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To my beloved family

Il y a un spectacle plus grand que la mer, c’est le ciel; il y a un
spectacle plus grand que le ciel, c’est 'intérieur de ’ame.

A spectacle greater than the ocean, it’s the sky; a spectacle
greater than the sky, it’s the man’s heart.

— “Les Misérables”, Victor Hugo (1802-1885)






Abstract

This thesis covers two research topics concerning optical solutions for
networks e.g. avionic systems. One is to identify the applications for
silicon photonic devices for cost-effective solutions in short-range optical
networks. The other one is to realise advanced functionalities in order
to increase the availability of highly reliable optical networks.

A cost-effective transmitter based on a directly modulated laser (DML)
using a silicon micro-ring resonator (MRR) to enhance its modulation
speed is proposed, analysed and experimentally demonstrated. A mod-
ulation speed enhancement from 10 Gbit/s to 40 Gbit/s in a directly
modulated distributed feed-back (DFB) laser diode is achieved by using
the proposed scheme. Enhancement is also achieved in vertical-cavity
surface-emitting lasers (VCSELs). The cascadability of silicon MRRs is
experimentally assessed as well for their applications in optical intercon-
nects and network-on-chips.

A novel concept of all-optical protection switching scheme is pro-
posed, where fault detection and protection trigger are all implemented
in the optical domain. This scheme can provide ultra-fast establish-
ment of the protection path resulting in a minimum loss of data. It
is experimentally demonstrated by using a bistable modulated grating
Y-branch (MG-Y) laser structure. The achieved protection switching
time is less than 200 ps and the signal switched by the fast establish-
ment of the protection path has good quality at both 10 Gbit/s and
40 Gbit/s. The optically controlled bistable operation of the MG-Y laser
with wide wavelength tunable range is also experimentally demonstrated
within this thesis. Another protection method using network coding is
also introduced. All-optical network coding for phase modulated signals
(e.g. differential phase shift keying (DPSK) signals) using two exclusive
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OR (XOR) gates realised by four-wave mixing (FWM) in semiconductor
optical amplifiers (SOAs) is experimentally demonstrated and very low
(~ 1 dB) total operation penalty is achieved.



Resumé

Denne afhandling behandler to felter indenfor optiske lgsninger til netveerk
i f.eks. luftfartgjer. Det ene felt er fokuseret pa at afdeekke hvilke app-
likationer der med fordel kan benytte silicium fotoniske komponenter til
kost effektive lgsninger i netveerk med lille reekkevidde. Det andet felt
fokuserer pa at implementere avancerede lgsninger som vil kunne hgjne
driftssikkerheden og dermed brugbarheden af optiske netveerk.

En kost effektiv sender baseret pa en direkte moduleret laser (DML)
kombineret med en silicium mikrorings resonator (MRR) er foreslaet,
analyseret samt eksperimentelt testet. En forbedring af modulation-
shastigheden fra 10 Gbit/s til 40 Gbit/s for en direkte moduleret dis-
tributed feed-back (DFB) laser blev opnaet ved hjalp af det foreslaede
princip. Forbedring i modulationshastigheden blev ogsa opnéet i vertical-
cavity surface-emitting lasers (VCSELs). Kaskadekoblede silicium MRRer
blev desuden eksperimentelt evalueret for deres brugbarhed i kontekst
af optiske interconnects samt chip integrerede netvaerk.

Et nyt koncept til fuldsteendig optisk beskyttelses kredslgb er foreslaet
og er baseret pa fejl-detektion og kredslgbs skift for beskyttelse udelukkende
implementeret i det optiske domaene. Princippet danner en beskyttelses
rute ultra-hurtigt hvilket resulterer i et minimum tab af data. Dette
er eksperimentelt demonstreret ved benyttelse af en bi-stabil moduleret
gitter Y-formet (MG-Y) laser struktur. Den opnaede skifte-tid er min-
dre end 200 ps og signal kvaliteten af det kredslgbs skiftede signal er hgj,
bade for 10 og 40 Gbit/s. Den optisk kontrollerede bi-stabile operation
af MG-Y laseren har et stort bglgelzengde operations omrade hvilket
er eksperimentelt demonstreret i denne afhandling. Yderlig en beskyt-
telses teknik baseret pa netveerks kodning er introduceret. Netvaerks
kodning baseret pa ren optisk modulation af fase modulerede signaler
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(f.eks. differentiel fase skiftet kode (DPSK)) ved at benytte to eksklu-
sive OR (XOR) kredslgb implementeret vha. firbglge blanding (FWM)
i en halvleder optisk forsteerker (SOA) er eksperimentelt eftervist og
seerdeles lav (~ 1 dB) forveerring af den samlede operations ydeevne er
opnaet.
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Chapter 1

Introduction

1.1 Overview and Objectives

Each communication network has its very own characteristics, which are
imposed by user applications and requirements. These requirements on
the services provided by the network are in terms of delay, reliability,
accuracy, bandwidth and, of course, cost [1].

While implementing a service or designing a network, a successful
technical solution will be the one which satisfies the most factors among;:
technology availability, requirements, cost, regulations, market, compat-
ibility with legacy system and etc. From a technical point of view, three
of them are the most important conditions which must be satisfied, in
order to find out a solution, as shown as in Fig. 1.1.

Available Technology

Identified solution

i Cost concern
Requirement

Figure 1.1: Factors for identification of a solution for implementing a service or
designing a network.



2 Introduction

This Ph.D. study is part of a three-year project called Developing
Aircraft Photonic Network (DAPHNE), which is carried out during
09.2009 to 02.2013 and was funded by the 7% framework programme of
the European Commission (Ref. 233709). The objective of the Euro-
pean project is to look for the solutions for the next generation of avionic
networks on aircrafts [2]. As more and more subsystems and function-
alities are added into the avionic networks, the weight, size and energy
consumption are increasing continuously. Fibre optical and photonic
technologies offer obvious advantages in size, weight, bandwidth and
electromagnetic compatibility (EMC), beyond aircraft systems state-of-
the-art. Therefore, they are believed to be the future solutions for the
next generation of avionics systems.

In terms of requirement, avionic systems have all the characteristics
of any ordinary communication networks. Among them, however, net-
work reliability or service availability, without any doubt, is the most
important factor. In terms of cost-effectiveness, the identified solution
would be better if it can be generalised and used for other networks. As
the sizes of avionic systems are short, their technical solutions should
also be addressed for all the networks which have similar requirements,
i.e. short-range and highly reliable optical networks.

Two research topics were therefore identified within this Ph.D. project:

1. Cost-effective and integratied optical components for short-range
optical networks.

2. All-optical network protection methods for highly-reliable optical
networks.

1.1.1 Cost-effective and integrative optical components

Silicon photonics has attracted many research attentions thanks to its
compatibility with complementary metal-oxide-semiconductor (CMOS)
fabrication for massive production and hence can be with low cost. Sili-
con photonic devices are compact and suitable for high density integra-
tion. Therefore they are promising for optical interconnects, network-on-
chips, cost-effective telecommunications and they also find their position
in varieties of optical sensor areas [3]. In the telecom area, transmitters,
modulators, photodetectors and other kinds of basic components based
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on silicon photonics are under development and still with tremendous
interests.

We are in particular interested in silicon micro-ring resonators (MRRs),
as they have great potentials in laser design [4-6], for optical intercon-
nect and network-on-chips [7-11], in modulators [12-14] and in optical
switches [15-17]. In this project, we will address some practical issue,
e.g. cascadability, and search for their potentials in other applications.

1.1.2 All-optical network protection

As most deployed optical links already carry capacities in excess of
10 Gbit/s, any outage in even just a few milliseconds will cause the loss
of tens of megabytes of data, far beyond the tolerance of any reliable
networks. Providing resilience against failures is therefore an important
requirement.

The only practical way of obtaining very high availability of a con-
nection is to make the network survivable, which is to be able to continue
providing services even when failures happen [18]. Protection switching
is a key technique to ensure survivability against outages in optical net-
works by providing some redundant capacity within the network and
automatically rerouting traffic around the failure using this redundant
capacity [18]. Protection is usually implemented in a localised manner
without requiring a central overview of the network status, in contrast
to a related term, restoration, which re-distributes the traffic over the
current network. Protection is, thus, much faster than restoration.

Fibre cuts is the most likely failure event, which causes link failures.
Two fundamental types of protection mechanisms can be summarised
as 1+1 protection and 1:1 protection, as shown in Fig. 1.2. In 141
protection, the traffic is transmitted simultaneously on two separate
paths from the source to the destination, while in 1:1 protection (can
also be in a more generalised case 1:N protection), there are still two
paths between the source and the destination. However, the traffic is
transmitted over only one path at a time, say, the working path. If the
link fails due to e.g. fibre-cut, both the source and destination switch
operation onto the backup path.

The 141 protection is simple and reliable, which is very often used
for highly reliable networks [19]. Compared to 141 protection, the 1:1
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JuU
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backup path backup path
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Figure 1.2: 2 types of protection techniques (a) 141 protection and (b) 1:1 protec-
tion.

protection is more energy-friendly, but requires more complex control
system: fault detection, acknowledgement and protection switching trig-
ger. Within this project, we propose and demonstrate a novel concept
of all-optical 1:1 protection switching where link failure detection and
protection trigger both implemented on the optical layer. Because of the
simplicity of 1+1 protection, it is important to also address it for all-
optical protection. Network coding was proposed to increase the through
put of multicasting networks [20]. It can also be used for network pro-
tection [21,22] by having a copy of the data surviving somewhere in the
network under the form of a code generated together with other data to
the same destination. Any lost data can therefore be recovered from the
code and the successfully delivered data. We addressed the all-optical
network coding for phase modulated signals within this project.

1.2 Contributions of this Ph.D. Thesis

The following describes the main results and contributions achieved dur-
ing this Ph.D. project, listed in the same order as the chapters in which
they appear:

e Linear signal processing using silicon micro-ring resonators:

— Cascadability of silicon MRRs for optical interconnects and
network-on-chips [publication IJ.

— Cost-effective high-speed directly modulated transmitter de-
sign by using a silicon MRR [C, E, N, P].

e Wavelength tunable all-optical wavelength flip-flop (AOWFF) us-
ing a single laser structure [F].
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e Design and demonstration of all-optical protection scheme for highly
reliable optical networks:

— Novel concept on ultra-fast self-aware all-optical protection
switching and experimental demonstration using a single bistable
laser structure [M].

— All-optical protection scheme using all-optical network coding
(AONC) for phase modulated signals [K,O].

1.3 Structure of The Thesis

This thesis can be divided into two parts. The first part, including
Chapter 2 and Chapter 3, concerns the use of silicon MRRs for short-
range networks. The other part concerns the functionalities realised
by all-optical techniques in order to increase the availability of optical
networks, including Chapter 4 and Chapter 5.

In Chapter 2, numerical models for silicon MRRs with different con-
figurations, together with their amplitude response and dispersion pro-
files are presented. The cascadability of silicon MRRs used as band-pass
filters is experimentally investigated and presented.

A cost-effective transmitter design using a silicon MRR is proposed
and comprehensively analysed in Chapter 3. The enhancement on the
modulation speed of a directly modulated laser (DML) is numerically
analysed and demonstrated in both distributed feed-back (DFB) laser
diode and vertical-cavity surface-emitting laser (VCSEL).

Chapter 4 presents a novel concept of all-optical protection switch-
ing, where link failure detection and protection trigger are both imple-
mented on the optical layer without the need for upper-layer mechanism.
This concept is experimentally demonstrated using a wavelength tunable
AOWEFF based on a single modulated grating Y-branch (MG-Y) laser
structure. The principle and the first experimental demonstration of the
flip-flop operation with large wavelength tunable range in a MG-Y laser
structure is also presented.

In Chapter 5, all-optical network protection based on network coding
is presented. The scheme is experimentally demonstrated for 10 Gbit/s
differential phase shift keying (DPSK) signals. The feasibility of multi-
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casting the optical network coding and coding implementation for ad-
vanced phase modulated signals are discussed.

Finally in Chapter 6 the project will be summarised and an outlook
of future work will be given.



Chapter 2

Silicon Micro-Ring
Resonators

2.1 Introduction

The silicon-on-insulator (SOI) technology offers the possibility to fabri-
cate waveguides with high-index-contrast between the core and cladding,
therefore allowing bending radii on the order of micrometres and en-
abling high-density integration of photonic devices. In addition, nano-
photonic devices based on SOI can be implemented uing the comple-
mentary metal-oxide-semiconductor (CMOS) platform, which makes it
an attractive solution for integrating photonic components with conven-
tional microelectronic processing. These advantages in fabrication tech-
nologies and application-driven demands in telecommunications trig-
gered the rapid development of nano-photonic devices.

Among silicon photonic components, silicon micro-ring resonators
(MRRs), are versatile devices with promising applications as optical
filters or wavelength selective switches [23]. One straightforward use
of MRRs is as optical add-drop multiplexers in wavelength division
multiplexing (WDM) systems. Furthermore, thanks to their compact-
ness, integrability, and compatibility with standard microelectronic fab-
rication processes, they are essential building blocks for future scalable
optical interconnect architectures [11], which have recently been the ob-
ject of increased research interest.
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In this chapter, we numerically analyse different configuration of
MRRs and compare their transfer function and amplitude-phase rela-
tion. Meanwhile, as MRRs have a great potential for high density in-
tegration for optical interconnect and on-chip network, cascading them
cannot be avoided therefore need to be assessed. We experimentally
assess the cascadability of MRRs as drop filters with 40 Gbit/s carrier-
suppressed return-to-zero on-off keying (CSRZ-OOK) and carrier-suppressed
return-to-zero differential phase shift keying (CSRZ-DPSK) signal up to
5 round-trips using recirculating loop, see Section 2.4.

2.2 Introduction to Micro-Ring Resonators

2.2.1 Basic configuration

The most basic configuration of a MRR consists of unidirectional cou-
pling between a ring waveguide with radius r» and a straight waveg-
uide [24,25], as illustrated in Fig. 2.1.

Figure 2.1: Model of basic configuration of MRR: a single ring resonator with one
straight waveguide.

The transmission parameter ¢ and coupling parameter x are used
to describe the unidirectional coupler, as described in Fig. 2.1. If we
consider waveguide supporting a single mode and a single polarisation,
the field transfer characteristics of the MRR can be expressed as:

(o) (e 7)) e

When lossless coupling is considered,

t=v1-r2. (2.2)
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The propagation in the ring can be described by
Ey=a-e9°E, . (2.3)

where « is the loss coefficient (zero loss: o = 1) and the phase shift is
¢ = wL/c. L is the propagation length in the ring which depends on the
radius 7 of the ring according to L = 27r. ¢ is the phase velocity of the
ring mode, ¢ = ¢y /nes, where ¢ is the speed of light in vacuum and neg
is the effective reflective index of the material.

From Eq. 2.1 and Eq. 2.3, we obtain the transfer function of the
MRR,

Eout . Etl . t— &€_j¢
Ei _Eil_l—t~ae—j¢'
Because of the unique properties of its transfer function, such a filter is
typically referred to as “notch” filter.

One of the most important characteristics of resonator filters is the
separation between adjacent resonance peaks, which is called the free
spectral range (FSR). The FSR can be expressed as

H= (2.4)

2

Avpsg = AMpsr =~ (2.5)

neﬂ‘L '

The quality factor @ is a figure to describe the sharpness of the
resonance. It is defined as the ratio of the centre frequency and the full
width at half maximum (FWHM) of the resonance

0

= . 2.6
Avpsr (2:6)

A phase shift is always associated with the loss or gain of a medium,
following Kramers-Kronig relations. Therefore the MRR presents dis-
persion to the signal that passes through the MRR and its group-velocity
dispersion (GVD) parameter D can calculated from its phase response.

dr  dr dw 2mwc do

D_ﬁ_@ﬁ__Vﬁ' (2.7)
As an illustration, some amplitude responses and associated dispersion
profiles of the basic configuration MRRs with different design parameters
can be found in Fig. 2.2. These transfer functions will be used to compare
the response difference between different MRR designs in order to choose
the right one for the use in the chirp managed laser (CML) transmitter
design described in Chapter 3.
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Figure 2.2: Transfer functions and dispersion profiles for a basic configuration MRR
with FRS=100 GHz. (a)-(b) Round-trip loss coefficient & =0.5 and coupling coeffi-
cient x* =0.1, 0.5, 0.9; (c)-(d) Round-trip loss coefficient o =0.9.

2.2.2 Add-drop configuration

Adding one more straight waveguide to the basic configuration, a ring
resonator can be made as an add-drop filter, which has four ports as
illustrated in Fig. 2.3(a). Let the parameters of the directional cou-
pler on the in-through waveguide {t1, —jx1} and those on the add-drop
waveguide {to, —jra}. We assume the total attenuation in the ring is
uniform and the ring is much longer than the coupling length of the two
couplers. Therefore we can divide the loss and phase shift into two part
and one for each half of the ring. The transfer function can be obtained
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Figure 2.3: Model of add-drop configuration of MRR: a single ring resonator with
two waveguide.

by extending the equations described in Section 2.2.1, resulting in

t1 — tgae_j¢
1-— tltgoze_j¢ e

_i®
— K1k e 72
1-— tltgoze_j¢ e

Ethrough (28)

Egrop = (2.9)

As the add-drop type ring resonator is symmetric, another approach
using the digital filter concept and Z-transformation can also be used
to analyse the ring resonator as well [26]. The advantage of using Z-
transformation to model the ring resonator is that it simplifies the model
comparing to the field analysis described in Section 2.2.1. We use the
same definitions of the parameters, and define the transfer functions are:

Ethrough Ethrough
Hy=—]/—", Hyg = ——>—
Ein Eadd
Edrop Edrop
Hy = ) Hyy = :
Ei Eadd

The Z-transform is a discrete-time equivalent of the Laplace trans-
form. It is used to analyse and design digital filters. A digital filter’s
transfer function, H(z) can be expressed by a ratio between M*™ and a
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Figure 2.4: Transfer functions and dispersion profiles of an add-drop configuration
MRR with FRS=100 GHz. (a)-(b) In to through; (c)-(d) In to Drop response with
loss coefficient o =0.9 and x? = k% =0.5 and 0.9.

Nt order polynomials.

M
LN"M IT (2 — 2)
H(z) = m=1 : (2.10)

(z —pn)
1

=

The zeros of the numerator are represented by z,,, which are also called
the zeros of H(z). A zero will result in zero transmission at the fre-
quency. The p, in the denominator are called poles. For a MRR, a
autoregressive (AR) filter, has only poles and one or more feedback
paths [26]. Fig. 2.3(b) shows the Z-transform schematic for the add-
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drop type MRR shown in Fig. 2.3(a). This type of resonator filter is the
simplest filter with only one pole response. Solving the Z-transformation
scheme, the transfer functions can be obtained:

1

t1 — taaz™
Hyp=—>=" 2.11
11 1 _ tthOdZ_l ) ( )

to — tjaz !
Hyp= 27195 (2.12)

1-— t1t2a2_1

Since we assume the loss in the ring is uniform and the MRR design is
symmetric, we will have

—K1koVaz~1

His = Hyy = .
12 21 1-— tltzaz_l

(2.13)

Fig. 2.4 shows some amplitude responses and associated dispersion
profiles of both in-through and in-drop port of an add-drop MRRs with
the same design parameters as in Section 2.2.1. Adding one waveguide
improves the Q factor but also decreases the transmission in the pass-
band. Meanwhile more dispersion is introduced.

2.2.3 Coupled double ring configuration

In the serially coupled configuration, each ring is coupled to one another.
Serially coupled ring resonators are also called coupled-resonator optical
waveguide (CROW).
Their transfer functions can be described as
t1 — tgoqe_j‘m — t1t2t3a2€_j¢2 + tgalage_j¢1e_j¢2

Hi = - - - — 2.14
1 1 — titaar1e 991 — totzane 792 4 titzayaneIP1e—I92 ( )

ts3 — tgage_j¢2 — t1t2t3041€_j¢1 + tlalage_j¢1e_j¢2

Hoyy = - - A - 2.15
2 1 — titya e~ io1 — t2t3a26_3¢2 + t1t3041a26_]¢18_]¢2 ’ ( )
_i$1 o2
Hoo — k‘lkgkﬁgwal\/age I eIz (2 ]_6)
12 1-— t1t2051€_j¢1 - t2t3a2€_j¢2 + t1t3a1a26—7¢’1e—j¢2 ’ ’
Hyy = Hyo (2.17)

where the parameters describing the coupled MRR are defined in Fig. 2.5.
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Figure 2.5: Serially coupled double ring resonator
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Figure 2.6: Transfer functions and associated dispersion profiles of a coupled double-
ring resonator with FSR=100 GHz and different design parameters: 3 =0.1, 0.5 and
0.9 while Iﬁ% = m% = 0.9 and the loss coefficient ov; = a2 = 0.9.



2.3 Fabrication Process 15

Compared to the transfer functions of the add-drop type MRR, the
coupling MRR has a very different in-through transfer function, where
two notch resonances appeared within one FSR when the coupling coef-
ficient ko is high. While with the same k2, the in-drop transfer function
then has a flat-top response, as shown in Fig. 2.6. The coupled MRR
with more than two rings can modify this flat-top response, therefore
the coupled MRR has potential for flat-top filter design.

2.3 Fabrication Process

Silicon MRRs were fabricated for our system experiments in DANCHIP
clean room by Yunhong Ding. Fig. 2.7(a) shows the SEM image of a
MRR with 55 pm radius used in a system experiment described in Sec-
tion 3.4 of the next chapter. It was fabricated on a silicon-on-insulator
(SOT) wafer with top silicon thickness of 250 nm and buried silicon diox-
ide of 3 pm. First, electron-beam resist ZEP520A was spined to coat the
wafer with a ~110 nm thick mask layer. The structure of the MRR de-
vice was then defined by electron-beam lithography, then formed on the
silicon layer by inductively coupled plasma reactive ion etching (ICP-
RIE) etching. A layer of 600 nm thick benzocyclobutene (BCB) is used
to cover the waveguide and form the upper cladding layer to protect

iy R Y S A S e

Figure 2.7: SEM image of a 55 pm radius MRR, with a coupling gap of 320 nm. The
input and output waveguide were inversely tapered to increase the coupling efficiency.
(a) MRR, (b) Coupling gap and (c) Inverse taper
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the device. After that, a layer of 3.5 pm thick polymer (SU8-2005) was
spin-coated on top of the BCB layer. Nano-couplers were also defined
by electron-beam lithography. The radius of the MRR is 55 um with a
waveguide width of 435 nm and coupling gap of 320 nm for both through
and drop coupling regions. The silicon waveguide is inversely tapered
to 45 nm, covered by a polymer waveguide to form a nano-coupler, re-
sulting in ultra-low coupling loss [27] to the fibre. More details on the
fabrication process can be found in [28].

2.4 Cascadability of Micro-Ring Resonator

MRRs are proposed to be integrated in a chip for optical interconnect
and network-on-chips [7-10]. Even though they are designed for high-
speed networks or interconnect applications in mind, very few stud-
ies have so far considered the impact of MRR filtering on high-speed
modulated signals. The system penalty induced by one single or dou-
ble ring resonator structure on 10 Gbit/s non return-to-zero differen-
tial on-off keying (NRZ-OOK) signals has been first investigated in [29]
and [30]. Very recently, switching of 10 Gbit/s differential phase shift
keying (DPSK) signals through a second order silicon micro-ring switch
has been demonstrated [31]. Higher order MRRs are used in this con-
text since their wider and flatter passbands prevent the occurrence of
phase-to-intensity modulation conversion [31]. The bit error rate (BER)
performance of coupled ring resonators has also been given recent con-
sideration [32] for NRZ-OOK signals at 10 Gbit/s. However, for MRR-
based scalable high-speed interconnect architectures or WDM add-drop
nodes to constitute a practical solution, the cascadability of the MRRs
should be ensured for high bit rate signals, which has not been demon-
strated so far.

In this section, the cascadability of silicon MRRs used as bandpass
filters to their drop port is experimentally investigated for CSRZ-OOK
and CSRZ-DPSK signals at 40 Gbit/s. A re-circulating loop platform is
used to assess the impact of the MRR transfer function on high-speed
modulated signals. Error-free performance is demonstrated for both
CSRZ-OOK and CSRZ-DPSK after 5 cascaded silicon MRRs. A higher
tolerance to bandwidth reduction is obtained for CSRZ-OOK compared
to CSRZ-DPSK due to the partial demodulation of the latter format



2.4 Cascadability of Micro-Ring Resonator 17

0 20
o 110 o
S o0t 7]
s °
S o
0 - (7]
3 ° 5
E =}
@ -20} §
10um @ 110 5
ey Measured 3
Numerical fit
-30 T T T T T -20
1542 1548 1554 1560 1566
Wavelength (nm)
(a) (b)

Figure 2.8: The 9.2 pym radius MRR used for the experiment to assess the cas-
cadability of MRRs. (a) 9.2um MRR image, (b) its measured and fitted transfer
functions

induced by cascaded bandwidth narrowing.

The silicon MRR used in the experiment has a radius 9.2 pm, with
80 nm coupling gap, as shown in Fig. 2.8(a). Fig. 2.8(b) shows the
measured transfer function at the drop port of the MRR. The measured
FSR is 1235 GHz and the Q factor is 2192, corresponding to a FWHM
bandwidth of 88 GHz. The total insertion loss of the device is about
5 dB and the extinction ratio (ER) of the drop transmission is 20 dB.
Numerical fitting was performed and the transfer function and dispersion
profile are shown in Fig. 2.8(b). The parameter used for the fitting are:
FSR = 1240 GHz, power coupling coefficient k2 = k3 = 0.12 and loss
coeflicient a = 0.9.

2.4.1 Experimental setup

The experimental recirculating loop setup for investigating the cascad-
ability of a single MRR used as drop filter is illustrated in Fig. 2.9. The
optical transmitter consisted of two LiNbO3 Mach-Zehnder modulators
(MZMs) generating 40 Gbit/s CSRZ-OOK or CSRZ-DPSK signals. The
first MZM, driven by a 20 GHz clock signal, was used as pulse carver
while the second one was driven by a 40 Gbit/s pseudo random bit
sequence (PRBS) with a pattern length of 23! — 1. The optical signal
was then boosted by an erbium doped fibre amplifier (EDFA) before
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being input to the loop.

The loop switch consists of two acousto-optic modulators (AOMs). A
dispersion compensated span consisting of 80 km standard single mode
fibre (SSMF) and 13 km dispersion compensation fibre (DCF) was used
to store the data in the loop and enable the recirculations. After the
transmission span, the optical signal was coupled into the MRR via a ta-
pered fiber and collected again at the drop port by another tapered fiber.
An EDFA was used for compensating the insertion and coupling loss of
the resonator and loop switch. Data was continuously sent, via a 90/10
coupler, to the receiver. Gating of the BER test-set and the oscilloscope
enabled the characterisation of the signal after the last round-trip in the
loop. The signal was detected in a pre-amplified receiver, comprising a
45 GHz photodiode for on-off keying (OOK) and a 1-bit fiber delay inter-
ferometer followed by a balanced detector, also with 45 GHz bandwidth,
for DPSK. Since the MRR is polarisation sensitive, it was ensured the
signal at its input was properly polarised for each round trip. This was
achieved thanks to a polariser at its input, and intra- and extra-loop
polarisation controllers (PCs) enabling to find a stable principal state of
polarisation for the loop.

20 GHz 40 Gbit/s
Clock Data

| [T EDFA

CSRZ-OOK/CSRZ-DPSK Transmitter

i Pre-amplified Rx Y=<~ A

Transmission span ¢

Figure 2.9: Experimental setup for investigation of MRR cascadability
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2.4.2 Experimental results

Fig. 2.11 shows the results of BER measurements for the 40 Gbit/s
CSRZ-OOK and CSRZ-DPSK signals transmitted through different num-
bers of round trips in the loop. The penalty when increasing the number
of circulations is induced by bandwidth narrowing, resulting in waveform
degradation and inter-symbol interference (ISI). The CSRZ-DPSK for-
mat can be seen to exhibit larger penalty than CSRZ-OOK. However,
dispersion management and noise accumulation are critical at 40 Gbit/s
and some of the measured penalty is actually attributed to the necessary
transmission span in the loop.

In order to isolate the impact of the MRR on the transmission perfor-
mance from that of the cascaded transmission spans and loop artifacts,
the recirculating loop measurement was repeated with a (broad) 3 nm
FWHM thin-film filter (TFF) replacing the MRR. The bandwidth of
the TFF was chosen to be wide enough to ensure the signal was not af-
fected by any filtering effect even after 5 round trips. A variable optical
attenuator (VOA) was inserted in the loop to emulate the insertion loss
of the MRR in order to ensure a fair comparison with respect to noise
accumulation. The isolated impact of the MRR is compared for the
two modulation formats in Fig. 2.11, where the transmission penalties
obtained from the measurements with the wide TFF have been sub-
tracted from the power penalties measured with the MRR in the loop.
A power penalty around 1 dB is measured after one single MRR due to
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Figure 2.10: BER as a function of received power for different number of round
trips in the loop and for (a) CSRZ-OOK and (b) CSRZ-DPSK modulation.
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Figure 2.11: Power penalty (at BER = 107?) induced by cascading a single MRR
versus number of cascades for CSRZ-OOK and CSRZ-DPSK signals.

its relatively wide 88 GHz FWHM bandwidth. Similar levels of power
penalty are measured for both formats up to 4 cascaded MRRs. After
5 cascaded MRRs, the effective bandwidth of the cascade is reduced to
36 GHz, shown in Fig. 2.12, at which value some DPSK signal demodu-
lation [28] occurs, as can be seen in the corresponding eye diagram in the
inset of Fig. 2.11. This results in an increased penalty for CSRZ-DPSK
compared to CSRZ-OOK.

2.4.3 Numerical comparisons and discussions

The effective transfer function of cascaded filters is the result of the total
product of all the filter transfer functions. The FWHM after cascading
will drop down quickly except for those flat-top filters. Fig. 2.12 shows
the calculated transfer function of cascading the MRRs using the fitted
parameters as in Fig 2.8. The FWHM dropped to 36 GHz, less than
half of the bandwidth after 5 cascaded MRRs.

It was also noticed that the eye diagram of the CSRZ-DPSK signal
after 5 cascaded MRRs shown in Fig. 2.11 not only has been partially
demodulated, but also showed a slight asymmetric distortion. This de-
modulation distortion was already clearly visible after 3 cascaded MRRs
as shown in Fig. 2.13, even though its impact on the receiver sensitivity
penalty was hardly noticed.
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Figure 2.12: Calculated (a) transfer functions and (b) effective bandwidths of cas-
caded MRRs as drop filters.

In order to understand the asymmetric distortion appearing on the
eye diagram as shown in Fig. 2.13, system simulations using 50% return-
to-zero differential phase shift keying (RZ-DPSK) at 40 Gbit/s and
MRRs described by the parameters obtained from numerical fitting were
carried out.

This distortion might come from the misalignment between the fil-
ter and the signal. However we measured the BER performance when
the CSRZ-DPSK signal was detuned 0 nm to 3.45 nm from the centre
wavelength of the MRR drop port transfer function, without cascading.
Apart from losing power, no signal quality degradation nor waveform
distortion was noticed. This conclusion was confirmed by numerical
simulation.

Another possible source for the distortion is chromatic dispersion
in the MRR. Therefore, the system was simulated by suppressing the
dispersion in the MRR transfer function, H. The dispersion-free trans-

Figure 2.13: Eye diagram of 40 Gbit/s CSRZ-DPSK signal transmitted after 3
round trips. Partial demodulation with asymmetric distortion can be noticed on the
eye.



22 Silicon Micro-Ring Resonators

25

—is A (@) (b)
@ 0
Z
2 s
g (©)
°©
$ -50-
IS
£
o
> -75-

_ (d)

-100 \. . T " T " T " -/
-200 -100 0 100 200
Relative Frequency (GHz)

Figure 2.14: Simulated dispersion effect on DPSK signals from 3 cascaded MRRs
using the parameter obtained from numerical fitting of the MRR used for experiment.
(a) Signal spectra; Eye-diagrams of (b) back-to-back 50% RZ-DPSK signal (c) the
signal filtered by cascaded MRRs with dispersion and (d) without dispersion.

fer function H’ is related to H by H' = v H - H*. In the simulation,
50% RZ-DPSK at 40 Gbit/s signal with PRBS length of 2!! — 1 was
used and 3 MRRs were cascaded. The spectra of the signal before and
after MRR are shown in Fig 2.14(a). The eye diagram of the signal
after cascaded filtering with dispersion in the MRR (Fig 2.14(c)) is sim-
ilar to what we have noticed in the experiment: partial demodulated
and asymmetric distorted. While the eye simulated without dispersion
(Fig 2.14(d)) has no asymmetric distortion. Therefore we attribute the
asymmetric distortion to the phase response of the MRR.

2.5 Summary

In this chapter, The silicon MRRs were introduced and the transfer func-
tion of different configuration (basic, add-drop and coupled-ring designs)
were calculated together with their associated dispersion profiles. The
cascadability of silicon MRRs used as bandpass filters to their drop port
has been experimentally investigated for CSRZ-OOK and CSRZ-DPSK
signals at 40 Gbit/s. A re-circulating loop platform was used to as-
sess the impact of the MRR transfer function on high-speed modulated
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signals. Error-free performance was demonstrated for both CSRZ-OOK
and CSRZ-DPSK after 5 cascaded silicon MRRs with free spectral range
FSR of 1235 GHz and Q factor of 2192. A higher tolerance to bandwidth
reduction is obtained for CSRZ-OOK compared to CSRZ-DPSK due to
the partial demodulation of the latter format induced by cascaded band-
width narrowing. The asymmetric distortion on the optical eye-diagram
of CSRZ-DPSK signal after cascaded MRRs was attributed to the phase
response of the MRRs, according to numerical simulations.






Chapter 3

Modulation Speed
Enhancement of Directly
Modulated Lasers

3.1 Introduction

Short-range applications such as in local area networks (LANSs) or data
centres require low cost, compact and low hardware expense solutions.
Therefore, directly modulated laser (DML) systems with on-off keying
(OOK) modulation are often preferred over schemes based on external
modulators and using more sophisticated modulation formats. However,
the bandwidth requirements of such applications are constantly increas-
ing at a tremendous pace in order to e.g. reduce the number of parallel
interconnects or support new services such as high-definition video. In
spite of continuous progress, increasing the bandwidth of directly modu-
lated lasers remains a challenge. Edge emitting DMLs [33-35] as well as
vertical-cavity surface-emitting lasers (VCSELSs) [36,37] capable of oper-
ating at 40 Gbit/s have already been demonstrated. However, generating
and transmitting such high-speed directly modulated signals error-free
(i.e. with a bit error rate (BER) lower than 10~?) is still challenging due
to inter-symbol interference, and ringing artifacts induced by bandwidth
limitations and relaxation oscillations.

The use of frequency modulation (FM) to amplitude modulation

25
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(AM) conversion in directly modulated transmitters has attracted much
attention for telecommunication applications over the past decade. In
chirp managed lasers (CMLs) [38-40], a DML is biased at a high current
value and modulated with a relatively low peak-to-peak current, leading
to a low extinction ratio (ER) signal whose chirp is dominated by its
adiabatic contribution [41]. Subsequent filtering enables to increase the
signal extinction ratio, resulting in the generation of a signal with limited
distortion, which is furthermore tolerant to group velocity dispersion
[42]. CMLs employing different filter technologies, including multi-cavity
filters [38], fibre Bragg gratings [43], thin-film filters (TFFs) [44], or
fibre delay interferometers (DIs) [45-47] have been demonstrated. Using
this technique, 40 Gbit/s error-free transmission over 25 km negative-
dispersion fibre (~ —1.7 ps/nm/km) [48] has been demonstrated. With
BERs compatible with the forward error correction (FEC) threshold,
42.8 Gbit/s transmission over 20 km single mode fibre (SMF) has been
achieved [49] and applied to a wavelength division multiplexing (WDM)
passive optical network (PON) system [50]. In addition, the use of a filter
with periodic frequency response such as a DI enables the deployment of
the CML technology in WDM systems, including WDM-PONSs, by only
employing one additional element compared to conventional systems,
making the technique cost-effective [39,51].

Even though the main focus of the CML technology has been to
improve the dispersion tolerance of directly modulated signals, and in
particular to allow transmission over uncompensated spans, the signal
quality enhancement associated with the chirp filtering process also en-
ables DMLs to be operated at a bit rate higher than that allowed by
their nominal bandwidth, as detailed further in this chapter. For future
short range applications operating at 40 Gbit/s and beyond, where cost
considerations are of high importance, being able to operate a system
error-free without resorting to expensive high-speed FEC circuits is an
advantage. It is therefore essential to be able to demonstrate directly
modulated transmitters able to reach error-free performance at such bit
rates. Furthermore, all the CML solutions presented so far are rela-
tively bulky due to the need for optical filtering and are therefore not
suitable for integration, which would present a significant footprint and
cost benefit advantage for short-range and interconnect links.

We propose, comprehensively analyse and demonstrate the use of a
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silicon micro-ring resonator (MRR) as an ultra-compact filter in a CML
transmitter in order to increase the modulation speed of the DML. We
analysed numerically the MRR design influence on the system perfor-
mance. Using the proposed scheme, we experimentally demonstrate a
40 Gbit/s transmitter with error-free (BER < 10~7) performance based
on a commercially available 10 Gbit/s distributed feed-back (DFB) laser.
Furthermore, we assess the transmission performance of the proposed
transmitter over fibre lengths compatible with short-reach applications.
The scheme is directly applicable to other directly modulated sources
such as VCSELs, where it could benefit from hybrid integration of the
laser on the silicon-on-insulator platform, as proposed in e.g. [52]. In
order to verify the modulation enhancement on a VCSEL, a 1530 nm
VCSEL, whose maximum 3-dB modulation response is 17.6 GHz, is
modulated at 25 Gbit/s, where its performance is not error-free, and
filtered using the same scheme. The achieved error-free performance,
with space for further improvement, demonstrates experimentally that
the scheme can be applied to VCSELs. MRRs are also able to process
multiple wavelengths simultaneously thanks to their periodic frequency
response. Furthermore, the proposed scheme can be scalable to higher
data rates, enabling a potentially low-cost, low-power consumption and
ultra-compact high-speed multi-wavelength transmitter.

This chapter is structured as follows:

The operation principle of the proposed method using a MRR to
enhance the modulation speed of a DML is presented in Section 3.2.
Numerical simulations were carried out using rate equation parameters
extracted from a commercial 10 Gbit/s DFB laser diode to study the
signal properties after the MRR and its dispersion tolerance for trans-
mission, which are also shown in Section 3.2. In order to find the opti-
mum MRR design, simulations using different MRR design parameters
were compared and presented in Section 3.3. In Section 3.4, the ex-
periment, in which a 40 Gbit/s directly modulated transmitter using a
10 Gbit/s commercial DFB laser diode was demonstrated error-free, is
presented. The transmission properties of the signal generated with the
proposed transmitter were also experimental studied. Finally, an exper-
imental demonstration of the scheme using a VCSEL diode is presented
in Section 3.5.
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3.2 Principle of Operation and Numerical
Simulations

3.2.1 Principle

The transmission distance of directly modulated signals is strongly lim-
ited by transient chirp, depending on the sign of the accumulated dis-
persion [53]. In order to overcome this limitation, DMLs can be biased
with a high current so that the adiabatic chirp is dominant over the
transient chirp. This presents the additional benefits of enhanced mod-
ulation bandwidth and increased damping of the relaxation oscillations,
leading to a clear eye diagram, however at the expense of a detrimen-
tal reduction of the signal ER. The dominant adiabatic chirp results in
the ones being blue-shifted with respect to the zeros. This frequency
separation can in turn be exploited using frequency discrimination [38].
If an optical filter is used to suppress the frequency components corre-
sponding to the zeros, the extinction ratio of the signal will be restored.
Apart from mitigating the effect of dispersion, this principle can be used
to generate good quality signals beyond the nominal bandwidth of the
DML and therefore to enhance the modulation speed of directly modu-
lated transmitters.

In our proposed scheme, illustrated in Fig. 3.1, an ultra-compact
silicon add-drop type MRR [23] is employed as a periodic notch filter
to suppress the frequency components corresponding to the zeros at
the output of a DML driven beyond its nominal bit rate. The transfer
function, Eq. 2.11, of such a filter is analysed in Chapter 2. It has been
assumed that the MRR is geometrically symmetric with equal power
coupling coefficient (k3 = x3) between the ring and the input/through
and add/drop waveguides, respectively. It has also been assumed that
the loss in the coupling region can be neglected, the power transmission
coefficient ¢ is linked to the coupling coefficient to the ring s according
to t2 + k? = 1.

If the MRR is tuned so that one of its resonances matches the signal
instantaneous frequency corresponding to the zeros, a signal with good
eye quality and improved extinction ratio is obtained at the output of
the MRR, as shown in Fig. 3.1.
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Figure 3.1: Principle of the proposed method. The signal emitted by a DML
operated beyond its nominal bit rate is filtered at the through port of a silicon MRR.
The suppression of the frequency components corresponding to the modulated zeros
results in an increase of the signal extinction ratio and opening of the eye diagram.
The method is illustrated with simulated waveforms and eye diagrams corresponding
to a 10 Gbit/s DML driven with a 42.8 Gbit/s signal.

3.2.2 Signal properties after the MRR

The properties of the signal generated by the MRR filtering are numer-
ically evaluated by assessing its extinction ratio (ER) and chirp. In this
analysis, the laser is modulated by a set of standard rate equations [54].
The parameters used in the rate equation model are listed in Table 3.1.
The values of the parameters were extracted from a commercially avail-
able DML (NEL model NLK5C5EBKA [55]) that was used later in the
experiments presented in Section 3.4. This laser is a standard product
designed for 10 Gbit/s operation. The laser was driven at 42.8 Gbit/s
by a de Bruijn sequence of length of 2°. The peak-to-peak modulation
was 50 mA and the bias current was 75 mA, resulting in the generation
of a signal with about 2 dB ER and 12 GHz adiabatic chirp difference
between “0”s and “1”s.

The modulated signal was then input to an add-drop MRR for fre-
quency discrimination. The power transfer functions and dispersion
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Name Symbol Symbol Units
Photon lifetime Tp 20.2 ps
Carrier lifetime Tn 862 ps
Carrier density at transparency Ny 1.3421 x 10* || 1/m3
Gain cross section oy 5.09 x 1020 m?
Group effective index ng 2.14
Confinement factor T 0.36

Active volume V. 3.81 x 10717 m?>
Gain suppression factor ENL 1.5 x 10723
Linewidth enhancement factor « 3.39

Spontaneous emission factor 15} 4.02 x 1073
Differential quantum efficiency Mo 0.19

Table 3.1: DML rate equation parameters and values used in the numerical analysis
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Figure 3.2: Transfer functions at the through port for four different MRR designs

considered in this study.

MRR Name | FSR (GHz) | «* | «

MRR1 100 0.6 || 0.9
MRR2 100 0.9 ] 0.9
MRR3 200 0.6 | 0.9
MRRA4 200 0.9 0.9

Table 3.2: MRR design parameters
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profiles of four different MRR designs, whose parameters are listed in
Table 3.2, are shown in Fig. 3.2. These designs were chosen as rep-
resentative examples of the variety of transfer functions achievable by
engineering the diameter of the ring, hence its free spectral range (FSR),
and the coupling coefficient of the MRR, in order to illustrate the ro-
bustness of the proposed scheme to the MRR parameters. Fig. 3.2(a)
confirms that the MRR transfer functions have multiple notches spaced
by the FSR. This imposes that the FSR should be larger than the
spectral width of the directly modulated signal, which depends on the
bit rate, modulation bandwidth and adiabatic chirp, in order to only
suppress the blue-shifted part of the spectrum. On the other hand the
periodicity of the transfer function can be exploited for simultaneously
processing a number of wavelength channels spaced by multiples of the
FSR. In addition, the dispersion of the different MRR designs is also
represented in Fig. 3.2(b). The dispersion around the resonant frequen-
cies reaches maxima of about £5000 ps/nm for MRR1 and MRR2 and
about £1200 ps/nm for MRR3 and MRRA4.

The ER of the signal generated at the output of the through port
of the MRR is shown as a function of the detuning with respect to a
resonance (defined as AX = Aager — Aresonance; Where Apaser is the centre
wavelength of the DML spectrum without modulation and Avesonance 1S
the resonance wavelength) in Fig. 3.3. It can be noticed that, even
though the signal generated by the DML had a low ER of the order of
2 dB, the ER after MRR filtering was enhanced to values above 15 dB,
with an optimum detuning for all the evaluated MRRs. The inset (b)
in Fig. 3.3 shows that the red-shifted zero level was suppressed in the
eye diagram corresponding to the maximum ER enhancement. When
the MRR notch was tuned from the optimum detuning towards the
blue, Fig. 3.3(c), the overshoot became higher. On the other hand,
when the MRR dip was tuned towards the red, Fig. 3.3(a), the zero
level suppression was lower than in the optimum case and the signal
overshoot was smaller.

Fig. 3.4 represents the chirp before and after the filtering of the
directly modulated signal by the MRR. The adiabatic chirp was not
significantly modified by the filtering. Nonetheless, the MRR filtering
introduced transient chirp. These results are in agreement with previous
analysis of CML systems and their theoretical derivations of the chirp
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after filtering [38].

3.2.3 Dispersion tolerance

The transmission properties of the CML signal over dispersive fibres were
assessed next. Thermal noise limited detection is assumed in this anal-
ysis, which would typically be the case in short-range links that do not
resort to optical amplification. Since the modulation speed enhance-
ment by the MRR effectively relies on the mitigation of inter-symbol
interference (ISI) introduced by the bandwidth-limited DML, the per-
formance of the system was evaluated through the BER calculated using
error-counting. This is in contrast with typical Gaussian approxima-
tions of the probability density functions of the zeros and ones, which
are known to overestimate the BER under strong ISI conditions. Due to
this approach, the sensitivity was evaluated at a BER of 1073 following
the detection of a statistically significant number of errors, chosen here
equal to 100. As in the previous subsection, the CML signals are gener-
ated by filtering DML signals with the four MRR designs described in
Table 3.2. They were then transmitted over a variable length of fibre
with either positive or negative dispersion. Since the focus is on disper-
sion tolerance, optical fiber nonlinearities were neglected in this study.
The signals were then detected in a photodiode with single sided ther-
mal noise density of 10 pA/Hzl/ 2 and filtered by a third order Bessel
low-pass filter with a bandwidth equal to 0.75 times the bit rate.

The dispersion tolerance curve are plotted in Fig. 3.5. In order to
determine the dispersion tolerance, the detuning between the DML sig-
nal and the MRR was set to the value resulting in the best sensitivity
in the back-to-back case and was therefore not optimised for each trans-
mission distance. For the three analysed MRR designs, the best per-
formance corresponds to negative values of the accumulated dispersion.
The detuning tolerance is defined as the wavelength detuning range of
the MRR for which the receiver sensitivity is better than —20.5 dBm
(corresponding to a power penalty of 2 dB compared to the best achiev-
able performance).

The curves corresponding to the MRRs with a coupling factor of
k?> = 0.6, MRR1 and MRR3, show higher tolerance to negative dis-
persion than to positive dispersion. This effect is more perceptible in
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Figure 3.3: Calculated ER of the CML signal as a function of detuning between the
centre wavelength of the DML spectrum and the wavelength of an MRR resonance for
four different MRR designs. Insets: Eye diagrams of the signal for (a) A\ = —69 pm,
(b) AX = —37 pm, and (c) A\ = —0.4 pm. All three eyes are obtained after filtering
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Figure 3.4: Illustration of the impact of the MRR on the modulated signal chirp.
Top: Chirp of the DML signal. Bottom: Chirp after MRR3 filtering for a detuning
of —85 pm.
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Figure 3.5: Calculated sensitivity (BER= 1073) versus accumulated fibre dispersion
for four different MRR designs.

the curve for MRR1. The dispersion tolerance, as previously defined, is
about 160 ps/nm in these two cases. It can also be noticed that MRR1
results in better sensitivity, about —22.7 dBm, at the optimum disper-
sion value, which corresponds to about —25 ps/nm. MRR2 and MRR4
also have slightly better performance over the negative dispersion range
than over the positive one, even though this difference is less pronounced
than for MRR1 and MRR3. The dispersion tolerances for both MRRs
with coupling coefficient of 0.9 are about 170 ps/nm, with best sensitiv-
ity values at —20 ps/nm of about —22.4 and —22.2 dBm for MRR2 and
MRRA4, respectively. The dispersion tolerance curves are to some extent
determined by the MRR dispersion profile itself, in accordance to its de-
sign. Signals filtered by the MRRs with the higher coupling coefficient
experience lower dispersion with a smoother dispersion profile, as shown
in Fig. 3.2. Therefore, in agreement with the simulations, a higher dis-
persion tolerance is expected when the MRRs with the higher coupling
coefficient are used. As already stated, the dispersion tolerance curves
of Fig. 3.5 have been plotted for a fixed MRR detuning, regardless of the
accumulated dispersion, for each micro-ring design. However, our sim-
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ulations also showed that the dispersion tolerance values as previously
defined did not change significantly when the detuning of the MRR was
optimised for each dispersion value.

3.3 MRR Optimisation

3.3.1 Using single ring MRRs

In order to generalise the study of the impact of the MRR design param-
eters (FSR and power coupling coefficient to the ring) on the dispersion
tolerance of the generated signal, as well as on the detuning tolerance of
the MRR, those parameters were systematically swept and the system
sensitivity at a BER of 1072 was evaluated using the numerical model
described in Section 3.2. For the comparison of the performance over
positive and negative dispersion values, the detuning between the MRR
and the DML signal centre wavelength was optimised for each value of
accumulated dispersion and each MRR design. MRRs with basic con-
figuration were not considered as they do not have resonances with high
extinction ratio, as shown in Chapter 2. All MRRs considered in this
section are all with add-drop configuration and their round trip field
transmission coefficient was taken equal to a = 0.9.

As can be seen in Fig. 3.6, the optimum MRR design varies de-
pending on the the dispersion accumulated in the transmission link.
Fig. 3.6(a) shows the system sensitivity as a function of the MRR de-
sign parameters in the back-to-back configuration. From this graph it
can be seen that the MRRs with both low power coupling coefficient
and low FSR exhibit the worse performance. Fig. 3.6(b) and (c) show
the system performance for accumulated dispersion values of —68 ps/nm
and +68 ps/nm respectively. In agreement with the previous dispersion
tolerance analysis, it can be noticed by comparing these two graphs that
the proposed scheme results in better performance over negative disper-
sion values than over positive dispersion. While a system sensitivity in
the range —21.5 dBm to —22.5 dBm is obtained for —68 ps/nm dis-
persion, the sensitivity is consistently worse than —21.5 dBm when a
dispersion of 468 ps/nm is introduced. In this latter case, the system
sensitivity is in the range —18 dBm to about —21 dBm, and the MRR
design has a large impact on the performance and achievable dispersion
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Figure 3.6: MRR optimisation for different accumulated dispersion. Left: Sensitiv-
ity performance at a BER of 1073, Sensitivity values worse than —18 dBm have been
clamped to the value of —18 dBm in the contour plots. Right: Detuning tolerance,
defined as the MRR detuning range for which the sensitivity remains better than
—20.5 dBm (i.e. about 2 dB worse than the best performance). The MRR design pa-
rameters space for which the sensitivity is always worse than —20.5 dBm corresponds
to the area coloured in white in the contour plots.
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tolerance. It can be noticed that a large FSR and a high coupling coef-
ficient are desirable in order to reach longer transmission distances over
fibres with positive dispersion.

Regarding the detuning tolerance over different accumulated disper-
sion values, the three graphs of Fig. 3.6(d)-(f) show similar behaviour.
Regardless of the value and sign of the accumulated fiber dispersion,
the larger the power coupling coefficient, the larger the detuning tol-
erance. This may be attributed to the fact that the MRRs with the
higher coupling coefficients have a relatively low dispersion excursion,
at a fixed FSR, within the detuning range. However, large coupling
coefficients result in enhanced insertion loss for the MRR, as shown in
Fig. 3.2. Since too high loss is clearly detrimental in short-range appli-
cations that do not resort to optical amplification, a trade-off needs to
be found between the detuning tolerance and the loss. It can also be
observed in Fig. 3.6(d)-(f) that the higher the FSR, the greater the de-
tuning tolerance. However, the optimum performance cannot always be
reached with a large FSR, as shown in Fig. 3.6(f). Furthermore, if the
proposed scheme is employed in a multi-wavelength source making use of
a DML array and a single MRR, the FSR is determined by the channel

2

Power Coupling Coefficient 2 (k
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Figure 3.7: Sensitivity performance (dBm) at BER of = 10™* vs MRR asymmetric
coupling design for D=0 ps/nm, FSR=100 GHz, round-trip loss «=0.9 and fixed
detuning A\ = —20 pm.
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spacing and is therefore no longer a design parameter for performance
improvement.

The previous simulation results were obtained with the assumption
that the MRR is geometrically symmetric so that the coupling coeffi-
cient k1 = ko. In practice, due to fabrication errors, the two resulted
coupling coefficient can be different. Therefore, we simulated a 100 GHz
(FSR) MRR to examine the impact of asymmetric coupling coefficient.
Fig. 3.7 shows the sensitivity performance as a function of different cou-
pling coefficients. From the graph it can be seen that when the cou-
pling coefficient of the drop waveguide is slightly higher than the one of
the through waveguide, the system performance reach the best for this
100 GHz MRR. However this small coupling coefficient difference does
not impact much the overall performance, when the coupling coefficient
is around 0.6, within difference range of 0.1.

3.3.2 Using coupled double ring MRRs

Simulations on single ring MRR have showed that a strong suppres-
sion of the high frequency component of the signal spectra will result
in a degradation of the filtered signal. Therefore, a coupled double ring
resonator was simulated as a notch filter for studying the modulation
enhancement, as the coupled double ring resonator can have an ampli-
tude response as shown as in Fig. 3.8(b) when the coupling coefficient
between the two rings 3 is 0.9. With a similar definition of the MRR
design, coupling coefficients to the straight waveguide x2 and m% were
assumed equal. MRR1 has 100 GHz FSR, x} = k3 = 0.6 and loss co-
efficient « =0.9. MRR2-MRR4 have the same parameters as the ones
tabulated in Table 3.2 for single ring MRRs.

Fig. 3.8(a) shows the calculated ER of the filtered signal with differ-
ent detuning using the four double-ring MRR designs. The use of the
coupled ring resonator did not show any significant improvement. As
the transfer function varies a lot wit different coupling parameters, it is
more challenging to control the final outlook. Furthermore, our simu-
lation results do not show any benefit for the case when x3 and 3 are
different. However it is very difficult to make 2 strictly identical rings
in practice. Therefore, single ring MRRs are more promising in practice
than the coupled ring MRRs for the proposed transmitter design.
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Figure 3.8: (a): Calculated ER of the CML signal as a function of wavelength
detuning. Inset: Eye diagram of the signal for —25 pm detuning filtered by MRR2.
(b): Transfer function of the coupled double-ring MRR (MRR2) with FRS=100 GHz
and k3 =0.9 used for simulation. The detuning is defined as the difference between
the centre wavelength of the DML spectrum without modulation and the wavelength
of the notch highlighted on the MRR transfer function

3.4 Experimental Demonstration Using DFB
Laser Diode

3.4.1 Experimental setup

In this section, an experimental proof-of-concept demonstration of the
scheme using a directly modulated DFB laser and a custom-made sil-
icon MRR is reported. Fig. 3.9 shows the setup used for the exper-
imental demonstration. A commercially available DFB (NEL model
NLK5C5EBKA), designed for operating at 10 Gbit /s, was directly mod-
ulated at 40 Gbit/s by a non return-to-zero (NRZ) signal with bias at
75 mA and peak-to-peak voltage of 2.5 V. The high bias current allowed
the adiabatic chirp to be dominant over the transient chirp. The mod-
ulation data was a pseudo-random binary sequence of length 2'% — 1.
The modulated signal was then coupled to the MRR and collected again
via tapered fibres. An erbium doped fibre amplifier (EDFA) was used
to compensate the free-space coupling loss, followed by a 2-nm optical
bandpass filter (OBPF) for noise reduction. The filter bandwidth was
chosen to be wide enough to avoid introduction of any extra filtering
which could impact the result. The amplification requirement would



40 Modulation Speed Enhancement of Directly Modulated Lasers

__________________________

F; Proposed Transmitter Y R

40 Gbit/s
PRBS: 211-1

IS

____________________________________________________

Figure 3.9: Experimental setup for CML generation, transmission and detection.

obviously be waived with hybrid integration of the directly modulated
laser source with the silicon-on-insulator chip. As the MRR chip is po-
larisation sensitive, the polarisation of the signal into the MRR was con-
trolled by a polarisation controller (PC). At the output of the MRR, the
signal was boosted and launched into standard SMF of variable lengths
prior to detection, or connected directly to the pre-amplified receiver
(back-to-back).

Different MRR designs were used in the experimental demonstra-
tions. They were all fabricated on a silicon-on-insulator platform by
electron-beam lithography followed by reactive ion etching according to
the process described in details in [56].

3.4.2 Experimental results

First, a MRR with 200-GHz FSR and a design Q-factor of 3300 (k2 ~0.6),
as shown in Fig. 2.7, was used. This MRR will henceforth be referred
as 200-GHz MRR1. The DML was then thermally tuned to the short
wavelength side of a MRR resonance (detuning of ~ 0.17 nm), as shown
in Fig. 3.10. These spectra illustrate how the MRR resonance is used to
filter the signal longer wavelengths, i.e. the wavelengths corresponding
to the zeros. Corresponding eye diagrams at the output of the DML
and after the MRR are also represented in Fig. 3.10. In agreement with
the simulations, the eye diagram was significantly opened thanks to the
MRR and the zero level was largely suppressed, at the expense of some
overshoot on the one level.

Fig. 3.11 shows the BER performance of the back to back DML sig-
nal and that of the CML signal at the MRR output as well as after
different standard SMF lengths. Fig. 3.11 (a)-(d) shows the eye dia-
grams after transmission over 1 to 4.5 km SMF respectively. The ISI



3.4 Experimental Demonstration Using DFB Laser Diode 41

—— MRR Response

——DML
—ocML

~  -20

m

Z

@

8 4

g 01

Q

2

8

& -604

-80 T T T T T 1
1553.5 1554.0 15545 1555.0 15555 1556.0 1556.5

Wavelength (nm)

Figure 3.10: Characterisation of the signal generated from a DML modulated at
40 Gbit/s, using a 10 Gbit/s DFB laser diode, followed by an MRR with 200-GHz
FSR and design Q-factor of 3300. Top: signal spectra before and after the MRR
plotted together with the MRR through port response. Bottom left: eye diagram of
the 40-Gbit/s signal at the DML output, taken with -9 dBm received power. Bottom
right: eye diagram of the CML signal at the MRR output, taken with -18 dBm
received power.
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Figure 3.11: Performance of the signal generated by the proposed transmitter using
a DFB laser diode. Right: BER performance at the DML output (DML, B2B), after
the MRR with 200-GHz FSR and design Q factor of 3300 (CML, B2B), as well as
after different lengths of SSMF; Left: optical eye-diagrams after (a) 1 km (b) 2 km
(c) 3 km and (d) 4.5 km of SSMF, taken at -18 dBm received power.
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introduced by the positive dispersion in the SMF clearly distorted the
eyes. The BER improvement due to the MRR filtering is evident. The
sensitivity at 1079 of the filtered signal was about —17.2 dBm whereas
the DML signal without MRR filtering did not reach error-free perfor-
mance. An error floor of 1.2 x 1076 was obtained for an average input
power of —9 dBm. The signal was transmitted up to 3 km with a penalty
around 1.5 dB. Besides, the filtered signal still remained error-free even
after transmission over 4.5 km uncompensated standard SMF. For some
short-reach networks, for example in avionic networks, in-building Eth-
ernet networks and interconnect networks, this transmission distance is
sufficient.

The dispersion tolerance was also evaluated over negative dispersion
values. For this investigation the CML signal was launched into different
lengths of dispersion compensation fibre (DCF). The measured disper-
sion tolerance curve is shown in Fig. 3.12. The range of the dispersion
with error-free performance is from -50 to 80 ps/nm. The curve is asym-
metric and, unlike in the simulations, a larger positive-dispersion toler-
ance was obtained. The reason for this difference is still not understood.
Fig. 3.12 (a)-(d) also shows the eye-diagrams of the signal transmitting
through different lengths of DCF. From the eyes and the BER curve,
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Figure 3.12: Dispersion tolerance. Right: signal dispersion tolerance to both nega-
tive and positive dispersion values calculated according the the fibre for transmission.
The sensitivity is the received signal power for error-free (BER= 10~?) performance.
Left: optical signal eye-diagrams when transmitting with negative dispersion (a) -
15 ps/nm (DCF 150 m), (b) -30 ps/nm (DCF 300 m), (c) -45 ps/nm (DCF 450 m)
and (d) -50 ps/nm (DCF 500 m)
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it did show, not obviously though, that within O~ —30 ps/nm the sig-
nal performance was slightly improved by the introduction of negative
dispersion, which is similar to the simulation results shown in Fig. 3.5.

The detuning tolerance was also analysed experimentally. It was
measured in a back-to-back configuration and after 2 km SMF. In this
investigation the laser wavelength was thermally tuned. As mentioned
earlier in this section, it was ensured that no additional chirp manage-
ment originated from the OBPFs present in the set-up. The BER was
measured at a fixed average received power of —15 dBm. As shown in
Fig. 3.13(a), the optimum detuning was at about —0.17 nm. As men-
tioned earlier, the detuning was defined as A\ = Ajaser — Aresonance, Where
Alaser 18 the centre wavelength of the DML spectrum without modula-
tion. With this detuning value of —0.17 nm, the ER of the CML signal
was enhanced since the MRR through port attenuated the red-shifted
zeros, as depicted in Fig. 3.13(c). Although the adiabatic chirp of the
zeros was further suppressed, as shown in Fig. 3.13(d), when the laser
was tuned closer to the resonance, the CML signal had a larger over-
shoot and smaller eye opening, resulting in poorer BER performance.
When the DML signal was detuned further away from the resonance,
Fig. 3.13(b), the signal just went through the MRR with weaker chirp
suppression and the eye diagram did not show any improvement. The
BER performance confirms the existence of an optimum detuning be-
tween the DML spectrum and the MRR resonance. The BER perfor-
mance of the CML signal after 2 km transmission over standard single
mode fibre (SSMF) shows similar detuning tolerance, as can be seen
in Fig. 3.13(a). These experimental results agree with the simulations
where the optimum detuning was seen not to change significantly with
the amount of accumulated dispersion.

Two other MRRs, one with an FSR of 200 GHz and a Q-factor of
3900 (referred as 200-GHz MRR?2), and another one with an FSR of
100 GHz and a Q-factor of 6800, were also assessed in order to evaluate
the flexibility of the proposed scheme. The optimum detuning did not
change significantly despite using MRRs with slightly different transfer
functions, as shown in Fig. 12. The optimum detuning continued being
~ —0.17 nm for the three analysed MRR, as shown in Fig. 3.14. With the
200-GHz MRR2, error-free transmission over 2 km SSMF was achieved,
whereas the signal generated by the 100-GHz MRR achieved error-free
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Figure 3.13: Detuning results: (a) Detuning tolerance comparison with and without
transmission using 200-GHz MRR1; (b) Eye diagram after the MRR with detuning of
—0.3 nm; (c) Eye diagram with detuning of —0.17 nm; (d) Eye diagram with detuning
of —0.1 nm.
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Figure 3.14: Detuning tolerance comparison of three different MRRs.
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transmission for less than ~1 km. This reduced dispersion tolerance of
the MRR with the smaller FSR is in agreement with the observations
of the numerical study in Section 3.3.

We have experimentally demonstrated the use of a silicon MRR to
enhance the modulation speed of DML-based systems for short-range
applications. In the next section, the experimental demonstration of
modulation speed enhancement in a VCSEL is presented, in order to
verify the feasibility of the proposed scheme for VCSEL-based transmit-
ters.

3.5 Experimental Demonstration Using
VCSEL Diode

3.5.1 Experimental setup

The experimental setup using VCSEL is very similar to the previous sec-
tion. The VCSELs used in the experiment were provided by Prof. Amann
from the Walter Schottky Institut (WSI) of the Technische Universitét
Miinchen (TUM) [57], and they are not packaged devices. A piece of
cleaved SSMF was used to couple the light out. The maximum emitting
power was previously characterised at TUM and was about 1-2 dBm.
However, if the cleaved SMF was placed close to the VCSEL to increase
the coupling efficiency, reflections were also higher resulting in noisy las-
ing. Therefore, the maximum power coupled out of the VCSELSs without
the noise arising from reflections, was only about —4 dBm with 9 mA
bias current.

(a) (b) (©)

Figure 3.15: Eye diagrams at the output of a VCSEL modulated at 19.906 Gbit/s
and after filtering by a custom-made 100 GHz FSR silicon MRR. (a) The back-to-
back output of the VCSEL with —5 dBm and (b) —18 dBm power into the EDFA,
(c) Eye after filtering by the MRR, —18 dBm into the EDFA.
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Figure 3.16: Experimental setup for CML generation using VCSEL and direct
detection by a pre-amplified receiver.

The VCSELs are emitting around 1525-1530 nm at room tempera-
ture, depending on the bias current. In order to perform the proposed
transmitter scheme, a high bias current is a requirement in order to al-
low the adiabatic chirp to dominate over transient chirp. Meanwhile,
the custom-designed MRR could not be tuned. Moving the laser spec-
trum to match the MRR by tuning the bias current was the only way.
However the 1530 nm wavelength range is below the operation limit of
EDFAs, which offer virtually no gain while adding amplified spontaneous
emission (ASE) noise.

Fig. 3.15 (a) and (b) are examples of a back-to-back VCSEL output
at different power levels into the EDFA. The EDFA offered a small
gain, but when the signal is as weak as —18 dBm, the added ASE noise
closed the eye entirely. The reason of checking the EDFA behaviour
is that, due to the lossy coupling to the MRR by tapered fibre and
other components used in the setup, only —18 dBm of power are left
for detection. Fig. 3.15(c) shows the eye after the MRR with maximum
received power of —18 dBm. It is obvious that the MRR has been
performing as expected to open the eye, but it was too weak to detect.

Therefore, a WaveShaper (a product of Finisar® [58]) was used to
emulate the MRR as the MRR response can then be moved to any wave-
length. The experimental setup is shown in Fig. 3.16. The VCSEL can
then be biased at any current. In the following experiment, the VCSEL
was biased at 9.36 mA. The centre emission wavelength of the VCSEL at
this bias current was 1530 nm. For this VCSEL, the threshold current is
1.24 mA and the bias current corresponding to maximum emission power
before roll-off is 12.25 mA. The maximum 3-dB modulation bandwidth
(for a bias of 12.25 mA) was measured to be 17.60 GHz at 20 °C.
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3.5.2 Experimental results

The VCSELSs are very often modulated with high peak-to-peak voltages
(600-800 mV, or even higher up to 1 V), so that the ER can be large. We
compared the BER performance of the VCSEL when driving at different
peak-to-peak voltages V,,. With a modulation of 19.906 Gbit/s, the
sensitivity for error-free operations (BER= 107") was —18 dBm with
Vyp =410 mV and —24.5 dBm with V,, =725 mV. The current of the
photodiode was kept constant at 1.5 mA as the measured sensitivities
were different when the photodiode current varies. This should not
happen in the real receiver because it is due to the discrete bias voltage
at the error-analyser. If keeping the photodiode current at 1 mA, the
sensitivity with V,, =725 mV will drop 1.5 dB, to —23 dBm. It can be
seen in Fig. 3.17 and Fig. 3.18.

Modulation enhancement at 19.906 Gbit/s

First of all, a low modulation index V,, =410 mV was used to modulate
the VCSEL at 19.906 Gbit/s. The VCSEL emitted at 1530 nm with
only 9.36 mA bias current, as shown as in Fig. 3.17. The side mode was
very strong, with only 20 dB side-mode suppression ratio. With 410 mV
modulation, the spectrum was shifted towards longer wavelengths. The
measured back-to-back sensitivity was —18 dBm.

As a WaveShaper was used to emulate the MRR, we needed to verify
first that the WaveShaper did perform as expected. The back-to-back
VCSEL output was sent to the WaveShaper and an all-pass type of filter
with 0.5 THz bandwidth was used to filter the signal. It was expected
that no impact should be introduced by the WaveShaper and the BER
measurement confirmed it, as shown in Fig. 3.17. The BERs at different
received powers with and without the WaveShaper were exactly the
same.

When emulating MRRs, the maximum suppression which can be
achieved by the WaveShaper is 35 dB. We used an amplitude response
calculated from a 100-GHz FSR MRR with coupling coefficient x% =0.9
(MRR2 in the simulation). As shown in Fig. 3.2(a), the maximum at-
tenuation at the resonance is within 30 dB. As shown in Fig. 3.17, the
VCSEL did perform error-free at 19.906 Gbit/s. By applying a MRR
response at the output of the VCSEL, the sensitivity can be improved
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by 10 dB, to —28 dBm. The eye diagrams in Fig. 3.17 showed a sig-
nificant improvement. The photodiode current was kept at 1.5 mA for
BER measurement.

The peak-to-peak voltage was then increased to 725 mV, the spec-
trum of the signal changed as in Fig. 3.18(a). Two frequency peaks
appeared, with each corresponding to the adiabatic chirp associated
with “0”s and “1”s. The higher modulation voltage improved the DML
sensitivity to —24.5 dBm, as shown as in Fig. 3.18. However, due to
insufficient signal power to obtain the BER of the signal after MRR
with low received power, the photodiode current was decreased down to
1 mA. As presented earlier, the back-to-back sensitivity was measured
to be —23 dBm, 1.5 dB difference. The back-to-back eye-diagram in
Fig. 3.18(c) shows much less zero level power compared to Fig. 3.17(c).
Nevertheless, after the MRR with the same parameter, the signal still
showed 8 dB sensitivity improvement, to —31 dBm.

— — No modulation —O— 19.906 Gbit/s VCSEL B2B
154 —— 19.906 Ghit/s, before MRR —m— 19.906 Gbit/s After WaveShaper all-pass
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Figure 3.17: VCSEL performance at 19.906 Gbit/s with V,, =410 mV. (a) Signal
spectra before and after the MRR, (b) BER measurement, Signal eye-diagram (c)
before and (d) after the MRR. Eyes were recorded with a received power of —23 dBm.
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Figure 3.18: VCSEL performance at 19.906 Gbit/s with V,, =725 mV. (a) Signal
spectra before and after the MRR, (b) BER measurement, Signal eye-diagram (c)
before and (d) after the MRR. Eyes were recorded with a received power of —28 dBm.

5
154 —— 25 Gbit/s, before MRR u
—— 25 Ghit/s, after MRR -
Z Ll \.
g z 71 ~
H -454 w \ L
IS = "
> g4
2 3 N
T 60 9 -
[}
14 |
10- —m— 25 Gbit/s, Before MRR
=754 —m— 25 Ghit/s, After MRR
S T 1 T T T T T T
1529 1530 1531 1532 -32 -28 -24 -20 -16 -12
Wavelength (nm) Power (dBm)
(b)

(2)

(©)

(d)

Figure 3.19: VCSEL performance at 25 Gbit/s with V,, =725 mV. (a) Signal
spectra before and after the MRR, (b) BER measurement, Signal eye-diagram (c)
before and (d) after the MRR. Eyes were recorded with a received power of —18 dBm.
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Modulation enhancement at 25 Gbit/s

Modulating the VCSEL at 25 Gbit/s with a peak-to-peak voltage of
725 mV, the VCSEL did not perform error-free, as seen in Fig. 3.19. At
—15 dBm received power, the BER was higher than 10~7. By filtering
by the same MRR, the performance was improved to be error-free with
a sensitivity of < —20 dBm.

The VCSEL was working at room temperature without a temper-
ature controller. Its performance and the performance after the MRR
were stable during the entire measurement.

Modulation enhancement at 30 Gbit/s

We tried to push the modulation speed to 30 Gbit/s, nearly doubling
the 3-dB modulation bandwidth of the VCSEL, and the bias was still
kept at 9.36 mA. The VCSEL could not offer a good eye at all, as can
be seen in Fig. 3.20, with a BER of 1.9 x 10~ at —14.2 dBm received
power. With the MRR, the performance was still not error-free, however
it has been improved to 2.4 x 107, This result could be improved if
MRR detuning is optimised, and higher bias current is used.

i

Figure 3.20: Eye diagrams when the VCSEL was modulated at 30 Gbit/s. Left:
before the MRR. Right: after the MRR. The received power was —14.2 dBm and the
photodiode current was 1 mA.

3.6 Discussion

It was noticed in Section 3.5 that the proposed method enhanced the
performance with a relatively high peak-to-peak modulation, i.e. higher
modulation index. Having higher modulation index can result in a per-
formance improvement. As presented in Section 3.2, the operation prin-
ciple of the proposed scheme is to allow the adiabatic chip dominating
over the transient chip as long as there is sufficient chirp between “0”s
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and “1”s so that off centred filtering can be used. It would be interesting
to simulate the DML with higher modulation index and try to find out
the the optimum modulation index and optimum amount of adiabatic
chirp before filtering to achieve the best CML performance.

The DML model described in Section 3.2 was used to simulate the
DML with higher modulation index filtered by the same MRR designs in
order to compare with the simulation results obtained previously. Simi-
lar to our experiment on VCSELSs, the bias current was 75 mA, while the
peak-to-peak current was increased from 50 mA to 75 mA, which results
in a better ER of 3.3 dB. The back-to-back eye-diagram can be found
in Fig. 3.21(a). Compared to the eye in Fig. 3.1, the zero level clearly
has been moved down. The signal has 18 GHz adiabatic chirp differ-
ence between “0”s and “1”s. We compared the DML spectra resulting
from the two peak-to-peak current values, as shown in Fig. 3.21(b). The
spectrum associated with 75 mA peak-to-peak current shows similar be-
haviour compared to the VCSEL spectrum in the experiment, i.e. the
presence of two peaks. The same MRR designs, MRR1-4, were used to
perform the filtering. Fig. 3.21(a) shows the calculated ER with different
MRR designs. For all four MRRs, the ER was improved compared to the
one shown in Fig. 3.3. The eye-diagram after the MRR in Fig. 3.21(a)
has less overshoot and well-suppressed zero level.

When increasing the peak-to-peak current to 100 mA, no ER im-
provement was noticed compared to using 50 mA as peak-to-peak cur-
rent. Therefore, a trade-off between the modulation index and the adi-
abatic chirp could be found to achieve the optimum performance of the
proposed method.

Electrical pre-emphasis pulse shapinp was used to cost effectively
increase the modulation bandwidth of a VCSEL [59]. It utilises multiple
modulation levels within 1-bit to compensate the relaxation oscillation
and transient chirp so that the signal performance can be improved.
This method can help to reduce the transient chirp and could be used
together with our proposed method. Therefore, it could be interesting
to combine these two method to see whether it is possible to achieve
even better modulation enhancement.
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Figure 3.21: Left: Calculated ER of the CML signal as a function of detuning
between the centre wavelength of the DML spectrum without modulation and the
wavelength of an MRR resonance for four different MRR designs. Inset: Eye diagrams
of (a) the back-to-back signal and (b) filtered by MRR3 with 72 pm detuning. Right:
laser spectra with 50 mA and 75 mA peak-to-peak modulation current.

3.7 Conclusion

We have comprehensively analysed the use of a silicon MRR in order to
enhance the modulation speed of DML-based systems for short-range ap-
plications. The influence of the MRR design on the system performance
has been assessed numerically. Modulation speed enhancement from
10 Gbit/s to 40 Gbit/s has been demonstrated in a commercial DFB
laser. Both dispersion and detuning tolerances have been determined
in accordance with the MRR design. Moreover, 40 Gbit/s transmis-
sion over 4.5-km SSMF using a DML designed to operate at 10 Gbit/s
has been experimentally demonstrated. The detuning tolerance has also
been evaluated experimentally.

As the proposed scheme is particularly interesting for its integrata-
bility, it is very important to access the feasibility of applying the scheme
on a VCSEL. We have also demonstrated experimentally that a VCSEL
with less than 17.6 GHz 3-dB modulation bandwidth can be operated at
25 Gbit/s error-free with a sensitivity of —21 dBm, thanks to off-centred
filtering by the MRR. There is still room for further improvement if bi-
asing the VCSEL at higher current. Performance improvement of 10 dB
with V,, =410 mV and 8 dB with V,, =725 mV has also been demon-
strated at 19.906 Gbit/s, which can bring the sensitivity as good as
—31 dBm.
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Therefore the proposed scheme is a promising solution for short-
range applications thanks to its reduced footprint and potential for in-
tegration. The proposed transmitter would be a ultra-compact and cost-
efficient solution for future short-range applications. For the future, it
might be possible to combine this proposed transmitter together with
pre-emphasis technology to achieve more modulation enhancement.






Chapter 4

All-Optical Protection
Switching

4.1 Motivation

As the bandwidth of most deployed optical links exceeds 10 Gbit/s, any
outage in even just a millisecond will cause the loss of tens of megabytes
of data, far beyond the tolerance of any reliable network [18]. With
wavelength division multiplexing (WDM) technology, as every single
optical fibre carries a number of optical channels or wavelengths, the
consequent data loss due to any network failure is tremendous. Therefore
the network survivability is of particular importance [60].

Protection switching is a key technique to ensure survivability against
outages in optical networks by providing an alternative path to carry the
traffic in case of link failure, thus providing high reliability and availabil-
ity of the communications [61,62]. Traditionally, some fault detection
mechanisms are implemented in the network, which detect and report a
failure to the network management system. The protection mechanism
is then triggered from the control plane of the network management
system, possibly resulting in a relatively long delay to establish the pro-
tection path. For instance, in widely deployed SONET/SDH networks,
the protection switching time is typically of the order of ~50 ms [18,63]
exclusive of an allowed additional time of 10 ms [18] for failure detection.
Depending on the type of network and application, failure detection can
be achieved by power, bit-error-ratio or polarisation monitoring [64] or

95
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even optical time-domain reflectometry (OTDR) [65].

A wide range of switching mechanisms have been considered for pro-
tection applications with various achievable switching time and extinc-
tion ratio, as well as different levels of technology maturity and cost [66].
For many practical applications, the switching time is still limited to mil-
liseconds. For example, typical protection switching times reported in
WDM passive optical networks (WDM-PONSs) experiments are of the
order of 1 to 10 ms [67,68].

Other methods exploit the fast wavelength switching of dedicated
semiconductor laser structures followed by wavelength routing to guide
the signal to the protection path. Even though fast tuning of advanced
lasers has been demonstrated, the control of the currents from the control
plane results in still relatively long switching times. For instance, a
protection switching time of 8 ms was recently demonstrated in [69].
Therefore the establishment of the protection path is a relatively slow
process compared to achievable optical switching speeds. One way to
reduce the protection time into the nanosecond scale or below is to
enable the establishment of the protection path to be triggered directly
in the optical domain.

Therefore a new all-optical protection switching (AOPS) scheme is
desired, in which failure detection and protection trigger are all im-
plemented on the optical layer so that no upper layer mechanism is
required. For the very first time, this problem is addressed here. We
proposed such an all-optical protection switching scheme relying on a
bistable laser diode as a continuous wave source at the transmitter. Un-
der normal operation, the laser diode emits at its nominal wavelength
and the modulated signal is routed to the fibre link used for normal op-
eration. If a periodic probe pulse originating from the far end of the link
does not reach the laser due to a link failure, the bistability will trigger
the light emission to the protection wavelength and hence the signal will
be routed to the protection path. We experimentally demonstrated the
proposed scheme successfully, with reported protection switching time
of less than 200 ps. The widely opened eye diagrams show good link
performance at both 10 Gbit/s and 40 Gbit/s data modulation. Optical
control pulses of 50 ps duration and less than a half pJ pulse energy are
used for triggering the establishment of the protection path. Since there
is no upper layer mechanism required, the protection can be performed
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ultra-fast.
This chapter is structured as follows:

First of all, the bistable laser diode used for realising the proposed
protection scheme is described in Section 4.2. We experimentally demon-
strated, for the first time, wavelength flip-flop operation with wide wave-
length tunable range in a single laser structure. Then, in Section 4.3,
the operation principle of the proposed protection switching scheme is
illustrated, and the experimental demonstration and system evaluation
are presented. Section. 4.4 presents a discussion over the advantages
and limitations of the proposed method, as well as the alternative im-
plementations.

4.2 All-Optical Flip-Flop Operation in a
MG-Y Laser Diode

4.2.1 Overview on all-optical flip-flops

All-optical flip-flops (AOFFs) are key signal processing building blocks
for optical networks in order to implement optical memory and optical
logic circuits that may be used to overcome the bandwidth bottleneck
of electronics in some switching applications [70]. These AOFFs can
be power bistable [71-73], polarisation bistable [74,75] and wavelength
bistable [76-80]. Liu et al. reported a micro-disk laser structure which
can emit light clockwise or counter-clockwise depending on the input
[81]. In particular, wavelength bistability is attractive in applications
where optical wavelength selective components are subsequently used to
selectively route signals depending on their wavelength, such as in some
proposed packet switch architectures [82].

Being able to achieve wavelength bistability in typical laser struc-
tures conventionally used for telecommunication applications would rep-
resent a tremendous advantage in view of practical implementations.
Huybrechts et al. demonstrated all-optical flip-flop operation using set
and reset pulses on the same wavelength in a standard tunable dis-
tributed Bragg reflector (DBR) laser diode and predicted that the prin-
ciple can be extended to other laser diodes with long cavities [79]. All-
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optical flip-flop in a DBR with two control pulses on different wave-
lengths injection locking the laser onto the side-mode was demonstrated
and analysed [78,83]. However, no wavelength flip-flop in a single laser
structure with wide wavelength-tunable capability has ever been re-
ported.

In the following sections, the principle of all-optical wavelength flip-
flop (AOWEFF) operation in DBR laser structures and a brief introduc-
tion to modulated grating Y-branch (MG-Y) laser are presented. Static
bistable characteristics of MG-Y laser diodes are described. AOWEFF op-
eration was experimentally demonstrated on three different wavelengths.
As more lasing windows of the laser were found to have the similar be-
haviour, the AOWFF operation in a MG-Y laser structure is believed
to be with wide wavelength tunable range.

4.2.2 Operation principle and MG-Y laser structure

Among many varieties of laser structures, distributed Bragg reflector
(DBR) lasers have Bragg reflectors formed along a passive waveguide
section outside the active region, which act as wavelength dependent
mirrors. Their reflectivities are at maximum for those wavelengths that
match the Bragg condition, Ag = 2n.A, where A is the grating period
and n. is the effective refractive index. The longitudinal mode which has
the highest gain and sees the largest Bragg reflectivity will dominate and
become the primary lasing mode. However this single-mode or single-
frequency operation is a relative term, as other modes still exist even
though with much less power. Therefore the side-mode suppression ratio
is used to evaluate the purity of the single-frequency operation. It is
defined as the ratio of the output power in the primary lasing mode
comparing to the nearest longitudinal mode.

The tunability is one of the advantages for which the DBR lasers
are of great importance. For a most simple two-section tunable DBR
laser, apart from the active section and the passive grating section, a
passive section in-between the other two sections, allows independent
mode phase control. By applying a small current or voltage to the
grating section, its refractive index changes and the central wavelength,
i.e. the wavelength with maximum reflectivity, of the grating moves.
Therefore different longitudinal modes can be selected, which is referred
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to as mode hop tuning [84]. By applying a current or voltage to the
phase section, the refractive index change will shift all the longitudinal
modes of the cavity. The lasing wavelength will therefore move slightly.
In this way, the DBR laser can be tuned to a broad range of wavelengths.

If the phase current is tuned so that two modes are both in the reflec-
tivity peak, bistable operation can be obtained. The bistability of the
laser can be described by a two-modes coupled lasing. The basic nonlin-
earity, the gain saturation, is responsible for the wavelength bistability,
in which the energy is switched in between two modes. Coupled-mode
theory can be used to describe the bistable behaviour [85]. The coupled
equations can be expressed as:

drl
ditl = 91[1 [1 — SlIl - CIQIQ] ) (41)
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where I o refers to the intensity of the two modes, Si, S are the self-
saturation coefficients of the two modes and Chg, Co; are the cross-
saturation coefficients, respectively. The wavelength bistable condition
is simply C12C21 > S152 [85]. With the presence of a suitable saturable
absorption region where the self-saturation coeflicients of the gain can
cancel with the one of the absorption region to reduce 5152, this bistable
condition can be satisfied [85]. The phase region can act as the saturable
absorption region. The switching time, because of the gain saturation
effect, is believed to be limited by the photon lifetime, which could be
ultra-fast.

Meanwhile, when the laser is operating at high intensity radiation
(> 10*W/cm?), nonlinear effects in the semiconductor laser will lead
to another asymmetric mode interaction, where the longer wavelength
mode of two neighbouring longitudinal modes dominates [86]. This effect
is called “Bogatov effect”. The Bogatov effect occurs at small spectral
distances, no larger than about 10'! Hz. This asymmetry around the
lasing frequency will introduce a hysteresis in the tuning characteristic,
which can be used to achieve bistable lasing. For in-plane DBR lasers,
the cavity length is typically a few hundred micrometers. For example,
if the gain medium of a 1550 nm laser has an effective refractive index
of 3.5, and cavity length of 500 pm, the mode spacing will be about
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0.68 nm, within the range of Bogatov effect!.

MG-Y laser stucture

As an alternative design of a DBR laser, a modulated grating Y-branch
(MG-Y) laser, as illustrated in Fig. 4.1, consists of a gain section, a multi-
mode interferometer (MMI) section and two Bragg multi-peak reflectors
both on the same side of the gain section [87]. The light generated in
the gain section will pass through the MMI so that it will be split and
coupled into the two multi-peak reflectors. A common phase section
between the gain and the MMI section is used to align the cavity mode.
A differential phase section can be placed in front of one of the multi-
peak reflectors [87].

Similarly to sampled grating distributed Bragg reflector (SG-DBR)
lasers, the MG-Y laser uses the Vernier effect to achieve wide wavelength
tunability with the two multi-peak reflectors. Compared to the SG-DBR
lasers, MG-Y lasers offer advantages in term of output power variation
when tuned, since their design avoids the output light passing through
the reflectors where free carrier absorption happens. Therefore, they
are more commonly used in real transmitters than 2 or 3-section DBR
lasers [88].

The MG-Y laser used in our experimental demonstration is a com-
mercially available device manufactured by Syntune. In contrast with
the design in [87], the laser has no differential phase section. Such a
section is indeed not required if no significant asymmetry between the

!Mode spacing AX = %L)‘%, where Ao is the laser emitting wavelength, n is
the effective refractive index of the gain medium, L is the cavity length and consider
cos =1 for a laser cavity.
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Figure 4.1: Design structure of a MG-Y laser.
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2 arms in the Y-branch is introduced due to fabrication [89]. Fig. 4.1
shows the picture taken under microscope of the MG-Y laser chip used in
our experiment kindly provided by Prof. G. Morthier from the Depart-
ment of Information Technology at Ghent University. Different sections
were marked in the picture.

Figure 4.2: A view of the MG-Y laser used in our experiment.

4.2.3 Static hysteresis characterisations

The current injected to the gain section was set to 100 mA throughout
this work. Changing the currents applied to the reflectors will change
the lasing wavelength of the MG-Y laser. Under some reflector currents
operating conditions, wavelength bistability can be obtained by varying
the phase current, as shown in Fig. 4.3(a) for a lasing wavelength of
about 1554 nm. The bistable window lies between 2 mA and 5.6 mA
phase current, values at which the lasing wavelength jumped, as seen
in Fig. 4.3. While changing the phase current to the same direction
(increase or decrease), the cavity modes were therefore moved relative
to the reflector window and the side mode power increased. At the edge
of the bistable window, the mode hopped from the primary mode to the
side mode, as shown in Fig. 4.3(b). In order to achieve flip-flop operation
under optical control, a phase current lying in the middle of the bistable
window should be chosen. In our experiment, a phase current of 3.6 mA
is chosen.

For the single-mode lasing quality, the lowest side-mode suppression
ratio (> 40 dB) was measured just before the laser toggled lasing state.
At the phase current of 3.6 mA, the side-mode suppression ratio is better,
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Figure 4.3: Static lasing characteristics of the MG-Y laser. (a) Lasing wavelength as
a function of the phase current for the 1554 nm bistable window. (b) Optical spectra
of different lasing states in the 1554 nm bistable window. (c) Lasing behaviour at
1559 nm.

~50 dB, for both lasing wavelengths.

When tuning to other wavelengths by varying the currents applied
on the reflectors, such static bistability may not always be obtained.
Instead, unstable lasing at certain phase currents was noticed where
two competing modes were present, as shown in Fig. 4.3(c). The noisy
spectra were due to the unstable lasing. Many lasing windows were
found with similar behaviour at high reflector currents. We will show
in the following section that several these windows were demonstrated
with dynamic bistability.
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Figure 4.4: Experimental setup for wavelength flip-flop demonstration.

4.2.4 Wavelength tunable AOWFF

Since the MG-Y laser used in the experiment is not packaged, a piece of
tapered fibre was used to couple the laser output to a circulator so that
the control pulses can be injected into the laser cavity. The measured
output power after the circulator was ~8 dBm. Taking into account the
coupling and circulator losses, the output power of the MG-Y laser in
normal configuration was estimated to about 11 dBm.

The experimental setup for optically controlled wavelength flip-flop
operation is shown in Fig. 4.4. Two tunable continuous wave (CW)
sources were separately modulated by Mach-Zehnder modulator (MZM)
driven by programmed 40 Gbit/s and 5 Gbit/s data patterns, so that a
~25 ps (control #1) and a ~200 ps (control #2) optical control pulses
were generated every 12.8 ns. Both control signals were amplified by
erbium doped fibre amplifier (EDFA) and filtered by 1 nm optical band-
pass filters (OBPF's). The control pulses were combined and fed into the
MG-Y laser via a circulator and their polarisation states were controlled
individually by polarisation controllers (PCs) to match the MG-Y laser.
The laser output was filtered by a 0.3 nm thin-film filter (TFF) and
monitored on an oscilloscope following detection.

The waveforms and spectra of the control pulses are shown in detail
in Fig. 4.5. The time interval between adjacent control pulses #1 and
#2 pulses was about 6-7 ns. The measured pulse widths were 22 ps and
202 ps for control #1 and control #2, respectively.
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Figure 4.5: Control pulses: (a) both control pulses are present; (b) control #2 pulse;
(c) control #1 pulse; (d) spectrum of the combined control signals.

Dynamic flip-flop characteristics in the 1554 nm window

The MG-Y laser was operated with 100 mA gain current and 3.6 mA
phase current in order to obtain dynamic bistable operation. Control
#1 is placed at 1554.304 nm and has an average power of —16.9 dBm,
corresponding to 0.26 pJ/pulse, while control #2 is at 1554.774 nm with
—16.1 dBm average power (0.31 pJ/pulse). The flip-flop lasing is at the
two wavelengths of 1554.37 nm and 1554.66 nm, as shown in Fig. 4.3 (a)
and (b). The switch-on and switch-off time at both wavelengths is less
than 200 ps.

It was noticed that, when detuning control #1 by 40 pm to 1554.344 nm,
the required control power rose to —12.9 dBm (0.66 pJ/pulse), with a
more noisy output. This observation is in agreement with the effect re-
ported in [83]. The bistability could still be obtained in a 180 pm range
(1554.214 nm ~ 1554.394 nm). Due to insufficient control pulse power
achievable from the setup, the detuning further than this range could
not be examined.

We also checked the flip-flop operation following the same principle
as described in [79], which takes advantage of the asymmetric gain effect
in favour of longer wavelength mode. When a high energy reset pulse
(200 ps, 5.85 pJ/pulse) at an arbitrary wavelength (here 1556 nm) is
injected to deplete the carriers, the equilibrium of carrier density is bro-
ken. The laser will be set to the state with lower carrier density (lasing
at 1554.66 nm). When a weak set pulse (25 ps, 0.39 pJ at 1554.344 nm)
is injected, it will set the MG-Y laser to lase at 1554.39 nm. However,
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Figure 4.6: Wavelength flip-flop operation in the 1554 nm bistable window. (a)
Bistable MG-Y output at 1554.37 nm; (b) output at 1554.66 nm; (c) switch-on/off
feature at 1554.37 nm; (d) switch-on/off at 1554.66 nm, and (e) spectrum of the
bistable output.

strong overshoots on the flip-flop output were observed at switch-on and
switch-off due to the strong control pulse.

Wavelength-tunable flip-flop operation

AOWFF operation was also obtained at 1559 nm and 1560 nm. The
corresponding control pulse wavelengths and energies are listed in Ta-
ble 4.1, and the bistable operations in the two windows are shown in
Fig. 4.7.

We may notice that the control pulse energies in the 1559 nm win-
dow are higher than at 1560 nm. This is due to that fact that the
control pulse wavelength was not placed to the optimum position and
also the polarisation was not fully optimised. The flip-flop waveforms in
Fig. 4.7(b) are therefore noisier than those in Fig.4.7(a) because of the
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Control #1 Control #2
MG-Y lasing output Wave- Pulse Wave- Pulse
(nm) length | energy || length | energy

(mm) | (pJ) (um) | (pJ)
1560.12 | 1560.42 1560.054 | 0.34 1560.506 | 0.16
1558.75 | 1559.04 1558.780 | 0.65 1559.146 | 0.54

Table 4.1: Control pulses properties for flip-flop operation at 1559 nm and 1560 nm.
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Figure 4.7: All-optical flip-flop operations at other wavelengths: (a) flip-flop in the
1560 nm window; (b) flip-flop in the 1559 nm window; (c) spectrum of the bistable

output in the 1560 nm window and (d) spectrum of the bistable output in the 1559 nm
window.
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higher injection.

Fig. 4.7(c) illustrates the positions of the injection wavelengths with
respect to the lasing spectra. The dash lines indicate the central wave-
lengths of the optical controls. The asymmetries in the spectra of the
MG-Y output are due to the presence of the control pulses, which could
already be observed in Fig. 4.6(e). It has to be pointed out that the
MG-Y lasing wavelengths are different from those of the injected con-
trol signals, which indicates that the injection was set on the side-mode,
but the lasing was not locked to the injection. It can be understood that
the side-mode injection changed the refractive index of the cavity and
also change the gain. It also enhanced the interaction including energy
exchange between the main mode and the side mode. When the injec-
tion is high enough, the lasing balance broke and hence the wavelength
jumped. When the new balanced is built, the lasing wavelength will be
maintained, and external injection is no longer needed.

Control condition comparison

The AOWEFF operation of the laser was also achieved using the same
pulse width for both of the set and reset pulses.The control pulse power
was examined. The control pulse powers listed in Table 4.2 were ob-
tained when injecting at the wavelengths shown in Table 4.2. As the
laser is free space coupled and electronically probed, some conditions
are therefore changed, for example the coupling loss. The lasing wave-
length was also found shifted 0.1 nm even though the phase current
and reflector current were the same. Therefore the control pulse power

Control pulse width Control pulse power
(ps) 1554.220 nm 1554.748 nm
25 —7.56 dBm | 2.24 pJ || —18.62 dBm | 0.18 pJ
50 —9.98 dBm | 1.28 pJ | —20.73 dBm | 0.11 pJ
75 —8.41 dBm | 1.84 pJ || —22.52 dBm | 0.07 pJ
100 —9.13 dBm | 1.56 pJ | —22.79 dBm | 0.07 pJ

Table 4.2: Comparison of control pulses with different pulse-widths for flip-flop
operation at 1554 nm.
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Figure 4.8: Proposed scheme for all-optical self-aware protection switching. (a)
Physical configuration. (b) Timing diagram for normal operation in the interval
[to,t1] and protection operation in [t1,t2].

levels obtained in this part can not be compared with those obtained
previously.

However we can compare the control pulse energies obtained within
the table. First of all, the control pulse energy can be ultra-low (as low
as less than 0.1 pJ), as long as, control pulses with long pulse width are
used. These pulse energies are similar to the one achieved in [83], i.e.
0.03 pJ with 1 ns control pulse at optimum injection wavelength. Sec-
ond, the control power requirement for injection locking to the longer
wavelength mode is much lower than for the shorter wavelength. As
shown previously, the Bogatov effect was confirmed by experiment. The
asymmetrical gain in favour of long wavelength mode could be also re-
sponsible for the energy difference between the two control pulses.
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4.3 All-Optical Protection Switching Using
AOFFs

4.3.1 Operation principle

In order to realise protection switching within a nano-second, an ultra-
fast self-aware all-optical protection switching (AOPS) scheme is pro-
posed and demonstrated. The proposed scheme relies on a wavelength-
bistable laser (also known as AOWFF) used as a CW light source that is
externally modulated at the transmitter, as shown in Fig. 4.8(a). In an
AOWEFF, light emission can be switched between two stable operating
wavelengths by two distinguishable optical control pulses (set and re-
set). The wavelength of the emitted signal will thus depend on the state
of the AOWFF. A wavelength selective component such as an arrayed
waveguide grating (AWG) can then be employed to route the signal on
the pre-defined operation wavelength W L,,; to the working fibre, or on
the protection wavelength WL, to the backup fiber in case an event
triggers the protection switching mechanism.

The fault detection and subsequent triggering of the emission wave-
length of the AOWFF is implemented as follows. A periodic optical
control signal associated with W L., is generated at the destination
side and transmitted via the working path fiber back to the source for
controlling the AOWFF. This control is denoted Ctrlg. The other con-
trol, associated with W L,,,, is locally generated at the source side and
denoted Ctriy. The Ctrlr and Ctriy pulses are generated periodically
with the same repetition rate.

The timing diagram of Fig. 4.8(b) illustrates the operation of the
scheme. Under normal operation (in the interval [to, t1]), Ctrly, appears
first and turns on W Ly,,. Shortly after, the remote control pulse Ctrig
arrives and resets the operation back to WL,,;. The time interval over
which W L, is switched on, until it is switched off by the next Ctrly,, is
therefore a time-frame of fixed duration, which can be used for sending
the data traffic.

If Ctrig does not reach the AOWEFF due to link failure, as indicated
in the interval [t1,t2] in Fig. 4.8(b), the local control Ctrl;, will enable
W Ly as usual, however W Ly, will not be reset. This will result in
the data being now modulated on the protection wavelength and routed
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to the backup fibre by the AWG. Therefore the protection is realised.
As soon as C'trlg is back, the operation will be changed back to normal
automatically, as illustrated from ¢9 in Fig. 4.8(b).

In this way, the entire protection procedure, including link failure
detection and protection trigger, which are all performed via the optical
remote control pulses Ctrlg, are realised on the optical layer. The total
protection time will then depend on the switching speed of the AOWFF
device, which can be of the order of a few hundred ps as demonstrated
further, as well as the propagation delay and the size of the frames.
The latter two points are common to all protection schemes, including
those relying on the protocol. Even though such an optical layer protec-
tion switching scheme does not provide fault location, its main benefit
is to allow an ultra-fast set up of the protection link, while the other
functionalities such as fault monitoring can still be realised through the
protocol.

4.3.2 Experimental setup for demonstrations

Figure 4.9 shows the experimental setup used for the proof-of-concept
demonstration of the proposed scheme. The AOWFF used in the exper-
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Figure 4.9: Experimental setup for proof-of-concept demonstration of protection
switching.
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iment is a single MG-Y laser structure, in which flip-flop operation over
a large wavelength tunable range has been demonstrated as shown in
Section 4.2. In this case the required optical control pulses are carried
over different wavelengths. In the experiment, two tunable external cav-
ity CW lasers were externally modulated using two MZMs in order to
the generate 50 ps long control pulses with, at first, a low repetition rate
of 78.125 MHz. The control signals were amplified in EDFAs, filtered
in OBPF's and their relative delay was adjusted using an optical delay
line (DL) before they were injected into the MG-Y laser via a circulator.

The state of polarisation of the control signals was beforehand ad-
justed using PCs. The bistable wavelength window operating on 1554.37 nm
or 1554.66 nm was chosen to demonstrate the scheme. The MG-Y laser
output was then modulated with 10 Gbit/s or 40 Gbit/s non return-to-
zero (NRZ) data with a 23! — 1 pseudo random bit sequence (PRBS).
Two OBPFs were used to emulate an AWG and route the signal to a
different port depending on its wavelength. The signals at the operation
wavelength and at the protection wavelength were then monitored on
an optical sampling oscilloscope.

To emulate the link failure, the remote control pulses were periodi-
cally suppressed using another MZM driven at 9.766 MHz, resulting in
3 out of 8 C'trir pulses being suppressed. The dynamic extinction ratio
of the modulator was about 10 dB and the gating window generated by
the MZM can be seen in Fig. 4.10(a).

4.3.3 Scheme demonstration and link performances

In order to illustrate the scheme, the waveforms on both wavelengths in
both normal operation and protection regime are shown in Fig. 4.10(b)-
(¢). Under normal operation, as indicated in the figure, 5 frames of data
traffic on WL, can be seen. Note that a short frame length of ~100
bits at 10 Gbit/s was chosen in Fig. 4.10 to ease the visualisation of the
process on the oscilloscope traces, but the scheme is obviously highly
scalable towards lower repetition rates of the control signals.

The next 3 Ctrlr pulses were suppressed, emulating a cut in the
working path. As shown in Fig. 4.10(c), the data was immediately
switched to WLy, while no more data was sent on WLy, as can be
seen in Fig. 4.10(b), apart from some residual out-of-band crosstalk leak-
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ing through the 0.3 nm optical bandpass filter used for signal separation
in our proof-of-concept implementation. Figure 4.11 shows the eye di-
agrams of both WL, in normal operation and WL, in protection
operation with 10 Gbit/s and 40 Gbit/s data modulation. The eyes are
both widely open, indicating good signal quality.

The bit error rate (BER) measurements were also performed with
10 Gbit/s NRZ data modulation, as shown in Fig. 4.12(a). When modu-
lating the MG-Y laser output without any control pulses, the sensitivity
is about -34 dBm (at BER= 107?). Unfortunately, due to the lack
of a proper burst gating control, BER measurements for both normal
and protection operations could only be performed in continuous gating
mode.

For error counting, the repetition rate of the control signals was set
to 9.766 MHz, allowing 1024 bits of 10 Gbit/s signal in every period.
As 10 bits were switched off from W L., between two adjacent frames,
as shown in Fig. 4.12(b), and assuming an equal distribution of marks
and spaces when averaging over many frames, 5 bits on average would
be erroneously detected even if no error occurs during normal operation,

<Protect Opt>

Figure 4.10: All-optical protection switching demonstration: (a) Gating window for
emulating the link failure. Waveform on (b) W Ly in normal mode and (¢) W Lpro
in protection mode.
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leading to a minimum achievable BER of 4.9 x 1073, The measured BER
of WL, with sufficient receiver power was exactly lying on this level,
indicating no performance degradation for the bits transmitted over the
frame.

On W L,,,, some bits were affected by Ctrly,, as shown in Fig. 4.12(c),
since it disturbed the carrier density of the MG-Y laser, causing a moder-
ate power penalty compared to CW operation, as shown in Fig. 4.12(a).

4.4 Discussion

Even though the scheme has been demonstrated here by exploiting the
wavelength bistability of a widely-tunable MG-Y laser, other bistable
laser sources could be employed instead. For instance wavelength flip-
flop has been demonstrated in DBR lasers [79,83], with switching speed
of less than 50 ps and pulse energies of a few picojoules being reported in
the earlier experiment. Wavelength flip-flop has also been demonstrated
based on two semiconductor optical amplifier (SOA)-based coupled ring
lasers with a switching speed of 20 ps [90]. Alternatively, flip-flop sources
with dual-lasing directions, such as micro-disk lasers [81], could also be
used, however at the expense of some redundancy in terms of external
modulators.

There is also possibility of using a Fabry Pérot (FP) laser with con-
tinuous external light from the far-end in the same scheme to injection
lock the FP laser so that the lasing wavelength can also be switched.

The proposed method allows for a quick establishment of the pro-
tection path. It therefore does not substitute to other protection mech-
anisms based on the protocol, where the network management would be
informed of the existence and location of a link failure. Such schemes
should still be implemented in order to provide the full functionality of
protection and restoration. However, the main benefit of our method is
to provide an ultra-fast establishment of the protection path resulting in
a minimum loss of data, while the failure can still be detected by other
slower means (e.g. by monitoring the power and OTDR) resulting in the
network management being informed by the protocol and appropriate
measures being taken. The method thus provides a speed advantage for
some critical applications requiring a faster protection time than what
is currently offered.
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Figure 4.11: Eye diagrams of the data at the transmitter output under normal
operation on WL,y at (a) 10 Gbit/s and (b) 40 Gbit/s, as well as under protection
operation on WLy, at (c) 10 Gbit/s and (d) 40 Gbit/s.
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Figure 4.12: Link performance with 10 Gbit/s NRZ data: (a) BER measurement.
(b) time interval between two adjacent frames on W Lo, in normal operation and (c)
bits on WL, affected by the local control pulses in protection operation.
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4.5 Summary

In this chapter, a novel concept of all-optical protection switching was
proposed. Link failure detection and protection trigger were both imple-
mented on the optical layer. The concept was experimentally demon-
strated using a wavelength tunable AOWFF based on a single MG-Y
laser structure. The achieved protection switching time was less than
200 ps. The good quality of the signal following the establishment of the
protection path was evaluated at both 10 and 40 Gbit/s. The flip-flop
operation in a single MG-Y laser structure was experimentally demon-
strated operating at three different wavelengths. The AOWFF operation
was believed to be with wide wavelength tunability.






Chapter 5

All-Optical Network
Coding

5.1 Introduction

Previously in Chapter 4, an all-optical scheme with automatic fault de-
tection and protection switching all implemented in the physical domain
was presented and discussed. In this way, the data is quickly switched
on to the protection path. From the bandwidth aspect, this method
does not take more bandwidth than what the data requires. However,
in order to perform the fault detection and acknowledgement as well as
the data switching or re-transmission, we have to pay the price on the
complexity of system design. On the other hand, duplicating the data
in the network to increase the reliability of the data transmission is the
most simple way to protect the data from outage, for example in Avionic
networks [19]. Therefore it is also a frequently used protection method.

To implement such a duplex protection scheme, considering a simple
four-node network as shown in Fig. 5.1, two nodes (A and B) both send
data to a third node D. A protection mechanism can be implemented
in which both nodes transmit a copy of the message to C, which relays
it to the final destination D through another path, thus decreasing the
odds of being affected by a link failure. At node D, a data selecting
algorithm needs to be implemented so that one of the two data copies
can be selected. In avionic networks, the data transmission and protec-
tion is implemented in such way, for example in the avionics full-duplex

77
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[ Data, | Datay | AONC_| AONC @D, | AONCED, |

1 0 1 0 1
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1 1 0 1 1
1 0 1 0 1
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Conventional With network coding 1 1 0 1 1

Figure 5.1: Network protection in duplex networks with operation principle of
network coding for protection purpose.

switched ethernet network [19].

Therefore in this conventional networks perspective, the data trans-
mission and protection will push the growth of the bandwidth require-
ment of the entire network even faster. In order to save bandwidth while
protecting the network, a new scheme has been proposed where C only
sends to D an encoded signal AONC, which is obtained by exclusive
OR (XOR) operation between Datas and Datap, as illustrated in the
truth table of Fig. 5.1. If any of Dataa or Datag does not reach D due
to link failure, the lost information can be retrieved from the encoded
AONC' and the successfully transmitted message using a simple XOR
operation.

This technique, which is called “Network Coding”, can increase the
survivability of the data in such duplex networks. Network coding was
firstly proposed to increase the throughput of multicast networks [20].
Moreover, it can also be exploited to efficiently protect the network
against failures and thus avoid loss of information [21]. It has been in-
tensively studied in both wired and wireless networks in view of increas-
ing the throughput and providing network survivability [91-94]. Manley
et al. proposed to employ the network coding in the optical domain to
protect all-optical multicast networks [22].

In this thesis, this technique is named as all-optical network coding
(AONC). AONC has been reported [95] for optical on-off keying (OOK)
signal using all-optical XOR gate based on semiconductor optical amplifiers
in a Mach-Zehnder interferometer configuration (SOA-MZI). Liu et
al. proposed to use polarisation multiplexing instead of XOR gates
to avoid bit-synchronisation [96]. The feasibility of applying AONC
schemes for phase modulation formats, such as differential phase shift
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keying (DPSK), needs to be evaluated as well, which is the topic of this
chapter.

This chapter is structured as follows:

Firstly an overview on all-optical XOR gates is given in Section 5.2.
The principles of XOR gates for intensity and phase modulated signals
are presented, especially focussing on phase modulated signals. Then,
the experimental implementation of the AONC scheme for DPSK sig-
nals, is presented in Section 5.3. Successful data recovery and error-free
performance of the AONC scheme using SOAs is demonstrated. The
total operation penalty can be as low as 1 dB using 10 Gbit/s DPSK
signals. In consideration of multicast networks, the feasibility of mul-
ticasting the AONC signal is evaluated as well. In Section 5.4, phase-
halving operation is discussed. The feasibility of applying AONC to
more advanced phase modulated signals, multi-level phase shift keying
(mPSK) signals, is discussed as well. Synchronisation, including both
pattern-synchronisation and bit-synchronisation, is an important issue
for AONC operation. It is also discussed in Section 5.4.

5.2 Overview of All-Optical XOR Logic Gates

All-optical logic operations are important for many optical network func-
tions, such as switching [97], signal regeneration [98], header process-
ing [99], data encoding [95,100], encryption [101] etc. Therefore they
are of great importance for optical communication system and they are
the potential building blocks for future all-optical computing and inter-
connect applications.

5.2.1 XOR logic gates for OOK signals

For OOK signals, as the optical intensity is modulated, logic opera-
tions should therefore be applied to the intensity. For this purpose,
the use of SOA-MZIs was proposed and studied in [102,103]. They
are generally used for logic (ADD, OR and XOR) operation, and XOR
gates for 42.6 Gbit/s return-to-zero (RZ)-OOK signal have been demon-
strated [104,105].
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However, their performance was limited by the slow gain recovery
and phase response of the SOAs, typically 50-200 ps. A scheme in-
cluding a delay interferometer (DI) after the SOA-MZI was proposed
and demonstrated to operate at 80 Gbit/s [106]. An XOR scheme
utilising phase shift introduced by SOAs and interferometer based on
polarisation maintaining (PM) fibre was also demonstrated to work at
40 Gbit/s [107,108].

5.2.2 XOR logic gates for phase modulated signals

For phase modulated signals, all-optical logic operations should be per-
formed directly on the phase without O/E/O conversion. They require
nonlinear effects, which can operate on the phase.

XOR logic gates for DPSK signals have been demonstrated using
degenerate four-wave mixing (FWM) [109] and non-degenerate FWM
[110] with SOAs as nonlinear media. FWM-based XOR gates have also
been investigated in other nonlinear media such as highly nonlinear fibres
(HNLF's) and silicon nanowires [111]. The SOAs, which are active media,
have advantages in terms of input power requirements, which are usually
much lower compared to passive media. However the data bandwidth is
limited intrinsically by the speed of the SOAs.

Four-wave mixing

The response of any dielectric to light becomes nonlinear when an intense
electromagnetic field is applied [112]. When a light wave is applied to the
dielectric medium, its electric field introduces a polarisation, denoted as
P, to the medium, which is related to the electric field by:

P=c(xVE+XxPE+xOE+...), (5.1)

where E denotes the electric field of the incident light wave, € is the
vacuum permittivity, Y is the linear susceptibility and y@, x®,

are called as the nonlinear susceptibilities of the medium [113]. If three
optical fields with carrier frequencies w1, ws and w3 co-propagate inside
the dielectric material simultaneously, x(®) generates a fourth field whose
frequency wy is related to other frequencies by a relation wy = w1 Fws +
wsg. Several frequencies corresponding to different plus and minus sign
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combinations are possible as long as the phase-matching condition
Ak =ks+ky—ko—k1 =0, (52)

is fulfilled. However in practice, only the form wy = w; + wy — w3 is most
likely to be generated as the input frequencies are nearly phase-matched,
especially near the zero-dispersion wavelength. If two initial photons are
degenerate (w1 = wq), the FWM process will occur more easily so that
wq = 2w1 —ws is generated, which is normally referred to as degenerated
FWM.

In fact, not only the signal frequency will satisfy wy = wy + wo + ws,
but the phase of the generated signal will also depend on the phase of
the interacting waves. Three input field Fy (A1, w1, ¢1), E1(Az2,ws, ¢2)
and F3(As,ws, ¢3) will beat and produce a fourth field, E,, which can
be described as:

E4 = T(Al . A2 . A3)
x exp[j(wr £ wz ws)t + (¢1 £ d2 £ P3)] (5.3)

where r is the conversion efficiency, which depends on the nonlinearity of
the media and the phase matching condition. The phase of the generated
field is noted with the relation ¢4 = @1 + P2 £ ¢3.

The nonlinear gain dynamics, including inter- and intra-band ef-
fects in SOAs are both responsible for the process of FWM [114]. The
inter-band effects refer to transitions between the conduction band and
the valence band, as the carrier is depleted by the stimulated emission,
which is also referred to as carrier density pulsation (CDP). The intra-
band effects refer to the change of the carrier distribution within one
band. The intra-band effects are associated with basically two phenom-
ena. The first is the spectral-hole burning (SHB), where the stimulated
emission burns a hole in the carrier distribution. The other one is the
carrier heating (CH), where free carriers at low-energy levels are trans-
ferred to higher levels due to free carrier absorption. The characteristic
time of CDP, which is the effective carrier lifetime, is of the order of
several hundred picoseconds. The time constants associated with SHB
and CH are much faster, typically several tens of femtoseconds for the
former and hundreds of femtoseconds for the latter. Therefore, the data
bandwidth for signal processing using SOAs is limited intrinsically by
the slow carrier recovery.
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In passive media, for example HNLF's, even though the speed of the
process is of the order of a few fs, much higher input signal power is
required for acquiring the same conversion efficiency r. Moreover, other
nonlinear effects arising from (%) [113] will also become stronger as input
signal power increase. The stimulated Brillouin scattering (SBS) is one
of them, which limits the launched signal power and hence the conversion
efficiency to a relative low level because of its low threshold [112]. In
order to increase the conversion efficiency, SBS suppression is required,
for instance [115].

Principle of XOR gates for DPSK signals

The logic gate for phase modulated signals relies on FWM. When using
degenerated FWM, as shown in Fig. 5.2(a), with input beams having
angular frequencies wa and wp, two new frequencies will be generated,
referred as idlers. The phases of the two idlers will satisfy ¢rgier,1 = 2¢a —
¢B and ¢rgler2 = 2¢B — @A, respectively. Considering that the input
beams are modulated with binary phase modulation formats (binary
phase shift keying (BPSK) or DPSK) where the phase is modulated so
that ¢ € [0, 7], none of the idlers will carry a phase that is the result
of logic operation on the inputs. For this to happen requires that one
of the two inputs has to be modulated with ¢ € [0, 5]. Then the phase
of one of the idlers can be the result of XOR operation between ¢4 and
¢p, as illustrated in Table 5.1(a).

In non-degenerated FWM case, three input beams are required. In
order to realise a logic gate for the two inputs wa and wp, the third input

A | B | 2A-B || 2B-A A|B| A+B | A-B

010 0 0 00 0 0

0| m T 0 0w T s

510 T —% 7|0 T T

g T 0 —% T |7 0 0
(a) (b)

Table 5.1: Logic truth table of XOR gate based on FWM for phase modulated signals
with phase modulation ¢ € [0, 7]. XOR logic truth table using (a) degenerated FWM,
(b) non-degenerated FWM.
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Figure 5.2: Principle of FWM used in as XOR logic gates for DPSK signals.

beam should not carry any phase modulation, therefore it should be a
continuous wave (CW) beam. Three new frequencies will be generated
and the phase of the idlers will satisfy ¢idier,1 = @A +dcw — OB, 1dler,2 =
¢a + B — dcw OF drdler,3 = Pcw + @B — Pa, as shown in Fig. 5.2(b).
Thanks to the 27 periodicity of the phase, the generated idlers will also
carry binary phase information, which is the result of XOR operation
between ¢4 and ¢p, as illustrated in Table 5.1(b).

If the three input waves are equally spaced in frequencies, as the
phase-matching for degenerated FWM is satisfied more easily, new fre-
quencies generated by the degenerated FWM will overlap exactly on top
of the non-degenerated FWM products and therefore destroy the phase
information. Therefore for the implementation of the XOR gate using
non-degenerated FWM, three inputs are spaced unevenly to avoid the
overlapping, as shown in Fig.5.2. We can notice that in this way, there
will be three FWM products generated with the correct phase informa-
tion resulting from XOR operation. Furthermore, there is no restriction
on how to order of these three inputs.

5.3 All-Optical Network Coding for DPSK
Signals

Differential phase shift keying (DPSK) signals are being currently em-
ployed in optical networks because of their significantly reduced optical
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signal to noise ratio (OSNR) requirements compared to intensity mod-
ulation thanks to balanced detection [116]. Therefore AONC schemes
need to be applied to DPSK signals as well.

SOAs have advantages in term of input power requirements, which
are lower compared to passive media. This is of critical importance, as
for implementing an AONC scheme at least two XOR logic operations
are required. However the data bandwidth is limited intrinsically by the
SOAs as discussed previously in Section 5.2.2.

Even though degenerate FWM can also perform XOR logic oper-
ation, it has restrictions that one of the input has to be with phase
modulation between ¢ € [0, §]. For network coding application, the sig-
nal needs to be recoverable by a second XOR operation. After network
coding, the AONC signal is again with phase modulation ¢ € [0, ].
Data retrieval can only happen if the half-m modulated signal is present.
Therefore the data recovery can not be fully achieved, unless phase-
halving operation can be performed.

In this section, an AONC scheme using two XOR gates based on
non-degenerate FWM in SOAs is experimentally demonstrated. The
feasibility of the scheme was evaluated with two 10 Gbit/s non return-
to-zero (NRZ)-DPSK signals. Complete recovery of the lost information
is demonstrated and error-free operation is achieved with as little as
2 dB of power penalty for the two XOR stages. Furthermore only minor
pattern effects are reported, leading to less than 0.4 dB of variations in
the power penalty. The feasibility of multicasting the AONC code was
also evaluated experimentally.

5.3.1 Experimental setup and logic operation

Considering the network scenario illustrated in Fig. 5.1, the experimental
setup for demonstrating AONC for DPSK signals using a non-degenerate
FWM process in SOAs is shown in Fig. 5.3. Two 10 Gbit/s NRZ-DPSK
signals were generated by modulating two optical CWs at 1552.6 nm (la-
belled as Data A) and 1546.6 nm (labelled as Data B) using a common
Mach-Zehnder modulator (MZM). The signals were then split by filter-
ing, de-correlated using 1 km of standard single mode fibre (SMF) on
one of the paths, amplified together with another CW signal generated
by a distributed feed-back (DFB) laser diode at 1551 nm, up to a total
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power of 15.5 dBm, and then injected into the first SOA. Both SOAs
used in the experiment are commercial devices from CIP [117] (model
SOA-NL-OEC-1550), and both of them are biased with a 400 mA cur-
rent, at which the amplified spontaneous emission (ASE) gain peak is
about 1560 nm.

The FWM between Data A, Data B and the CW in the first SOA
results in generating idlers, three of which are of particular interest as
their phases carry the logical XOR between Data A and Data B. Such
idlers can be regarded as an AONC code to be sent to node D, as shown
in Fig. 5.4(a). In the work presented in this section, the selected FWM
product was the idler at 1548.2 nm, i.e. corresponding to {w4 + wp —
wow }, where wya, wp and wew are the angular frequencies of Data A,
Data B and the CW signal injected in the first stage SOA, respectively.
The spectra measured at the input and output of the SOA are shown in
Fig. 5.4 (a).

In the case of a link failure resulting in the loss of Data A, the
AONC code can be used to retrieve Data A at node D from another
XOR operation between the AONC code itself and Data B.

In order to demonstrate the feasibility of such a process, the AONC
at the output of the first SOA has been selected by an optical band-pass

10 Gbit/s
NRZ-DPSK|
T

<=

1st stage

E4E

2"d stage
0.5 nm

Figure 5.3: Experimental setup for demonstrating AONC for DPSK signals.
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Figure 5.4: Four-wave mixing products generated in (a) the first XOR stage and
(b) the second XOR stage.

filter (BPF), amplified and coupled into the second SOA together with
a CW signal and Data B. In our experiment, the CW signal at the first
XOR stage was reused as the CW beam for the second stage. As shown
in Fig. 5.4(b), three of the generated FWM products carry the results
of the XOR operation between the AONC and Data B, and thus carry
the same phase information as the lost signal Data A. The possibility
of selecting any of these three waves allows increasing the flexibility of
the system, both in terms of filtering and wavelength allocation. This is
demonstrated and analysed in Section 5.3.3. In this section, we selected
the product at w4 thus a fully recovered Data A.

In order to increase the conversion efficiency of both XOR stages,
the waves at the input of the SOAs were aligned in polarisation and
optimised in term of power levels. Bit-synchronisation is critical to suc-
cessfully implement the logic operation. This was obtained by the use of
optical delay lines. Furthermore, in order to retrieve the original data,
pattern-synchronisation is also a requirement at the input of the second
stage.

5.3.2 Demonstration and performance

First, the waveforms of the DPSK signals demodulated by a 1-bit Mach-
Zehnder (MZ)-DI were checked following single-ended detection, as shown
in Fig. 5.5. Data A and Data B were recorded right at the input of the
SOA of the first stage. Both signals were phase modulated with a custom
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designed pattern (not a classic shift register sequence) to allow recog-
nition of the expected pattern resulting from XOR operation between
Data A and B. All the bits of the first stage XOR output were compared
to the calculated XOR patterns between Data A and Data B, taking the
pattern delay into account. The resulting measured pattern was in full
agreement with the expected pattern, as shown in Fig. 5.5 (¢), in spite of
the fact that the detected pattern was logically inverted, which depends
on the phase control of the DI.

By monitoring the waveform at the input of the second stage, the
pattern of the AONC signal and that of Data B were carefully synchro-
nised. The pattern carried by the FWM product from the second stage
is represented in Fig. 5.5 (d). It is clearly seen to exactly match Data A,
fulfilling the expectations of network coding. Consequently, data pro-
tection would be achieved in case Data A is lost due to network failure.

The bit error rate (BER) measurements were then performed with
conventional pseudo random bit sequence (PRBS) patterns, as shown in
Fig. 5.6. The NRZ-DPSK signals before the XOR gates have a sensitivity
of —38 dBm at a BER of 107 when balanced detection is employed.
The performance difference between modulation with PRBS lengths of
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Figure 5.5: Single-ended detected bit patterns for 10 Gbit/s NRZ-DPSK signals:
(a) Data A at SOA1 input, (b) Data B at SOA1 input, (c) AONC signal at SOA1
output and (d) recovered Data A at SOA2 output. All the waveforms were recorded
with an horizontal scale of 200 ps/div.
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27 — 1 and 23! — 1 is less than 0.2 dB.

After the first XOR stage, the signal was only degraded by less than
0.5 dB power penalty. The eye diagram after balanced detection is
widely open at a received power of —35 dBm. After the second XOR
stage, the successfully retrieved NRZ-DPSK signal has a sensitivity of
—36.4 dBm with PRBS length of 27 — 1. For the longer PRBS pattern
of 231 — 1, the performance at lower received power is nearly the same as
for 27 — 1. The detected eye diagram also shows a very limited impact
from pattern effects, which would normally be expected from processing
in a SOA. In fact, if we compare the optical eye diagrams ( Fig. 5.7),
the pattern effect due to cross gain modulation (XGM) in a SOA is
quite clear on the AONC output (Fig. 5.7(b)) from the first XOR stage.
An overshoot appears after a power dip. For the second XOR stage,
the overshoot on the AONC signal is in the reversed pattern compared
to Data B, which compensated the pattern effect. It would lead to
an optical eye with very little pattern effect at the second XOR stage
output.

The power penalty due to the second XOR stage was slightly higher
than for the first stage, resulting in a total power penalty of 1.7 dB for
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Figure 5.6: Bit-error rate measurements for all the signals and corresponding bal-
anced detected eye-diagrams after the two XOR stages. The eye-diagrams were all
recorded with received power of —35 dBm.



5.3 All-Optical Network Coding for DPSK Signals 89

Figure 5.7: Optical eye-diagrams of (a) Back-to-back 10 Gbit/s NRZ-DPSK signal,
(b) AONC signal and (c) Retrieved Data A signal

the entire network coding operation with a PRBS of 27 — 1, and 2.1 dB
with a PRBS of 23! — 1. The pattern length only resulted in a negligible
power penalty of 0.4 dB.

We have experimentally demonstrated all-optical network coding op-
eration for phase modulated signals using XOR gates based on four-wave
mixing in SOAs. The scheme was successfully demonstrated with error-
free performance at 10 Gbit/s with the NRZ-DPSK modulation format
using two SOAs. The total operation power penalty is about 2 dB with
negligible pattern effects.

As discussed in [22], the AONC should be able to apply to multiple
inputs. For the demonstrated scheme, it is easy to implement for three
inputs when replacing the CW by a data signal. To go beyond three
inputs will require to cascade the XOR gates.

5.3.3 Multicasting feasibility of AONC signals

Thanks to the nature of FWM, more than one AONC signal are gen-
erated simultaneously standing on different wavelengths, and also more
than one retrieved data will be generated by the process. This feature
makes multicasting the AONC code and further forwarding the retrieved
data possible.

In order to demonstrate the feasibility of multicasting the AONC
signals, error-free performance needs to be evaluated for all the AONC
signals. The idler generated from the first XOR stage, standing at
1544.92 nm, which was highlighted in Fig. 5.4(a) but not used as AONC
in the previous section, was evaluated in this section. Fig. 5.8 shows the
BER comparison of the two AONC codes at 1544.92 nm and 1548.36 nm,
as well as the two input 10 Gbit/s DPSK signals. It is noticed that the
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Figure 5.8: Performance of AONC signals: (a) Bit-error rate measurements com-
paring to the back-to-back signals and corresponding balanced detected eye-diagrams
and (b) Spectra at the first XOR stage. The eye-diagrams were all recorded with
received power of —35 dBm.

third AONC component generated on the longer wavelength side, which
did appear, but had not been highlighted in Fig. 5.4(a), could not be
observed as expected. It is due to the lower FWM conversion efficiency
compared to previous measurements, which depends on polarisation, in-
put power and also wavelength dependent nonlinear gain of the SOA.
Therefore the weak signal was buried in the ASE noise and can not be
seen.

As very little pattern effect was found in the previous section, the
PRBS length used from now on is 23! — 1. The back-to-back signals and
the AONC signal at 1548.36 nm have the same BER performance as the
results obtained in Section 5.3.2. The AONC signal at 1544.92 nm, i.e.
on the shorter wavelength side, has a better performance compared to
the one at 1548.36 nm and no receiver sensitivity penalty was noticed
for this product. A very small receiver sensitivity difference, less than
0.5 dB, was noticed between the two AONC codes.

It was still assumed that the Data A was lost and therefore was re-
trieved by applying XOR operation between the AONC signal and the
Data B. The three copies of Data A retrieved from the seconde XOR
stage using these two AONC codes were evaluated. Fig. 5.9(a) pointed
out the three generated retrieved Data A using the AONC at 1548.36 nm.
The three idlers are at 1544.08 nm, 1549.28 nm and 1554.72 nm. The
receiver sensitivity of the retrieved Data A at 1552.72 nm (the same idler
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Figure 5.9: Bit-error rate measurements for all the signals and corresponding bal-
anced detected eye-diagrams after the two XOR stages (a) Idler 1540 nm of the 1°°
stage and consequent idlers generated by the 2°¢ stage, (b) Idler 1540 nm of the 1°*
stage and consequent idlers generated by the 2"¢ stage

evaluated before) is measured to be —35.5 dBm, as shown in Fig. 5.9(b),
2 dB worse than what we have shown in Section 5.3.2. This performance
difference is due to multiple reasons. First of all, a transmitter degra-
dation was noticed. The electrical driving signal was found much more
noisy than before, even though no BER performance difference was mea-
sured. The difference can be noticed when comparing the back-to-back
eye diagram shown in Fig. 5.6 and the eye diagram in Fig. 5.8, both of
which were recorded with the same signal power. Second is the difference
in FWM conversion efficiency.

The retrieved Data A at 1544.08 nm, i.e. on the shorter wavelength
side, shows a better sensitivity, —37 dBm, with only 1 dB total operation
penalty compare to the back-to-back signal. The recovered Data A with
the worst BER performance is the one standing at 1549.28 nm, which is
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very close to the strong AONC signal input to the second stage SOA as
illustrated in Fig. 5.9(a). Due to relatively low suppression of the strong
AONC after filtering, its performance was hence degraded comparing to
other products.

When using the AONC at 1544.92 nm as the input to the seconde
XOR stage, another set of three recovered Data A at different wave-
lengths were generated. Fig. 5.9(b) shows the three generated idlers
and Fig. 5.9(d) shows the BER performance of these three components
comparing the back-to-back and the AONC code. A moderate (less
than 2 dB) total operation penalty was measured for two of the three
components at shorter wavelengths. The one at the longest wavelength
of 1552.72 nm shows the worst performance, with a total penalty of
about 7.5 dB and an error-floor starts to appear as well. Nevertheless,
error-free performance of the retrieved data at different wavelengths is
obtained and therefore it is possible to further distribute them to other
destinations.

It can be noticed that all the shorter wavelength idlers generated in
the same stage have a better sensitivity. This is related to the fact that
the ASE gain peak of the SOAs used in our experiment is at 1560 nm.
The idlers at shorter wavelengths will experience less ASE noise from
the SOA, therefore will have a better OSNR and better performance.

In this section, multiple AONC signals and recovered data generated
at different wavelengths have been evaluated. We have demonstrated
the feasibility of multicasting the AONC code and also the data from
recovered network coding operation. All the signals are with error-free
performance and the network coding operation can be with as low as
only 1 dB total penalty, if the retrieved data, at lower wavelength, is
retrieved from the AONC signal at lower wavelength. Even for the
worst case, 7.5 dB total operation penalty can be tolerated. In practical
network, for example, as the protection is static and the performance
difference is predictable, the low penalty case can be used for high-
priority destinations and the high penalty signal for the low-priority
destination.
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5.4 Discussion

In the previous section, experimental demonstrations on all-optical net-
work coding operation for DPSK signals using XOR gates based on non-
degenerated FWM were presented. If instead of using the CW as in our
experiment, a third phase modulated signal can be input to the XOR
gates to perform XOR operation in a 3-inputs scenario. The AONC pro-
tection consequently can be expanded and adapted to more complicated
networks.

As discussed in Section 5.2, if phase halving can be performed, degen-
erated FWM can then be used to perform the network coding for DPSK
signals. In this section, the feasibility of phase halving is discussed.
Furthermore, AONC should be applied to other advanced modulated
formats. The feasibility of applying the AONC for mPSK signals is also
discussed.

5.4.1 Phase halving

Phase modulation with § can be obtained using LiNbOj3 phase mod-
ulators, by applying electrical signal with voltage within |0, %VW]. The
modulated signal will be with BPSK format. An optical method of
halving the phase of BPSK and DPSK signals has so far never been
discussed.

Fiber-based optical parametric amplifiers (OPAs) have been inten-
sively studied for many years [118]. Parametric process refers to the
process in which the medium parameter such as refractive index is mod-
ulated by the strong incident pump field [113]. Consider using a two-
pump OPA, where one pump is phase modulated (e.g. DPSK) and the
other one is a CW beam, a small signal, also CW beam, is placed in be-
tween of these two pumps and with exactly the same frequency spacing
to each of them, as shown in Fig. 5.10. The signal could be amplified by
the OPA and the photons transferred from the pumps to the signal have
the phase relation ¢ = %(QZ)DPSK). If the transferred photons dominate,
the signal would carry the phase which is half of the phase of the DPSK
pump.

Simulations using 500 m HNLF show that it is possible to obtain a
phase-halving. However the pump-signal relations, for example, power
and wavelength spacing, appeared to be random and could not be un-
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Figure 5.10: Principle of phase-halving operation using 2-pump OPA

derstood currently. It requires further understanding before it can be
experimentally demonstrated.

5.4.2 All-optical network coding feasibility for mPSK
signals

For phase modulation format, m-PSK is a more general term. The
BPSK and DPSK are two-level PSK signals, i.e. m = 2. The quadra-
ture phase shift keying (QPSK), also known as four-level PSK signal
corresponds to m = 4. There can also be more formats, when m in-
creases. In this section, QPSK is taken as an example to discuss the
feasibility of applying the AONC operation over m-PSK signals.

The XOR gate using degenerated FWM for QPSK signal has been
demonstrated using SOAs [119]. The two QPSK inputs, wa and wp will
generate two idlers wap and wp at each side, as shown in in Fig. 5.11(a).
The two QPSK input signals are with four phase levels, (7, ?jT’T, _T?’“, =)
Their constellation diagram is shown in Fig. 5.11(b).

It can be derived that the in-phase and quadrature tributaries of the
two idlers have the relation with the two inputs as [119]:

Inp=14®Qs®Qp ,

WAB {QAB:IA@QA@137 (54)
Ipa=Ip®QRQpPQa,

wBA {QBAZIB@QB@IA- (5:5)
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Figure 5.11: XOR gate for QPSK signals using degenerated FWM. (a) FWM spec-
trum and (b) constellation diagram of the input QPSK signals

Consider wp is lost, idlers wr, and wr can be generated from the
AONC code wap and wa by a second degenerated FWM and they have
the following relations:

Iiapya=1a® Qap ® Q4

— 5 56

L { QA =Iap ® Qap ® 14 7w (5.6)
Tyapy=14a®Qa®Qap = Ip

wR { Qaap) =1a®Qa®Iap =B B (5.7)

Clearly, the AONC scheme can recover the data but not with random
wavelength relation between the AONC code and the received data. It
is because, FWM no longer performs as XOR gate for phase modulated
signals rather than BPSK or DPSK [120]. Network coding of two inputs
with different modulation level, can also work with the same wavelength
relation restriction.

5.4.3 Synchronisation

As mentioned in Section 5.1, an AONC scheme for OOK signals us-
ing polarisation multiplexing can avoid bit-synchronisation [96]. It was
pointed out. The crucial problem with optical network coding in gen-
eral. Our demonstrated scheme for phase modulated signals does re-
quire both pattern-synchronisation and bit-synchronisation. The loss of
pattern-synchronisation will not achieve the data recovery, which is, in
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general, true for any coding scheme. Bit-synchronisation will introduce
penalty, as studied in [110].

5.5 Summary

In this chapter, an all-optical network protection scheme based on net-
work coding was presented. The scheme was experimentally demon-
strated for DPSK signals with 10 Gbit/s data modulation using two
XOR gates based on non-degenerated FWM process. SOAs were used
as the nonlinear media for demonstrating the scheme as low power op-
eration can be achieved, which is of critical importance for network
energy consumption and green network, even though the bit rate is lim-
ited by the speed of SOAs. Error-free operation for all-optical network
coding was obtained and the total operation penalty can be as low as
only 1 dB. Pattern effects were also evaluated by comparing the system
performance with PRBS lengths of 27 — 1 and 23! — 1. The different
pattern length only resulted in a negligible BER performance difference
of 0.4 dB. Thanks to the nature of FWM, multiple idlers carrying the
same XOR information can be generated. We have evaluated all the gen-
erated idlers, both AONC signals and retrieved data and demonstrated
the feasibility of multicasting the AONC signals and further distributing
the retrieved data signal so that the network and its protection scheme
becomes more flexible.

Using degenerated FWM to operate the XOR calculation in order to
realise AONC requires phase-halving operation. An all-optical method
to obtain the phase-halving was discussed. It was also discussed the
possibility of applying the AONC operation for advanced modulation
formats.



Chapter 6

Conclusion

This thesis has addressed some solutions for short-range and highly re-
liable optical networks.

6.1 Summary

Cost-effective transmitters for short-range networks

We proposed the use of a silicon micro-ring resonator (MRR) as an ultra-
compact filter in a chirp managed laser (CML) transmitter in order to
increase the modulation speed of its directly modulated laser (DML) for
short-range applications. We have comprehensively analysed the modu-
lation enhancement and the influence of the MRR design on the system
performance. Compared to coupled ring MRRs, single ring MRRs are
easier to fabricate and more robust against fabrication errors, therefore
are more promising in practice.

A modulation speed enhancement from 10 Gbit/s to 40 Gbit/s has
been demonstrated in a commercial distributed feed-back (DFB) laser.
Both dispersion and detuning tolerances have been assessed. Error-free
transmission of the generated 40 Gbit/s signal over 4.5-km standard
single mode fibre (SSMF) was also demonstrated.

Error-free performance with direct modulation at 25 Gbit/s on a
vertical-cavity surface-emitting laser (VCSEL) whose maximum 3-dB
modulation bandwidth is 17.6 GHz was achieved, with a sensitivity of
—21 dBm, while there is still room for improvement.
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Thanks to the small size, the multi-channel processing capability and
the integratability and the compatibility with complementary metal-
oxide-semiconductor (CMOS) for massive production, of MRRs, they
can be integrated with VCSELs. Therefore the proposed transmitter
would be a compact and cost-effective solution for future short-range
applications.

The cascadability of MRRs for applications like optical interconnet
and network-on-chips was also experimentally assessed. Error-free per-
formance was achieved for 5 cascaded MRRs used as drop filters, using
a re-circulating loop. This was evaluated using both 40 Gbit/s carrier-
suppressed return-to-zero on-off keying (CSRZ-OOK) and carrier-suppressed
return-to-zero differential phase shift keying (CSRZ-DPSK) signals. The
CSRZ-OOK signal showed a higher tolerance to bandwidth reduction
due to cascading.

Wavelength tunable all-optical wavelength flip-flop operation
in a single MG-Y laser

Wavelength-tunable all-optical wavelength flip-flop (AOWFF) operation
in a single modulated grating Y-branch (MG-Y) laser structure has been
experimentally demonstrated. Optically controlled dynamic bistable op-
eration has been experimentally demonstrated on three wavelengths.
More bistable regions are believed to be present in the MG-Y laser tun-
ing range. The measured switching energy can be ultra low, 0.07 pJ,
when the control pulse wavelength is close to the lasing side-mode and
long control pulse width is ued. The measured switching time was about
200 ps.

Ultra-fast self-aware all-optical protection switching using a
bistable laser

We proposed a novel concept on all-optical protection switching using a
bistable laser. The link failure detection and the protection trigger were
both implemented in the optical layer, avoiding the delay due to control
mechanisms in higher layers. The concept was experimentally demon-
strated using a wavelength tunable AOWFF based on a single MG-Y
laser. The achieved protection switching time was less than 200 ps.
The system was evaluated at both 10 Gbit/s and 40 Gbit/s. Good sig-
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nal quality following successful establishment of the protection path are
obtained.

All-optical network protection using network coding

An all-optical network protection scheme based on network coding was
experimentally demonstrated for phase modulated signals using exclu-
sive OR (XOR) logic gates realised by four-wave mixing (FWM) in semi-
conductor optical amplifiers (SOAs). The scheme was evaluated with
10 Gbit/s differential phase shift keying (DPSK) signals and error-free
operation and multicasting feasibility were demonstrated. The total op-
eration penalty was only 1 dB and very low (0.4 dB) pattern effects were
noticed.

6.2 Future Work

The following gives a brief outlook and some suggestion for future works.

Design for cost-effective transmitters

Designing of a transmitter cost-effectively is the guideline and interesting
for all applications. The future of cost-effective transmitter for short-
range networks (e.g. passive optical network (PON) networks, optical
interconnects, network-on-chips etc.) could be in the silicon photonics.

Here a few points for the future work, on the line of improving the
design proposed in this thesis:

e Product verification of integrated CML transmitter based on VC-
SEL and MRR.

e Further improvement for the proposed cost-effective transmitter
design. It would be interesting to combine the electrical pre-
emphasis with the proposed method using MRR.

All-optical protection scheme

As the bandwidth of optical networks continuously grows, network pro-
tection, especially ultra-fast all-optical protection switching, will become
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more and more important, not only for those networks with high relia-
bility requirement, but also for terrestrial optical networks. More optical
protection switching scheme should be identified.

All-optical signal processing and logic

As we can see throughout the project, all-optical signal processing and
logic are important in nearly all area, especially for the future “optical”
computer.

Within this thesis, the phase-halving operation proposed and dis-
cussed in Chapter 5, requires more understanding to verify its feasibility
for operation. It would be interesting to look at other methods to per-
form the phase-halving operation.



List of Acronyms

AOFF all-optical flip-flop

AOM acousto-optic modulator

AONC all-optical network coding

AOPS all-optical protection switching
AOWFF all-optical wavelength flip-flop

AM amplitude modulation

ASE amplified spontaneous emission
AWG arrayed waveguide grating

BCB benzocyclobutene

BER bit error rate

BPF band-pass filter

BPSK binary phase shift keying

CDP carrier density pulsation

CH carrier heating

CML chirp managed laser

CMOS complementary metal-oxide-semiconductor
CROW coupled-resonator optical waveguide
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List of Acronyms

CSRZ-DPSK carrier-suppressed return-to-zero differential phase shift

CSRZ-00K
cw
DBR
DCF
DFB
DI

DL
DML
DPSK
EDFA
EMC
ER
FEC
FM
FSR
FWHM
FWM
FP
GVD
HNLF

ICP-RIE

keying

carrier-suppressed return-to-zero on-off keying
continuous wave

distributed Bragg reflector
dispersion compensation fibre
distributed feed-back

delay interferometer

delay line

directly modulated laser
differential phase shift keying
erbium doped fibre amplifier
electromagnetic compatibility
extinction ratio

forward error correction
frequency modulation

free spectral range

full width at half maximum
four-wave mixing

Fabry Pérot

group-velocity dispersion
highly nonlinear fibre

inductively coupled plasma reactive ion etching
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ISI
LAN
MG-Y
MMI
mPSK
Mz
MZI
MZM
MRR
NRZ
NRZ-OOK
OBPF
OOK
OPA
OSNR
OTDR
PC
PON
PM
PRBS
QPSK
Rz
RZ-DPSK

inter-symbol interference
local area network

modulated grating Y-branch
multi-mode interferometer
multi-level phase shift keying
Mach-Zehnder

Mach-Zehnder interferometer
Mach-Zehnder modulator
micro-ring resonator

non return-to-zero

non return-to-zero differential on-off keying
optical bandpass filter

on-off keying

optical parametric amplifier
optical signal to noise ratio
optical time-domain reflectometry
polarisation controller
passive optical network
polarisation maintaining
pseudo random bit sequence
quadrature phase shift keying
return-to-zero

return-to-zero differential phase shift keying
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SBS stimulated Brillouin scattering

SG-DBR sampled grating distributed Bragg reflector
SHB spectral-hole burning

SMF single mode fibre

SOA semiconductor optical amplifier

SOl silicon-on-insulator

SSMF standard single mode fibre

TFF thin-film filter

VCSEL vertical-cavity surface-emitting laser

VOA variable optical attenuator

WDM wavelength division multiplexing

XGM cross gain modulation

XOR

exclusive OR
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