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ABSTRACT

The evolution of ultrafast optical technologies has led to the realization of low cost,
low latency and high speed optical networks. Existing telecommunication
infrastructure does not provide sufficient capacity to satisfy future demands in terms
of extend of coverage, bandwidth and number of served customers. Fibre-optic
technology for data transmission is subject to dynamic development fueled by the
increasing demand for large bandwidth and reach extension. High capacity VCSELs
are the most desired transmitters for data transmission but, they are limited to short
distances. Since high powered Raman lasers are compatible with VCSELSs, integration
of the two unlocks the puzzle of enhanced data and RF clock signal distribution
system. First, a 1550 nm VCSEL was directly modulated with 8.5 Gbps data to
counter-propagate with modulated backward Raman pump carrying 8.5 Gbps data
over a 50.7 km True Wave Reach fibre to realize enhanced full-duplex bidirectional
data transmission system. We report error free data transmission with receiver
sensitivity of -14.42 dBm, -14.38 dBm and -13.00 dBm for signal analysis with un-
modulated backward Raman, modulated backward Raman pump analysis and signal
analysis with modulated backward Raman respectively at BER threshold of 107,
Secondly, unidirectional data transmission system was realized by employing
modulated forward Raman pump instead of modulated backward Raman. Modulated
Raman pump simultaneously amplifies the VCSEL channel and transmits data over
the transmission link, therefore maximizing the network efficiency. Minimum
receiver sensitivity of —14.38 dBm was attained for a transmission configuration with
un-modulated forward Raman pump. Thirdly, performance of DFB laser on 2 GHz, 4
GHz and 6 GHz RF clock signal distribution was investigated. At 10 kHz offset
frequency lowest phase noise of -119.93 dBc/Hz was recorded for 2 GHz signal.
Fourthly, we realized a technique of exploiting forward and backward Raman
pumping to both disseminate clock tones and amplify data signal simultaneously. 10
Gbps data from directly modulated VCSEL was coupled into a 50.7 km fibre to
counter propagate with 4 GHz modulated Raman pump and repeated the same for
forward pumping where the data co-propagated with 4 GHz clock. Amplified error-
free data transmission with minimum receiver sensitivity of -14.8 dBm for modulated
forward Raman and distributed stable clock signal over 50.7 km True Wave Reach
fibre was achieved. A maximum phase noise of -100.6 dBc/Hz at 10 kHz offset
frequency was experimentally measured for 50.7 km fibre transmission with
backward Raman pumping. Finally, long term stability measurement on RF clock
signal was analyzed using Allan deviation for DFB laser. Allan deviation of 1.49¢7'? /s
and 1.63 e'? /s was obtained for B2B and 24.69 km fibre respectively at 100 s
averaging time for 2 GHz clock signal. The results show the suitability of VCSEL
light source and Raman amplification for application in integrated optical
transmission links. This work offers an integrated VCSEL-based transmission system
which satisfy the requirements for the next generation optical fibre networks
regarding long reach, enhancement, duplex data/clock dissemination with a single
fibre upstream and downstream transmissions.
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CHAPTER ONE

INTRODUCTION

1.1 Background

The constantly growing number of services like high speed Internet, video streaming
and conferencing, remote monitoring or ultra-high definition video are the driving
force for the next generation communication networks. Limitations of the copper or
coax cable bandwidths are already peaking, and in the long term perspective of
expected traffic evolution, only optical networks and interconnects can provide
enough capacity and flexibility to satisfy the needs. The simultaneous development of
semiconductor lasers, optical amplifiers, detectors and high speed electronics, along
with the invention of the optical fibre, revolutionized the information technology,
allowing to transmit huge amounts of data at unprecedented speed across the world.
Optical fibre communication technology has undergone rapid development since the
inception of the first-generation optical fibre communication systems in the early 80’s,
to achieve larger transmission capacity and longer transmission distance. Increase in
demand for higher data transmission capacity has been accelerated in the last few

years by a rise in internet traffic.

New technologies applications such as Hyper-scale data centers not only require
increased data transmission speed but also extended coverage (Isoe, et. al., 2018).
Advanced technologies have enabled more data to be transmitted through a single
optical fibre over long distances (Prince, et. al., 2011); (Isoe, et. al., 2019). Long-
Reach optical network enables broadband access for many customers in the access

and metro areas while decreasing operational expenses. High demand for bandwidth



has motivated the invention of new access network architectures to bring high
capacity optical fibre closer to end users. Development in passive optical networks
(PON) offers potential for unprecedented access bandwidth to consumers. While these
PON:Ss offer significant bandwidth improvement, they do not provide the best ultimate
solution for service providers seeking to significantly reduce the cost of delivering
future broadband services to customers. This led to more far reaching network
solutions based on optically amplified long reach PONs (LR-PONs) (Huan, et. al.,
2010). The LR-PONs extend the distance between the central office and end users
from the traditional range of 20 km to 100 km and beyond, leading to consolidation of
metropolitan and access networks (Zhang, et. al., 2014). Optical amplification using
erbium doped fibre amplifier (EDFA) in LR-PON is key, but the amplification
introduces amplified spontaneous emission (ASE), which has detrimental effect on
system performance, for instance, low optical signal to noise ratio (OSNR) (Suzuki, et.
al., 2007), that leads to slow speed in adjusting its gain. There is, therefore, need for
an improved technology that modifies LR-PONS to transmit amplified data signal and

clock signal simultaneously.

Long reach access networks have been proposed as a promising way to reduce the
unit cost of bandwidth in fibre-to-the-premises (FTTP) solutions (Koonen, 2005).
Systems with symmetric upstream (US) and downstream (DS) data rates of 10 Gbit/s,
split factors of 1024 and link lengths up to 135 km have been reported (Davey, 2006).
These demonstrations, however, make use of more complicated schemes such as
forward error correction (FEC) and electronic dispersion compensation (EDC) and

separate fibres and amplifiers for the US and DS channels (Davey, 2006).



Distribution of stable clock signals to remote ends is necessary for applications such
as deep-space exploration (Calhoun, et. al., 2007), astronomy and coherent aperture
radar (Lau, et. al., 2014). To overcome free space link limitation, transmission of
standard frequency over optical fibre has been investigated for years (Foreman, et. al,
2007). The technique takes advantage of low attenuation, high reliability and
availability of fibres. Reference frequency (RF) frequency has been transferred over
86 km fibre using optical compensator (Lopez, et. al., 2008). Direct optical frequency
transfers with better stability and over long distances has been done (Grosche, et. al.,
2009). Ultra stable RF transport in NASA antennas have been successfully distributed
(Lau, et. al., 2014). Long-distance phase-stabilized 100.02 GHz millimeter (mm)
wave distribution over 160 km optical fibre has been demonstrated (Nan, et. al., 2018).
Combined optical/RF dissemination system that offers higher stability is being
explored. Since optical frequencies have higher order magnitude than RF, they offer

corresponding higher stability.

In long distance transmission of signals, it is necessary to compensate for the
attenuation losses that occur within the fibre due to various non-linearities and other
dominating errors (Agrawal, et. al., 2003). Optical amplifiers are designed to amplify
the signal along the fibre. The more the gain of an amplifier, the more the span
distance between them, as long as the signal is not distorted due to high optical power
(Dahiya, et. al., 2014). The optical amplifiers have been used in many applications
ranging from ultra-long undersea links to short links. In data transmission, vertical
cavity surface-emitting lasers (VCSELs) are the most desired transmitters for short
and intermediate reach systems because of their relatively low fabrication cost and

high energy efficiency (Rodes, et. al., 2010; Olmos, et. al, 2012). In addition,



VCSELs high bandwidth, wavelength tunability and direct modulation capability
(Rodes, 2012); (Tatum, 2015). But VCSEL technology is limited to low optical power
and frequency chirping due to fibre dispersion within fibre transmission length

thereby limiting attainable reach (Isoe, et. al., 2019).

To overcome the problem of lower power signal optical amplification stimulated
Raman scattering (SRS) is employed. The SRS is used regularly in modern optical
communications systems, especially the distributed amplification which offers
significant advantages as compared to lumped amplifiers such as EDFA. EDFA
suffers from amplified spontaneous emission (ASE), which increases noise figure
(Laming, et. al., 1988). There is a constant progress and growth on long wavelength
data transmission using VCSELSs as light sources. VCSEL is a special laser diode that
has revolutionized fibre optic communications by improving efficiency and increasing
data speed. Use of vertical cavity surface-emitting lasers (VCSELs) and Raman
amplification to transmit high speed data signals over optical fibre has been
experimentally demonstrated (Kiboi, et. al., 2018). Direct modulation of 1550 nm
VCSELs at 40 Gb/s has been demonstrated (Hofmann, et. al., 2011). Advancement in
performance and reliability of long wavelength (1550 nm VCSEL) opens the
possibility of using them in optical access networks. But these VCSELSs require tight
power budget due to poor tolerance to fibre chromatic dispersion. However, this
dispersion can be compensated by using dispersion compensating fibres (DCFs)
which increases dispersion limited transmission distance at 1550 nm in VCSEL based
systems (Hofmann, et. al, 2009); Prince, et. al., 2010). These approaches are not
practical enough to be used for cost effective optical access networks since they

require costly and bulky optical components, e.g. additional optical amplifiers to the



system. Free-running 1550 nm VCSEL directly modulated at 10.7 Gb/s reported
successful error-free transmission through 40 km of standard single-mode optical
fibre without the use of dispersion-mitigation (Prince, ef. al., 2011). Long reach
extension has been demonstrated using high-speed oxide-confined 1060 nm single
and multimode VCSELs for extended reach VCSEL-multimode fibre (MMF) optical
interconnects (Larsson, ef. al., 2018). Large bandwidths and small delays are the
driving forces in the continued development of technology and thus need for a
technology that meets these standards. Raman amplification has been used to extend
reach by adopting VCSEL four level pulse amplitude modulation and dense
wavelength division multiplexing (DWDM) (Isoe, et. al., 2018). Because data
networks are developing more and more into critical infrastructures, enhanced
unidirectional and bidirectional duplex data transmission for ultra-long haul networks
and wide area networks (WAN) is also a very relevant topic. Monolithic integration,
and operation of 850-nm wavelength based vertical cavity surface-emitting lasers
(VCSELs) and PIN (p-doped—intrinsic—n-doped) photo-detectors has been reported
(Alexander, ef. al., 2013). From this work a real-time technique for transmitting
accurate data and a stable clock signal for long-reach optical networks employing
forward Raman pumping was presented. Recently, for the first time, integrated cross-
modulated forward Raman pump with power efficient VCSELSs for simultaneous data
amplification and transmission was reported (Isoe, et. al., 2019). The main motivation
of integrating Raman amplification with VCSELs to simultaneously transmit
enhanced data and clock signals is the compatibility and their numerous advantages

such as broad bandwidth, high saturation input power and low noise figures.



1.2 Statement of the problem

Distribution of information in a fast changing world are hindered by high-cost and
low speed integrated systems. Data and RF clock can be transmitted in optical fibre,
but signal losses frustrates the desirable integrity and limits transmission distance.
Advancement in performance and reliability of long wavelength VCSEL opens the
possibility of using them in next generation networks. But these VCSELs are limited
to low optical power and frequency chirping due to dispersion within the fibre.
Existing approaches are not practical enough to be used since they require costly and
bulky optical components, e.g. additional optical amplifiers to the system. Because
data networks are developing more and more into critical infrastructures, enhanced
full duplex data/clock transmission for ultra-long haul networks is long overdue.
There is also a challenge in the distribution of coherent frequency sources over long
distance with minimal perturbation. Optical fibre has been utilized to disseminate
stable radio frequency signal and data over long distance independently. Transfer of
stable reference frequency (RF) and data over long distance has only been achieved
using different links thus increasing the cost. The use of Raman amplification
technology for long haul transmission has only been utilized to transmit amplified
data so far. There is, therefore the need to utilize Raman pump to both enhance

VCSEL and transmit data/clock signal.

1.3 Objectives

General objective

To demonstrate transmission of data and clock using a single link over extended reach

with Raman Pump reuse.



Specific objectives

The specific objectives of the study were:

i.  To evaluate signal data performance (VCSEL) under forward and backward
Raman pumping
ii.  To integrate modulated Raman pump in VCSEL technology for simultaneous
data and timing signals distribution
iii.  To characterize the RF clock signal stability on the modulated pump
wavelength performance

iv.  To characterize stability of distributed RF clock signal using DFB laser

1.4 Justification of the study

Data transmission in optical fibre require enhancement to achieve the last mile goals.
This can be achieved by combining Raman amplification and low cost VCSELs in
data and clock distribution. The study is of great significant in enhancing long
wavelength VCSELs transmission of error-free data and utilize modulated Raman to
disseminate stable clock signals for distances above 50 km. Therefore, Raman pumps
which are compatible with VCSELs can be integrated to extend reach for VCSELs
and at the same time reuse Raman laser to transmit data and clock signal. The
advantage of low phase noise and the ability to amplify the signal and transmit clock
makes Raman pump suitable for data signal enhancement and clock distribution.
Backward Raman pumping provides an important feature for duplex bidirectional
transmission while forward pumping provides the unidirectional feature. Combined
data and clock dissemination over a single fibre reduces complexity and cost hence
meeting next generation infrastructure requirements. Configuration flexibility,

compatibility with widely accepted standards and transparency for transmitted data



continues to make this technology attractive for commercial optical network operators.
This work offers to enable techniques for improving network capacity, efficiency, low

cost and reach optimization for next-generation optical interconnects.



CHAPTER TWO
LITERATURE REVIEW

2.1. Introduction

This chapter gives a brief review for optical fibre communication fundamentals,
optical transmitters, Raman amplification in optical communication systems, RF
clock dissemination, system performance and Modulated Raman pump in VCSEL

technology for simultaneous data and clock distribution.

2.2 Optical Fibre Communication Fundamentals

2.2.1 Impairments in Optical Fibres

An optical fibre link is used to transport the data from a transmitter to a receiver
without distorting and corrupting the data. Almost all light wave telecommunication
system used optical fibre as a transmission medium because of their high capacity,
low optical attenuation properties and high resistance to electromagnetic interference.
As the telecommunication systems evolved to higher bit rates and transmission
distances increase, linear and non-linear effect experienced by optical signals
propagating along the fibre becomes the limiting factors (Agrawal, 2006). When low
power is launched into the fibre, optical communication systems experience linear
effects which include; signal attenuation and dispersion. Increasing power input leads
to nonlinear effects in the fibre. These effects in optical fibre arise from the intensity
dependence of the refractive index and they include stimulated Brillouin scattering
(SBS), stimulated Raman scattering(SRS), four-wave mixing (FWM), cross-phase

modulation (XPM) and self-phase modulation (SPM). (Agrawal, 2007).
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2.2.2. Attenuation

The propagation of a pulse in the core of the optical fibre causes power attenuation
resulting to a reduction in output optical power. Attenuation of the light signal as it
travels along the fibre is a key consideration in the design of an optical
communication system and is one of the limiting factors that degrades the quality of
the optical signal during transmission. In a standard SMF, the total transmitted power

Pt over a distance L is given as (Agrawal, 2001):
P, = P 2.1)

where Py is the launch power and a is the attenuation constant of the fibre. The a is

given by

dB 10 P,
Bl P | r 2.2
0((‘ j I Oglo(Poj (2.2)

and is expressed in units of dB/km (Agrawal, 2001). Figure 2.1 shows the variation of

a with the wavelength of light signal.

A

20 |
First
a(dB/km) .
10 window
50 Standard
T fibre
Second
20 / window Third
window
1.0 |
0.5 |
AllWave
02| fibre
0.1 1 | |
600 800 1000 1200 1400 1600 1800

Wavelength (nm)

Figure 2.1: Optical fibre attenuation as a function of wavelength
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Optical attenuation stems from fibre related intrinsic and extrinsic effects. Fibre losses
are considerably higher for shorter wavelengths and exceed 5 dB/km in the visible
region making them unsuitable for long distance transmission. Silica fibre has typical
attenuation of about 0.2 dB/km at the wavelength of 1550 nm (Agrawal, 2002).
Intrinsic effects include mechanisms such as material absorption and Raleigh
scattering of light within the fibre core region. On the other hand, extrinsic loss

mechanism includes bending losses, core/cladding losses, splice and connector losses.

2.2.3. Chromatic Dispersion (CD)

A modulated optical signal propagating along a fibre consists of an infinite number of
spectral components with an associated frequency, ®. The individual spectral
components propagate independently to each other with distinct group velocities, vg,
therefore, resulting in the propagation group delays, t,. The group velocity is
expressed as:

v, = (ﬁ] =< (2.3)

do n,

where P refers to the propagation constant and ng is the group refractive index.
Equation (2.3) illustrates the frequency and refractive index dependence on group
velocity. Consequently, the individual spectral components propagate at different
group velocities, thereby causing the pulse to spread and broaden over time. This
phenomenon is referred to as chromatic dispersion. The overall broadening
experienced by the propagating pulse due to the chromatic dispersion (CD) along the

optical fibre is defined as (Agrawal, 2002):

2
At =LZ0)€ Aw (2.4)
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where L is the fibre length and d*f / dw” is a second-order derivative of propagation

constant and A@ is spectral range given by:

27mc

Aw:(-iFJAz (2.5)

The CD coefficient or dispersion parameter is expressed as,

1Az d| 1 27c
D=2525[ZJ:‘7ﬁ2 20

The units of D is ps/(nm.km). Chromatic dispersion can be written as CD=DM+DW,

where DM and DW refer to material and waveguide dispersion respectively. Material

dispersion arises because of the change in refractive index of silica with optical

wavelength or frequency. Waveguide dispersion occurs due to the wavelength

dependence of core diameter as well as the refractive index difference (Agrawal,

2002).

2.2.4 Polarization Mode Dispersion (PMD)

Polarization-mode dispersion in optical fibres arises due to birefringence where
propagation constant 3 changes with respect to two polarization axes in x (fast) and y
(slow) directions during propagation. Birefringence and modal dispersion are the two
effects responsible for PMD within the fibre. Apart from CD, PMD is another source
of pulse broadening within the optical fibre, arising from the difference in the group
velocities of the two orthogonal polarization Eigen modes (Keiser, 2011). Time delay
AT between the two polarization components due to random changes in group

velocities broadens the optical pulse (Agrawal, 2007) and if AT is large enough so
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that stretched pulse overlaps with the neighbouring time slot it will cause inter-symbol

interference.

AT = =L(AB)) (2.7)

L L

= L‘ﬁlx - :Bly

vé’x &

where AP, is related to group velocity mismatch. The degree of modal birefringence

was quantified by Kaminov, (1981) as:

5 B

0 (2.8)

nx—ny‘

where ko is the core radius. The length of the full rotation of polarization state is

called beat length Lg and can be expressed as (Kaminov, 1981)

I = 27 A (29)

"1 -B] B

Refractive index and birefringence varies along the span length therefore PMD should

be estimated by averaged time delay:
o7 =((ATY ) =2(ABL Flexp(~ /1) +~ L/ L. 1] (2.10)

where Lc is the length over which two polarizations are correlated (correlation length).
With the assumption that correlation length is much smaller than the span length,

equation (2.10) can be simplified to
o, ~AB2L.L=D,JL (2.11)

where Dj is the PMD parameter used in fibre characterization. PMD effect will have a

relatively small impact on pulse broadening comparing with group velocity dispersion
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(GVD). However, in high data rate communication systems operating near zero-

dispersion wavelength PMD will degrade the transmission quality (Agrawal, 2005)

2.3 Optical Transmitters

The crucial role of optical transmitter is to convert an electrical information input
signal into its corresponding optical domain, which would then be launched into an
optical communication channel, the fibre. Transmitters are basically semiconductor

devices, such as light-emitting diodes (LEDs) and laser diodes.

2.3.1 Distributed-Feedback (DFB) Semiconductor Laser and Raman pump

In a DFB laser, as the name implies, the optical energy feedback mechanism is not
localized at the facets but is distributed throughout the cavity length. Figure 2.2 shows
the structure for distributed feedback laser (DFB).

HR film

P-elctrode

InGaAsP grating

AR film N-electrode

Figure 2.2: Structure of DFB laser

The DFB lasers employ Bragg diffraction gratings in the active gain region of the
semiconductor to form a waveguide (Li, et. al., 2013). Light travelling in the active
layer move in all directions, and so will eventually strike the upper surface of the

active layer. In this way, the corrugations act as a grating, reflecting only a specific
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wavelength back into the cavity but allowing others to pass through. The desired
wavelength is fed back into the cavity, and this takes place over the whole length of
the laser, therefore achieving the distributed feedback. In DFB lasers, one axial
resonator mode prevails over the other modes. This yields a relatively narrow single
mode emission peak at the desired wavelength. Commercial DFB lasers have a typical
linewidth of 1-10 MHz. Narrow-linewidth laser sources are useful for many diverse
applications, including coherent communication, stable frequency standards,
nonlinear optics, and precision sensing (Tadokoro, et. al., 2011; Steger, 2014; Dhoore
et. al., 2019). The oscillation wavelength of the DFB laser is determined mainly by
the equivalent refractive index of the grating region and the grating pitch (Katsuyama,
2009). The grating applied to DFB laser is formed by electron beam lithography or
laser interference lithography, etching and subsequent planar buried growth (Dhoore
et. al., 2019). Numerous advantages of a DFB laser diode over other laser types such
as their stable single-mode spectrum, high output power, integration compatibility and

low noise operation make it an attractive source for many applications.

2.3.2 Continuous wave (CW) Raman laser

Top view structure for CW Raman laser is shown in Figure 2.3.
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Figure 2.3: Schematic diagram showing the structure of the CW Raman pump.
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The light is confined in the S shaped waveguide formed by using Silicon-On-Insulator
(SOI) structure. The intrinsic (i) Si layer in the p-i-n structure guides the light.
External bias is applied to the p and n layers surrounding the intrinsic(i) layer on its
two sides. Stimulated Raman scattering (SRS) and amplification take place in the S-
shaped region labeled as SOI rib waveguide. The actual material (SOI) is intrinsic
silicon surrounded by two p and n-type regions of Si on its two sides and a layer of
silicon oxide (insulator) beneath it (Rong, et. al., 2005). There are three essential

components in a laser:

1. An active medium in which amplification of light wave takes place due to

stimulated emission.

ii. A mechanism to provide positive feedback to amplified radiation to enable

emission of self-sustained oscillation

iii. A pump source which lifts the electrons from the ground state to an excited

state to create population inversion between the excited and ground states.

The active Si region in which SRS occurs, is surrounded on its two sides by lower
refractive index p- and n-type silicon (Basu, 2007). Light is then confined in the
higher index Si region, much in the same manner as light is guided in the core of an
optical fibre. The two plane parallel mirrors, R and Ry provide the feedback. The
emission of Stokes radiation is quite feeble for low pump power. However, as the
pump power exceeds a threshold, stimulated process dominates and as a result, the
Stokes intensity increases rapidly with increase in pump power. This pump laser is
still an optically pumped source. However, in all applications related to electronics,

computer and communication, it is necessary that the control should be by an external
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electrical bias (Basu, 2007). The fundamental linewidth limit of most lasers originates

from the spontaneous emission coupled to the lasing mode (Honjo, et. al., 2011).

2.3.3 Vertical Cavity Surface Emitting Lasers (VCSELSs)

One of the key advances in optical communication technology in recent years is the
development of vertical-cavity surface-emitting laser (VCSEL). The concept of the
VCSEL was first proposed by Iga in 1977 (Iga, 1977; Iga, 2000), and the first
working devices were subsequently reported later by the same group (Soda, et. al.,
1979). This laser has entirely replaced edge-emitting laser diodes for use in
multimode fibre based Giga bit per second (Gbps) speed optical data transmission in
premise networks for the interconnection of various kinds of computer clusters. Early
VCSELs were based on technologically challenging InGaAsP material system (Hahn,
et. al., 1999). A breakthrough occurred in the late 1980s with the demonstration of the
first continuous-wave operating GaAs-based VCSEL using metal and dielectric
mirrors (Levi, 2000; Trezza, et. al., 2003). Full monolithic InGaAs-GaAs lasers
incorporating epitaxial distributed Bragg reflectors with emission wavelengths of
about 960 nm and pulsed threshold currents of 1.3 mA were demonstrated in 1989
(Windover, 2005). VCSELs were first commercially availed by Honeywell in 1996.
As a result of standardization, these first generation lasers were made from GaAs-
AlGaAs mixed compound semiconductors for emission close to 850 nm and relied on
proton implantation (Dolfi, 2003; Drogemiiller, et. al., 2000) for current confinement.
The success of the VCSEL arises from a combination of unique properties. With the
main emphasis on optical data transmission, VCSEL has high performance and low

cost advantages (Company, 2013). Other important merits include:

1. Low threshold current and low power consumption with a small active region.
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2. Feasibility of tightly packed two-dimensional integration.

3. Single longitudinal mode operation due to large mode spacing.

4. High coupling efficiency into a fibre due to low divergence circular beam

profile that matches the fibre mode.

5. Wafer-level testing before packaging. Complete testing and device selection

on the wafer level, yielding enormous cost reduction

6. High speed modulation capability due to the large relaxation oscillation

frequency.

7. Batch fabrication processing used in silicon technology.

8. Testability: VCSELs can be tested and burned in while still in wafer form.

This increases manufacturing yield and lowers the cost of production.

9. Integration with integrated optics and electronic circuits.

2.4 Raman Amplification in Optical Communication Systems

The scattering of light waves by impurities can occur due to the absorption through
vibration of the electrons and dislocation of molecules in silica-based materials.
Scattering processes in which the frequency of the light wave carrier is shifted to
another frequency region are commonly known as inelastic scattering. The ability of
light to scatter inelastically on a molecular structure and exchange energy with the
material was discovered by an Indian Physicist C. V. Raman in 1928 (Raman, 1928).
Raman amplification attracted much interest in 1962 when the phenomenon of

stimulated Raman scattering was first discovered (Woodbury and Nag, 1962).
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2.4.1 Stimulated Raman Scattering (SRS)

Raman scattering is due to inelastic nonlinear behavior of a dielectric medium when
subjected to a high intensity optical beam (Raman, 1928; Clifford and Agrawal, 2005).
There are two levels of scattering namely; Stokes Raman scattering occurring when
the final energy level of the molecule is higher than the initial level, anti-Stokes
Raman scattering occurring when the final energy level is lower than the starting level.
The Stokes scattering is much more common than anti-Stokes scattering because at
any given time an electron in the most common temperature range is most likely to be

in its lowest energy state, following the Boltzmann distribution (Parakhan, 2009).

2.4.2 Raman Amplification Processes

The SRS occurs in silica-based fibre when a pump laser source is launched into the
guided medium. The scattering light from the molecules and dopants in the core
region shifts to a higher energy level and then jumps down to a lower energy level,
thereby amplifying photons in this level. The virtual state as shown in Figure 2.4 is
due to the fact that Raman scattering is non resonant and is therefore a very fast

process (Stolen et. al., 1989).

Virtual
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Amplification
1450 nm W
pump MW\
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Vibrational Relaxation
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Ground [
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Figure 2.4: Description of the SRS process quantum mechanically
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The phenomenon of the SRS process is described quantum-mechanically as the
scattering of a photon by one of the molecules to a lower-frequency photon, while the
molecule makes a transition to a higher-energy vibrational state (Agrawal, 2007). The
pump photon is converted to a second signal photon that is a replica of the first and
the remaining energy is converted into an optical phonon. The continuum nature of
molecular vibration state is due to the amorphous nature of silica, i.e. silica has
inconsistent physical and chemical properties. This distributes the energy of a medium

to different wavelengths (Clifford and Agrawal, 2005).

At high power levels, the nonlinear phenomenon of SRS leads to remarkable signal
amplification in the fibre transmission span. The intensity of the scattered light grows
exponentially as the incident power exceeds a given threshold value. The threshold
power is the minimum power level at which the Raman process becomes stimulated
and transfers most of the pump power to the Stokes wave (Clifford and Agrawal,
2005). It exists when the transmitted power of a channel exceeds the threshold power
given by equation (2.15) for a single light wave channel (Pelouch, 2016).

16.4,;

= (2.12)
K,L;.g,

th

where K, is the polarization constant and assumes a value of 2 for a completely
unscrambled signal. The scattering occurs when the polarization of the molecule

changes with vibrational motion.

As anti-stokes scattering is initiated in the excited vibrational level its transition rate is
also proportional to this distribution. In SRS, because of the relative intensities, the
Stokes shift is an essential element in the design of Raman amplifiers (Singh, et. al.,

2007). Raman gain bandwidth is defined as the Full-Width at Half Maximum
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(FWHM) of the dominant peak in the gain spectrum. The overall optical gain can be

expressed in terms of the pump intensity I,:
g(v)=g:), =g (VUP, /4,) (2.13)

Equation (2.16) shows that the gain is dependent upon the frequency and the pump

power.

2.4.3 Raman Gain Curve

The power evolution of the pump (Pp) and signal (Ps) along the direction of

propagation z, can be represented by a set of two coupled equations:

dP.

L auPP P @142
Z

ar, o,

E:a)—gRPPR—O[pPP (214b)

N

where g, is the Raman gain coefficient, o, and «, are the attenuation coefficients of

signal and pump waves respectively, @, and @, are signal and pump angular

frequencies respectively. The parameter £ takes values of + or - depending on the

pumping configuration. The minus sign is used in the backward pumping case. The

frequency ratio ®» appears in equation (2.17b) because the pump and signal photons
w

s

have different energies. The spectrum of the Raman gain depends on the decay

lifetime of the excited electronic vibration state.
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Figure 2.5 shows that Raman gain in silica fibres extends over a large frequency shift

(up to 40 THz) with a broad peak located near 13 THz.
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Figure 2.5: The gain curve for SRS

This behavior is due to the non-crystalline nature of silica fibre. Therefore, maximum

gain occurs when the pump-signal detuning is about 100 nm.

2.4.4 Pumping Configuration

Pumping in different directions changes the signal power evolution along the length
of the fibre. Three pumping schemes are employed namely; forward (co-pumping),
backward (counter pumping) and bi-directional (achieved when both forward pump
and backward pump are on) as shown in Figure 2.6 (Xueming, 2004; Isoe, et. al.,
2013). In the forward pumping, there is a large gain in power at the beginning of the
fibre length. This can result into fibre non-linearities (or non linear effects) due to the
fact that the refractive index of the core and cladding is optical power dependent. In
backward pumping large gain occurs towards the end of the fibre after a substantial

signal power loss. This power loss increases the possibility of noises altering the
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quality of the signal. The bidirectional scheme shows a balanced result in terms of
noises and non-linearities. The power along the length of the fibre is gradually
reduced by the losses. These result in microscopic fluctuations in the density of the
core. Doping the fibre with dopants such as germanium further increases these losses.
It is also a limiting factor in transmission distance lengths as optical receivers require
a minimum amount of power to recover the signal.

A schematic of Raman amplifier as optical communication system is shown in Figure
2.9. The signal from the optical transmitter propagates through the optical fibre and is

detected at the receiver side using a photodiode.

Fiber
Signal Signal

— —

7

<— Pump —>

laser

Copump Counterpump

Figure 2.6: Bidirectional pumping configuration.

For a distributed Raman amplifier (DRA), power is provided by Raman pump whose
wavelength is shorter than the signal wavelength. The signal is amplified by an amount
that corresponds to an optical frequency difference of about 13.2 THz (Islam, 2004).
The signal then experiences gain due to SRS. If the pump depletion can be neglected,
that is in the small-signal amplification regime, the pump-power for forward pumping

decreases according to the relation:
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P, (z)= F,exp(-a ,z) (2.15)

where Po is the pump-power at the input. The effective length Lef;, is the length over
which the nonlinearities still hold or SRS occurs and is defined as:

3 1- exp(— apL)

of (2.16)

ay

As losses also exist at the pump wavelength, it is less than the actual length and can
be approximated by Lesr = 1/0p if apL >> 1. Hence, the amplification gain defined as
the ratio of the power of the amplified signal to that of the signal without Raman

amplification and is given by:

I 1)
G = oonplar L)—exp(goL) (2.17)

Equation (2.17) is referred to as the on-off Raman gain and it is the difference in
power of the signal with Raman amplification and signal power without Raman

amplification. The small-signal gain, go is defined as:

P
g, :% (2.18)
eﬁ‘ap

where A effective area.

Stimulated Raman scattering is applied in several disciplines. In biomedicine, SRS
can be used in coherent Raman microscopy which allows highly sensitive optical
imaging at video rate (Saar, et. al., 2010). Photonics crystal fibres make use of highly
nonlinear holey fibre to generate Raman amplification and ultrafast signal modulation

(Yusoff, et. al., 2002). Silicon waveguide technology uses SRS for on-chip
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amplification and coherent light generation in silicon integrated optics (Claps, et. al.,
2004). Other application are optical sensing where backscattered light may be used to
measure temperature (Dakin and Pratt ,1985), fibre-based Raman lasers (Yan, et. al.,
2009) and Raman amplifiers (Chinlon, et. al., 1976; Islam, 2003; Clifford and
Agrawal, 2005) which gained the main interest in high capacity optical
communication systems where low noise amplification is crucial. Raman
amplification is a key developmental technology to improve performance of the
optical fibre network. This technology provides technical advancements to optical
long haul transmission infrastructure. However, Raman amplification requires a high
pump power to provide a reasonable gain and suffers from signal cross talk when the

channel power is above threshold power resulting in overall signal degradation.
2.5 RF Clock Dissemination

2.5.1. Timing Signals, Accuracy and Stability

A clock is comprised of a stable oscillator and a device to count the oscillator’s cycles.
Naturally, it can be used to generate a timing or a frequency signal. Time transfer
methods are used to transfer time and/or frequency information from a reference clock
at one location to a remote location. An ideal sine wave oscillator produces a voltage

signal that changes with time and is given by:
V(t)= Acos|w,t + o] (2.19)

where A is the amplitude, wo the angular velocity and ¢ represent a fixed phase
constant. However, in a real oscillator, the actual clock signal fluctuates in phase and

amplitude, where the output is described as
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V(t)= A[l+ a(t)]cos[w,t + (1)) (2.20)

where a(t) and ¢(t) represents the random amplitude and phase fluctuations (Stefano,
1997). The performance of an oscillator is given by its accuracy and stability

characteristics.

Accuracy is the degree of conformity of a measured or calculated value to its true
value, that is accuracy is related to the offset from the ideal value. For example,
frequency offset is the difference between a measured frequency and an ideal

frequency with zero uncertainty. The frequency offset is expressed by:

_ fmeasured B fna min a/
f offset
f nomin al

(2.21)

where fmeasured 1S the frequency of the counter and fhominal 1S the frequency indicated on
the oscillators nameplate. A simple phase comparison can be made with an
oscilloscope. If the two input signals have the same frequency, the time interval will
not change. If the two signals have different frequencies the time interval will change.
The resolution of a time interval counter (TIC) determines the smallest frequency
change that it can detect without averaging. The current limit for TIC resolution is
about 20 ps, which means that a frequency change of 2x10!! can be detected in 1
second. Averaging over longer intervals can improve the resolution to < Ips in some

units.

Stability indicates how well an oscillator can produce the same time or frequency
offset over a given time interval. It does not indicate whether the time or frequency is
right or wrong but only whether it stays the same while accuracy indicates how well

an oscillator has been set on time or frequency. The frequency/phase instability is
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categorized into two forms: short term and long term instability. Short term instability
usually refers to fluctuations over intervals less than 100 s and is due to instantaneous
frequency variation around a nominal center frequency. Long term instability can
refer to measurement intervals greater than 100 s, but usually refers to periods longer
than one day and is caused by a change in average or nominal center frequency. It
describes the slow change of clock signals from nominal value over time. Stability
estimates can be made in either the frequency domain or time domain and can be
calculated from a set of either frequency offset or time interval measurement. Non
classical statistics is often used to estimate stability in the time domain. This statistics
is called Allan variance or Allan deviation. Figure 2.7 shows the sample phase plot for

variation of frequency with time (Vig, 2004).
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Figure 2.7: Relationship between stability and accuracy.
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2.5.2 Phase Noise Measurement

Phase noise is generally considered the short term phase/frequency fluctuation of an
oscillator or other RF/microwave component due to different noise sources.
Measurements such as short term frequency (phase) instability and long term
instability can be done. Phase noise measurement is a method of characterizing the
stability of a frequency source and is done by directly mea