RF clock signal. The relevance of WDM solutions for simultaneous data and RF



clock signal transmission in telescope array networks is reported. Chapter 8 reports on a
VCSEL-based 4-PAM data modulation format for adoption in high bitrate networks such as
big data science project and data centre networks. A novel technique for maximizing carrier
spectral efficiency through simultaneous 20 Gbps 4-PAM data and phase modulated 2 GHz
reference frequency (RF) clock signal transmission on a single mode 10 GHz bandwidth
VCSEL carrier at 1310 nm is reported for the first time to the best of our knowledge.

Chapter 9 presents the potential of Raman amplification for RF clock signal distribution in
extended reach astronomical telescope array networks and other extended reach terrestrial
optical fibre network applications. This chapter begins by experimentally optimizing the
Raman gain. This is then followed by experimental demonstration of Raman amplification in
extended reach clock signal distribution then concludes by presenting the stability analysis of
Raman-based 2 GHz reference frequency clock signal distribution. Chapter 10 summarizes

the findings of this thesis. It is then followed by references and appendices.



Chapter 2

The Square Kilometre Array and other existing state of the art

astronomical observatory facilities

2.1 The Square Kilometre Array

Radio astronomy has produced some of the greatest discoveries of the 20" century. Advances
in astronomy over the past decades have brought the international community to the verge of
charting a complete history of the universe. In order to achieve this goal, the world
community is pooling resources and expertise to design and construct powerful observatories
that will probe the entire electromagnetic spectrum, from radio to gamma rays, and beyond
the electromagnetic spectrum, studying gravitational waves, cosmic rays, and neutrinos. One
of such extraordinary observatory facility is the Square Kilometre Array (SKA) radio
telescope [1-3]. The SKA will be the largest radio telescope ever build and will produce
science that will change our understanding of the universe. The SKA will be co-located in
Australia and Africa, with the MeerKAT telescope in South Africa and Australian Square
Kilometre Array pathfinder (ASKAP) in Australia makeup precursors to SKA respectively [4,
5].

South Africa will host the medium frequency aperture arrays dish receivers, constructed at the
Karoo region, while Australia will host the low frequency aperture arrays dish receivers
constructed at Boolardy station western Australia [6, 7]. These sites were carefully selected
because they are sparsely populated therefore minimum chances for radio frequency
interference (RFI). SKA Phase 1, the MeerKAT radio telescope is the largest science and
engineering project ever undertaken in South Africa [8]. This project is being developed in
several interlinked phases which include; the construction (Carnavon) and remote operation
(Cape Town) of the technology demonstrator KAT-7, the critical human capacity
development programme in South Africa and associated SKA Africa partner countries
(Botswana, Ghana, Kenya, Madagascar, Mauritius, Mozambique, Namibia, and Zambia), and
lastly the integration of the MeerKAT array into phase 1 of the international SKA project [9].
A picture of the location of SKA radio telescopes in South Africa, and other African partner



countries is shown in fig 2.1. Upon its completion, the MeerKAT will be the most sensitive
radio interferometer in the L-band (1-2 GHz) [6, 10].

The MeerKAT telescope is an array of 64 interlinked receptors whose configuration is
dictated by the scientific objective on the telescope. 48 of these receptors will be concentrated
in the core are with an approximate of 1 Km diameter, with a maximum baseline of 8 Km.
Other dishes will be distribute across SKA Africa partner countries to form the African very
long baseline interferometry (VLBI) Network composing approximately 3000 dish antennae
spreading to about 3000 Km from the central core [11]. South Africa’s Karoo Array
Telescope KAT-7 is the first of the 64 MeerKAT interlinked telescopes to be completed, and
is currently used as a test array [12]. The first significant scientific results from KAT-7 test
array have already been reported in the astronomical literature [4, 9, 12-17]. This marks a
major milestone on the path to the SKA in Africa, and highlights the commencement of

cutting-edge science observations with South Africa’s new radio interferometer.

Fig 2.1: The location of SKA radio telescopes in South Africa, and other African partner
countries (a); the Ghana 32 m telescope antenna (b).

Ghana is the first African partner country of the VLBI network to complete the conversion of
a communication antenna into a functioning SKA radio telescope. An image of Ghana SKA
radio telescope is shown in fig 2.1. The 32-metre converted telecommunications antenna at
the Ghana Intelsat satellite earth station at Kutunse will be integrated into the African VLBI

network in preparation for the second phase construction of the SKA across the African



continent [18]. The science observational objective of this telescope includes methanol maser
detections, VLBI fringe testing and pulsar observations [19-21]. A team of scientists and
engineers from SKA SA/HartRAO and the Ghana space science and technology institute
(GSSTI), has been researching on the effect of RFI and how well the antenna does a full rotation.
For phase 1, the existing telecommunication feed horn was used in the frequency range of
3.8 — 6.4 GHz (C-band) [19]. For the actual science observations (Phase 2), an uncooled 5 GHz
and 6.7 GHz (C-band) receivers were fitted. Future receiver developments may include replacing
the original C-band feed horn with a wider band design covering more VLBI bands and
introducing cryogenic receivers for improved sensitivity and adding more frequency bands [19].
Following the initial “first light” observations of the telescope [19], the research teams from
Ghana and South Africa together with other international research partners, continue to do
more observations and are analyzing the data generated from this telescope with an aim to
characterize the system and optimize its accuracy for future astronomical experiments [20-
25].

2.2 The SKA data and clock signal transport over optical fibres

Optical fibres links forms the backbone of data and clock signal transport in SKA telescope
array network. Individual remote antennae in the SKA phase 1 are inter-linked to a central
processor station with a total of 24 stands of optical fibres (12 fibres of G. 652 and 12 fibres
of G. 655) [26]. Optical communication is required to aggregate science data from remote
dishes to a central computing science station. After a fast, high resolution sampling process by
digitizers mounted on each receptor, each dish collects enormous amount of data, which needs
to be transmitted to a central processor computer engine [2, 27, 28]. Phase 1 of the SKA radio
telescopes will collect up to 160 Gbps of science data per dish by 2018 [6]. However, upon its
completion, the SKA dish array will make use of the wide field of view expansion technology
to collect up to 120 Thps of astronomical data [27]. Optical fibre further distributes centrally
generate reference frequency (RF) clock signals to individual antennae elements, as well as
transferring monitoring and control signals. Stable RF clock tones are required for phase
coherence of the antennae array, absolute time code for dish controllers and beam forming as
well as accurate timing ticks and counters for data stamping [2, 27].



Synchronization and timing in telescope array networks is therefore required to meet
important astronomical observational objectives. A central reference clock system consisting
of a single clock or an ensemble of clocks is distributed over fibre to remote antennae
elements. Distribution of clock tones over fibre to each antennae element ensures phase
coherence of the entire telescope array network. Phase coherence in the order of picoseconds
and below is required over time intervals ranging from one second to tens of minutes,
depending on the nature of the observational objective. The stability, accuracy and precision
of the reference clock frequency depends on the science observational objective [29, 30].
Table 2.1 shows the clock frequencies for MeerKAT and SKA, with the clock stability budget

for expressed in picoseconds (ps) for a 0.2 radian phase error.

Table 2.1: Clock frequencies for MeerKAT and SKA, with the clock stability budget for
expressed in ps for a 0.2 radian phase error [26].

Clock (GHz) Clock stability budget (ps)
MeerKAT L-band 1.712 18.6
MeerKAT X-band/ SKA 14 2.2
Phase 1 mid
SKA Phase 2 20 1.6

Typically, Hydrogen maser, Rubidium or Cesium reference clocks are used [31-34].
Depending on the implementation details, clock tones are required to provide accurate
frequency standards at the dishes for local oscillators, phase locked loops, digitization, time

stamping and related functions[30].

2.3 Review of existing state of the art astronomical telescopes like the SKA

There are several astronomical observatory facilities in the world that portray some
similarities to the SKA in terms of design, operational objective and magnitude of the total
collective area [35-44]. The Australian SKA Pathfinder (ASKAP) is one of such astronomical
observatory. ASKAP is a precursor and technology demonstrator for the SKA [45-47]. A



specialist wide-field survey instrument, ASKAP is made up of 36 antennae each 12 m in
diameter working as a single instrument with a maximum baseline of 6 Km [48]. Each dish is
mounted with a ‘phased array feed', a radio receiver that dramatically enhances the telescope’s
field-of-view from 1 to 30 square degrees [49]. ASKAP is located at the Murchison radio-
astronomy observatory, Australia's core site for the SKA with possible remote array station
capability located in NSW, approximately 3,000 Km from the core site. Astronomical
research topics tackled by ASKAP include galaxy evolution, cosmic magnetism, the history
of gas in galaxies and cosmology [50, 51]. A program of ASKAP early science commenced in
October 2016 using an array of 12 antennas. The 6-antenna Boolardy Engineering Test Array
(BETA) is currently being used by the commissioning team and has already produced its first
scientific discovery results [45, 52-55]. The results demonstrate exciting new capabilities of
ASKAP and learning about the first scientific discoveries made by the commissioning and
early science team.

Atacama large millimeter array (ALMA) located in the Atacama desert north of the republic
of Chile comprises of 66 high-precision antennas, which operates on wavelengths of 0.32 mm
to 3.6 mm [56, 57]. Its main array has fifty antennas, each with 12 m diameters, which act
together as a single interferometry telescope. This is complemented by a compact array of
four antennas with 12 m diameters and 12 antennas with 7 m diameters [58]. ALMA’s
antennas can be configured in different ways, spacing them at distances from 150 m to
16 Km, giving ALMA a powerful “zoom” variable, which results in images clearer than the
images from other space telescopes of similar objective [56, 59, 60]. ALMA uses optical
fibres to transmit astronomical data and all kinds of observatory communications for
necessary processes of data reception from the antennas [60]. The frequencies received by
ALMA from the universe start at 30 GHz and reach their maximum capacity at 950 GHz [57].
Local oscillators (LO) are used to process these signals, which, under the heterodyne
principle, reduce the frequency received from space to one that can be processed, in this case
between 2 GHz and 4 GHz. This is why ALMA has two oscillators for each antenna: one at
the front end and another at the back end [58]. ALMA started its scientific operations in
September 2011 while still under construction with only 16 antennas. Since that time, it has
achieved numerous discoveries [61]. The first scientific image published by ALMA revealed

massive concentrations of gas in the collision zones, a rich reserve of matter for future
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generations of stars [62]. In April 2012, ALMA made another discovery by obtaining an
unprecedented image of the disc surrounding the star orbiting right between two planets.
Since then, ALMA has consistently delivered some of its most unique and spectacular results
[61, 63-83].

The e-MARLIN is a 7-interferometer array radio telescope located in the United Kingdom
(UK). The array consists of 7 radio telescopes operating at 151 MHz and 24 GHz with a
resolution of up to 40 ms at 5 GHz and a maximum baseline of 217 Km. Each telescope
streams 30 Gbps of astronomical data at L band, C band and K band [84]. Just like other
telescope array networks of similar kind, e-MERLIN has delivered some of its most unique
results [85-88]. The e-MERLIN as part of a multi-wavelength study of a pair of colliding
galaxies has recently revealed the cause of a supermassive black hole's case of ‘indigestion’
[89].

These described observatory facilities uses optical fibres to transmit astronomical data as well
as distribute control and monitoring signals to achieve their scientific observational
objectives. The ultimate objective of these telescope arrays is to improve quality of service,
reliability and have reasonable implementation and running cost. Scientific projects of this
magnitude therefore calls for intelligent technological design selection in the telescope array
network design and implementation stage, if its observational science objectives are to be
achieved, and for prove of technologies and scalability at later stages.

In summary, an overview of the SKA and a description of the SKA data and clock
requirements has been presented in this chapter. A review of state of the art astronomical
observatory facilities like the SKA has also been reported. The next chapter discusses on
State-of-the-Art frequency dissemination and synchronisation systems. This chapter also
reports on precisely stable reference frequency dissemination and synchronisation systems as

well as different reference clock stability measurement techniques.
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Chapter 3

State-of-the-art frequency dissemination and synchronization

systems

3.1 Review of precisely stable reference frequency dissemination and synchronization

systems over fibre

Research on techniques for stability and synchronized reference frequency dissemination over
fibre have already been reported [90-103]. Cliche and Shillue in early 2006 demonstrated
three important subsystems of the photonic local oscillator (LO) reference distribution system
for the ALMA radio telescope. Subsystems relying on specific control systems that could
allow ordinary components to be assembled to form a more accurate and stable global system
than its individual components were developed. By using appropriately designed loops, lasers
with phase noise of many thousands of rad?were phase-locked to generate high-purity
frequency signals with phase noise below 3.3x10°°rad? at 27 GHz. Moreover, fibres with
lengths fluctuating by more than a few millimeters were compensated within a fraction of a
micrometer, and optical frequencies of lasers normally fluctuating by tens of megahertz were
stabilized to within a few kilohertz. This work demonstrated how control systems could be
used with photonic and electronic systems to achieve remarkable stability results [104].

In 2008, Jungwon Kim et al. used an ultralow-noise optical pulse trains generator from a
mode-locked laser as timing signals, then distributed them by means of timing-stabilized
fibre links. This group synchronized the delivered timing signals with high precision. They
managed to demonstrate for the first time that remotely located lasers and frequency
sources could be synchronized with less than 10 fs precision over more than 10 hrs. This
drift-free operation was an important milestone in transitioning mode-locked laser-based
synchronization from the laboratory into real-world facilities [101].

Ken G et al. in 2012 proposed and experimentally demonstrated a two optical fibre-based
radio frequency signal distribution system based on an analogue and all-digital electronics.

The group achieved a fractional frequency transfer stability of 6 x10"" over 104 seconds for
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analogue using a 20 Km fibre spool [105]. In 2013, Dong Hou et al. presented a fibre-based
radio frequency signal distribution system. In their approach, they used a hybrid technique in
which digital signal processing was combined with analogue electronic architectures to
effectively reduce the fibre-induced phase noise and ensured high-accuracy frequency
distributions. Their approach entailed a digital signal processing module for active phase
fluctuation analysis and a resistance-capacitance microwave phase shifter for the noise
suppression. Their proposed system achieved a fractional frequency transfer stability
of 3x107** at 1 sec and 8x10'"at 50,000 sec over a 22 Km outdoor fibre link. Their system
was easy to implement and very scalable, with the ability to suppress fibre-induced phase
noise by over two orders of magnitude in the long-term [96].

Ning et al. in 2014 demonstrated a new high precision timing distribution system by using
highly precision phase detector to overcome the limitations from thermal and shot noise from
conventional photodiodes and mixers. Instead of using photodiodes and frequency mixers,
they used several fibre Sagnac-loop-based optical frequency phase detectors to realize optical-
to-electrical conversion and phase measurement, for suppressing the noise and achieving
ultra-high accuracy. A 10 Km fibre link distribution was achieved. Their system provided a
residual instability at the level of 4x10"°at 1sec and 6.1x10*°at 10,000 sec with an
integrated timing jitter as low as 3.8 fs in a bandwidth of 1 Hz to 100 KHz. This low
instability and timing jitter meant that their system could be used in the optical clock
distribution applications for facilities requiring extremely accuracy frequency time
synchronization [100]. In the same year, the group further demonstrated using their proposed
several fibre Sagnac-loop-based optical frequency phase detectors (OM-PDs) to achieve
optical-to-electrical conversion and phase measurement, thereby suppressing the sources of
noise and achieving ultra-high accuracy. The results of a distribution experiment using a 10
Km fibre link indicated that their system exhibited a residual instability of 2.0x10™"°at 1 sec
and 8.8x10*°at 40,000 sec and an integrated timing jitter as low as 3.8 fs in a bandwidth of
1 Hz to 100 KHz [99].

In 2015, Lukasz Sliwczynski et al. presented results of their work concerning the long range
fibre optic dissemination of time (1 PPS) and frequency (10 MHz) signals generated by
atomic sources (cesium clocks, hydrogen masers or Cesium fountains). They developed a

fibre optic system with active stabilization of the propagation delay and bidirectional fibre
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optic amplifiers together with a procedure to enable calibration of the time transfer. A 480
Km fibre length was achieved and an Allan deviation of the order of 4x107*"at 1 sec attained
at one-day averaging. After a successful laboratory evaluation, the system was next installed
on a 421.4 Km long route between the central office of measures (GUM) in Warsaw, Poland,
and the Astrogeodynamic observatory (AOS) in Borowiec near Poznan, Poland. The field
operation of the system proved its full functionality and confirmed their previous laboratory
evaluation to the maximum extent possible using the methods for comparing distant clocks
available at GUM and AOS [92].

Lopez et al. in 2016 reported on RF frequency transfer over an urban 86 Km fibre with a
resolution of 2x10*® at one day measuring time using an optical compensator. Their
results were obtained with a reference carrier frequency of 1 GHz, and a rapid scrambling
of the polarization state of the input light in order to reduce the sensitivity to the
polarization mode dispersion in the fibre. They further reported on a preliminary test of an
extended compensated link over 186 Km using optical amplifiers and attained resolution
below10*"at 1 day measuring time.

In early 2017, Cecilia et al. developed an ultimate VVLBI system to disseminate the highest
precision ever reported state-of-the-art atomic clock. In this work, a narrow line width
1550 nm laser phase locked to a hydrogen maser using an optical frequency combo was
used to deliver a 100 MHz clock reference from a national metrology institute to a radio
telescope using a coherent fibre link 550 Km long. Uncertainty of the delivered frequency
at the 10°%° level of precision was attained [103].

Shanglin Li et al. from Peking University, Beijing China have recently reported on a method
for frequency dissemination system over fibre by directly evaluating the radio frequency
transfer quality via fibre links at the remote site. In their approach, the radio frequency signal
was amplitude modulated on continuous wave lasers with two wavelengths at the local site,
multiplexed and disseminated to remote sites. At the remote site, the RF signal was detected
from the continuous-wave optical carrier and transfer performance evaluated by measuring
the phase fluctuation difference between two different RF signals. This approach greatly
simplified the structure of the frequency dissemination link, like in an antenna array system
because the remote signal does not necessarily need to be sent back to the local site [90, 106].

A summary of reference frequency distribution experiments is shown in table 3.1.



14

Table 3.1: Reference frequency distribution experiments

Reference RF clock frequency RF clock stability achieved Distribution
distributed distance attained
[90] 150 MHz 3.3x107° rad? at 27 GHz 1100 km
[92] 1 PPS and 10 MHz signals | 4 x 107" time deviation below 1 ps 421.4 km
[93] 40 MHz 2 x107*® at 30 000 sec averaging 540 km
time
[94] 774 MHz 7 x107*® for a 1sec averaging time 6.9 km round trip
[95] 1GHz 2x10®at one day measuring time | 86 km
[96] 143 MHz 3x107** at1secand 8x107 at | 22km
5x10* sec
[99] 6 GHz 20x10%at1secand 8.8 x 10 ®at | 10 km
40000 sec
[103] 10 MHz and 5 MHz 3x10®and 1 x 107 in few hours 550 km

3.2 Clock stability measurement techniques

Several techniques measuring frequency fluctuations in precision oscillators have been
proposed [107]. The choice of a particulate technique is dictated by its precision, type of
oscillator wave, complexity and its resolution [108]. The first technique is the heterodyne
frequency measuring method or the beat frequency method [107, 109]. This method is
commonly used to measure square wave of beat signals. The precision of this method is
dependent on the detection of up- crossing point. Depending on the frequency counter
accuracy, this method provides high precision. However, it is slow and expensive to
implement. A full description of heterodyne frequency measuring method is given in [109].
The dual-mixer time difference (DMTD) system technique uses two heterodyne measurement
operation simultaneously [110]. The time difference of the zero crossings of each beat
frequency is then measured and this technique yields a very high precision. A block diagram
of this method is shown in [106]. The high precision of this technique makes it possible to
measure time fluctuations as well as frequency fluctuation for shorter time samples. Some
experimental works employing this technique has already been reported [111-114].

The loose-phase locked loop method (PLL) is utilized by most signal source analyzers, such

as measurement instruments designed for phase noise measurement [115]. In this method, a
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signal from an oscillator under test is fed into one port of the mixer. The signal from a
reference oscillator is fed into the other port of this mixer. The signals are in quadrature so
that the average voltage out of the new mixer is zero, and the instantaneous voltage
fluctuations corresponds to phase fluctuation between the two signals rather than their
amplitude fluctuations. This technique has the advantage of ability to separate phase noise
from amplitude noise, carrier suppression thus small offsets can be measured and ability to do
phase noise measurement to large offsets even for strongly drifting carriers. However, it is
limited by its complexity in setting and calibration. An in-depth description of other

commonly used clock stability measurement technique is given in [116, 117].

3.3 Allan variance

Time and frequency metrology provides some of the most accurate measurement ever. Over
the last decade, a large number of papers dealing with the statistics of atomic time and
frequency standards have been published [33, 118-123] The Allan variance or 2-sample
variance is a measure for the stability of an oscillator. It is formed by the average of the
squared differences between successive values of a regularly measured quantity taken over

sampling periods from the measuring interval up to half the maximum measurement time

[124]. For N measurement of values Y; at interval 7,, the Allan variance is given as [108,

124];

N-1

(Via—yy)

ol(zy)= IZIZ(N 1) 31

The standard variance of the same measurement values is
N
Z y) 1 N ) 1 N 2
= T i 3.2
T )

i-1
Taking any adjacent pair of measurement, N = 2 and the numerator for the Allan variance is

O':

(v
N

(yi+1 - )2 = yi2+1 - ZYi Yin t Yiz 3.3
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and the numerator of the standard variance is

1 1
Y24y =5 () = E(yil —2Y,Yia+Y?) 34

The dependence of the Allan variance on time interval within the measurement set can be

found by averaging N adjacent values of Y; . Then for 7 =N7 this can be expressed as [108];

1 N-2n+1

Z(N -2n +1)1-2 ;(yiﬂn - 2yi+n +Y, )2 )

o)(r)=

A Fourier transform of process steps in forming the Allan variance from data variability

measurement in frequency domain is derived explicitly in [125].

In this chapter, State-of-the-Art frequency dissemination and synchronisation systems have
been presented. A review of precisely stable reference frequency dissemination and
synchronisation systems has been reported. Reference clock stability measurement techniques
have also been discussed. The next chapter presents high capacity data transmission
techniques exploiting VCSEL technology. This includes, advanced modulation formats for
VCSEL-based links as well as fibre impairments in optical fibre communication links.
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Chapter 4

High capacity data transmission techniques

4.1 High-speed VCSEL technology

A vertical cavity surface emitting laser (VCSEL) was invented in 1977 [126, 127] by Prof.
Emeritus K Iga of Tokyo institute of technology. The first lasing operation [128, 129] and low
threshold operation with micro cavity [130] were obtained in 1979 and in 1987, respectively.
Since then, these laser sources have continuously attracted much attention both in industry
and in research [131-140]. This is due to their unique features such as low power
consumption, high-speed modulation with low drive currents, wavelength tuneability thus
allowing for integration in WDM systems, large scale two dimension array, narrow circular
beam for direct fibre coupling, low cost and small packaging, single longitudinal mode
operation with vertical micro cavity, on wafer wavelength control and wafer level testing for
low cost manufacturing [133, 141-146].

Gigabit Ethernets and fibre channels are currently major markets for VCSELs [137, 138].
Moreover, long wavelength VCSELs emitting at 1200-1330 nm and 1550 nm are
commercially available for use in single mode fibre metropolitan area and wide area networks
[144, 147-151]. 10 G Ethernet modules are now readily available for practical systems.
Consequently, commercial 850 nm VCSELs have been well established for short reach
applications. Majority of high-speed short-range optical links are implemented in the data
centres. They have to be high-speed, densely packaged, and energy efficient [152-155].

There are several new standards that cover high-speed VCSEL links. IEEE 802.3bm aims at
supporting 100 Gbps (4x25) using non return to zero (NRZ) [156]. Infiniband EDR suggests
1, 2, or 12 parallel lanes with 25 Gbps in each [157, 158]. Fibre channel 32GFC requires
transceivers at 28 Gbps supporting 100 m [159]. VCSELSs are also used as low-rate, low-cost
antenna links. They feed the signal from a cell cabinet to the antenna. Antenna link capacities
are standardized by LTE standard, i.e. the 43" band of the LTE standard is defined as 1 Gbps
at a 3.7 GHz carrier. In future, radio over fibre (RoF) systems will use higher carrier

frequencies (starting with 5 GHz) to increase capacity [160].
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4.1.1 VCSEL structure

Fig 4.1 shows an example of a single mode VCSEL structure. The structure has two electrical
contacts: p-contact and n-contact as shown in fig 4.1. The active region is in between two
distributed Bragg reflectors (top DBR and bottom DBR). DBRs are highly reflective mirrors
used for current injection [161]. The mirrors provide optical feedback while the active region

provides gain [133].
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Fig 4.1: Schematic layer structure and operation principle of a VCSEL [133].

They include interchanging high and low refractive index layers where the light is partially
reflected at each interface. Layers closest to the active region have a lower refractive index
than that of the active region. DBRs vertically. The active region must provide gain sufficient
to overcome optical losses in the medium and also sufficient power for lasing. It also consists
of a Quantum well (QW) [162]. The carriers in QW are confined to one dimension and free in
two other dimensions due to the quantum confinement effect [163]. Carriers are ‘trapped’ in
the lowest conduction and valence band states, and separated from each other by higher band
states. This provides high carrier density. Typically, a VCSEL structure features multiple
QWs to provide sufficient gain. The oxide layer is added in the structure to confine both
optical modes and current in the transverse direction. The confinement current and modes are
guided to the active region [164]. The cavity length of high-speed VCSELs is usually
designed to be the shortest possible to increase the modulation bandwidth [133, 165].
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4.1.2 Rate equations

The characteristic behavior of carriers and photons in semiconductor laser cavity can be
described using a reservoir model as described in [166]. The reservoir model describes the
intrinsic characteristic dynamics of semiconductor laser. According to the model, there are

two reservoirs in the active region. The model describes that the number of carriers in the

o nl L . L
reservoir increases by tdurmg laser current injection, where 77;is the current injection

I
efficiency and a is the number of carriers injected to the laser. The number of carriers

decreases as a result of non-radiative recombination at the rater Vv, spontaneous emission

recombination at the rate R,V and stimulated emission recombination at the rater,v. The

carrier number rate equation summarizes these processes in the carrier reservoir:

dN n
E:%_(Rsp-l_Rnr _(R21_R12)\/ 4.1

\Y

The number of photons in the photon reservoir therefore increases due to stimulated emission
recombination at the rater,yv, and spontaneous emission at the rateR,V. The number of

photons also decreases due to the photon absorption at the rate r_,v and due to light emission.

N V
Photons escape the laser cavity at the rate ——" where 7 is the photon life time. The photon

Ty

rate equation summarizes processes in the photon reservoir:

dN

Vp_p:(R21+ R12)‘/ -

P + RV 4.2
dt

N,V
Tp

Dividing equation 4.1 and 4.2 by carrier reservoir volume size V and replacing the terms

R,, — R, by VggN o results in density rate equations;

aN _ml

dt oV (Rsp+Rm)—vgarng 4.3
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dN 1 :
—=|av,a,d—— N, +aRs 4.4
dt ( %9 Tp} P i

V. , i . o
Where «a =V—|s the confinement factor, v is the group velocity, 7, photon lifetime, N number
p

density, N p photon density, 77;internal quantum efficiency, V active region volume, (
electric charge, R, = N spontaneous emission rate, R, non-radiative recombination rate and
T

R, ate of photons emitted into mode of interest.

Optimization of parameters in the rate equation of semiconductor lasers are important in
fitting laser models to the measured behavior. These parameters are vital in laser performance

evaluation for ideal modulation.

4.1.3 Frequency response

The frequency response of laser (scattering parameter) can be measured using the small signal
analysis. Photons are created as a result of stimulated emission. An in depth analysis of laser
transfer function has been derived in [166], from the rate equation for photon and carriers
density (equation 4.3 and equation 4.4) and has the form of a second order damped system as
shown in equation 4.5

a)zr

H, (@) 45

o' -+ joy

Where H_ is transient function of the laser, «, =2#f, and yis the damping factor. Equation

4.5 describes the VCSEL frequency response considering only intrinsic effects of the laser.
However, at high frequencies, VCSELSs have parasitic resistance and capacitances that can
reduce the modulation response. Moreover, additional poles need to be added to the equation
to describe the extrinsic effects that include parasitic response [167]. These effects vary for
different lasers and have to be defined separately based on the device design and electrical

contact circuit as discussed in [166].
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4.1.4 Static characterization

The operation range of most semiconductor lasers can be defined based on the laser’s DC
characterization. Injected carriers are utilized for spontaneous emission and non-radiative
recombination under the small, below threshold, current condition. Under this current
condition, the output is mainly as a result of spontaneous emission. Stimulated emission
recombination only occurs when the number of injected carriers exceeds the spontaneous and
non-radiative losses. The threshold It is the current level at which stimulated emission starts
occurring. For currents higher than I carriers are mostly in the stimulated emission therefore
the output power increases linearly with applied current. The steady state solution of the rate
equations is used to describe the output power Py in the linear range as a function of the bias
current [133]:

h
Pozﬂdav(l _Ith) 4.6

Where 5 is the quantum efficiency, hv is the energy of photon and ¢ is the elementary

charge. From equation 4.6, the laser output power saturates towards higher bias current values
due to thermal effects on the laser. DC characteristics allow choosing an optimum bias current
for ideal modulation of the laser module. The perfect choice of ideal bias current is therefore
in the middle of the linear range.

4.1.5 Optical spectrum

An optical spectrum is the optical power distribution over different wavelengths of a laser.
The laser emission wavelength can be measured using an optical spectrum analyser (OSA).
For VCSEL lasers, the emission wavelength increases with increase in bias current as a result
of internal cavity heating [133, 165]. The spectral width of lasers is standardized using a root
mean square (RMS) deviation. For single mode VCSELs, the RMS spectral width ranges up
to 0.443 nm as reported in [168], while for multimode VCSELs the RMS spectral width
ranges up to 1.04 nm [142, 168] due to multiple transverse modes. An increased laser spectral
width makes it vulnerable to chromatic dispersion effects within the fibre. This therefore
limits the maximum transmission reach as well as degrades the signal integrity. Fibre related

effects will further be addressed in section 4.7.
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4.2 Advanced modulation formats for VCSEL-based links

Fibre optic communication systems form the high capacity transport infrastructure that
enables global broadband data services. The desire for higher per-fibre transport capacities
and, at the same time, the drive for lower costs per end-to-end transmitted information bit has
led to optical networks with high spectral efficiencies [169]. Among other enabling
technologies, advanced optical modulation formats have become key to the design of modern
fibre transmission systems [132, 169-172]. In this section, optical modulation formats in the

broader context of spectral efficiencies in IM/DD VCSEL-based network links are presented.

4.2.1 State-of-the-art

To fulfil demands for developing ultrafast optical transmitters to solve the heavy data traffics
in modern communication systems as standardized by IEEE P802.bs [156], the transmission
capacity of laser diode modules have been up-scaled from 100 Gbps/module to
400 Gbps/module for applications such as cloud data centres based on the use of 8-channel
VCSEL array transmitter with 50 Gbps channel capacity [173]. The IEEE 802.3bs 400 Gb/s
Ethernet task force has worked on industry standards for intra-data centre interconnects with
link distances of 500 m, 2 Km, and 10 Km over standard single mode fiber (SSMF). Intensity
modulation and direct detection (IM/DD) links are preferred for its low cost and simplicity.
Experimental demonstrations of e.g. 4x100 Gbps discrete multi-tone (DMT) signal
transmission over 4 Km SSMF [174] and 2x56 Gbps 4-PAM signal over 10 Km SSMF [175]
have been performed using offline digital signal processing (DSP). It has been shown that
56 Gbps IM/DD DMT on 8 channels can successfully bridge 240 Km of SMF [15]. However,
all these demonstrations utilized offline DSP. Real-time PAM-4 transmission at 25 GBaud
and at 56 GBaud has been demonstrated only for a single channel over up to 10 Km and 2 Km
SMF, respectively and at high OSNR [176, 177].

At current stage, adoption of directly modulated VCSEL links in big data networks such as
data centres has emerged as a cost-effective solution [139, 178, 179]. The well-known
advantages of such links make VCSELs irreplaceable candidates for the aforementioned
applications [180-182]. However, the allowable transmission data rate or distance is still
limited by both the direct modulation bandwidth, and the inevitable chromatic dispersion in

the transmission fibre [183]. In view of previous works with VCSELs, Chongjin, et al. in
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2013 successfully implemented a 3-PAM 1550 nm VCSEL coherent transmission link at
105.7 Gbps over 960 Km SMF with FEC threshold at a BER of 1.5x1072 [184]. Tan et al
designed a photonic crystal structure to achieve single mode emission in the VCSEL
transmitter for 25 Gbps data over 1Km in 2013 [185]. In 2014, Safaisini et al. integrated a
mode filter generated with surface relief to realize a SM VCSEL transmitter for delivering
20 Gbps data through a 2 Km link [186]. In the same year, Chongjin, et al reported on a
400 Gbps polarization division multiplexed (PDM) and WDM 4-PAM using 2x4 PDM/WDM
monolithic VCSEL array and successfully transmitted over 400 Km of standard single mode
fibre using digital coherent detection [187].

For practical application, several studies of the VCSEL with various data formats for high
data rate links such as intra-data center networks have also been illustrated. Recently, Kuchta
et al. used VCSEL to carry non-return-to-zero on-off-keying (NRZ-OOK) data at 71 Gbps
over 7m [188]. A comparison of MM, FM and SM VCSELs on carrying NRZ-OOK data
format for back-to-back transmission was reported in [189]. However, the low spectral usage
efficiency of the NRZ-OOK makes the VCSEL require large modulation bandwidth for
encoding [190]. To achieve the same data rate, 4-PAM data is an alternative approach for
decoding the VCSEL, since it only needs half of modulation bandwidth when comparing with
NRZ-OOK data [191, 192]. In 2016, encoding PAM-4 onto an unpackaged VCSEL to
achieve 100 Ghps over 100 m with a pre-emphasis filter technology was proposed [193].
Therein the pre-emphasis filter is a digital filter embedded in the arbitrary waveform
generator (AWG), which can pre-distort the transmitted signal to compensate the signal
degradation during channel transmission for improving the transmission performance. In
2017, Kottke et al. recently demonstrated a DMT link over 500 m MMF at the rate up to
135 Gbps by using an 850 nm VCSEL with the assistance of the Volterra based pre-equalizer
[194]. A summary of state-of-the-art VCSEL-based transmission experiments is shown in
table 4.1.

Table 4.1: Summary of transmission experiments with VCSELS.

Reference Bit rate Modulation Detection Distance Transmission
achieved/ A format used | technique attained Wavelength
[195] 25 Gbps O0OK DD 4.2 Km SMF 1550 nm
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[184] 88 Ghps 3-PAM Coherent 960 Km SMF 1550 nm
[187] 100 Gbps 4-PAM Coherent 400 Km SMF 1550 nm
[196] 100 Gbps DMT DD 4 Km SMF 1550 nm
[197] 100 Gbps 4-PAM DD 100 m SMF 1550 nm
[198] 56 Gbps 4-PAM DD 2 Km SMF 1550 nm
[199] 50 Gbps 4-PAM Equalization | 100 Km SMF 1550 nm
and FEC
[135] 28 Gbps OOK DD 500 m MMF 1060 nm
[62] 50 Gbps 4-PAM DD 200 m MMF 1060 nm
[200] 30 Gbps 4-PAM DD 200 m MMF 850 nm
[201] 40 Gbps OOK DD 3m MMF 850 nm
[141] 40 Gbps OOK DD B2B 850 nm
[202] 56 Gbps DMT DD 100 m MMF 850 nm
[203] 60 Gbps 4-PAM DD 2 m MMF 850 nm
[181] 64 Gbps OOK DD 57 m MMF 850 nm
[204] 70 Gbps 4-PAM DD 50 m MMF 850 nm
[205] 44 Gbps OOK DD 2 m MMF 980 nm
This work 10 Gbps NRZ DD 24.75 Km 1550 nm
chapter 4 SMF
[151, 206]
This work Simultaneous DM and DD with DSP | 11 Km SMF 1310 nm
chapter 6 10 Gbpsand | polarization assisted
[207] Polarization- modulation receiver
based PPS
clock signal

4.3 Intensity modulation with direct detection

In high-speed optical fibre communication, intensity modulation (IM) using directly
(DMLs) with direct (DD) is the
modulation/demodulation technique due to its simplicity and effectiveness. These two

modulated lasers detection most  preferred

processes take place in a laser and a photodiode (PD), respectively. As the transmitted
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electrical data is superimposed to the laser bias current, the variation of the current driving the
laser directly modulates the output power of the laser. The simplest way to produce intensity

modulated signal is shown in fig 4.2 [208].
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Fig 4.2: Intensity modulated signal using a DML [209].

At the PD, intensity of optical wave is converted to electrical current based on square-law
detection of the PD. IM also can be done using external modulators. A laser emits continuous
wave (CW) light and the modulation is done afterwards by an external optical modulator
[210]. Electro-absorption modulator (EAM) and Mach-Zehnder modulator (MZM) are two
external modulators commonly used today in optical communication systems. External
modulators offer much higher modulation bandwidth (up to 60 GHz) than DMLs. This is due
to the independence between light generation and modulation thus providing better signal
quality. A MZM-based 1Q modulator can be used to generated advanced modulation formats
such as quadrature phase shift keying (QPSK). However, as an additional device is required,
external modulation results in a more expensive system. The applications of different

modulation methods and optical modulators is presented in Fig 4.3 [209].
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Fig 4.3: Transmitters for optical fibre communication links [209].

For short-range and access networks, due to strict requirement for the cost of the whole
system, intensity modulation using a DML such as distributed feedback laser (DFB) or
VCSELs is preferred.

4.4 Non-return-to-zero (NRZ)

Non-return-to-zero (NRZ) is a two dimensional modulation technique that carries one bit per
symbol and has two signal levels (‘0 level and ‘1’ level). Currently, it is the most preferred
modulation format used in commercially available transceivers. Its implementation is simple
and therefore power efficient. The capacity of the NRZ links has grown through the recent
years with the increasingly improved VCSEL structures and, therefore, their higher
bandwidths. However, the achievable distance for the high-speed VCSELSs is limited by the
fibre bandwidth. This is due to combined effects of VCSEL's intrinsic or extrinsic behavior
and chromatic dispersion [211]. The highest reported bitrates with NRZ modulation are
71 Gbps and 60 Gbps [211, 212] using MMF over 7 m and 100 m fibre lengths respectively.
Part of this PhD project utilized the NRZ modulation format [150, 151, 206, 207].
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Different advanced modulation techniques have been proposed for application in high speed

optical communication systems [169-172]. They can be multi-level and multi-dimensional.
The most popular one is Pulse amplitude modulation (PAM) e.g. 4-PAM, 8-PAM. In PAM
systems, multiple amplitude levels are used. For instance, in 4-PAM, four levels are utilized

thus doubling the capacity of the link as opposed to the one-dimensional NRZ. A summary of

state-of-the-art 4-PAM short-range transmission experiments as reported in literature is shown

in table 4.2.

Table 4.2: State-of-the-art 4-PAM advanced modulation formats applied in high-speed optical
communication links.

Reference | Data rate Format DSP (Tx/RX) Distance
[198] 56 Gbps 4-PAM None/FFE and MLSE | 2 Km
[213] 56 Gbps 4-PAM 4-tap FFE/none B2B
[214] 56 Gbps 4-PAM 3-tap FFE/21-tap FFE | 15 Km
[214] 84 Gbps 4-PAM 3-tap FFE/21-tap FFE | 1 Km
[215] 84 Gbps 4-PAM 3-tap FFE/FFE, NLVE | 1.6 Km
& MLSE
[198] 56 Gbps 4-PAM DD 2 Km
[199] 50 Gbps 4-PAM Equalization and FEC | 100 Km
[187] 100 Gbps 4-PAM Coherent 400 Km
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This work 20 Gbps 4-PAM DSP assisted 3.21 Km
chapter 8 receiver SMF
[216]
Thiswork | Simultaneous | 4-PAM and | DSP assisted B2B
chapter 8 20 Gbps data phase receiver
[217] and 2 GHz modulation
RF clock
signal
Thiswork | Simultaneous | 4-PAM and | DSP assisted 3.21 Km
chapter 8 20 Gbps data phase receiver SMF
[218] and 2 GHz modulation
RF clock
signal
Thiswork | Simultaneous | 4-PAM and | DSP assisted 3.21 Km
chapter 8 20 Gbps data | polarization receiver SMF
[217] and modulation
polarization
PPS clock
signal

e MLSE = maximum likelihood sequence estimation
e NLVE = nonlinear Volterra equalizer

45.1 Realization of 4-PAM

The limited bandwidth of NRZ links led to high capacity short-range communication
community to focus on advanced modulation formats to support higher bit rates. 4-PAM
doubles the network capacity compared to NRZ with the same bandwidth. It is the least
complex of the advanced modulation schemes. 4-PAM has four amplitude levels. Two
additional voltage levels are introduced in between the maximum and minimum levels of the
NRZ. This results in reduced spacing between the levels and the twofold increase of the signal
capacity. Grey coding, which has 1 bit difference between adjacent levels, is typically used to
encode 4-PAM signals. A possibly simple ways to realize 4-PAM is to couple together two
de-correlated binary signals, one of them attenuated. 4-PAM demodulation is achieved by
decoding the signal amplitude, and using three decision thresholds to distinguish the symbols.
A full demonstration of 4-PAM signals modulation/demodulation and derivation of all
associated equations is demonstrated in our contribution in [218, 219]. All 4-PAM
implementation examples presented in table 4.2 required the FEC overhead and equalization.

However our 4-PAM modulation approach in chapter 8 and other subsequent chapters is
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simple to implement as it does not use energy consuming and complex FEC overhead circuits
and equalization mechanisms.

The main advantage of 4-PAM modulation technique is the doubled spectral efficiency as
compared to NRZ. 4-PAM also reduces the bandwidth requirement and potentially extends
the maximum attainable reach over fibre. However, 4-PAM modulation formats are limited
by tripled requirement on SNR that comes with closer spaced levels. This, in turn, puts a more
stringent requirement on VCSEL's RIN and other noise sources in the transmission link. With
an increased number of levels, the ISI penalty also increases together with the eye closure
penalty [204, 220, 221]. This therefore calls for 4-PAM transceivers to incorporate FEC and
equalization circuits, thus more complexity and energy consuming as opposed to NRZ

transceivers [146].

4.6 VCSEL polarization modulation

A unique feature that differentiates VCSELs from conventional edge emitting semiconductor
lasers is their polarization characteristics [222-229]. VCSELs usually emit linearly polarized
light oriented in a specific crystallographic direction due to their cylindrical symmetry,
direction of lasing, and carrier injection. The carrier injection is always perpendicular to the
active layer and along the axis of cylindrical symmetry. However, during the VCSEL’s
manufacturing process, some inherent birefringence caused by stresses unintentionally
induced my lead to polarization dependency [222]. Effective control of VCSEL’s polarization
property is a necessity if it is to be used in polarization sensitive applications such as coherent
detection systems and magneto-optic recording [133, 223, 229]. The difference in a VCSEL’s
geometry can also lead to polarization of emitted laser light that is not well balanced.
Polarization dependency in VCSELSs has been studied particularly in applications where well-
stabilized polarization is required [230-233]. The linear polarized light emitted from VCSEL
laser has been observed to switch between two orthogonal states [224, 225, 234, 235].
Mechanisms leading to polarization switching in VCSELs have been reported [226, 227].
Different models to attain VCSEL polarization switching for polarization modulation have
been proposed and associated derivative equations expressed explicitly in [207, 222, 223,
225-232, 234-238].

VCSEL polarization switching was exploited to realize the first ever reported simultaneous

transmission of directly modulated data signal and polarization-based pulse-per-second (PPS)
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clock signal as reported in chapter 6 and in chapter 9. A single mode 10 GHz bandwidth
VCSEL carrier at 1310 nm was used and a maximum transmission reach of 11 Km of G 652

fibre attained.
4.7 Fibre impairments in optical communication links

Optical signals transmitted over optical fibre medium suffer from fibre impairments, which
cause degradation of original signals. These impairments can be divided into linear
impairments, and nonlinear impairments [239-242]. When the launched level power into the
fibre is moderate (MW range), optical communication systems experience linear effects:
attenuation and fibre dispersion. Fibre dispersion includes chromatic dispersion, polarization-
mode dispersion (PMD) and modal dispersion. Increasing the launched power can lead to
nonlinear effects in the fibre. Nonlinear effects in optical fibres originate from the intensity
dependence of the refractive index and stimulated inelastic scattering including self-phase
modulation, cross-phase modulation, four-wave mixing, stimulated Raman scattering, and
stimulated Brillion scattering. Besides attenuation, fibre dispersion is the most important

linear impairment that limits the performance of signals.

4.7.1 Attenuation

The propagation of an optical pulse inside an optical fibre medium suffers from power loss
leading to a decreased output power. Attenuation limits the overall transmission distance
because of receiver sensitivity, i.e. the minimum power required at the receiver for it to
recover the signal correctly. The relationship between the average input power Pi, and the
output power Poyt of the fibre with length L is governed by Beer’s law [243, 244], and is given

as.
P =P e 4.1

Where(is the attenuation coefficient commonly measured in dB/km. Fig 3.1 shows the loss
spectrum «(A) of a single mode fibre (SMF) [244].
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4.7.2 Chromatic dispersion in single mode fibres

Fig 4.4: Loss spectrum of a single mode fibre (SMF) [244].

The attenuation coefficient depends on the transmitted wavelength, increasing towards the
shorter wavelength. A typical attenuation of silica at 1550 nm equals to 0.2 dB/km. The
maximum loss for standard SMFs used in today’s applications is standardized as about
0.5 dB/km for 1310 nm sources, 0.4 dB/km for 1550 nm sources and 2.89 dB/km for 850 nm
sources [245].

Chromatic dispersion causes the group velocity of the mode to be frequency dependent. This
therefore implies that different spectral pulse component will travel with different group
velocities therefore resulting to a pulse spread. This effect is known as chromatic dispersion.
Pulse broadening is proportional to the length of the fibre and generates inter-symbol
interference (ISI) in time domain at the fibre output. If AA is the spectral width of the pulse,

extend of pulse broadening over a fibre of length L is dictated by:

4.2
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Uy, is the group velocity, D is the dispersion parameter expressed as ps/Km/nm.

4.7.3 Modal dispersion

Multimode fibres (MMFs) experience dispersion effect as a result of chromatic dispersion and
modal dispersion. Usually, modal dispersion strongly dominates over chromatic dispersion.
The many modes are excited and propagated through the fibre with different propagation
delays, which cause modal dispersion. When propagating along the fibre, mode group mixing
between mode groups occurs. Each output mode is contributed by all input mode groups
[140].

4.7.4 Polarization mode dispersion (PMD)

Optical fibres offer superior performance over their other counterparts. However, polarization
effects can affect optical signal performance at higher data rates and/ over longer transmission
reach [246, 247]. In single mode fibres the fundamental mode is composed of two orthogonal
axis; fast and the slow axis. In a hypothetical scenario, these axises have exactly the same
propagation speed therefore no differential delay phenomenon. However, due to birefringence
in optical fibres, the two have different propagation velocities therefore resulting to a
differential group delay ( DGD) [246, 248]. Birefringence results from imperfections within
the fibre geometry as well as external mechanical disturbances such as pressure, temperature,
bending twisting etc. Fig 4.5 illustrates the fast and the slow axis resulting to DGD due to

birefringence for optical fibre with no coupling.
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Fig 4.5: Illustration of fast and slow axis due to birefringence and pulse differential group
delay (DGD) for optical fibre with no coupling [249].

It should be noted that for real optical fibre network systems, the resultant DGD is

proportional to the square root of the total fibre length.

In practice, fibre birefringence varies in both magnitude and orientation randomly along the
fibre length. Due to its frequency dependence, fibre birefringence also depolarizes relative
states of polarization (SOPs) among optical waves of different frequencies [250, 251].
Burying optical fibre cables is a viable technique to minimize changes in the SOP of the

optical signal and therefore limits polarization effects on the transmitted signal.

4.8 Summary

This chapter has presented several high capacity data transmission techniques exploiting
VCSEL technology. This included, advanced modulation formats for VCSEL-based links as
well as fibre impairments in optical fibre communication links such as attenuation, chromatic
dispersion, modal dispersion and polarization mode dispersion. The next chapter begins with
experimental demonstration of high-speed vertical cavity surface emitting lasers (VCSELS) in
optical fibre networks. Result into simultaneous data and reference frequency (RF) clock
signal transmission over a single optical fibre for adoption in next generation telescope array
networks are also presented. This chapter ends by drawing the relevance of simultaneous data

and reference clock signal transmission over a single optical fibre to telescope array networks.
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Chapter 5

Simultaneous data and reference frequency clock signal
transmission over one single mode optical fibre line for

telescope array networks

This chapter experimentally demonstrates VCSEL technology as an ideal candidate for next-
generation high-speed optical communication networks. The use of VCSELSs for simultaneous
data and reference frequency (RF) clock signal transmission in next-generation telescope
array networks is proposed and experimentally demonstrated. We present on the potential of
10 Gbps VCSEL carriers in simultaneous transmission of data and RF clock signal over a
single optical fibre for cost effective and reliable next-generation telescope array networks.
Performance of the simultaneously transmitted data and RF clock signals are reported using
bit-error-ratio (BER) measurement and eye diagram representation for the data signal, and
phase noise measurement and jitter analysis curves for RF clock signal respectively. The
transmission performance analysis of simultaneously transmitted data and RF clock signal is
performed at different channel spacing and different direction of propagation. The relevance
of simultaneous data and RF clock signal transmission over a single optical fibre to telescope

array networks is presented.

5.1 Vertical cavity surface emitting laser (VCSEL) technology in optical fibre networks

The following subsequent sections demonstrates VCSEL transmission performance for
adoption in next-generation high speed optical fibre networks. This is due to their attractive
potentials discussed in chapter 4. VCSEL static characterization and optimization for direct
data modulation as well as wavelength tuneability for adoption and integration into
simultaneous data and reference frequency clock signal transmission over a single optical

fibre are experimentally demonstrated.
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5.1.1 VCSEL static performance

The static characterization and ability to tune the central emission wavelength of a 10 Gbps
VCSEL used in this study was demonstrated experimentally as shown in fig 5.1. A 10 Gbps
1550 nm VCSEL was biased by changing the input current from 0 mA — 9.8 mA, while

measuring the respective output optical power (mW).
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Fig 5.1: Experimentally measured VCSEL static performance, (a) LI characteristics curve, (b)

experimentally measured wavelength tuneability.

The experimentally measured output power variation with bias current is shown in fig 5.1(a).
From the curve in fig 5.1(a), it was observed that the small volume of the VCSEL resonator
allowed for a small threshold current of 1.03 mA. It was also noted that this laser source
operated at low drive current range (mA range), a key requirement for power efficient optical
fibre networks. This was due to the differential resistance of the VCSEL laser, which is 50 Q
under steady lasing conditions therefore limiting the driving current to remain below 10 mA
[252]. The good energy efficiency of the VCSEL together with its small form makes it an
ideal candidate for energy sensitive applications such as fibre-to-the-home (FTTH) and
densely data centre networks among many other optical applications.

The impact of temperature variation on VCSEL transmitter performance was investigated at
different operating temperatures as shown in fig 5.1(a). South Africa weather condition varies
from summer to winter [253]. This weather variation is associated with drastic temperature

fluctuations, where temperatures might rise to 45°C during summer and drop to almost
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freezing point during winter [253]. To demonstrate the impact of temperature variation on
VCSEL transmission performance of the VCSEL, a VCSEL LI characteristics curve was
simulated at different resonator cavity temperatures as shown in fig 5.1(a) using Optisystem
software. It was noted that an increase in cavity temperature caused the laser output power to
saturate at much lower current level known as thermal rollover current as shown in fig 5.1(a).
A thermal rollover current of 8.98 mA, 8.02 mA and 7.24 mA was attained under simulations
for 25° C, 45° C and 65° C respectively. It should be noted that a lower thermal rollover
current affects the modulation performance of VCSELs. It is therefore, recommended to
employ an external cooling mechanism to the device if it is to be used at higher environmental
temperature conditions.

VCSEL wavelength tuneability with varying bias current was investigated as shown in fig
5.1(b). A wide bandwidth of approximately. 3.71 nm (from 1550.61 nm to 1554.32 nm) was
attained for a 10 Gbps 1550 nm VCSEL used in this study. This was achieved by varying the
bias current from 2 mA to 8 mA. The ability of a VCSEL to vary its central emission
wavelength with changing bias current provides a great potential for its adoption in
wavelength division multiplexing (WDM) applications and in systems where wavelength
tuning is required to achieve simultaneous transmission of signals [254, 255]. In this study,
the VCSEL wavelength tuneability property was used to attain different channel spacing
between the data channel and the RF clock signal channel for simultaneous data and clock

signal transmission over a single optical fibre discussed in subsequent sections.

5.1.2 Experimental performance evaluation of VCSEL transmission

Transmission capability of a 10 Gbps 1550 nm high-speed VCSEL was experimentally
demonstrated as shown in fig 5.2. A 10 Gbps VCSEL with an emission wavelength of
1552.30 nm at a bias current of 7 mA was modulated with a 10 Gbps pseudorandom binary
sequence (PRBS) data signal of pattern length 27-1 from a programmable pattern generator
(PPG). The VCSEL was biased at 5.54 mA and the RF modulation voltage adjusted to
0.224 Vrwms by attenuating the electrical RF signal voltage with 9 dB electrical attenuator for
optimum modulation of the VCSEL laser. The modulated data signal was transmitted over a
G. 655 single mode reduced slope fibre (SMF-RS) of length 24.75 Km. OFS true wave RS
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low water peak (LWP) fibre is a non-zero dispersion fibre (NZDF) that provides extraordinary

performance for optical transmission systems.

PPG

__GD_—_< E:‘: EA BERT
BT *' Fibre B ZS/

-—— J — VOA PIN

------ == Electrical

—————== Optical

LDC

Fig 5.2: VCSEL transmission experimental set-up: PPG-programmable pattern generator, BT-
bias tee, LDC-laser diode controller, VOA-variable optical attenuator, PIN-photodiode
detector, EA-electrical linear amplifier, BERT-bit-error-ratio tester.

The low dispersion slope of this fibre enables for more uniform performance across the entire
C-band (1530 nm — 1565 nm) and L-band (1565 nm — 1625 nm) respectively therefore an
ideal fibre for simultaneous data and RF transmission systems [256]. At the receiver end, the
optical power getting to the positive intrinsic negative (PIN) photodiode was varied using a
variable optical attenuator (VOA). This emulated optical power losses that could be
encountered in our proposed optical fibre network.

The measured BER curves for back-to-back (B2B) analysis and 24.75 Km fibre transmission
are shown in fig 5.3. A receiver sensitivity of -19.95 dBm was attained experimentally at B2B
analysis. After a 24.75 Km fibre transmission, the receiver sensitivity reduced to -19.04 dBm
as shown in fig 5.3. This fibre transmission length introduced a transmission penalty of
0.91 dB as shown in fig 5.3.
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Fig 5.3: Experimental BER curves for 10 Gbps 1550 nm VCSEL transmission on G. 655 fibre
of length 24.75 Km.

The respective eye diagrams for back-to-back analysis (red) and 24.75 Km fibre transmission
(blue) are shown in fig 5.4. These measurement were collected at a communication threshold
of BER=10"°. As seen in fig 5.4, the eye power (in mW) reduced after a fibre transmission.
This implied that the eye opening also reduced with a fibre transmission, but remained clearly
open at B2B analysis and after 24.75 Km of fibre transmission. A clear, wide and open eye
implies a successful error free transmission. This also implies that the PIN receiver could

clearly distinguish between the ‘1’ and the ‘0’ bits therefore minimizing bit errors.
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Fig 5.4: Experimentally measured eye diagrams for 10 Gbps 1550 nm VCSEL transmission at
back-to-back (red) and 24.75 Km fibre length (blue).
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5.2 Experimental demonstration of simultaneous data and reference frequency clock

signal transmission over a single optical fibre

Simultaneous data and reference frequency (RF) clock signal transmission over a single
optical fibre was experimentally demonstrated at different channel spacing using an array of
two VCSELs as shown in fig 5.5. VCSEL 2 was modulated with a 10 Gbps data signal under
optimized modulation voltage and biased at 8.60 mA. The emission wavelength of VCSEL 2
was set to 1550.79 nm. The transmission of VCSEL 2 represented the upstream transmission
link of the network (from the user end to a central processor center) as shown in fig 5.5. At
the central processor center part of the network, a 1.712 GHz (L-band) RF clock signal
generated using R&S® SMB100A RF and Microwave signal generator from Rohde &
Schwarz company was used to modulate VCSEL 1 with an RF clock signal to make the
downstream transmission link of the network as shown in fig5.5. A suitable RF clock
modulation depth was achieved by setting the RF- level of the electrical signal generator to
0.30 mV. Optical isolators were used on both VCSEL transmitters to maintain the optical
signal in a forward direction therefore protecting the laser sources from a counter-propagating
optical light source. The bias current of VCSEL 1 was varied from 8.25 mA to 8.73 mA to
attain different emission wavelengths (1551.18 nm, 1551.38 nm and 1551.58 nm) used in this

study.
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Fig 5.5: Experimental set-up for simultaneous data and reference frequency clock signal
transmission over a single optical fibre: PPG-programmable pattern generator, BT-bias tee,

LDC-laser diode controller, VOA-variable optical attenuator, PIN-photodiode detector, EA-
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electrical linear amplifier, SG-signal generator, ESA-electrical spectrum analyzer, BERT-bit-

error-ratio tester.

The two simultaneously transmitted signals (upstream data and downstream RF clock) were
coupled onto a single mode fibre of length 24.75 Km using an optical 3 dB coupler.
A DSC-R402 10 GHz bandwidth linear PIN-TIA optical receiver with a sensitivity of
—9dBm was used to simultaneously recover the optical data and RF clock signals for
simultaneous analysis. For the data signal, the power getting to the PIN photodiode was
varied using a variable optical attenuator and its transmission performance analyzed through
BER curve measurement and eye diagram analysis. Consequently, the RF clock signal
stability was simultaneously analyzed through phase noise and clock jitter measurement. The
effect of simultaneous data and RF clock signal transmission over a single optical fibre was
done at 0.4 nm, 0.6 nm and 0.8 nm channel spacing between the data and clock signal

respectively.

5.2.1 Experimental analysis of effects of reference frequency clock signal on data

transmission at different channel spacing

To study the effect of reference frequency (RF) clock signal on data transmission at different
channel spacing as reported in our previous work in [206], two VCSELSs transmitting in an
opposite direction of propagation were used as shown in fig5.5. A non-filter based
wavelength division multiplexer (WDM) coupler was used to combine the data channel and
the RF clock channel to allow for inter-spectrum interaction. The resultant optical spectrum of
the inter-channel (data channel and RF clock channel) interaction at different channel spacing
is shown in fig 5.6. VCSEL wavelength tuneability with changing bias current was exploited
to achieve the different channel spacing.

The data spectrum shown in fig 5.6 (red) was noted to have a distinct spectrum. However,
after coupling the data and the RF spectrum channels over a transmission fibre, the resultant
spectra were a comprised band overlap of the data and the RF clock spectrum. The spectra
overlap was noted to reduce with increase in channel spacing as shown in fig 5.6.

The measured BER curves for VCSEL-based simultaneously 10 Gbps data and 1.712 GHz
RF clock signal transmission over a single 24.75 Km of G. 655 SMF-RS fibre transmission is

shown in fig 5.7. A receiver sensitivity of -19.26 dBm was attained for the B2B analysis of
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data signal alone. However, after coupling the data signal with a 1.712 GHz RF clock signal
at 0.8nm, 0.6 nm and 0.4 nm channel spacing, the attained receiver sensitivity was
-19.23 dBm, -19.22 dBm and -19.19 dBm respectively. As depicted in fig 5.7, no remarkable
RF clock signal interference effect on the data signal was noted at B2B analysis. A 24.75 Km
fibre transmission was noted to introduce a transmission penalty of 0.71 dB when only the

10 Gbps data signal was considered for transmission without any interference from the RF

clock signal.
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Fig 5.6: Resultant optical spectrum for data signal (red), data and RF clock signals at 0.4 nm

(blue), 0.6 nm (black) and 0.8 nm (green) channel spacing respectively.

However, by introducing simultaneous data and RF signal transmission over this fibre length,
a penalty of 0.78 dB, 0.91dB and 1.15dB was incurred for 0.8 nm, 0.6 nm and 0.4 nm
channel spacing respectively. This penalty was a combined effect of transmission penalty due
to the fibre length, and the RF clock signal interference penalty on the data signal. The
receiver sensitivity was noted to reduce with a decrease in channel spacing over a fibre
transmission as shown in fig 5.7. This was due to the fact that as the channel spacing is
reduced, the data and RF clock signal channel overlap more as shown in fig 5.6. This
therefore leads to more interaction between the transmitted data and RF clock signal over a
fibre transmission length, thus resulting to RF clock signal interference effect on the data

signal. The resultant interference degraded the quality of the data signal as it resulted to error-
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bits close to the BERT decision level of the data bits thus accounting for the degraded

performance observed at 0.4 nm channel spacing as shown in fig 5.7 [257-262].
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Fig 5.7: BER curves for simultaneous data and RF clock signal transmission at B2B analysis
and 24.75 Km transmission length of G. 655 SMF-RS fibre at 0.4 nm, 0.6 nm and 0.8 nm

channel spacing respectively.
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Fig 5.8: The B2B eye diagrams for data channel alone (red), coupled data and RF clock

channels at 0.4 nm channel spacing.

The back-to-back eye diagram for 10 Gbps data signal without RF clock signal interference

(red) and with RF clock signal interference (blue) at 0.4 nm channel spacing is shown in
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fig 5.8. Both eyes (with and without adjacent interfering RF clock signal) were noted to be

clear and wide open, implying an error-free transmission.

5.2.2 Experimental analysis of effects of data signal on reference clock tone
distribution at different channel spacing

The impact of simultaneous 10 Gbps data transmission on the stability of 1.712 GHz RF clock
was analyzed experimentally through phase noise and clock jitter measurement as reported in
our work in [151]. This was achieved using a direct method with a Rohde & Schwarz
spectrum analyzer [115, 263]. Clock jitter and phase noise measurement were taken over a
resolution bandwidth of 1 Hz to 1 MHz. Short term optical reference clock signal stability
(Jitter) is key in telescope array networks, for proper control performance of signal to noise
degradation during data digitization process. Long term stability on the other hand is mostly
vital for applications such as very large baseline interferometry (VLBI) and certain kinds of
astronomical observation such as pulsar work. VLBI involves simultaneous synchronization

of various remote receptors in telescope array networks [3].
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Fig 5.9: Resultant optical spectrum for data and RF clock signal at 0.4 nm channel spacing for

different RF clock frequencies.

Fig 5.9 shows the resultant data and RF spectrum channels after coupling at 500 MHz,
1.712 GHz, 10 GHz, 14 GHz and 18 GHz RF modulation frequencies respectively. The
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resultant spectra band overlap in fig 5.9 was noted to reduce with an increase in modulation
RF clock frequency. The higher the modulation clock frequency, the higher the spectrum
usage and the more the data and RF clock spectra band overlap.

The power spectrum analysis plot used to characterize the effect of 10 Gbps data transmission
on phase noise performance of a 1.712 GHz RF clock signal at 0.4 nm - 0.8 nm for back to
back (B2B) analysis is shown in fig 5.10. All the power spectrums (0.4 nm — 0.8 nm) were
noted to have a similar characteristics appearance as shown in fig 5.10. The spectrum peak

was noted to be at 1.712 GHz which was the nominal modulation frequency used.
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Fig 5.10: Power spectrum for simultaneous 1.712 GHz RF clock signal and data transmission

for B2B analysis at 0.4 nm, 0.6 nm and 0.8 nm channel spacing.

The graphed log-log plot of single side band (SSB) phase noise of amplitude versus frequency
offset as measured from an electrical spectrum analyzer for 0.4 nm - 0.8 nm is shown in
fig 5.11. A simultaneous transmission over a 24.75 Km fibre length of G. 655 SMF-RS fibre
was experimentally attained in this study. The vertical axis is an amplitude relative to the
carrier (which is not shown), while the horizontal is the frequency offset from the carrier. A
SSB phase noise of -120.98 dBc/Hz was attained for B2B analysis without data signal
interference at a frequency offset frequency of 10 KHz. However, with the introduction of an
interfering data signal, the attained SSB phase noise increased to -121.18dBc/Hz,
-20.64 dBc/Hz and -120.15dBc/Hz for 0.8nm, 0.6 nm and 0.4 nm channel spacing
respectively at the same frequency offset. The introduction of a 24.75 Km simultaneous RF
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clock signal and data transmission degraded the measured phase noise to -117.69 dBc/Hz,
-115.52 dBc/Hz and -113.57 dBc/Hz respectively at a frequency offset of 10 KHz for 0.8 nm,

0.6 nm and 0.4 nm channel spacing as shown in fig 5.11.
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Fig 5.11: Single side band phase noise (SSB) for simultaneous RF clock and data signal
transmission at B2B analysis and 24.75 Km of G. 655 SMF-RS fibre length at different

0.4 nm, 0.6 nm and 0.8 nm channel spacing.

Different characteristic regions were observed on the SSB phase noise plot shown in fig 5.11.
These regions arise from different sources of oscillator noise contribution. Very close to the
carrier frequency is predominated with random noise. This noise usually relates to the
oscillator physical working environment. If the oscillator is affected by mechanical shocks,
vibration, temperature or other environmental effects, then random noise will remarkably
increase close to the carrier frequency [115, 264].

Flicker phase noise was seen to dominate between 1 Hz and 10 KHz. Flicker phase noise may
be related to the physical resonance mechanism of an oscillator, choice of parts used for the
electronics design of the oscillator, but it is usually added by noisy electronics. This noise
type is present even in the best quality oscillators because to bring the signal amplitude up to
a usable level, amplifiers are employed immediately after the signal source [264]. This
therefore may introduce flicker noise in these stages. This noise can also be introduced if
frequency multipliers are employed to attain higher frequencies. However, flicker phase noise
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can be minimized by a good quality low-noise amplifier design, and other electronic
components [115, 263, 265].

White phase noise on the other hand is a broadband phase noise and has little to do with the
resonance mechanism. This noise is random and has a constant power spectral density. It is
probably produced by similar phenomena as flicker phase noise. Different stages of
amplification are usually responsible for white phase noise accumulation. This noise can also
be minimized through good quality amplifier design or increasing the power of the primary
frequency source to avoid unnecessary amplification.

The measured RF clock signal jitter performance with received optical power at 0.4 nm,
0.6 nm and 0.8 nm channel spacing for B2B analysis is shown in fig 5.12. The RF clock jitter
was noted to decrease while holding the general shape of the curve as the separation
wavelength was increased from 0.4 nm to 0.8 nm. A 0.4 nm channel spacing showed a
maximum jitter performance of 272 fs at -18 dBm received optical power. For the 0.6 nm and
0.8 nm channel spacing, a jitter of 266 fs and 263 fs was measured at the same optical power
respectively as shown in fig 5.12. This corresponded to a data interference jitter penalty of
25fs, 19fs and 16 fs for 0.4 nm, 0.6 nm and 0.8 nm channel spacing respectively at a

received optical power of -18 dBm.
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Fig 5.12: Experimentally measured RF clock jitter with received optical power at B2B

analysis.
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After experimentally analyzing the effect of a 10 Gbps data signal on the jitter performance of
a 1.712 GHz RF clock signal at different channel spacing, a 0.4 nm channel spacing was
considered for transmission. Fig 5.13 shows the experimentally measured RF jitter

performance at B2B analysis and 24.75 Km fibre transmission.
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Fig 5.13: Measured RF clock jitter with received optical power at B2B analysis and over
24.75 Km of G. 655 SMF-RS fibre transmission.

A 24.75 Km fibre transmission introduced a jitter penalty of 0.02 ps at -19 dBm received
power. The corresponding RF clock signal expressed in the time domain as a normalized sine
wave for B2B and 24.75 Km fibre transmission is shown in fig 5.14. The sine wave remained
undistorted at B2B analysis and after 24.75 Km transmission implying a successful RF clock

signal distribution over fibre.
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Fig 5.14: Experimentally measured 1.712 GHz RF clock signal sine wave at B2B analysis and

24.75 Km fibre transmission.

5.2.3 Experimental demonstration of simultaneous data and reference clock signal

transmission over a single optical fibre at different propagation direction

After experimentally analyzing the performance of simultaneous data and RF clock signal
transmission over a single optical fibre at various channel spacing, the link performance was
optimized for simultaneous data and RF clock signal transmission at different directions of
propagation. A 0.4 nm channel spacing was considered for co-propagation and counter
propagation schemes for efficient utilization of the available bandwidth. In this section and
other subsequent sections, the word co-propagation is used to imply a transmission scenario
where a data signal and a reference clock signal are simultaneously propagating in the same
direction.

On the other hand, counter propagation is used to refer to a scenario where the data signal is
simultaneously propagated in a direction opposite to that of the RF clock signal. In the co-
propagation scheme, VCSEL 1 and VCSEL 2 were directly modulated with a 1.712 GHz RF
clock signal and 10 Gbps data signal respectively from the same side of the transmission link
as shown in fig 5.15. A 0.4 nm channel spacing was considered in this demonstration. The
two signals (10 Gbps data and 1.712 GHz RF clock) were allowed to interact by coupling
them together into a signal fibre of length 24.75 Km using a 3 dB coupler. At the receiver end,
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an optical filter was used to separate the data signal channel from the RF clock channel for

simultaneous analysis as shown in fig 5.15.
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Fig 5.15: Experimental setup for co-propagating simultaneous data and RF clock signal

transmission at 0.4 nm channel spacing over a single optical fibre.

For the case of a counter propagation scheme, the experimental setup in fig 5.5 was used, with
the channel spacing between the data channel and RF clock signal channel restricted to
0.4 nm.

5.2.4 Experimental analysis of effects of reference clock tone on data transmission at

different propagation direction

Fig 5.16 shows the resultant optically filtered and unfiltered B2B 10 Gbps data patterns for
simultaneous data and RF clock signal transmission at 0.4 nm channel spacing. A co-
propagation scheme was used to collect results in fig 5.16. The received unfiltered PRBS data
signal was overlapped and superimposed with the RF clock signal resulting to error bits
during its detection as shown by the blue plots of fig 5.16. Overlapping and superimposing of
the RF clock signal on the unfiltered data signal resulted to receiver blinding by the high
optical intensity of the RF clock signal channel therefore making it difficult for the PIN
receiver to effectively distinguish between the ‘1’ and ‘0’ bits. However, when an optical
filter was introduced to separate the RF clock signal wavelength from the data signal channel,
the receiver could now distinguish clearly between the 1 and the O bits therefore minimizing
errors as can be seen in the filtered pattern (red) in fig 5.16. Results in fig 5.16 imply that if

simultaneous data and RF clock signals are to be transmitted in a co-propagating network
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scenario, a WDM filter should be used to separate the data channel from the RF clock signal

channel before its detection to avoid errors due to receiver blinding.
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Fig 5.16: B2B simultaneous data and clock signal transmission analysis of unfiltered (blue)

and filtered (red) Non-return-to-zero PRBS patterns for the co-propagation scheme.

Simultaneous data and RF clock signal transmission performance at 0.4 nm channel spacing
over a single optical fibre at counter and co-propagation schemes was also studied as shown
in fig 5.17. A receiver sensitivity of -19.19 dBm was attained experimentally for data channel
alone without any inference. A counter propagating scheme was noted to have a superior
performance compared to the co-propagating scheme as shown in fig 5.17. Receiver blinding
due to the interfering channel was a key contributing factor to the performance degradation of
the co-propagating scheme as shown in fig 5.17. A counter propagation scheme was noted to
suffer a transmission penalty of 1.07 dB over a 24.75 Km fibre length. However, this penalty

increased to 1.63 dB when a co-propagation scheme was considered for analysis.
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Fig 5.17: Simultaneous data and RF clock signal transmission performance at 0.4 nm channel

spacing over a single 24.75 Km optical fibre at counter and co-propagation schemes.

5.3 Relevance of simultaneous data and reference clock signal transmission over a single

optical fibre to telescope array networks

A fundamental scientific objective of telescope array networks such as the SKA telescope
array is the need to transmit extreme amount of astronomical data at phenomenal bitrates.
Optical fibre technology is the only possible solution for handling such tremendous data
volumes. Moreover, distribution of reference frequency timing signals from the central
science processor station over optical fibre to each of the antenna array is of extreme
importance to telescope array networks. Fig 18(a), shows a typical telescope array network.
Typical telescope array networks such as the SKA distributes clock tones to different
digitizers mounted on remote antennae over optical fibres. The collected science data from
these remote antennae is transmitted over separate optical fibres back to the processor centre

as shown in fig 18(a).
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Fig 5.18: Data signal and RF clock signal transport in (a) typical telescope array network, (b)

proposed next-generation telescope array network.

This type of network design approach is limited with some drawbacks such as increased
complexity of the entire telescope array network. The optical fibre deployment cost of the
network also increases due to large amounts of optical fibres required in such a telescope
array network. For instance, it is estimated in [3, 8] that the SKA telescope array network will
use enough fibres to wrap around the world twice upon its completion. A project of this
magnitude therefore calls for intelligent technological design selection if its observational
science objectives are to be achieved. The schematic representation of our proposed next-
generation telescope array network is shown in fig 18(b). In our approach, a cost effective
bidirectional VCSEL-based clock tone distribution and data transmission over a single optical
fibre for next-generation telescope array networks is experimentally proposed. Our proposed
telescope array network shown in fig 18(b) comes with a number of attractive benefits. First
this type of network reduces network complexity therefore easing network maintenance as
well as administrative and monitoring control functions. Secondly, the initial installation cost
of the network is significantly reduced due to shared optical fibre infrastructure in data and
clock signal distribution within the network. Moreover, the shared infrastructure allows for
effective employment of corrective mechanisms within the network such as chromatic

dispersion management and compensation. This study therefore proves a key concept for
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adoption in cost effective high-speed next-generation telescope array networks and other big

science projects as well as terrestrial optical fibre networks of similar scientific objectives.

5.4 Summary

In this chapter, the use of high-speed vertical cavity surface emitting lasers (VCSELS) in
optical fibre networks has experimentally been demonstrated. We have experimentally
demonstrated simultaneous data and reference frequency (RF) clock signal transmission over
a single optical fibre for adoption in next generation telescope array networks. The quality of
the simultaneously transmitted data and RF clock signal have experimentally been analyzed
simultaneously at different channel spacing, and different direction of propagation. The
relevance of simultaneous data and reference clock signal transmission over a single optical
fibre to telescope array networks has been presented.

The next chapter presents a novel technique of modulating a single mode 10 GHz bandwidth
VCSEL in simultaneous transmission of directly modulated data signal and polarization-based
pulse-per-second (PPS) clock signal. VCSEL polarization switching is experimentally
demonstrated and the technique adopted by exploiting the VCSEL polarization switching with
change in bias current to realize the first reported simultaneous directly modulated 10 Gbps
data and polarization based Pulse-Per-Second (PPS) clock signal transmission using a single
mode 10 GHz bandwidth VCSEL carrier at 1310 nm.



54

Chapter 6

Polarization modulation in VCSELs for simultaneous data and

Pulse-Per-Second (PPS) clock signal transmission

This chapter reports on a novel modulation technique for simultaneous data and polarization-
based PPS clock signal transmission using a single mode 10 GHz bandwidth VCSEL carrier.
Experimental investigation into polarization-resolved light-current characteristics of a single
mode VCSEL carrier is first presented. VCSEL polarization switching is experimentally
demonstrated and the technique adopted to realize the first reported simultaneous directly
modulated 10 Gbps data and polarization based Pulse-Per-Second (PPS) clock signal
transmission using a single mode 10 GHz bandwidth VCSEL carrier at 1310 nm. Data
transmission and PPS timing clock performance are simultaneously evaluated through BER

measurement and statistical analysis respectively.

6.1 Experimental demonstration of polarization switching in VCSELSs

VCSEL polarization dynamics is demonstrated by investigating the polarization-resolved
light-current characteristics of a single mode VCSEL carrier. This was achieved by
experimentally demonstrating polarization resolved light output of a VCSEL carrier. VCSEL
polarization dynamic measurements were performed on a single mode commercial
10 GHz bandwidth VCSEL transmitter from RayCan Company designed for high-speed
performance (data rates up to 10 Gbps). Polarization-independent parameters of a similar
device have already been reported in [266]. The VCSEL device under test had an emission
wavelength of 1307.05 nm at Inias= 7.01 mA and a threshold current of 1.53 mA.

Power
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Fig 6.1: VCSEL polarization dynamic experimental set-up: PC- polarization controller, PBS-

polarization beam splitter.
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Fig 6.1 shows an experimental setup used to demonstrate VCSEL polarization dynamics. The
optical light output from the VCSEL under test was connected into an input port of a
polarization beam splitter from OZ Optics. A picture of the polarization beam splitter used in

this study is shown in fig 6.2.

Fig 6.2: Picture of a polarization beam splitter.

The polarization beam splitter shown in fig 6.2 was used to separate the incoming VCSEL
light wave into its respective orthogonal states. A Thorlabs polarization controller model
number FBRO5 was used to align the states of polarization (SOP) orientation of the incoming
VCSEL light wave to ensure that the SOP of the incoming light wave was a resultant of the
two orthogonal states of polarization. This was enabled by monitoring the output power of the
two optical power meters (GFHP-B) while turning the polarization controller, until the
reading on the two power meters was at the same level. It should be noted that when using
polarization beam splitters with polarization maintaining fibres, it is important that one
understands how the polarization axises are aligned on each port. Each input signal will
transmit along a different output polarization axis as shown in fig 6.1.

Light launched along the slow axis of input port T will be transmitted along the slow axis of
output port 1 and measured using power meter 1 as shown in fig 6.1 consequently, light
launched along the fast axis of input port T will be transmitted along the slow axis of output
port 2 and measured with power meter 2. Polarization maintaining fibres were used to connect
output 1 and 2 to their respective power meters to maintain their SOPs. The VCSEL
polarization-resolved light-current measurements were taken by varying the bias current from

1 mA to 9.97 mA while recording the respective output power (uW). When performing
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polarization-resolved light-current characterization of laser sources, it is important to only
consider polarization splitters that can prevent polarized light intended for port 1 from

reaching port 2 or vice versa.
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Fig 6.3: Experimentally measured polarization-resolved light-current characteristics of a free
running VCSEL.

The measured polarization-resolved light current curves of a free running VCSEL are shown
in fig 6.3. A polarization switch from the high-frequency (Y-mode) to the low-frequency
(X-mode) polarization mode was observed near 4.68 mA bias current value. The X-mode and
the Y-mode were orthogonal to each other. No appreciable hysteresis was observed. At this
polarization switch point (4.68 mA), no drop of the total output power was observed. Results
in fig 6.3 proves a key polarization dynamic ability of the VCSEL laser. From these
polarization-resolved light-current measurements, VCSEL polarization switching between
two orthogonal state of polarization was achieved at 4.68 mA bias current as shown in fig 6.3.
In this experimental demonstration, the external temperature of the free running VCSEL was
maintained at room temperature (Approx. 25° C) using a TEC controller circuit so that

temperature effects could not come into play.

6.2 Experimental demonstration of VCSEL polarization modulation with a Pulse-Per
Second (PPS) clock signal

Experimental realization of simultaneously 10 Gbps data and polarization-based pulse per
second (PPS) clock signal modulation on a single mode 10 GHz bandwidth VCSEL carrier is
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demonstrated in this section. A 10 Gbps 1310 nm VCSEL with a bias current threshold of
1.53 mA was used in this study. To experimentally realize VCSEL polarization modulation,
VCSEL polarization switching between two orthogonal states of polarization should first be

achieved as reported in our earlier contribution in [207].
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Fig 6.4: VCSEL bias characteristics curve showing the current settings used (a). Poincare
sphere showing the two orthogonal polarization states of a VCSEL due to polarization

switching after polarization modulated with a pulse per second signal (b).

The VCSEL was biased around its switching current region point as demonstrated in section
6.1. This biasing point was carefully selected so that any slight increase or decrease in current
could result to a switch in states of polarization of the VCSEL from polarization region “A”,
to polarization region “B” and vice-versa as shown in fig 6.4(a). At a bias current of exactly
4.72 mA, the VCSEL was noted to be lasing at polarization state “A”, as shown in the fig
6.4(a). However, a 0.2 mA increase in bias current was noted to translate to a polarization
switch from polarization state “A” to polarization state “B” as shown in fig 6.4(b), therefore
achieving VCSEL polarization switching. A polarization analyzer was used to monitor the
polarization characteristics of the VCSEL under test thus collecting polarization results
plotted and shown in fig 6.4 (b).

This mechanism was then adopted to realize the first reported VCSEL polarization
modulation using a pulse-per-second (PPS) clock signal as reported in our previous
contributions in [207] and [267]. A Rubidium frequency standard model FS725 was adopted
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to generate 1 PPS electrical clock signal of pulse width 10 ps used in this contribution. The
electrical 1 PPS signal voltage was attenuated by effectively using electrical attenuators. This
attenuation was meant to ensure sufficient voltage needed to induce VCSEL polarization
switching due to current heating. The 1 PPS signal was therefore supposed to induce
sufficient current heating to the VCSEL laser cavity upon its modulation thus leading to a
switch in the VCSEL polarization state each time a pulse voltage is output (i.e. every 1
second). The pulse width of 1 PPS electrical signal used was also sufficiently enough for the
realization VCSEL polarization switching. This is because the 10 ps PPS pulse width was just
enough to ensure that the VCSEL laser was driven with an electrical pulse shorter than its
thermal relaxation time [223, 226, 229, 231, 235].

6.3 Experimental implementation of simultaneous data and polarization-based PPS

clock transmission using a single VCSEL carrier

PPS timing clock signals have vastly been used for time keeping in optical communication
networks such as banking and data centres [268]. For instance, clocks on networked devices
such as servers, racks/pod should be in sync to avoid loss of vital corporate data.
Simultaneous distribution of data and timing clock signals over shared network infrastructure
is thus preferable in such systems.

The experimental setup in fig 6.5 was used to demonstrate simultaneous data and PPS clock
signal transmission using a single VCSEL carrier. A programmable pattern generator was
used to generate a 10 Gbps pseudo random bit sequence electrical data signal of pattern length
27-1 used to directly modulate the VCSEL carrier through its bias-tee. A second signal, a PPS
clock signal was simultaneously modulated onto the polarization states of the VCSEL carrier
through the laser diode controller input to achieve polarization modulation as described in
section 6.2. Therefore, a 10 Gbps data signal and a polarization-based PPS clock signal were
simultaneously modulated on a single mode 10 GHz bandwidth VCSEL carrier. After
simultaneously modulating a single VCSEL carrier with an intensity based 10 Gbps data and
polarization-based pulse per second clock signal, transmission and signal recovery over an
11 Km G.652 fibre link was successfully demonstrated. At the receiver end, the optical signal
after transmission was split using an optical splitter, for simultaneous analysis of the 10 Gbps
data and polarization-based PPS clock signal as shown in fig 6.5.
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Fig 6.5: Experimental setup for simultaneous 10 Gbps data and polarization-based pulse-per-
second clock transmission using a single VCSEL: VOA-variable optical attenuator, PIN-
positive intrinsic negative photodiode, PPG- Programmable pattern generator, LDC- laser
diode controller, BT-bias Tee, PC-polarization controller, BERT-bit error rate tester and PPS-

pulse per second.

For qualitative analysis of the directly modulated 10 Gbps data signal, the optical power
getting into the positive intrinsic negative (PIN) photodiode after the splitter was varied using
a variable optical attenuator. This was meant to emulate optical losses incurred in a real
deployed optical fibre network. In optical fibre networks, the optical signal power degrades
exponentially with increase in fibre transmission length due to signal attenuation within the
optical fibre medium. A PIN photodiode was used to recover the transmitted data signal and
the recovered signal quality analyzed through bit error measurement (BER) and eye diagram

representation using a bit error rate tester and a sampling oscilloscope respectively.

6.3.1 Recovery of polarization-based PPS clock signal using a polarizer

Due to unavailability of a polarization sensitive photodiode in our laboratory, it was important
to develop a reliable technique that could be used to recover the polarization-based PPS clock
signal from the polarization states of the VCSEL carrier to its intensity attribute, to enable its
detection with an intensity sensitive PIN photo receiver that was readily available in the
laboratory. To achieve this, an optical polarizer was used as shown in fig 6.6. Polarizers are
optical filters that allow incoming light wave of a specific state of polarization to pass through
and blocks light waves of other states of polarization orientation. Polarizers can convert a
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beam of light of defined or mixed polarization into a beam of well-defined polarization, which
is polarized light. Common used types of polarizers are the linear and circular polarizers. In
this work, a linear polarizer was used due to its availability.
Firstly, it is important to note that optical fibres are expected to maintain the same state of
polarization of the input light wave throughout their transmission lengths. However, due to
birefringence and mode coupling arising from different affecting conditions within the optical
fibre link, the polarization stability of the optical light is altered.
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Fig 6.6: Experimental setup used to recover polarization-based PPS clock signal.

It is for this reason that polarization controllers were used to re-align the polarization states of
the VCSEL light wave to match with that of the linear polarizer. As described in section 6.2,
VCSEL polarization modulation with PPS clock signal brings about an output light wave
switching between two orthogonal states of polarization. A polarization controller was
therefore used to align one of these polarization states to match that of the linear polarizer
used. This therefore ensured that a linearly polarized optical light wave passed though the
polarizer each time a PPS signal was in this state of polarization and minimal light to pass
when in the orthogonal polarization state. This therefore led to a high voltage detection on by
the PIN receiver each time the PPS signal was in this state of on polarization and vice versa.
This therefore ensured recovery of PPS from VCSEL polarization states back to intensity for
detection with our PIN photodiode. The received PPS electrical signal was then captured

using an Agilent sampling scope for offline statistical analysis.
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6.3.2 Statistical analysis of simultaneous modulated polarization-based PPS clock

signal transmission

In this section, statistical analysis measurement of the received polarization based PPS clock

signal after its transmission over 11 Km of G. 652 optical fibre are presented. The measure

PPS pulse width results are shown in fig 6.7.
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Fig 6.7: PPS measured pulse width for (a) B2B electrical, (b) B2B optical polarization based
PPS modulation, (c) B2B simultaneous intensity 10 Gbps data and polarization based PPS
modulation, (d) polarization based PPS modulation after 11 Km of G. 652 fibre transmission,
(e) 11 Km fibre transmission of simultaneous intensity 10 Gbps data and polarization based

PPS signal, (f) Time distribution measurement between successive pulses.

The pulse width was measured by taking the time difference between the pulse rising edge
and falling edge of individual received PPS electrical pulse signals, at full width at half
maximum (FWHM). A PPS pulse width of 9.99 ps, 9.97 ps, 9.98 ps, 9.87 ps and 9.99 ps was
experimentally measured at B2B electrical signal, B2B optical polarization based PPS
modulation, B2B simultaneous intensity 10 Gbps data and polarization based PPS
modulation, polarization based PPS modulation after 11 Km of G. 652 fibre transmission, and
11 Km fibre transmission of simultaneous intensity 10 Gbps data and polarization based PPS
signal respectively. This corresponded to a deviation of -0.01 ps, -0.03 us, -0.02 s, -0.13 ps,
and -0.01 ps respectively, from the 1 PPS actual pulse width of 10.00 ps as stated in [269].
These deviations may have been contributed by the cumulative equipment error. It was noted
that the PPS pulse peak appeared slightly distorted upon its detection. This might be due to
chirping property of the VCSEL laser source [270-272]. However, this did not affect the
integrity of the rising and falling edges of the PPS clock signal as seen in fig 6.7. This is the
key requirement for timing clock signals, in time and frequency reference application
systems.

A frequency count distribution of the measured time between successive pulses is presented in
fig 6.8. Results in fig 6.8 were obtained by taking the time difference between the rising edge
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of the first pulse and that of each successive pulse as shown in fig 6.7(f). The formulae

T= w was applied, where T is the time between the rising edges of successive pulses, t
n

is time in seconds for individual pulses and n is an integer number of pulses considered for

analysis. In our analysis, a total of 60 pulses were consider. Their respective frequency count

distribution over time are shown in fig 6.8. From results in fig 6.8, a maximum count was

seen at 1 sec for all experimental scenarios considered. This implied that the PPS clock signal

retained its timing property (a pulse every second) even after simultaneous transmission with

intensity based data signal over a fibre length.
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Fig 6.8: Time frequency count measurement (a) B2B electrical, (b) B2B optical
polarization-based PPS modulation, (c) B2B simultaneous intensity 10 Gbps data and
polarization-based PPS modulation, (d) polarization-based PPS modulation after 11 Km of
G. 652 fibre transmission, (e) 11 Km fibre transmission of simultaneous intensity 10 Gbps

data and polarization-based PPS signal.

6.3.3 Transmission performance of simultaneous directly modulated 10 Gbps data
signal

This section presents the transmission performance of a 10 Gbps data signal simultaneously
modulated with a polarization-based PPS on a single 1310 nm VCSEL laser source and
transmitted for 11 Km of G. 652 optical fibre. Fig 6.9 shows experimental BER measurement
for simultaneous 10 Gbps VCSEL data transmission with a polarization based PPS over
11 Km of G. 652 fibre. A receiver sensitivity of -16.27 dBm was experimentally measured for
B2B analysis without polarization-based PPS clock signal. From results in Fig 6.9, a 10 Gbps
VCSEL transmission with polarization-based PPS clock signal introduced a transmission
penalty of 0.52 dB over 11 Km fibre length. The contribution of polarization-based PPS clock
signal to this penalty was found to be 0.08 dB, indicating that the added PPS transmission
using polarization has a negligible impact on the co-transmitted intensity modulated signal
under stable polarization conditions.

Fig 6.10 shows respective eye diagrams for 10 Gbps 1310 nm VCSEL transmission at both
back-to-back and 11 Km fibre without (red) and with (green) polarization-based PPS clock
signal. As depicted in fig 6.10, both back-to-back and 11 Km G. 652 fibre transmission

without and with polarization-based PPS clock signal had a clearly open eye. A clearly open
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eye imply that the receiver could clearly distinguish between the “1” and “0” levels of the
data signal. A clear eye opening also signifies signal clarity. The clearer the eye opening, the
better the quality of the transmitted signal implying minimal data error bits received.
However, the eye sizes for back-to-back and 11 Km transmission had different intensities due

to signal attenuation which increases exponentially with fibre length [241, 242].
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Fig 6.9: Experimental BER measurement of VCSEL data transmission with polarization-
based PPS clock signal.
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6.4 Summary

In this chapter, VCSEL polarization dynamics characterization have experimentally been
demonstrated and investigation into polarization-resolved light-current characteristics of a
single mode VCSEL carrier discussed. VCSEL polarization switching has also been achieved
experimentally. VCSEL polarization switching has been adopted to realize a novel multi-
signal modulation technique reported in this chapter. Simultaneous directly modulated
10 Gbps data and polarization-based Pulse-Per-Second clock signal transmission using a
single mode 10 GHz bandwidth VCSEL carrier at 1310 nm has experimentally been
demonstrated and 11 Km of G 652 single mode fibre transmission achieved.

The next chapter presents some exciting alternative techniques for capacity, efficiency and
flexibility upgrade in terrestrial optical fibre transmission systems like telescope array
networks. This includes implementation of simultaneous data and reference frequency (RF)
signal transmission in wavelength division multiplexing (WDM) systems, optical reference
frequency clock signal recovery using the delay line interferometric technique, transmission
performance of simultaneous 30 Gbps (3x10 Gbps) WDM data signal, stability analysis of
simultaneous 12 GHz (3x4 GHz) WDM RF clock signal, simulation demonstration of
625 Gbps (25x25 Gbps) DWDM data transmission and the relevance of WDM and

simultaneous data and RF clock signal transmission to telescope array networks.
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Chapter 7

Simultaneous data and reference frequency clock transmission in

Wavelength Division Multiplexing (WDM) solutions

This chapter, demonstrates simultaneous directly modulated data and phase modulated
reference clock signal transmission over a single wavelength in WDM solutions. Three WDM
channels are multiplexed at 100 GHz channel spacing and a total capacity of 30 Gbps
(3x10 bps) data and 12 GHz (3x4 GHz) reference clock signal simultaneously transmitted
over a single mode fibre of length 24.73 Km. A differential delay line interferometry
technique is developed and used to recovery the simultaneous phase modulated RF clock
signal. Data transmission and RF clock stability performance of the multiplexed channels are
individually analyzed simultaneously through BER, phase noise and Allan variance
measurements respectively. A 625 Gbps (25x25 Gbps) dense wavelength division
multiplexing (DWDM) data transmission system is implemented in simulation by
multiplexing 25 channels at 25 Gbps per channel using 50 GHz channel spacing. The
relevance of WDM solutions for simultaneous data and RF clock signal transmission in

telescope array networks is reported.

7.1 Experimental implementation of simultaneous data and reference frequency signal

transmission in WDM systems

The experimental setup used to demonstrate simultaneous 30 Gbps (3x10 Gbps) directly
modulated data and 12 GHz (3x4 GHz) phase modulated reference frequency (RF) clock
signal transmission over a single optical fibre is shown in fig 7.1. Three channels each with
simultaneous 10 Gbps intensity modulated data and 4 GHz phase modulated RF clock signal
were multiplexed at 100 GHz spacing and directed into a single fibre strand of length
24.73 Km as shown in fig 7.1. The experimentally demonstrated multiplexed channel spacing
of 100 GHz as well as the simultaneous cumulative data and reference frequency signals
achieved in this section were limited by the availability of multiplexing/demultiplexing and

modulating/demodulating components in our laboratory. However, much higher data rates
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multiplexed at more spectral efficient channel spacing that could not be achieved

experimentally were simulated as demonstrated in section 7.2.
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Fig 7.1: Experimental illustration of wavelength division multiplexing (WDM) optical link for
simultaneous 30 Gbps (3x10 Gbps) directly modulated data and 12 GHz (3x4 GHz) phase
modulated RF clock signal transmission over a single 24.73 Km fibre strand: PC-polarization
controller, SG-signal generator, MZM-Mach-Zehder modulator, PPG- Programmable pattern
generator, VOA-variable optical attenuator, PD- Photodiode (positive intrinsic negative

photodiode), EA-electrical linear amplifier and ESA-electrical spectrum analyser.

A PRO 8000 WDM laser source from THORLABS shown in fig 7.2 was used as a transmitter
source. Three channels, (channel 8, channel 6 and channel 5) at emission wavelengths of
1550.12 nm, 1550.92 nm and 1551.72 nm respectively were multiplexed using a 100 GHz
8 channel WDM multiplexer from oemarket.com. Channels 8, 6 and 5 of the WDM laser
source were matched and connected to channels 34, 33 and 32 of the WDM multiplexer
respectively. The multiplexed signals were forwarded into a single line output and connected
to a 40 G LiNbOs Mach-Zehnder modulator (MZM) [273].

A polarization controller was first placed before the input of the modulator to ensure that the
incoming light wave to the modulator chip achieves a desired orientation for its optimum
modulation. This is because the LiNbO3 amplitude and phase Mach-Zehnder modulator used
for this experiment is highly polarization sensitive. The LiNbO3z material in the Mach-Zehnder

modulator is birefringent and since the electric field is applied along one direction only by the
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electrodes, the incoming light must therefore be launched in the waveguide along a specific

direction as accurately as possible [274, 275].

Fig 7.2: A PRO 8000 WDM laser transmitter source from THORLABS showing the different

transmitter channels.

The Mach-Zehnder amplitude and phase modulator was simultaneously driven by a 10 Gbps,
2’-1 NRZ pseudo-random bit sequence data on the amplitude modulation input port, and a
4 GHz RF clock signal from a signal generator on the phase modulation input port. The three
multiplexed wavelengths therefore shared the same Mach-Zehnder modulator infrastructure
for simultaneous data and RF clock signal modulation. This alone came with a benefit of
cutting down the number of modulators required in the optical fibre network, thus reducing
the power consumption and initial installation cost of the fibre network infrastructure. The
three multiplexed channels were launched into a standard 24.73 Km SMF-RS fibre. An
aggregated bit rate of 30 Gbps data and 12 GHz RF clock signal was transmitted over the
fibre. At the receiver end, an optical splitter was used to divide the incoming optical signal
into two for simultaneous recovery and analysis of the individual intensity modulated data
and phase modulated data and RF clock signals respectively. A 100 GHz 8 channel WDM de-
multiplexer was placed on each splitter end to separate the incoming light source into
respective channels for performance analysis. Transmission performance of the intensity

modulated 10 Gbps data signal per channel was analyzed through BER curves and eye
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diagram representation for the three channels. Stability of the simultaneously phase
modulated 4 GHz RF clock signal per channel was also analyzed simultaneously through

phase noise measurement and Allan variance representation.

7.1.1 Experimental demonstration of RF clock signal recovery using delay line

interferometry technique

Due to unavailability of a phase sensitive photodiode in our laboratory, it was important to
develop a reliable technique that will be used to recover the phase modulated reference
frequency clock signal from the phase attribute of the VCSEL carrier to its intensity attribute,
to enable its detection with an intensity sensitive PIN photo receiver that was readily available
in the laboratory. To achieve this, a differential delay interferometric technique was adopted
using an optical differential delay line as shown in fig 7.3. It is important to note that optical
fibres are expected to maintain the same state of polarization of the input light wave
throughout their transmission lengths. However, due to birefringence and mode coupling
arising from different affecting conditions within the optical fibre link, the polarization

stability of the optical light is altered.
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Fig 7.3: Optical demodulation of 4 GHz phase modulated RF clock signal with a differential

delay interferometry.

It is for this reason that a polarization controller was placed just before the differential delay
line to convert the arbitrary polarizations from the input fibre into polarizations corresponding
to the orthogonal polarization controlled by the differential delay line. The differential delay

line splits an incoming light wave into orthogonal states of polarization, and then actively
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varies the time that one polarization state travels compared to the other polarization before
combining the two polarization states. Using this technique, a 7.16 picoseconds (1 bit delay)
differential time delay was used therefore allowing the phase modulated RF signal to interfere
both constructively and destructively upon coupling. This led to a sinusoidal wave with high
and low voltage, detectable by an intensity sensitive PIN photodiode. A 3500-4500 MHz
bandpass filter model number VBFZ-4000+ from Mini-Circuits company was used to filter
out the RF clock signal from the data signal. The bandpass filter had a central frequency of
4000 MHz and a passband loss of < 2.4dB. A 0.1-18 GHz wideband electrical linear
amplifier model number ZVA-183W+ from Mini-Circuits company was used to boost the
filtered electrical signal before its stability performance analysis. This amplifier had a typical
high flat gain of 27 dB and a high output power of 26 dB. The stability of the received RF
clock signal was analyzed through phase noise and Allan variance measurement using a direct

and frequency count method by a spectrum analyzer respectively.

7.1.2 Transmission performance analysis of simultaneous 30 Gbps (3x10 Gbps) WDM

data signal

The optical signal spectrum at the output of the transmitter side is shown in fig 7.4(a). As can
be seen, all the 3 channels are well separated with no spectral distortion observed. The signal
spectrum optical power was found to be well equalized over 1.6 nm (from 1550.12 nm to
1551.72 nm). After successful multiplexing and simultaneous modulation of the 3 channels
with a 10 Gbps intensity-based data signal and a 4 GHz phase modulated RF clock signal per
multiplexed channel, the bit-error-ratio (BER) performance of individual channels was
analyzed at back-to-back as shown in fig 7.4(b). BER is defined as the probability of the
decision circuit of the receiver to incorrectly identify a bit, i.e. it is the sum of the probabilities
of bit ‘1’ being identified as bit ‘0’ and vice versa. In digital communication, a transmission
link is typically characterized by BER as a function of the minimum average power required
at the receiver, in comparison with the case where the laser is tested directly without the link
(back-to-back). If for instance more power is required due to the insertion of the fibre and
other link components, the additional power required by the receiver is called the power

penalty. Power penalty maybe caused by fibre dispersion, laser frequency chirping, jitter,
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extinction ratio, laser noise or other optical elements in each link [241, 276]. Therefore, a

thorough BER characterization is very important in any digital communication link.
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Fig 7.4: (a) optical signal spectrum at the transmitter side, (b) BER data analysis of WDM

channels 34, 33, and 32 with and without reference clock signal at back-to-back analysis.

A receiver sensitivity of -19.95 dBm, -19.71 dBm and -19.52 dBm was attained for channels
34, 33 and 32 respectively without the phase modulated RF clock signal. This corresponded to
a degradation penalty of 0.24 dB and 0.43 dB for channels 32 and 33 respectively. The
receiver sensitivity values were measured at a threshold of BER= 10° for all the 3
multiplexed channels. The 4 GHz phase modulated RF clock signal per channel was noted to
have no significant impact on quality performance of the 10 Gbps intensity modulated data
signal, for all the channels analyzed as depicted in fig 7.4(b). These signals (10 Gbps data and
4 GHz reference frequency) were simultaneously modulated on two district attributes of the
carrier signal (intensity and phase respectively) therefore no interference between the two
modulated signals was expected.

The investigated channels also showed similar BER data performance trend, with and without
the phase modulated RF clock signal. However, there was a slight performance degradation
between the channels with channel 33 suffering the worst case. This performance degradation
observed in channels 33 and 32 at the edge of the WDM de-multiplexed is attributed by
several factors. Firstly, the in-passband insertion loss (dB) for the three investigated channels
was not the same. The 8 channel WDM de-multiplexer had a passband insertion loss of
1.13dB, 1.39 dB and 1.29 dB for channels 34, 33 and 32 respectively. In addition, channel 33
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had an additional splice with a loss of 0.01 dB. This splice might have disoriented other key
parameter of the channel i.e. polarization dependent loss and its return loss therefore
contributing to its overall performance degradation compared to other channels. The
respectively eye diagrams are shown in fig 7.5. A clear open eye was achieved for all the

three channels. Eye clarity shows error free transmission.
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Fig 7.5: Back-to-back eye diagram for channels 32 (red), 33 (black) and 34 (green)
respectively.

After a successful multiplex and modulation of the 3 channels at 100 GHz channel spacing to
achieve simultaneous 30 Gbps data and 12 GHz reference frequency clock signal
transmission, the link performance was analysed through BER measurement and eye diagram
representation as depicted in fig 7.6. This can be regarded as a cost effective and efficient
network upgrade scenario where a single Mach-Zehnder modulator is utilized to modulate
several incoming wavelengths with a data and RF signals simultaneously and output into a
single line, therefore increasing the network capacity and flexibility.

A 24.73 Km of SMF-RS fibre transmission length was experimentally achieved as shown in
fig 7.6. OFS True Wave® RS low water peak (LWP) is a non-zero dispersion shifted fibre
(NZDSF) optimised for 1550 nm transmission window that provides exceptional performance
for dense wavelength division multiplexing (DWDM) used in optical transmission systems
[256]. A transmission penalty of 0.18 dB, 0.25 dB and 0.20 dB was encountered on channels
34, 33 and 32 respectively over a 24.73 Km fibre transmission. An eye diagram for channel
32 is shown in the insert of fig 7.6. For demonstration purposes, only the eye diagram for
channel 32 is shown. The eye diagrams remained clearly open at B2B analysis and 24.73 Km

fibre transmission implying a successful transmission. The eye clarity was due to the high
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extinction ratio (ER) of the Mach-Zehnder modulator. The Mach-Zehnder modulator used in
this study had an ER of 27 dB. ER is the ratio of the average power on the ‘0’ and ‘1’ levels
of the eye diagram as measured by the values obtained from the spectrum analyser. The larger

the ER, the wider the eye opening and the higher the quality of signal (QoS).
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Fig 7.6: BER transmission curves for WDM channels 34, 33, and 32. Insert: Respective eye
diagram for channel 32.

7.1.3 Stability performance analysis of simultaneous 12 GHz (3x4 GHz) WDM RF
clock signal

The power spectrum analysis plot used for stability analysis of a 4 GHz phase modulated
clock signals after successful multiplexing and modulation of the 3 channels (34, 33 and 32)
at 100 GHz channel spacing to achieve simultaneous 30 Gbps (3x10 Gbps) data and 12 GHz
(3x4 GHz) RF clock signal transmission is shown in fig 7.7(a). The power spectrum
measurement in fig 7.7(a) were analyzed at back-to-back (B2B). A normal waveform from a
signal generator with a nominal frequency of 4 GHz was modulated onto the phase of each
multiplexed wavelengths and recovered using optical differential delay interferometry
technique as discussed in section 7.1.1. A VBFZ-2000+ bandpass filter was used to filter out

the electrical RF clock signal from the data signal before analysis of the individual channels.
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This filter had a central frequency at 4000 MHz, and a passband of 3730-4270 MHz with an
insertion loss of 2.3 dB. All the three channels had a similar power spectrum characteristic as
shown in fig 7.7(a). The power spectrums in fig 7.7(a) showed a maximum peak at the
nominal frequency of 4 GHz for all the channels. The central RF peak power for channels 34,
33 and 32 was -27.18 dBm, -31.71 dBm and -29.39 dBm respectively.
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Fig 7.7: (a) Power spectrums for a phase modulated 4 GHz RF clock signal at B2B analysis,
(b) single side phase noise (SSB) for a phase modulated 4 GHz RF-signal at B2B for channels
34 (red), 33 (blue) and 32 (green) respectively.

The corresponding phase noise plots for channels 34, 33 and 32 at B2B analysis are shown in
fig 7.7(b). Phase noise is the most generic method of expressing frequency instability of an
oscillator [263, 277]. The carrier frequency instability is expressed by deriving the average
carrier frequency and then measuring the power at various offsets from the carrier frequency
in a defined bandwidth. The result is then expressed as a logarithmic ratio compared to the
total carrier power i.e. dBc/Hz. The power ratio is usually normalized to be the equivalent
signal power present in a measurement bandwidth of 1 Hz. From results in fig 7.7(b),
channels 34, 33 and 32 showed similar phase noise characteristics. The phase noise
performance for channels 34, 33 and 32 had a smooth profile with very gradual change of
slope with increasing offset frequency. At an offset of 100 Hz, a phase noise of -89.43 Bc/Hz,
-83.36 dBc/Hz and -86.20 dBc/Hz was measured for channels 34, 33 and 32 respectively.

Fig 7.8(a) shows the corresponding phase noise plots at B2B analysis and after a successful
24.73 Km fibre transmission. For demonstration purpose, only channels 34 was considered
for analysis. The phase noise levels after fibre transmission were generally higher than the
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B2B, as would be expected due to the noise contribution of the fibre. As expected, the
10 Gbps per channel intensity modulated data signal was noted to have no significant impact
on the phase noise of the 4 GHz per channel phase modulated RF clock signal as depicted by
the phase noise plots in fig 7.8(a). These signals were simultaneously modulated on two
distinct attributes of the carrier signal (intensity and phase respectively) therefore no
interference between the two modulated signals was expected. Moreover, a bandpass filter
with a passband of 3730-4270 MHz was used to filter out the data signal from the 4 GHz RF
clock signal prior to its analysis.
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Fig 7.8: (a) Single side phase noise (SSB) for a phase modulated 4 GHz RF-signal for channel
34, (b) Allan deviation for a phase modulated 4 GHz RF-signal for channel 34.

The long-term stability measurement of the RF clock signal was analyzed and expressed using
Allan deviation. Fig 7.8(b) shows the log-log plot of Allan deviation as a function of
averaging time (sigma-tau) for channel 34. An Allan deviation of 1.0x10™** and 1.08 x10™**
was attained for B2B without and with intensity modulated data at 100 sec averaging time
respectively. After a 24.73 Km fibre transmission, an Allan deviation of 1.4x10™** and
1.53x10™* was obtained without and with intensity modulated data at the same averaging
time. The stability curves in Fig 7.8(b) also showed different slopes implying different noise
sources cumulatively contributing to the overall instability of the RF signal. As depicted in
Fig 7.8(b), the noise contribution over the first 100 secs of averaging time was different from
the noise contribution after the first 100 secs. This can be seen clearly with the difference in

gradient experienced between the two averaging time regions. At the first 100 secs of
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averaging time, the instability of the oscillator could be due to white noise. White noise has a
slope ™ and is common in passive resonance mechanism of the oscillator. After the first
100 secs, random walk off noise with a slope of a z* dominated the noise contribution in this
region. Random walk off noise is associated with the physical environment of the oscillator

(vibrations, mechanical effect and temperature variation).
7.2 Simulation demonstration of 625 Gbps (25x25 Gbps) DWDM data transmission

Due to the need to demonstrate higher transmission data rates at much smaller channel
spacing to maximize the optical fibre network capacity, OptiSytem simulations were used. A
25 Gbps data rate per channel and a total of 25 channels dense wavelength division
multiplexing (DWDM) components at 50 GHz channel spacing which were not available for

experimental demonstration were simulated.

7.2.1 Performance evaluation of 625 Gbps (25x25 Gbps) WDM Data signal

The simulation setup used to demonstrate 625 Gbps 25 channels DWDM data transmission is
shown in fig 7.9. OptiSytem is a comprehensive software that enables its users to plan, test
and simulate optical links in the transmission layer of modern optical networks [278]. A
DWDM transmitter module was used to emulate the Agilent WDM laser source used in the
experimental analysis demonstrated in section 7.1. The central frequency of the DWDM laser
module was set at 1555 nm, channel number set to 25 while the channel spacing was adjusted
to 50 GHz. The bitrate was set to 25 Gbps from the global parameters. This therefore created
25 channels starting from 1554.94-1546.11 nm, each of spacing 50 GHz and transmitting at
25 Ghbps, therefore achieving a total multiplexed capacity of 625 Gbps. An extinction ratio of
30 dB was selected to emulate the high extinction ratio attained by the LiNbO3z Mach-Zehnder
modulator used in the experimental setup in section 7.1. The transmitter output optical power
was set to 7dBm. An ideal mux module with 25 ports was used to combine the different
wavelengths into a single output and channeled into 18 Km of standard single mode fibre. The
parameters of the fibre module (attenuation, dispersion, PMD coefficient and nonlinear
effects) were adjusted to match those of the SMF-RS fibre used in the experimental

demonstration.
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At the receiver end, a variable optical attenuator module was used to vary the optical power
leading to the de-multiplexer therefore emulating the optical losses within a deployed fibre
network. A de-multiplexer module with 25 channels was used to separate the incoming light
source into 25 respective separate channels for simultaneous performance analysis. An optical
receiver module with complete photodiode (PIN), low pass filter and an electrical amplifier
was attached to each channel, and a BER analyzer module attached to each optical receiver
module for simultaneous individual BER performance analysis of all the 25 channels. For
demonstration purposes, only channel 1 and 25 were considered for BER and eye diagram

analysis.

Fig 7.9: Simulation setup for 625 Gbps 25 channels DWDM data transmission system.

Fig 7.10(a) shows the simulated optical signal spectrum of the 25 multiplexed DWDM
channels at the transmitter side. The 25 DWDM channels were spaced from 1545.38 nm to
1554.99 nm at 50 GHz spacing. Fig 7.10(b) shows BER curves for the simulated 625 Gbps 25
channels DWDM data transmission over 18 Km fibre length. For demonstration purposes,
only channel 1 and channel 25 were considered for analysis. A receiver sensitivity of
-23.19 dBm and -22.92 dBm was achieved for channels 1 and 25 respectively in this
simulation. An 18 Km fibre transmission introduced a penalty of 1. 83 dB for channel 25. The
difference in transmission performance between channel 1 and channel 25 is due to chromatic
dispersion. Different wavelengths travel at different speeds within the optical fibre medium.
Longer wavelengths travel faster that shorter wavelengths. This therefore spreads the pulse

thus accounting for the penalty observed for channel 25 as depicted in fig 7.10(b). The
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respective eye diagrams for channels 1 and 25 at B2B and after 18 Km fibre transmission are

shown in fig 7.11.
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Fig 7.10: (a) optical signal spectrum of 25 channel DWDM transmitter, (b) BER curve for
channels 1 and 25 at back-to-back and 18 Km.
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Fig 7.11: Eye diagrams of 25 Gbps data for channels 1 and 25 at B2B and after 18 Km fibre

transmission.

7.3 Relevance of WDM and simultaneous data and reference clock signal transmission
to telescope array networks

This section draws the relevance of simultaneous data and RF clock transmission in
wavelength division multiplexing (WDM) solutions to astronomical telescope array networks
such as the square kilometre telescope array network (SKA). Typical astronomical telescope
array network resembles a point-to-point (P2P) passive optical network (PON). The SKA
telescope array network is not an exception. Most commercially available WDM PON
network are bidirectional point to multi-point (P2MP), supporting upstream and downstream
simultaneous data transmission to and from the central office (CO) and the optical network
units (ONUSs) respectively. Upstream here refers to the connection and transmission from
individual end users to the CO, while downstream refers to the transmission from the CO
through the OLT to several end users at the ONU. An optical line terminal (OLT) is a single
fibre span connecting the CO to the ONU. With the adoption of WDM, several channels can
be multiplexed and transmitted in the OLT and de-multiplexed to serve multiples ONUSs using
combined WDM de-multiplexes and multiple optical splitters per channel. The multiple
splitters per channel supports several ONUs ranging from 1: 8 up to 1:128 depending on the
end-user demand. This therefore slices the available bandwidth to ensure network scalability

and capacity upgrade.
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SKA phase 1, the MeerKAT telescope array shares some similarities with a typical P2P PON
network. The 64 receptor dishes can be equivalent of ONUSs, while the CO replaced by the
Karoo processing building (KAPB) at the Losberg site complex. The configuration of these
receptors is dictated by the science observational objectives of the telescope [6, 28]. The core
area of the MeerKAT is approximately 1 Km in diameter with 64 dishes concentration,
therefore similar to a large short reach PON. The maximum baseline (longest distance
between any two receptors) is 8 Km and the maximum length between KAPB and a single
antenna is 12 Km. Fig 7.12 shows our proposed bidirectional WDM scheme for simultaneous
data and RF clock transmission aimed at application in next-generation astronomical
telescope array networks. As per our proposed scheme in fig 7.12, a single passive
multiplexing/de-multiplexing device supporting up to 64 multiplexed channels can be
installed in the middle of the core area of the SKA phase 1 telescope array to form a remote
WDM multiplexing/de-multiplexing node as shown in fig 7.12. Each telescope element can

then have a transmitting device (laser) to transmit the collected and digitized science data.
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Fig 7.12: lllustration of a bidirectional WDM-based next-generation telescope array network.

The SKA phase 1 will collect up to 160 Gbps of science data per dish by 2018 [3, 28]. The
lasers on each receptor can be intensity modulated with the science data and tuned to emit at
different distinct wavelengths per receptor/dish. This will therefore allow each of the 64
antennae elements to act as distinct transmitters therefore transmitting the intensity modulated

science data at distinct wavelengths. Each antennae element can be connected to a remote
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WDM multiplexing/de-multiplexing node and assigned a distinct wavelength/channel based
on the wavelength specification of its transmitting laser. This therefore will allow for
convergence of science data from individual receptors at different wavelengths to be
multiplexed and forwarded into a single output line. The individual multiplexed wavelengths
can be transmitted over a single optical fibre to the KAPB for data storage and analysis. This
will represent a downstream transmission over the OLT in typical PON systems. At the
KAPB, individual channels can be de-multiplexed and intensity modulated science data from
individual dishes retrieved for analysis and storage. At the KAPB, time and reference
frequency clock signals can be simultaneously distributed to individual telescopes antennae
elements. Time and reference frequency clock signals are important in the control and
monitoring functions of the telescope. A single reference timing clock signal from the control
unit at the KAPB can be broadcasted to the phase attribute of different transceiver modules at
the WDM node located at KAPB. The RF timing clock to individual dishes can then be
transmitted upstream to respective dishes thus allowing for bidirectional simultaneous science
data and RF timing clock signal transmission in the SKA telescope network array as shown in
fig 7.12.

Consideration of our proposed WDM-based scheme to achieve simultaneous bidirectional
data and RF clock signal transmission in astronomical telescope array networks such as the
SKA opens a new exciting field for concept generation and technology down selection. Our
proposed technique allows several attractive features to next-generation telescope array
networks. Firstly, reducing the number of fibres required in the telescope array network.
Taking SKA phase 1 telescope array network for instance, a total of 170 Km of buried fibres
will be required to connect different dishes to the KAPB individually. The scale of this project
therefore poses a challenging task to the optical fibre communication community. However,
with proper technological design to accommodate data and timing signal transmission through
shared network infrastructure, the initial installation cost can be reduced significantly, reduce

network complexity as well as increase the network efficiency, flexibility and capacity.

7.4 Summary

In this chapter, simultaneous data and reference frequency (RF) signal transmission in WDM
systems for capacity and flexibility upgrade in terrestrial optical fibre systems like telescope
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array networks has been experimentally demonstrated. Simultaneous 30 Gbps (3x10 Gbps)
WDM data transmission link with 12 GHz (3x4 GHz) phase modulated RF clock signal over
a single mode optical fibre of length 24.73 Km has been achieved experimentally. A
technique for RF clock signal recovery using a differential delay line interferometry has been
demonstrated experimentally. Transmission and stability performance of the simultaneous
30 Gbps (3x10 Gbps) WDM data and 12 GHz (3x4 GHz) WDM phase modulated RF clock
signal has been analyzed simultaneously through BER curves, phase noise measurement and
Allan variance representation respectively. A 625 Gbps (25x25 Gbps) DWDM data
transmission links has been developed in simulation and a fibre transmission length of 18 Km
demonstrated. The relevance of WDM and simultaneous data and RF clock signal
transmission to next-generation telescope array networks has been discussed.

The next chapter presents the first reported technique for capacity upgrade and spectral
efficiency improvement in optical fibre networks we refer to as multi-signal modulation onto
a single VCSEL carrier. A novel technique for maximizing carrier spectral efficiency through
simultaneous 4-PAM data and phase modulated reference frequency (RF) clock signal
transmission using a single mode 10 GHz bandwidth VCSEL carrier at 1310 nm is
experimentally demonstrated. Data transmission and clock stability performance of the
designed high spectral efficient VCSEL-based link network is evaluated through BER curve
plots, phase noise measurement and Allan variance analysis respectively. A 120 Gbps
8-PAM data transmission link is simulated, and a 5 Km of single mode fibre transmission

demonstrated.
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Chapter 8

VCSEL-based multi-level pulse amplitude  modulation
(M-PAM) for simultaneous data and reference frequency

clock signal transmission

To satisfy the ever-increasing needs of high capacity traffic, optical data communication
systems based on vertical cavity surface emitting lasers (VCSELSs) need to adopt more
spectral efficient modulation formats. Over the recent past, different modulation techniques
have been proposed for use with VCSELs [136, 143, 149, 165, 207, 279-281]. However, the
high spectral efficiency of most of these higher order modulation formats come at a cost of
increased complexity in receiver and transmitter architecture, higher requirements in signal-
to-noise ratio as well as high power consumption due to increased receiver and transmitter
circuit electronics. Four level pulse amplitude modulation (4-PAM) is a relatively simple, less
complex higher order modulation format, where the network data rate is doubled by providing
2 transmitted bits per symbol [62, 191, 200, 202, 220, 281-289].

In this chapter, a 4-PAM data modulation format employing VCSELS is experimentally
demonstrated for adoption in high bitrate optical communication systems such as big data
science projects and as well as data Centre networks (DCNs). A digital signal processing
(DSP) receiver is designed and implemented in MATLAB to recover the transmitted 4-PAM
data signal cost effectively therefore avoiding costly receiver hardware. A novel technique for
maximizing carrier spectral efficiency through simultaneous 20 Gbps 4-PAM data and phase
modulated 2 GHz reference frequency (RF) clock signal transmission on a single mode
10 GHz bandwidth VCSEL carrier at 1310 nm is reported for the first time to the best of our
knowledge. The quality of the transmitted data as well as clock stability performance of the
designed high spectral efficient VCSEL-based link network is evaluated simultaneously
through BER curve plots, phase noise measurement and Allan variance analysis respectively.
A high capacity 120 Gbps 8-PAM data transmission link is further implemented in

simulations using Optisystem software and a 5 Km fibre transmission reach attained.
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8.1 Experimental demonstration of direct VCSEL Modulation with 20 Gbps 4-PAM
data signals

The experimentally measured VCSEL bias characteristics curve for 4-PAM data signal
modulation optimization is shown in fig 8.1. It was necessary to measure the bias
characteristics of the VCSEL carrier prior to its modulation with a 4-PAM data signal to
determine the ideal bias point of the laser. This was meant to ensure effective accommodation
of all the four-level data signals for its ideal performance as shown in fig 8.1. When directly
modulating a VCSEL carrier with 4-PAM data signals, the 1-level PAM symbol, is generated
by biasing the VCSEL with current lpias as shown in fig 8.1. It should be noted that if a
VCSEL is modulated with a 4-PAM data signal and operated at a bias point too close to the

threshold, unwanted chirp is introduced which can distort the signal through dispersion [149].
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Fig 8.1: Experimentally measured VCSEL bias characteristics curve.
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An experimentally measured eye diagram representation of a 20 Gbps 4-PAM data signal is
shown in fig 8.2. Discrete data bits are encoded to the PAM symbol while ensuring that they
do not differ by more than a bit period, therefore minimising errors. As shown in fig 8.2,

individual PAM levels are generated by different drive voltages.



86

L Binary Corresponding
~ ~ pay e, =, input bits PAM levels
= r i "~ r
S AL AN
B P - i 5
* o ; )

11 raM level 4 symbol

10 PrAM level 3 symbol

s 0.1 e Ty g -} (, 1 *
g ¥ : i) -9
o1 Y AR By Ry B 01 PAM level 2 symbol

- i j ..-"{ ‘r"‘; ‘*p .*ﬁ ‘

0.3 00 PAM level 1 symbol

401 402 403 404 405
Time (ns)

Fig 8.2: Experimentally measured electrical 20 Gbps 4-PAM eye diagrams.

8.2 Mach-Zehnder modulator (MZM) bias characteristics

An experimentally measured transfer function of a Mach-Zehnder Modulator (MZM)
showing its static extinction characteristics at different wavelengths is shown in fig 8.3. The
bias voltage control unit of the MZM device was changed from automatic mode to manual
mode, to enable the bias voltage to be varied from -8 VV to 8 V as the corresponding output

power was measured using an optical power meter.
T T T T T T T T T 1-0 L T T T T T T T T T i

0L

Vb5V i
E ey
f‘“«—“‘\\\‘: P

én

- ‘?‘ﬂ‘

E ""‘« o =

m a5 o

T 10 | %1330 nme A 2 ]

5 —— 1540 nm % # o

% 15 L 1550 nm _('. 'ri' i

s —5— 1560 nm 3 E

s 20| 1570 nm J; T i

= ] )

[=3 Al =

(=] (o]

5 257 A ] —# 1530 nm %, |

=3 = —%— 1540 nm |
30+ w ]

8 . 1550 nm

V’_,_,‘::}.ZE Vat 1550 nm —Co— 1560 nm 4

3 1 1570 nm |

1
8 -6 4 -2 0 2 4 [ 8 -
Bias voltage (V) Bias voltage (V)

P
Fig 8.3: Experimentally measured transfer function of a Mach-Zehnder modulator showing

static extinction characteristics at different wavelengths.

The MZM used in this work was a 40 G phase and amplitude lithium Niobate ( LINDO,)

modulator from Photline technologies company [290]. The measured output optical power
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with varying bias voltage was plotted for different input wavelengths from 1530 nm —
1570 nm as shown in fig 8.3.
We first examined the extinction characteristics of a MZM at different wavelengths as shown

in fig 8.3. A half-wavelength voltage VT/ of approx. 3.25 V and a high extinction ratio (ER)
2

of over 27 dB were experimentally attained for the entire C-band region (1530 nm — 1570 nm)
when the applied dc voltage was about 8 V. As shown in fig 8.3, the extinction curves at
different wavelengths were completely symmetrical and identical. These symmetrical
characteristics indicate that the excess loss caused by voltage-induced absorption or electro
absorption (which is wavelength dependent) was negligible [274, 275, 291].

Results in fig 8.3 reveal that the MZM device has satisfactory characteristics for use in
advanced modulation formats such as optical duo binary and differential phase shift keying

signals. Moreover, it is true that the \/_, value depends on both bias voltage and wavelength.
2

%

This is because the change of refractive index of semiconductor material depends on the
wavelength detuning between the bandgap wavelength and the input signal wavelength [292].
From fig 8.3, it is also true that an increase in the bias voltage resulted to the transfer function
to move in a horizontal direction since a MZM is not perfectly balanced. Moreover, it is
subject to drifts caused either by thermal changes, thermal inhomogeneity, aging, photo
reflective effects and static electrical change accumulation [275]. This drift is the one
responsible for the transfer function to move in a horizontal direction. The bias voltage
applied to the MZM dc electrodes is supposed to select the desired operating point of the
modulator, therefore compensating for the possible modulator drift and locking the device
operating point to keep a stable operation conditions. This bias voltage can be supplied by a
simple voltage source and manually adjusted so as the desired operating point is reached.
However, in such a condition, the voltage must be readjusted manually in case of any drift of
the modulator. However, for long-term operation and especially in all systems that must
operate over changing environmental temperature conditions, the MZM should be operated in
an automatic mode. In the automatic mode operation, an automatic bias control circuit
permanently supplies the right dc voltage and locks the selected operating point. In this work,
the MZM was operated in an automatic mode throughout the experiment.
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8.3 Experimental demonstration of simultaneous 20 Gbps 4-PAM data and phase

modulated 2 GHz clock signal transmission on a single VCSEL Carrier

A complete experimental setup used to demonstrate simultaneous 20 Gbps 4-PAM data and
phase modulated 2 GHz RF clock signal modulation on a single mode 10 GHz bandwidth
VCSEL carrier is shown in fig 8.4. The P and N electrical arms of the PPG were combined to
generate a 20 Gbps pseudo random bit sequence (PRBS) 4-PAM level signal used to directly
modulate the VCSEL through its bias-tee.

Different electrical attenuators were used on each electrical arm to ensure that the two data
signals were at an appropriate modulation levels as shown in fig 8.4. The N data output arm
was attenuated by 13 dB while the P electrical arm was attenuated by 6 dB using electrical
attenuators, and delayed by one data bit period (100 ps) for correlation. The data signals from
the two electrical arms (N and P) were then combined producing a 4-level PAM data
sequence therefore doubling the data rate from 10 Gbps to 20 Gbps. The 20 Gbps 4-PAM
transmitter therefore coded two bits per symbol prior to its modulation and transmission. A
second signal, a 2 GHz RF clock signal from a signal generator was simultaneously

modulated onto the phase attribute of the VCSEL carrier using a Mach-Zehnder modulator.
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Fig 8.4: Experimental setup used to demonstrate simultaneous 4-PAM data and 2 GHz phase
modulated clock signal over a single VCSEL carrier: VOA-variable optical attenuator, PIN-

positive intrinsic negative photodiode, PPG- Programmable pattern generator, LDC- laser
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diode controller, BT-bias Tee, MZM-MachZehder modulator, BERT-bit error rate tester and

ESA-electrical spectrum analyser.

A single mode 10 GHz bandwidth VCSEL carrier at 1310 nm was therefore simultaneously
modulated with a 20 Gbps 4-PAM data and phase-based 2 GHz RF clock signal. The
simultaneously modulated 20 Gbps 4-PAM data and 2 GHz phase modulated RF clock signal
were transmitted over a G. 652 single mode fibre of length 3.21 Km. At the receiver end, an
optical signal splitter was used to split the incoming optical signal for simultaneous recovery
and analysis of the transmitted 20 Gbps 4-PAM data and 2 GHz RF clock signals. To begin
with, a variable optical attenuator was used after the splitter to vary the optical power received
by the PIN photodiode for BER performance analysis of the direct modulated 20 Gbps 4-
PAM data signal. The received 20 Gbps 4-PAM data signal was then captured by an Agilent
sampling oscilloscope and analysed offline through digital signal processing (DSP) receiver
circuits developed in MATLAB as reported in our recent contribution in [218], thus avoiding
costly and power consuming receiver hardware.

Consequently, due to unavailability of a phase sensitive photodiode in our laboratory, it was
necessary to develop a reliable technique that could recover the simultaneously phase
modulated reference frequency clock tone from the phase attribute of the VCSEL carrier to
intensity, for its detection with an intensity sensitive PIN photo receiver that was readily
available in the laboratory. To achieve this, a differential delay interferometric technique was
adopted using an optical differential delay line as discussed in chapter 7 section 7.1.1, and by
our work in [293]. A 14.32 picosecond differential delay time was adopted using this
technique.

This allowed for the phase modulated RF clock signal to interfere both constructively and
destructively upon coupling, therefore leading to a sinusoidal wave with high and low
voltage, detectable by an intensity sensitive PIN photodiode. A 1500-2500 MHz bandpass
filter was used to separate the 2 GHz RF clock signal from the 20 Gbps 4-PAM data signal for
its stability analysis. The bandpass filter had a central frequency of 2000 MHz and a passband
loss of < 2.4 dB. A 0.1-18 GHz wideband electrical linear amplifier was used to boost the
filtered electrical signal before its stability analysis. This amplifier had a typical high flat gain
of 27 dB. A direct method using an electrical spectrum analyzer was adopted for RF clock

stability measurement due to its low complexity, reproducibility and accuracy [294]. The
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stability of the received RF clock signal was analyzed through phase noise and Allan variance

plots.

8.3.1 Maximizing carrier spectral efficiency

Next-generation high speed optical communication systems will require modulation
techniques that will ‘squeeze’ as much information as possible into least amount of spectrum
possible. That objective is what is referred to as spectrum efficiency. Spectral efficiency is a
measure of how fast information can be transmitted over an assigned bandwidth in a specific
communication system. Several techniques have been proposed to maximize spectral efficient
in communication systems [167]. The simplest of them all is the on-off keying (OOK) [295].
OOK has carrier waves with two amplitude levels represented as bits ‘0’ and ‘1’ of the
modulation signal. However, the OOK modulation format is limited to a low spectral
efficiency. OOK is only one-dimensional modulation scheme therefore provides a spectral
efficiency of 1b/s/Hz only [282]. For instance, considering the 10 Gbps VCSEL carrier used
in this work with a bandwidth of 10 GHz. If we directly modulated this VCSEL with a
10 Gbps data signal in the OOK modulation context, the pulse generated are ‘0’ or ‘1°,
therefore 1 bit every pulse. Considering the bandwidth of the VCSEL carrier used the spectral

efficiency (SPet ook ) will be expressed:

SP, oo = DIX1OGDPS _ )y, 8.1
- 10GHz x1sec

Multilevel pulse amplitude modulation (N-PAM) modulation format is an upgrade version of
OOK but with more than two amplitude levels. The extra levels therefore increase the carrier
spectral efficiency significantly as more bits are coded per symbol. In N-PAM modulation
technique where N is the number of signal levels, the number of bits coded per symbol is
given as N = 2", where bis the number of bits coded per symbol (4-PAM = 2 bits/symbol, 8-
PAM = 3 bits/symbol, 16-PAM = 4 bits/symbol). The spectral efficiency of N-PAM depends
on the number of symbols coded. Spectral efficiency in N-PAM systems in given as:

bits

SPt apam =(log, N)T/HZ =2b/s/Hz 8.2

€
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In this work, two data bits per symbol were transmitted using the 4-PAM format and another
2 GHz reference clock signal simultaneously transmitted on the phase attribute of the VCSEL
carrier. The overall aggregated spectral efficiency of our proposed scheme can be calculated
as:

bits } s [ 1bit x 2Gbps

SP =|(log,4)—/Hz ———————— |=2.2b/s/Hz :
eff_Total [( gz ) S 1OGHZX156Cj| 8.3

The first part of equation (8.3) gives the spectral efficiency of the directly modulated 20 Gbps
4-PAM data signal, which was calculated to be 2 b/s/Hz. The second part of equation (8.3)
shows that by modulation the phase attribute of the VCSEL carrier with a 2 GHz RF clock
signal, a spectral efficiency of 0.2 b/s/Hz is attained. Therefore, by combining the two (4-
PAM and phase modulation) to simultaneously transmit a 20 Gbps 4-PAM data and a 2 GHz
phase modulated clock signal using a single VCSEL carrier as per our proposed scheme, the
aggregated spectral efficiency per single channel is significantly upgraded to 2.2 b/s/Hz as

reported in our contribution in [219].

8.3.2 Stability analysis of simultaneously modulated 2 GHz clock signal

The experimentally measured Allan deviation plots as a function of averaging time (sigma-
tau) for simultaneous 2 GHz RF and 20 Gbps 4-PAM data signal at back-to-back analysis and
3.21 Km fibre transmission is shown in fig 8.5. An Allan deviation of 3.96x10**and
5.350x107** was attained for B2B without and with 20 Gbps 4-PAM data at 100 sec
averaging time respectively as shown in fig 8.5. From the stability curves in fig 8.5, different
slopes were noted implying different cumulative noise contributions arising from different
sources as discussed in section 7.1.3 and in our contribution in [293]. The respective power
spectrums are shown in fig 8.6.

Optical reference frequency signal stability is a key requirement in telescope array networks
such as SKA. Short term reference clock stability is required for proper control performance
of signal to noise degradation during data digitization process. Consequently, long term
reference clock stability is a key requirement for applications such as very large baseline

interferometry (VLBI) and certain kinds of astronomical observation such as pulsar work [3].
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A complete table showing reference frequency requirements for different observational

objective in the SKA telescope array is shown in table 2.1.
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Fig 8.5: The measured fractional frequency stability of a 2 GHz phase modulated clock signal
at B2B RF clock signal alone (red), B2B simultaneous RF signal and 4-PAM data(blue),

3.21 Km RF clock signal alone (magenta), 3.21 Km simultaneous RF clock signal alone.
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The RF clock signal short term performance is shown in fig 8.7 as phase noise plots. The
vertical axis is amplitude relative to the carrier (which is not shown), while the horizontal is
frequency offset from the carrier. A single side band phase noise of -80.05 dBc/Hz,



94

-77.90 dBc/Hz, -76.05 dBc/Hz and -67.87 dBc/Hz was attained for back-to-back RF clock
signal alone, back-to-back simultaneous RF clock signal and 4-PAM data, 3.21 Km RF clock
signal alone and 3.21 Km simultaneous RF clock signal and 4-PAM data respectively as
shown in fig 8.7. The single side phase noise results in fig 8.7 remained in the range of a few
hundreds of decibels per hertz relative to the carrier frequency, for the different configurations

demonstrated.

8.3.3 Transmission performance analysis of simultaneously modulated 20 Gbps
4-PAM data signal

Fig 8.8(a) shows the pattern of the two P and N arms of a pseudo-random pattern generator
each with 10 Gbps data. As depicted in Fig 8.8(b), the two arms were attenuated differentially
before combining to double the network data rate to from 10 Gbps to 20 Gbps as discussed in
section 8.3. Fig 8.8(b) shows the resultant pattern of a 20 Gbps 4-level PAM data signal after
combining the two data arms, and modulating the resultant 20 Gbps 4-PAM signal onto a
VCSEL carrier. The generated 20 Gbps 4-PAM data signal comprised four symbols, each
with two bits per symbol (0 0; 0 1; 1 0 and 1 1), therefore doubling the aggregated bit rate.
The graph in fig 8.8(b) clearly shows that the combined 4-PAM signal (blue) was a result of

the addition of the two individual signals (red and green).

—— 6 dB attenuation |

06 13 dB attenuation

@ 1 0.5 —— 4-PAM signal (b)

electrical

T 0.4

0.3 F

0.2

Votage (V)
Votage (V)

0.1+

0.0 |

04

1 1 L 1 0.2 1 1 1 1 1 1 1 1 1 1
40.5 M.0 41.5 42 .0 52.6 52.8 53.0 53.2 53.4 53.6 53.8 54.0 54.2 54.4
Time (ns) Time (ns)



95

Fig 8.8: Experimentally measured electrical individual and combined waveforms of N and P
arm data signals (a), experimentally measured electrical 4-level PAM data signal showing the

four data levels of the signal.

After doubling the data rate of the VCSEL-based link using a 20 Gbps 4-PAM signal, the
transmission link performance was analysed at back-to-back (B2B) and after 3.21 Km of

G. 652 fibre transmission as depicted in fig 8.9.
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Fig 8.9: Bit error rate (BER) curve for VCSEL 20 Gbps 4-PAM data signal at B2B data signal
alone (red), B2B simultaneous 4-PAM data 2 GHs RF clock signal (blue), 3.21 Km data
signal alone (magenta), 3.21 Km simultaneous 4-PAM data 2 GHz RF clock signal (green).

This can be regarded as an upgrade scenario where a classical 10 Gbps on off keying (OOK)
is upgraded to a 20 Gbps high-speed data transmission system using a 4-PAM system without
replacing the VCSEL carrier. At a B2B analysis, a receiver sensitivity of -10.52 dBm and -
10.34 dBm was attained without and with a 2 GHz phase modulated RF clock signal
respectively as shown in fig 8.9. The receiver sensitivity value was measured at a
communication threshold of BER= 10°. A 3.21 Km fibre transmission was noted to introduce
a maximum penalty of 4.02 dB as shown in fig 8.9. This penalty was mainly due to the inter
symbol interference (ISI) at such high bit rate. Though the ISI limited the attained
transmission reach to 3.21 Km, this reach was still suitable for high-speed short reach optical
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fibre network applications. From results in fig 8.9, the 2 GHz phase modulated RF clock
signal was noted to have no significant impact on the quality performance of the 20 Ghps 4-
PAM directly modulated data signal as depicted in fig 8.9. This is because these signals
(20 Gbps 4-PAM data and 2 GHz RF) were simultaneously modulated on two district
attributes of the carrier (intensity and phase respectively), therefore no interference between
the two modulated signals was expected.

The respective eye diagrams for the simultaneous 20 Gbps 4-PAM data and 2 GHz phase

modulated RF clock signal are shown in fig 8.10.
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These measurements were collected at a communication threshold of BER=10* using an
Agilent sampling scope. As seen in fig 8.10, the eye voltages (V) of the 20 Gbps 4-PAM data
signal (red) and the simultaneous 4-PAM data 2 GHz RF clock signal (blue) at B2B analysis
remained at the same level. The eye diagram also remained clearly open after a 3.21 Km fibre
transmission implying that the PIN receiver could clearly distinguish betweenthe 00,01,10

and 1 1 multi-level bits therefore minimizing bit errors.

8.4 Simulation demonstration of 120 Gbps 8-PAM data transmission

To demonstrate high capacity data transmission using higher level PAM formats that could
not be readily realized experimentally in our lab environment, computer simulations using
OptiSytem software version 7.1 were applied. Fig 8.11 shows the simulation setup used to

demonstrate 120 Gbps 8-PAM data transmission fibre system.

= . 120 Gbps 8-PAM

Laser Doivee

Fig 8.11: Simulation setup for 120 Gbps 8-PAM data transmission system.

A directly modulated laser (DML) module was used to emulate the VCSEL laser used in the
experimental demonstration discussed in section 8.3. The central frequency of the WDM laser
module was set at 1552.52 nm, output power to 10 dBm and the extinction ratio adjusted to
10 dB. A PRBS module was used to generate an electrical data signal at a bit rate of 40 Gbps.
The high-speed data was modulated onto the DML laser module using a PAM pulse generator
module. This module was used to code 3 bits per symbol high speed data therefore upgrading
the transmission link into 120 Gbps 8-PAM data transmission system. The high capacity
120 Gbps 8-PAM data were transmitted over a single mode fibre of length 5 Km. The
parameters of the fibre module (attenuation, dispersion, PMD coefficient, attenuation, linear

and nonlinear effects) were adjusted to match those of the SMF-RS fibre used in the
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experimental demonstration. On the receiver end, a PIN photodiode module was used to
recover the data signal from the received optical signal. An eye diagram PAM receiver
module was used to plot the eye diagram of the recovered 120 Gbps 8-PAM data signal as

shown in fig 8.11.

8.5 Transmission performance of the simulated 120 Gbps 8-PAM data transmission link

Transmission performance of the simulated 120 Gbps 8-PAM data transmission system over
an SMF of length 5 Km is analyzed using the eye diagrams and data patterns as collected by
the eye diagram PAM receiver module. Fig 8.12 shows a back-to-back data pattern (blue) of
the simulated 120 Gbps 8-PAM. The back-to-back data pattern (blue) results in fig 8.12
shows that 8-PAM can be used to triple the data rate of a transmission link by providing 8
distinct amplitude levels, with three bits per symbol (000, 001, 010, 011, 100, 101, 110 and
111) using the same network infrastructure. The pattern amplitude (a.u) after 5 Km fibre
transmission had a slight reduction compared to that at B2B. This was due to attenuation of

the optical fibre medium which increases with fibre length.
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Fig 8.12: Simulated pattern for 120 Gbps 8-PAM data signal at back-to-back analysis (blue)

and after 5 Km fibre transmission (green).
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Fig 8.13: Simulated eye diagrams for 120 Gbps 8-PAM data signal at back-to-back analysis

(blue) and after 5 Km fibre transmission (green).

The 120 Gbps 8-PAM eye diagrams at back-to-back analysis (blue) and 5 Km fibre
transmission (green) are shown in fig 8.13. A set of 7 clearly open eyes were observed at B2B
analysis. A clear and open eye with a high extinction ratio illustrates a clean signal and
therefore implies an error-free transmission. However, a 5 Km fibre transmission introduced a
transmission penalty therefore resulting to a slight reduction in the eye opening as illustrated
by the green eye diagram in fig 8.13. The reduction in the eye-opening for 120 Gbps 8-PAM
data transmission after 5 Km fibre length was due to the effect arising from inter symbol
interference between the different levels of the data signal at such a high bit rate. Inter symbol
interference results to a combined overlap of the different bits at different PAM levels
therefore, the PAM receiver could not distinguish clearly between the received PAM bits for
different PAM levels.

8.6 Summary

In this chapter, we have experimentally demonstrated the first reported technique for capacity
upgrade and spectral efficiency improvement in optical fibre networks we refer to as multi-
signal modulation onto a single VCSEL carrier. Combined use of 4-PAM and phase
modulation to simultaneously transmit a 20 Gbps 4-PAM data and 2 GHz RF clock signal
using a single mode 10 GHz bandwidth VCSEL carrier has experimentally been achieved,
and a fibre transmission length of 3.21 Km attained. The high data rate (20 Gbps) and the
3.21 Km experimentally achieved in this chapter suits bandwidth ‘hungry’ high speed short
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reach optical network applications such as telescope arrays data processing centres and
supercomputers.

A 120 Gbps 8-PAM data transmission system over a 5Km fibre length has been
demonstrated through simulation. Other than the high-speed requirements, the proposed
combined 4-PAM and phase modulation VCSEL technology demonstrated in this chapter
comply with strict power consumption, cost and size limitations, thus allowing for integration
with optical interconnects to further increase data centre network capacity. The high capacity
simultaneous 4-PAM data and phase modulation RF VCSEL technology concept was
demonstrated in this chapter using data rates of 20 Gbps and 2 GHz RF clock frequency due
to the availability of the equipment in our laboratory. However, higher data rates and
reference clock frequencies can still be supported using the same concept where splitting
ratio, reach, and aggregated capacity can be traded off against one another to maximize
system’s performance. In addition, innovative network designs techniques aimed at reducing
the overall network cost and complexity through shared infrastructure is an ideal alternative
approach to address connectivity issues in densely packed telescope array networks and data
centres.

The next chapter presents reach extension in VCSEL-based RF clock signal distribution in
long-haul fibre networks through the adoption of Raman amplification. This is achieved

experimentally by utilizing two pumping techniques namely forward pumping and backward

pumping.
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Chapter 9

Raman amplification for reach extension in long-haul telescope

array networks

As demonstrated in chapter 4, high-speed VCSEL technology is limited by low optical power
and frequency chirping resulting from dispersion effects within the fibre transmission length
therefore limiting the total reach attainable. To extend the transmission reach of VCSEL-
based links for adoption in long haul networks such as the SKA spiral arm, a proper signal
amplification technique should be adopted. In this chapter, Raman amplification for RF clock
signal distribution in extended reach astronomical telescope array networks and other
extended reach terrestrial optical fibre network applications is experimentally demonstrated.
This is achieved by employing two pumping techniques namely forward pumping and
backward pumping. A maximum on off gain of 5.7dB and 1.5dB was experimentally

attained for forward pumping and backward pumping at 24 dBm pump power respectively.

9.1 Raman amplification for extended Reach VCSEL-based clock signal distribution
systems

Raman amplification is a promising approach for reach extension in terrestrial optical fibre
networks, for long-haul transmission applications. This is due to its ability to achieve a high
flat gain over wide range of wavelengths, and the ability to achieve distributed Raman gain on
any transmission fibre [296-300]. Raman amplification is a potential approach in meeting
unique requirements of very large baseline interferometry (VLBI) and certain kinds of
astronomical observation such as pulsar work in next-generation telescope array networks.
This section experimentally demonstrates the potential of Raman amplification for its
adoption in long-haul reach optimization in astronomical telescope array networks and other
extended reach terrestrial optical fibre network applications.

Fig 9.1 shows the experimental set up used to study Raman gain characterization. An Agilent
tunable laser source model number 8164A was used to generate a signal source at wavelength

2, =1550.4 nm. An optical attenuator was used to vary the optical power of the signal source

S0 as to attain an optimum signal power. The optical signal was therefore attenuated to -

10 dBm using an optical attenuator. A single mode GVT 074 laser diode operating at a high
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power range with a lasing bias threshold of about 62 mA and a maximum output power of

approximately. 254.6 mW at 1454.3 mA was used as a Raman pump ( 2,) as shown in fig 9.1.
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Fig 9.1: Experimental setup for gain characterisation for distributed fibre Raman

amplification (FRA) at (a) Co-pumping and (b) Counter pumping schemes.

The Raman pump had a lasing wavelength of 1448 nm, and its output was varied to optimize
for Raman gain. Optical isolators were used on the Raman pump as well as the signal laser
source to maintain the output light beam in a forward direction thus protecting the laser
sources from the counter-propagating light wave. Polarization controllers were used at the
input to vary the orientation of signal and pump polarization states to ensure best coupling
into the fibre. A WDM coupler was used to couple the pump and signal wavelengths to ensure
Raman amplification over a transmission fibre length. At the receiver end, a WDM Raman
filter was used to separate the pump wavelength from the signal wavelength for analysis.

In this study, two Raman pumping techniques namely co-pumping and counter- pumping
were considered for analysis. Co-pumping here refers to a scheme where the pump and the
signal wavelengths are propagated in the same direction as shown in fig 9.1 (a). Counter-
pumping refers to a scheme where the pump and the signal wavelengths are propagated in
opposite direction as shown in fig 9.1 (b). For distributed Raman gain optimization, 25.4 Km,
50.6 Km, 75.3 Km and 100.8 Km of true-wave reach fibre from OFS Furukawa company

were utilized [301, 302]. True Wave reach optical fibre provides maximum performance for
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optically amplified systems over longer distances with higher capacity. This fibre meets both the
ITU-T G.655C and E and G. 656 standards. Optimized for Raman amplification, the fibre

minimizes the need for complex dispersion management and additional amplification [303].

9.1.1 Raman gain optimization

Distributed Raman gain optimization in optical fibre networks is highly dependent on
wavelength separation between the pump wavelength and the signal wavelength. The
frequency difference between the pump and the signal is referred to as the Stokes shift or the
pump-signal detuning [304]. Fig 9.2 (b), shows experimentally measured pump-signal
wavelength separation. The bias characteristics of a single mode GVT 074 laser diode
(Raman pump) used in this study is shown in fig 9.2 (a). From fig 9.2 (b), a maximum gain is
achieved when the pump is detuned 100 nm below the signal wavelength as depicted in fig
9.2 (b). The bias characteristics of a Raman Pump is shown in fig 9.2 (a). The Raman laser

diode was noted to operate at higher bias currents as shown in fig 9.2 (a).
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Fig 9.2: Static performance of a single mode GVT 074 Raman pump (a), pump-signal

wavelength detuning (b).

Raman gain spectrum in standard single mode optical fibres is extremely broad and extends
over a wide range of wavelengths as shown in fig 9.3 (a). The broad gain is an indicator of
the continuum nature of the vibrational states of silica corresponding to different transition

states as reported in [305, 306]. The Raman on-off gain performance of a VCSEL laser source
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is shown in fig 9.3 (b). On-off gain here refers to the difference between the signal power at

the receiver end when the Raman pump laser diode is on and when off.
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Fig 9.3: Illustration of the Raman gain spectrum in a single mode fibre at co-pumping,
showing the wavelength region of VCSEL operation (a), Raman gain spectrum of a single

mode Raycan VCSEL at co-pumping and counter pumping (b).

The experimentally measured VCSEL-based Raman on-off gain for co-pumping and counter
pumping schemes was attained by exploiting VCSEL tuneability with change is bias current

to attain different emission wavelengths as shown in fig 9.3 (b).

—i — Co-Pumping o 7.5 | —%— Experimental -
T+ _s— Counter Pumping / 7 Simulated o
b 70| s 1
6 - 1
/ 6.5 1
=5 4 _ Co-pumping
g (@) o 860} .
c4t a / N =
5 « = 55f (b) -
£ / £
3 L -
50+t 7
: e :
21 /q/ PRSI T -
1L _F_,_A/"‘ /_,ﬂ"/‘ ] 100 / 1
,ﬂa—ﬂ“";—‘ d__,‘.-f“ e
a -
0 _Q——'——f“__‘ 1 1 1 1 35 o I L 1 1 1 I I 1 ]
14 16 18 20 22 24 20 30 40 50 60 70 B0 90 100 110

Pump power (dBm)

Fibre length (km)

Fig 9.4: Experimentally measured Raman on-off gain with changing pump power for
co-pumping and counter pumping schemes (a), experimental and simulated Raman on-off

gain optimization over varying fibre lengths for a co-pumping scheme (b).
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The VCSEL emission wavelength shifted from 1547.7 nm to 1554.2 nm as the bias current
was changed from changed from this was changed from 3.6 mA to 9.6 mA. Fig 9.4 (a) shows
experimentally measured Raman gain performance at different pump powers for co-pumping
and counter pumping schemes. A signal power of -10 dBm was used throughout this study. A
total fibre length of 100.8 Km was used. As depicted in fig 9.4 (a), Raman gain was noted to
increase with an increase in pump power for both pumping schemes. This is because as the
pump power is increased, the relative power difference between the pump and the signal also
increases thus the pump transfers more energy to the signal resulting to more Raman gain [89,
298, 304].

From results in fig 9.4 (a), co-pumping was noted to have a superior Raman gain performance
as opposed to counter pumping. It is true that when a pump wavelength is co-propagated with
a signal wavelength, more pump energy is transferred to the weak signal thus higher
amplification levels can be achieved due to proper utilization of the pump power [297, 304].
Experimental and simulated Raman on-off gain optimization over varying fibre lengths for a
co-pumping scheme is shown in fig 9.4 (b). As can be seen in fig 9.4 (b), the experimental
results agree with the simulations. The small mismatch between the Raman gain obtained in
simulations and the one measured experimentally might be a result of losses due to fibre
splices and connectors which were not considered in the simulations. From results in fig 9.4
(b), it is true that Raman on-off gain increases with increase in fibre length a maximum gain
of 7.2 dB was experimentally realized for 100.8Km fibre length at 24 dBm pump power. An
increase in fibre length means more pump to signal interaction time which leads to more

pump to signal energy transfer therefore improving the obtained Raman gain [305, 307].

9.1.2 Experimental demonstration of Raman amplification in extended reach clock
signal distribution

The experimental setup shown in fig 9.5, was used to illustrate Raman amplification in
extended reach clock signal distribution for telescope array networks. This is a demonstration
on the use of Raman amplification to distribute reference frequency clock signals (RF) from a
central processor unit to remote antennae elements over a long-haul optical fibre span. A
1550 nm VCSEL laser was modulated with a 2 GHz RF clock signal from a signal generator
as shown in fig 9.5. The modulated VCSEL was therefore used as a signal source in this

study. A Raman pump operating at a wavelength 1,= 1448 nm and with an output power of
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25 dBm was optimized for Raman amplification and coupled with the signal wavelength onto
a single fibre strand to allow for Raman amplification as discussed in section 9.1. For a co-
pumping Raman amplification scheme, only Raman pump 1 was used. Consequently, for a
counter pumping scheme only Raman pump 2 was used as shown in fig 9.5. With the
exploitation of Raman amplification, the RF clock signal was transmitted over a fibre length
of 100.8 Km. the phase noise and jitter performance of the received RF clock signal was

analyzed directly using an electrical spectrum analyzer as shown in fig 9.5.
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Fig 9.5: Schematic experimental research setup used to study Raman-based extended reach

clock signal distribution employing co-pumping and counter-pumping schemes.

9.1.3 Stability analysis of Raman-based 2 GHz reference frequency clock signal
distribution

As demonstrated in chapter 5 and other subsequent chapters, VCSEL transmitters are
characterized with incredible power efficiency and high-speed transmissions because of their
high bandwidth. However, this comes at a cost of low optical power output and frequency
chirping thus significantly increasing dispersion effects therefore degrading the QoS.
Dispersion effects worsen with longer transmission fibre lengths. To adopt VCSEL
transmission in long-haul systems, amplification or use of sensitive receivers such as APD is
a viable option. Raman amplification can be adopted in next-generation telescope array
networks employing VCSELSs if longer transmission reach is to be achieved.

Fig 9.6 (a), shows experimentally measured power spectrum of a 2 GHz RF clock signal over
100.8 Km employing Raman amplification at both co-pumping and counter pumping schemes
fig 9.6 (a). From results in fig 9.6 (a), the output RF power level remained high for both co-

pumping (blue) and counter pumping (green) schemes respectively. However, when no
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amplification mechanism was used (red), the signal level remained at low levels due to signal
attenuation along the optical fibre medium as depicted in fig 9.6 (a). Fig 9.6 (b) shows RF
clock signal sine wave at different modulation clock frequencies. For demonstration purposes,
a 25.4 Km of G. 655 SMF-Reach optical fibre was used. It was noted that, dispersion effects
caused the signal quality to distort as the clock signal modulation frequency increased from
2 GHz to 10 GHz. In this case, no signal amplification was utilized.

The experimental phase noise measurement for a 2 GHz VCSEL transmission over 100.8 Km

fibre exploiting co-pumping and counter pumping amplification schemes is shown in fig 9.7.
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Fig 9.6: Experimentally measured power spectrums for a 2 GHz RF clock signal at co-
pumping and counter pumping schemes (a), Measured RF clock signal sine wave at different

modulation frequencies (b).

The used 100.8 Km fibre length had a maxim cumulative dispersion of 89 ps which degraded
the received phase noise to -86.59 dBc/Hz at 100 KHz offset frequency, without Raman
amplification as shown in fig 9.7. However, with the adoption of Raman amplification, the
phase noise of the received signal improved to -117.66 dBc/Hz and -105.16 dBc/Hz for
counter pumping and co-pumping schemes respectively at the same frequency offset. This
improvement was due to signal power gains because of Raman amplification that enabled the
long reach VCSEL-based transmission. The high signal power attained due to amplification
reduced the dispersion effects resulting to a lower phase noise performance. It is true that co-
pumping had superior phase noise performance than counter pumping as depicted by RF

clock jitter measurement results in fig 9.7.
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Fig 9.7: Experimentally measured Phase noise for a 2 GHz RF clock signal transmission over

100.8 Km fibre at co-pumping and counter pumping schemes.

Fig 9.8 shows experimentally measured RF clock jitter performance for co-pumping and
counter pumping schemes at different fibre lengths. The measured RF clock jitter was
analysed over a frequency range of 1 Hz to 1 MHz. Short term stability (Jitter) in optical
reference signal is vital for proper control performance of signal to noise degradation by
electronic digitizers during data digitization process for telescope array networks. It was noted
that the maximum measured clock jitter increased with increase in fibre length as shown in fig
9.8.

A maximum RF clock jitter (RMS) of 5.36 ps was incurred without Raman amplification over
a 100.8 Km fibre transmission length. However, with the adoption of Raman amplification,
this value reduced to 3.55 ps and 1.7 ps for counter and co-pumping schemes respectively.
The time domain sin wave of a 2 GHz RF clock signal is shown in fig 9.8. From the results in
fig 9.8, noise contribution over the fibre transmission length caused the instantaneous
frequency to "jitter" around the nominal frequency, with probability of being higher or lower
than the nominal frequency. This resulted in the distortion of the RF signal sine wave
especially when no pumping was applied, therefore accounting for its worst jitter
performance. Co-pumping was noted to show a superior performance as opposed to counter

pumping at the same pump power and fibre length. Co-pumping scheme is therefore a
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recommended Raman amplification approach to next-generation telescope array networks due
to its incredible signal recovery performance.
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Fig 9.8: Experimentally RF clock jitter performance with fibre length for co-pumping and
counter pumping schemes (a), measured 2 GHz RF clock signal sine wave at signal at co-

pumping and counter pumping schemes (b).

Long-haul telescope array networks such as SKA spiral-arms which are characterized with
longer baselines (over 76 Km for SKA) need an intelligent dispersion management
mechanism to achieve its observational objectives. This can be implemented by exploiting
high speed VCSELSs in RF clock signal transmission, and Raman amplification in dispersion
management to maximize the transmission reach. By adopting the discussed experimental
demonstrations, it is true that the integration of Raman amplification and VCSEL-based RF
clock signal transmission is an exciting alternative for maximizing reach in next-generation

telescope array networks.

9.2 Summary

This chapter has provided experimental findings for reach optimization in long-haul optical
fibre networks. In extending reach to meet the unique requirements of terrestrial fibre
networks such as telescope array networks with longer base-lines like SKA spiral arms,
Raman amplification has been adopted and experimentally demonstrated. By considering a
1550 nm VCSEL in transmission of a 2 GHz RF clock signal, dispersion management in RF

clock signal distribution has been demonstrated and over 100.8 Km of Raman assisted clock
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distribution attained. Two pumping techniques namely forward pumping and backward
pumping have been experimentally demonstrated. A maximum on off gain of 5.7 dB and
1.5dB has been achieved experimentally for forward pumping and backward pumping at
24 dBm pump power respectively. A maximum jitter improvement of 3.66 ps and 3.38 ps has
been achieved using co-pumping and counter pumping schemes respectively over a 100.8 Km
fibre transmission. The work presented in this chapter therefore proves a key concept for

adoption in next-generation extended reach telescope array networks.
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Chapter 10

Conclusions

Optical fibre transport forms the backbone of modern astronomical telescope arrays as well as
time and frequency reference systems. Reference frequency clock signals are of great
importance in timekeeping systems such as Coordinated Universal Time (UTC), global
positioning system (GPS) and in banking. Optical fibres also plays a key role in
telecommunication networks such as data centre networks and terrestrial optical networks in
transmission of high-speed data traffics. The first part of this thesis exploited wavelength
tunable VCSEL transmitters to simultaneously distribution both data and timing signals over
shared network infrastructure as a desirable cost effective approach in meeting unique
requirements of large and most challenging optical fibre network systems in science like
astronomical telescope array networks. Dual modulation of a single mode 10 GHz bandwidth
VCSEL carrier in simultaneous transmission of directly modulated 10 Gbps data signal and
polarization-based pulse-per-second (PPS) clock signal was proposed as an alternative
technique to maximize carrier spectral efficiency and network flexibility. This thesis further
Proposed on a number of capacity and carrier spectral efficiency upgrade schemes such as
VCSEL-based 4-PAM for simultaneous data and RF clock signal transmission, simultaneous
data and RF clock transmission in WDM solutions, simultaneous multiple-signal modulation
on a single VCSEL carrier for multicast transmission systems as well as Raman amplification
for reach optimization in optical communication networks.

Capacity and spectral efficiency improvement of existing optical networks means that these
networks can be used to transmit higher bitrates without the need of rewiring, and that new,
longer links can be implemented without compromising the transmission speeds. Findings of
this thesis therefore have key implications for adoption in high capacity short range data
centre links at a benefit of reduced installation cost, power efficiency and low complexity,
however at the cost of limited transmission reach. Proposed transmission techniques from this
thesis will enable the transition to the next-generation, high-speed optical applications such as

big data science projects, new consumer links like thunderbolts and cloud computing.
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