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Abstract

Thesis Title: Optimising the Efficiency of Coherent
Optical Packet Switched Networks

Author: Anthony John Walsh

There is a continuing need to increase throughput in optical networks to satisfy the
demands of internet applications. However, the non-linear Shannon capacity of
standard single mode fibre is being approached. Also, almost all of the power used
in optical networks is used by electronic routers. One possible solution to deal with
both problems is to use optical packet switching. Optical packet switching uses fast
switching tuneable lasers, which can change wavelength in the order of a several
nanoseconds, to dynamically vary wavelength assignments in a network, and thus
achieve routing in the network without electronic routers. In addition, fast
wavelength assignment reduces waiting times, resulting in better utilization of

network resources.

However, the frequency dynamics of the tuneable lasers after switching
wavelengths increases the waiting times required to successfully transmit data
packets. In this thesis, frequency and phase dynamics of a tuneable laser
transmitter, after a wavelength switching event, are initially characterised
accurately using a novel technique. The effects that the frequency dynamics have
on the transmission of coherent optical communication signals are mitigated using
doubly differential decoding, a new approach proposed in this work for application
in optical packet switched networks. This technique reduces the waiting times
required to successfully transmit data after a wavelength switching event, and this
enhances overall network efficiency and throughput. In addition, this work
proposes and demonstrates the use of a least-mean squares algorithm to
overcome polarisation demultiplexing issues which are present in these networks,
which also decreases waiting times, increases network efficiency, and improves

system robustness.
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Chapter 1

Introduction

There is a continuing demand for data rates through fibre optic telecommunication
networks to be increased for internet applications. The non-linear Shannon
capacity limit of optical fibre is being reached. This has prompted the revival of
coherent optical communications in order to increase the spectral efficiency of
communication links by using higher-order modulation formats and, consequently,
increase throughput. In addition, there is a motivation to reduce the role of
electronic routing by using optical burst switched (OBS) networks or optical packet
switched (OPS) networks, which can improve the energy efficiency of optical
networks, while also enhancing the utilisation of the network capacity through fast
setting up and taking down of lightpaths in response to changes in demands
between nodes. OBS and OPS typically use tuneable lasers which switch
wavelength at the transmitter and/ or receiver in order to route bursts or packets

throughout the network.

Previous research focused on intensity modulation and direct detection for
transmission and reception of optical packets and bursts. Only recently has
research has begun to focus on phase and polarisation modulation, as well as
coherent detection, which can further improve spectral efficiency and throughput.
The pursuit of coherent optical packet/ burst switched networks could potentially
lead to achieving both higher data rates and lower energy consumption. However,
there are a number of key issues that need to be addressed when considering

coherent optical packet/ burst switched networks:

. Switching the wavelength of tuneable lasers within the order of
nanoseconds can produce time-varying frequency transients as the laser
settles to a new wavelength. Since coherent communications is affected by
both frequency offsets between the transmitting laser and local oscillator
(LO) laser at the receiver as well as phase noise, there is a need to develop
suitable characterisation techniques in order to characterise the time-
varying deterministic frequency transients as well as the time-varying phase
noise. Difficulties can arise when trying to separate deterministic time-
varying frequency transients from time-varying phase noise profiles as the

laser settles to its destination wavelength. However, in order to determine



how to best modulate the switching laser and decode coherent optical
packets/bursts, it is necessary to characterise deterministic and random
phase impairments.

These often large, time-varying deterministic frequency transients which
occur after the tuneable lasers switch wavelengths can cause problems for
frequency offset correction at the coherent receiver. Blind digital signal
processing (DSP) algorithms used to compensate for the effects of
frequency offsets have limited ranges for phase shift keying (PSK) which
means that large time-varying frequency offsets may not be properly
compensated for. This can result in large waiting times if frequency
transient must enter the algorithm’s range, or possibly the loss of a packet if
it never enters its range. Hence, there is a need to develop a transmission
and decoding algorithm which has a large frequency offset range so that
PSK packets will not be lost due to the limited range provided by DSP
algorithms.

The network requires robust demodulation algorithms which can quickly
compensate for unknown frequency offsets, mitigate phase noise, and
demodulate polarisation-multiplexed signals with unknown polarisation
rotations. However, one of the most widely used algorithms for polarisation
demultiplexing, the constant modulus algorithm (CMA), can have long and
variable convergence times. The CMA can also suffer from singularity
issues which can result in the permanent loss of the data on one
polarisation, although, techniques to avoid this have been introduced. For
efficient coherent optical packet/burst switched networks it is necessary to
apply a polarisation demultiplexing scheme which has short, non-varying
waiting times, and cannot suffer from the singularity issues associated with
the CMA.

The following are the main contributions of this work:

* A novel time-resolved characterisation technique to characterise the phase
dynamics of a fast switching tuneable laser after a switching event is
proposed. The method is based on determining a time-resolved 3-D
complementary cumulative distribution functions (CCDFs) of the
instantaneous differential phase of the switching laser after a switching
event. This method overcomes any potential confusion when trying to

consistently characterise both frequency chirp and phase noise since this



novel method simultaneously takes both into account in a consistent
manner, something which previous techniques do not. The validity of this
method is verified by comparing calculated time-resolved bit error rates
(BERs) expected from the 3-D CCDF of the instantaneous differential
phase with time-resolved BERs measured from a transmission experiment,
with very close matching observed.

The limited frequency offset range typically associated with blind frequency
offset compensation/ estimation schemes which use one sample per
symbol is overcome by using doubly differential phase shift keying
(DDPSK). Since DDPSK has a frequency offset limited only by the
bandwidth of the receiver electronics, it allows for very large frequency
offsets which may be encountered by coherent optical packet/ burst
receivers (also for larger symbol rates it takes smaller frequency offsets for
the limited electronic bandwidth to filter out the data). However, DDPSK
has a large signal to noise ratio (SNR) penalty compared with conventional
methods. A proposed novel decoding scheme called “M™ power DDPSK”
can greatly reduce the SNR penalty associated with simple DDPSK while
still retaining the same large frequency offset tolerance. Very short waiting
times are demonstrated using a coherent optical packet/ burst switched
transmission system using a tuneable laser transmitter.

One method of demultiplexing a signal which has two PSK signals, one on
each polarisation, is the least mean squares (LMS) method of fitting a plane
to a 3-D Stokes space surface (published by a different group) whose
normal vector can be used to calculate a polarisation demultiplexing matrix.
This method is applied for the first time in a coherent optical packet/ burst
switched scenario in order to overcome issues such as the singularity
problem and variable convergence times associated with the CMA which
has been previously implemented, with different variations, in coherent
optical packet/ burst receivers. The LMS method is used with M™ power
doubly differential quadrature phase shift keying (DDQPSK) and achieves
shorter waiting times than other comparable blind compensation methods
that decode polarisation-multiplexed quadrature phase shift keying (QPSK)
packets or bursts (where the other methods do not employ additional

hardware).



The overall structure of the thesis is as follows:

Chapter 2 introduces optical telecommunication networks and focuses on OPS
and OBS networks. It explains the motivations behind designing a coherent optical
packet/ burst switched network. The main devices of interest in the thesis are
described here, which are lasers (tuneable lasers in particular), external
modulators and optical receivers. In addition, different modulation schemes are

partially discussed.

Chapter 3 discusses the motivations, major concepts and impairments
associated with coherent communications. Phase noise, which is an impairment of
significant importance in coherent communications, is described along with
methods of experimentally characterising the level of phase noise of a static laser
and a laser that switches wavelength. DSP for compensating and mitigating back-
to-back impairments are discussed as well as additional DSP for decoding phase
modulated data which had encoding applied at the transmitter. Penalties

associated with different decoding methods are also discussed.

Chapter 4 discusses the most accurate way of estimating the Wiener phase
noise of a static laser using a coherent receiver setup. This chapter also proposes
a novel frequency chirp and dynamic phase noise characterisation technique which
uses time-resolved 3-D complementary cumulative distribution functions (CCDFs)
of instantaneous differential phase which can simultaneously capture the
deterministic and random phase dynamics after a laser switches wavelength in a
consistent manner with very high time-resolution. The validity of this method is
verified by comparing measured time-resolved BERs with expected time-resolved
BERs calculated using 3-D CCDF plots of the instantaneous differential phase,

showing very close matching.

Chapter 5 discusses the use of doubly differential decoding to overcome the
limited frequency offset tolerance of commonly used frequency offset
compensation algorithms. DDPSK has a frequency offset range limited only by the
bandwidth of the electronics (for larger symbol rates it takes smaller frequency
offsets for the limited electronic bandwidth to filter out the random data spectrum).
However, DDPSK has a large SNR penalty compared with PSK. A proposed novel
decoding system called “M™ power DDPSK” has the same frequency offset
tolerance as the simple DDPSK system but has a much lower SNR penalty
compared with PSK than the simple DDPSK system. Simulation and experimental

results are provided for static lasers using QPSK constellations and experimental



results are provided for the switching case using QPSK constellations. Lower
waiting times can be achieved by using M™ power DDQPSK than if the typically

employed DSP were used.

Chapter 6 describes how the CMA is typically implemented to demultiplex two
transmitted streams of data sent on two different polarisations in coherent optical
packet/ burst switched scenarios. It is proposed here that an algorithm published
by a different group, which uses a LMS method to determine a best-fit plane to 3-D
plots of s-parameters in order to determine a demultiplexing matrix, could be used
to demultiplex packets or bursts modulated with polarisation-multiplexed DDPSK.
The implementation of this LMS method with M™ power DDPSK in coherent optical
packet/ burst scenarios is a novel undertaking and results in the lowest reported
waiting times of blind polarisation demultiplexing algorithms in a switching scenario

using QPSK constellations (without the use of additional hardware).

Chapter 7 provides conclusions and proposes future research directions for

this work.



Chapter 2

Optical Packet Switched Networks

This chapter introduces the fundamental concepts behind optical networks,
provides the motivation for investigating coherent optical packet switched
networks, and provides detail on the key devices used in coherent optical packet

switched networks.

2.1 Optical Ne tworks
There has been an enormous increase in the bit rates available to internet users,

where global internet protocol (IP) traffic (GBytes/s) versus year is shown in Figure
2.1 using data from [1]. There are indications that this trend will continue, such as
the possible replacing of television broadcast channels with internet catch-up
services [2]. At the same time as the demands on the optical networks are
increasing, the non-linear Shannon capacity limit of fibre is being reached [3]. In
addition, there is also evidence to suggest that a large proportion of energy
consumption in optical communications is in the electronic routing equipment used

in networks as opposed to the wavelength division multiplexed links [4].
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Figure 2.1: Global internet traffic versus year [1]



The optical network is typically divided into three sections (i) the access
network (ii) the metro network and (iii) the core network. The access network is
where the customer or end user connects to, and it provides access to a metro
network. Access networks can have a tree-like network structure [5]. The data from
customers is aggregated and if needs be is passed onto the metro network. The
metro network services a metropolitan size area and connects access networks
together. Metro networks can often take the form of a ring network where
SONET/SDH rings are used [5] (SONET= “Synchronous Optical Network”, SDH=
“Synchronous Digital Hierarchy”). Note that SONET, SDH and also OTN (“Optical
Transport Network”) are fibre transmission systems/protocols [6]. Various metro
networks are then connected together in a core network which is often of the form
of a mesh network which can be justified as large traffic demands on the core
network can be expected [5]. Core networks generally send large amounts of
information over long distances. Note that the focus of this thesis will be on metro
networks with a description of current and possible future metro networks given in

the following sections.

2.1.1 Wavelength Division Multiplexing
In metro networks data is typically multiplexed by wavelength where this paradigm

is referred to as wavelength division multiplexing (WDM), where an example WDM

link is shown in Figure 2.2.
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Figure 2.2: WDM transmission system.

Metro networks are described in [5, 7] . In this scheme, carriers are
modulated with data signals of 10Gbit/s, 40Gbit/s or even up to 100Gbit/s and
multiple carriers at different wavelengths are sent down the fibre simultaneously.
Optical line terminals (OLTs) can be used to join different data sources at different
wavelengths together and also separate them at their destination. With appropriate
design, the carriers can remain independent of each other. Using devices such as

optical add/drop multiplexers (OADMs) it is possible to remove specific



wavelengths at points along a link and to also add wavelengths with local data to
the link. It can be seen that since the data is multiplexed using different
wavelengths it is relatively straightforward to manage and route data using filters
and OADMs. Routing data through a network based on wavelength is known as
wavelength routing. The optical power of the signal will be attenuated if the signal
travels over long distances (even with attenuation coefficients which can be below
0.2dB/km [8]). Depending on the link length and other considerations it may be
necessary to amplify the optical signal which can be done by deploying one or
more erbium doped fibre amplifiers (EDFAS) along the link. The paths that are end-
to-end connections between source and destination are referred to as lightpaths [7,
9]. Initially, optical communications used only basic modulation formats to encode
data onto optical carriers such as on-off keying (OOK). However, it is possible to
further increase spectral efficiency in optical networks by transmitting data using
higher-order modulation formats such as M-ary quadrature amplitude modulation

(QAM) and polarisation-multiplexed transmission systems.

2.1.2 Possible Future Metro Networks
As discussed in the previous section, data can be routed between two points in a

metro network via wavelength. These lightpaths can be fixed or varied dynamically.
When these lightpaths are fixed or varied with long reconfiguration times, this is

referred to as optical circuit switching (OCS).

When lightpaths are varied on the order of microseconds or nanoseconds it
is referred to as either optical burst switching (OBS) or optical packet switching
(OPS). Advantages associated with OBS and OPS are that the virtual circuits in
the network can be reconfigured very quickly with changing data patterns. In
addition, OBS and OPS allow for data not destined for a node to pass through
intermediate nodes which will eliminate converting the data into the electrical
domain, processing it and converting it back into the optical domain to be sent onto
the next node in the ring, with similar arguments made in [10]. This reduction in
processing could potentially lead to a reduction in the power consumption of the
network. Here are two key distinguishing factors between OPS and OBS. Firstly,
OBS tends to send bursts of aggregated packets together while OPS tends to send
packets of finer granularity. Secondly, OPS headers are contained within the
packet while OBS does not require headers to be sent with the bursts but instead
OBS reserves bandwidth by sending its control data before sending the payload
burst [11].



While the focus of the thesis will be on ring metro networks, it is worth
mentioning that OBS networks can be potentially implemented in a general mesh
network in the following manner. OBS networks can operate on the basis that
headers are sent out before the payload, with the headers being processed at the
nodes so that the nodes can be configured in advance to process the data and
also to reserve bandwidth/ time slots with the node [12]. It may be necessary to
use buffers in the network, usually of the form of optical delay lines, in case two or
more bursts are being sent to the same node at the same time. This approach can
reduce the number of times the payload will need to be converted into the electrical
domain with only the header needing to be processed electronically. This reduces
power consumption in the network by having less electronic processing functions
taking place in the network. Note that another different application in which
switching tuneable lasers and burst receivers could be used is with arrayed
waveguide gratings to create routers which use optical switch fabrics instead of
electrical switch fabrics, which could potentially reduce power consumption and
costs [13]. However, in this work the focus will be on implementing OBS or OPS in
a ring network which allows for a simplified network architecture where it is
possible to have all the electronic processing occurring only at the source and
destination of the optical packets and not at any of the intermediate nodes. This
type of network will be explained more fully next.

2.1.2.1 Description of Optical Packet/ Burst Switch  ed Ring Networks
Shown in Figure 2.3 below is an example of an optical packet/ burst switched ring

network.

Tx,

Figure 2.3: Optical packet/ burst switched ring net  work.



At each node is a tuneable laser transmitter (labelled “Tx”), a modulator and a
receiver (labelled “Rx"). In order to send data to a particular node, the transmitter
changes its wavelength to the wavelength associated with the destination node
when the destination’s wavelength becomes free (i.e. is not being used by another
transmitter). The transmitter carrier is then modulated at this new wavelength. The
modulated signal is then sent into the ring network. At the destination some form of
OADM can be used to drop the required wavelength. In the case of direct
detection, each receiver will decode data at a fixed wavelength. Initially, intensity
modulation, such as non-return-to-zero (NRZ) [14-16], was typically used with
tuneable lasers in order to transmit data. This means that issues due to variations
in the frequency of the transmitter would not have had as severe an impact on
performance as would be the case for phase modulated data. This simplifies the
receiver design where the receiver can potentially consist of simply a photodiode,
some method of chromatic dispersion compensation and some additional
electronics to cope with optical power variations. In addition, the modulator
required would be just a single Mach-Zehnder modulator (MZM) which is described
in section 2.2.3.1. However, a key limitation with using OOK is its poor spectral

efficiency.

2.1.2.2 Higher-Order Modulation Formats in Optical Packet/ Burst Switched
Networks
In this thesis, external modulation is used to send some form of coherent

modulation format such as differential quadrature phase shift keying (DQPSK) or
dual-polarisation DQPSK (DP-DQPSK) to further increase spectral efficiency and
throughput. Instead of using an OADM to tap off the signal from the ring network, a
splitter can be used to tap off some power where the polarisation-diverse coherent
receiver selects data at the wavelength at approximately equal to the wavelength
of the local oscillator (LO) used in the polarisation-diverse coherent receiver.
However, a method of filtering out the selected wavelength would need to be
employed to prevent it from continuing through the ring. The polarisation-diverse
coherent receiver down-converts the received optical signal to a baseband
electrical signal, since the LO and transmitter are expected to be at approximately
the same wavelength (details of the polarisation-diverse coherent receiver are
given in a section 2.2.4.2). Some residual frequency offset is expected to still
remain and this needs to be compensated. Digital signal processing (DSP) is then
performed on the received signal in order to remove and mitigate the effects

caused by channel impairments such as chromatic dispersion.
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The architecture used here has a tuneable transmitting laser and a fixed
wavelength LO. Note that an alternative architecture is to have a switching
tuneable laser at the LO which can select data from particular wavelengths where
the data is transmitted using fixed wavelength lasers [10]. The choice of which
architecture to use may be influenced by the protocol systems preferred at higher
levels where perhaps having both tuneable transmitters and tuneable receivers
might be preferred. In any case, the work undertaken in this thesis (i.e.
characterising phase dynamics of tuneable lasers after switching, compensating
for large/ changing frequency offsets and fast polarisation demultiplexing) applies
to all these architectures. However, in this work tuneable transmitters and fixed
receivers will be used as this architecture provides a clear mechanism for the

transmitter to route data to its destination.

There are two challenges with using phase modulation with fast switching
tuneable lasers. Firstly, there are frequency transients after a switch which, if not
dealt with correctly, can result in errors. Secondly, there is a need to use DSP
which is able to mitigate channel impairments quickly after receiving a burst. The
first challenge is dealt with in chapter 5. With regard to the second challenge, it
was stated in [4] that the length of IP packets at 40 Gbit/s can vary between 13ns
and 500ns (equivalent to between 520 bits and 20,000 bits). Waiting times after a
switching event for dual-polarisation quadrature phase shift keying (DP-QPSK)
have been published and these are prohibitively large for IP packets over these
time scales. In one example [10], the system has variable convergence times
(maximum convergence time is 200ns or 44,800 bits with a bit rate of 224 Ghit/s).
In another example [17], the maximum convergence time is approximately 410ns
or 45,920 bits with a bit rate of 112 Gbit/s. This waiting time issue is dealt with in
this thesis by using a 40 Gbit/s dual-polarisation doubly differential quadrature
phase shift keying (DP-DDQPSK) system where a waiting time of 30ns or 1,200
bits is achieved [18]. This greatly improves the efficiency of coherent OPS systems
and is discussed in detail in chapter 6. If packets are aggregated together in a
coherent OBS system, the efficiency improvements achieved here become less

significant as burst sizes increase.

2.2 Devices
In order to implement a coherent OPS/ OBS network, it is necessary to use (i)

tuneable lasers, (ii) external modulators and (iii) polarisation-diverse coherent
receivers. These three device categories are relevant to the advances reported in

this thesis and the background behind these devices will be explained next. It will
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be assumed that the reader has basic knowledge and familiarity with other devices

such as filters and EDFAs (with many of these devices discussed in [7]).

2.2.1 Lasers
A laser is a light source which produces a spectrally pure source of light. Lasers

are devices which typically have the following features: (i) a cavity for feedback (ii)
a gain medium (iii) a method of filtering light. Lasers which are typically used in
telecommunications are semiconductor lasers which are known for their

ruggedness, low cost and small size [19].

2.2.1.1 Wavelength
It is important to understand the factors which determine the output wavelength of

a laser. A simple example of a laser is a Fabry-Pérot resonator [20]. Consider a
Fabry-Pérot resonator, where the cavity provides both gain, g (gain per unit length)
and attenuation, as (loss per unit length) as shown in Figure 2.4 [20]. The two
mirrors of the cavity have reflection coefficients r; and r, for mirror 1 and mirror 2
respectively. As shown in the diagram, the field will have reflection coefficients
multiplying with it. Also, gain and attenuation terms will need to be taken into

consideration as well as the phase term relating to the propagation constant, p.

g
Mirror 2 Mirror 1
A (0) A(L) | Outputl
— . >
Output 2| r,A,(2L) Gain r,A(L)
< <« |
ry rA(2L)
< L >

Figure 2.4: Simple example of a laser [20].

The plane wave moving through the cavity, E(t,x), is given as (similar to that given
in [20]):

E(t,x) = A, (x)e 2.1)
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where AL (X) is given by[20]:
AL (X) — Ae(-(as-g)X/Z)e-iBX 2.2)

where o is the angular frequency of the wave, x is the distance from the left mirror,

A is the amplitude of the wave at x=0 and t is time.

In [20], it is shown that the wavelengths of light, A, which will be generated

are given by equation (2.3):

A=— (2.3)

where n is the refractive index of the cavity, L is the length of the cavity and m, is a
non-zero, positive integer. A value of A which satisfies equation (2.3) is referred to
as a mode. Note also the difference in wavelength between adjacent modes will be
[20]:

7\’2

AN =——
2nL

(2.4)

In order to use lasers in conjunction with EDFAs the wavelength of the laser will
need to be within the 35nm bandwidth of the EDFA in the 1550nm region of the

spectrum [7].

2.2.1.2 Side-Mode Suppression Ratio
Single-mode operation of a laser is preferred in telecommunication applications in

order to reduce the effects of dispersion. Hence, only one lasing mode should be
produced with the others suppressed. The parameter side-mode suppression ratio
(SMSR) is the power ratio between the dominant mode and the next highest power
mode. For the sampled grating distributed Bragg reflector (SG-DBR) laser, which
will be discussed in section 2.2.2.4, an SMSR in excess of 50dB can be achieved

[21]. One method of supressing modes is to use a Bragg grating.

2.2.1.3 Bragg Gratings
Bragg gratings are essentially multiple partially reflecting mirrors which, when

combined, result in a strongly reflecting mirror [20]. In practice, this can be
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achieved by using a periodically varying refractive index of the medium used [22],

similar to what is shown in Figure 2.5.

Figure 2.5: Schematic diagram of a Bragg grating wi  th grey and white
sections indicating different refractive indices (s imilar to a figure in [22]).

For an incident angle, 0., the refracted angle, 0., is given by [22]:

sinB, —sind, = (2.5)

AA

where m is the order of Bragg diffraction, X is the wavelength of light, n is the

average refractive index and A is the spacing between two planes of equal
refractive index [22]. For normal incident light, with 6, =n/2 and 6, =-n/2,

equation (2.5) reduces to:
2NA = mA (2.6)

where any i satisfying equation (2.6) is a reflected wavelength. Hence, the use of
a Bragg grating in a laser cavity such as in a distributed feed-back (DFB) laser or
distributed Bragg reflector (DBR) laser will mean that only modes which satisfy
equation (2.6) will be produced. This will result in suppression of other modes,
thereby achieving high SMSR. It is clear that by tuning the refractive index then the
reflecting wavelengths in equation (2.6) can be changed. This will be important

when tuneable lasers are discussed in later sections.

2.2.1.4 Output Power
Another parameter which is important is output power. High output power can

potentially reduce the number of EDFAs used in a transmission link and, due to the

use of external modulators which typically have loss, high output power from the
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transmitting laser is required. Laser output power will be dependent on the
efficiency of the laser to convert the injected carriers into photons. An analytic

expression for the output power, P, is given in [23]:

P:Tlinm(l
e a

= (I - Ith) , (for1>1,) (2.7)

tot

where h is Plank’s constant, v is the frequency of light, e is the charge of an
electron amir is the mirror loss (amir=(1-r)), oy is the loss in the cavity plus the
mirror loss, | is the laser current, |y, is the threshold current and n, is the internal

guantum efficiency. As an example, the SG-DBR laser can produce output power
levels of +2.6dBm and +4.0dBm [21].

2.2.2 Noise in Lasers

2.2.2.1 Relative Intensity Noise

In a semiconductor laser, or indeed in any laser, the three main processes
controlling the field (and amplitude) of the laser are: (i) absorption, (ii) stimulated
emission and (iii) spontaneous emission, which are explained in [7] but in the
context of amplifiers. Absorption is where a carrier is excited to a higher energy by
a photon arriving at an appropriate frequency but the photon is then lost/absorbed
[7]. Stimulated emission is where a carrier drops from a higher energy to a lower
energy after being “stimulated” by a photon of an appropriate frequency which
results in the emission of an additional photon of the same energy as the input
photon [7]. Spontaneous emission is when a carrier drops to a lower energy
independent of any external radiation and is termed as an incoherent process as
the resulting photon has a random direction, phase and polarisation [7]. This is
unlike stimulated emission where the resulting photon has the same phase,
direction of propagation and polarisation as the incident photon [7]. The stimulated

emission process is crucial in order to generate a spectrally pure output.

Spontaneous emissions result in noise that appears on the output of a
laser, causing randomly varying amplitude and phase [20]. The field of the output

of the laser, E(t), can be expressed as (similar to that given in [20]):

E(t) = AlL+n, (t)] cogut + @, (1) 9

where A is the amplitude of the field, o is the angular frequency of the field, ny(t) is

the amplitude noise and ®y(t) is the phase noise.
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Relative intensity noise (RIN), is a measure of the amplitude noise and is
defined as [20]:

R, =10Log,,[¢] (2.9)

Where R, is the RIN, { is the power spectral density of 2n4(t), where { has units of
1/Hz. A good laser would have a RIN better than -165 dB/Hz [20]. Note that as
losses increase from external sources, e.g. during transmission, shot noise has an

increasing effect on the detected RIN [24].

2.2.2.2 Phase Noise
The phase noise, ®.(t), from equation (2.8) above, is typically modelled as a

Wiener process. A Wiener process, f(t), is where the power spectral density (PSD)
of the derivate of f(t) (i.e. f(t)) is a zero-mean white Gaussian process and that

[16]:

f(t)=[f(x)d @2.10)

The PSD of ¢,(t), the derivative of @.(t), in the case of a laser is expressed as:

PSO®,(t)] = 4nAv 2.11)

where Av is called the linewidth or full-width half-maximum (FWHM) linewidth [20].

It was shown in [25] that an analytic formula for the linewidth can be given as:

_Vghvgnga, f1+a?)
8nP,

Av

(2.12)

where vy is the group velocity, h is Plank’s constant, v is the frequency of light, g is
gain per unit length, ng, is the spontaneous emission factor, oy, is the difference
between gain and loss per unit length, o is the coupling factor between changes in
the real and imaginary refractive indices (An’/ An™) and P, is the output power per
facet. The origin of the linewidth is from spontaneous emissions as discussed
above, however, the phase noise is exacerbated by coupling between the intensity
and phase changes caused by spontaneous emission events which lead to the
linewidth enhancement factor (1+0°) in equation (2.12). It is also clear from

equation (2.12) that higher output powers can reduce the linewidth of the laser.
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Note that linewidth is a key limiting factor in coherent communications using phase
modulation, e.g. a BER of 10 for a DQPSK system at 10GBaud requires a
linewidth of less than 3MHz to have a penalty of less than 0.1dB [26].

Two examples of a semiconductor laser are DFB lasers and DBR lasers
[20]. DFB lasers have the gain medium covering the entire length of the cavity and
a Bragg reflector covering the same region except for a small length equal to one
guarter of the wavelength [20]. The DBR laser separates the gain section and
Bragg reflector sections. One advantage of the DFB over the DBR is that DFBs are
easier to fabricate as they do not have separate active and passive sections [24].
However, the DFB laser cannot vary its gain and grating sections separately since
these sections overlap. The DBR by contrast can vary the gain and grating

sections independently.

2.2.2.3 Tuneable lasers
Tuneable lasers are lasers where the wavelength of the output light can be varied.

This is useful from the point of view of inventory, where only one type of laser
needs to be kept in reserve in case lasers in the network fail, therefore, providing a
useful function for OCS networks. As can be seen from the discussion on
networks, tuneable lasers are an essential component in the OBS/ OPS networks
in order to provide dynamic wavelength paths. A comprehensive discussion on

tuneable lasers can be found in [27].

There are many different mechanisms which can be used to tune the output
wavelength. Firstly, mechanical methods [27] can be used such as in an external
cavity laser (ECL) [28]. Secondly, thermal variations [27] change the refractive
index of the laser cavity, which leads to variations in the mode wavelength (see
equation (2.3)) and, hence, changes the output wavelength. Also, by changing the
electronic current going through the sections of the laser [28] the refractive index of
one (or more) sections of the tuneable laser can be varied resulting in a change in
wavelength. Physical descriptions of how this occurs are given in [29] which
discusses the free-plasma effect. Since changing electronic currents can be done
in the order of nanoseconds, this type of tuning mechanism is a suitable candidate

for optical packet switched network applications.

2.2.2.4 SG-DBR Lasers
The tuneable laser which was used throughout the experiments performed in this

thesis was the SG-DBR laser. The tuning mechanism used in SG-DBR lasers is

current tuning. It should be noted that the SG-DBR laser used in the experiments

17



in this thesis did not have a semiconductor optical amplifier (SOA) section or any
gain section other than the gain section between the phase and front mirror
sections as shown in Figure 2.6 [27]. An advantage of having an SOA section is
that the amplitude of light from the laser can be controlled more easily [27]. The
phase section is used for additional control of the wavelength [27], where the
phase section can make precise wavelength adjustments. SG-DBR front and back
mirrors consist of sampled Bragg gratings which are periodically placed in these
sections [30]. These result in a periodic reflection spectrum which can be tuned by

varying the currents applied to these sections which changes refractive index.

Currents

Light Out

Front Back
Mirror Mirror

Figure 2.6: Laser schematic diagram of a typical SG  -DBR [27].

It should be noted that while current tuning on its own provides a limited
tuning range, the tuning range of the SG-DBR can be extended by appropriate
design of the front and back mirrors as will be described next. A key aspect of the
SG-DBR laser is that front mirror and back mirrors have different spaces between
reflectivity peaks. In addition, only wavelengths which are reflected by the front and
back mirrors will be continuously amplified in the cavity. This means that the only
wavelengths which can be lasing wavelengths must have coinciding reflection
peaks at the front and back mirrors. The fact that mirror peak reflection peaks have
different spaces means that there are a large number of possible wavelengths to
tune to. This is sometimes referred to in the literature as the Vernier effect [27].
The Vernier effect allows for a much larger tuning range in spite of the limited
range achievable by current tuning alone. As is shown in [31], it possible to tune to

85 different wavelengths with 50GHz spacing and SMSR values greater than
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40dB, demonstrating a large tuning range, with a spectrum of possible wavelength
channels given in [31] presented here in Figure 2.7 (Figure 2.7 is taken from [31]).
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Figure 2.7: Overlapping spectra of different possib le wavelength channels
for an SG-DBR laser, consisting of 85 channels sepa rated by 50GHz, and
with SMSR values greater than 40dB (this figure was  taken from [31]).

In terms of performance, the SG-DBR laser is capable of producing SMSRs
greater than 50dB at output powers greater than 2.6dBm but may have large
variations in linewidth, with linewidths of 4.6MHz and 19.8 MHz both possible at
the same wavelength but with different bias settings [21]. It is also possible to
quickly switch between wavelengths using the SG-DBR laser. However, frequency
transients can occur directly after a switching event which affects the performance

of phase modulation schemes. This is A switching transient occurs when the back
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section of the SG-DBR laser has a square wave applied to it as presented in
Figure 2.8 [32].
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Figure 2.8: Switching frequency offset versus time for switching SG-DBR

(slight alteration of the figure in [32]).

Among the key concerns when performing fast switching with a multi-
section tuneable laser, like the SG-DBR, are the excitation of other unwanted
modes, the frequency transients directly after switching, and increases in phase
noise after switching. Simulations of the effects of switching on output power and
SMSR have also been carried out [30] which demonstrate the potential for other
modes to appear during the switching process as well as a settling time being
required to allow the laser output to stabilise at the destination mode. Therefore, it
may be necessary to introduce a blanking period immediately after a switch to

ensure that spurious modes are not transmitted.

A scheme to reduce the transients in fast switching tuneable lasers has
been suggested in [33]. By applying switching voltages with pre-emphasis to the
rear section of a digital supermode distributed Bragg reflector (DS-DBR) laser and
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by applying compensating transient signals to the phase section, the laser will
settle sooner after switching. This scheme has been shown to result in large
decreases in frequency transients [33] , allowing for dual-polarisation quadrature
phase shift keying (DP-QPSK) data to be decoded within 125ns after switching
(100ns wait after the switching plus 25ns constant modulus algorithm (CMA)
convergence time). However, there is added complexity in terms of calibrating the
pre-emphasis signals and applying pre-emphasis signals to the phase and rear-

mirror sections.

Also, characterisations of the variations in linewidth after a switching event
suggest that the linewidth of the SG-DBR laser decreases to less than an order of
magnitude from its steady-state value within 15ns after a switching event [34] (note
that this work was done contemporaneously with the research published here).
However, more analysis on the frequency and phase noise dynamics will be

provided in a later chapter.

2.2.3 Modulation
In order to transmit data, the laser light must be modulated. This means that

properties of the light generated by the laser, such as its power, phase or
polarisation must be varied in response to electrical data, and so that these
variations can be interpreted at the receiver to determine the original message.
Two types of modulation in optical communication are direct modulation and
external modulation. In direct modulation, the laser’s currents are typically varied in
order to change the output laser frequency or power [19], e.g. high power to
indicate a “1” and low power to indicate a “0”. A key advantage of this method is
lower equipment cost compared with using external modulation devices. A key
disadvantage of direct modulation is that it typically introduces frequency chirp
which can result in large penalties from dispersion [7]. Frequency chirp is defined
as variations in the instantaneous frequency as a function of time. Direct
modulation can be used to implement higher-order modulation formats as
demonstrated recently [35], however, this requires the use of more than one laser.
External modulation, which will be described next, can be used without requiring a
full characterisation of a laser’'s frequency response, can be implemented using
only a single transmitting laser, does not have the severe frequency chirp issue
and, due to the fact that the transmitting laser will be switching wavelengths,
external modulation is a more straightforward method of performing the modulation

process. Two disadvantages of external modulation are the costs of having an
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additional external modulation device and also the loss in optical power after going

through an external modulation device such as a Mach-Zehnder modulator (MZM).

2.2.3.1 External Modulation and the Mach-Zehnder Mo  dulator
External modulation can be performed by various different devices. In this thesis,

the key device used for performing external modulation is the Mach-Zehnder
modulator (MZM), with a schematic diagram of the MZM shown in Figure 2.9
below. A MZM is typically made of Lithium Niobate [36], where its refractive index
can be altered by applying a voltage across it, with a linear relationship between
refractive index and voltage. The phenomenon exploited is known as the Pockels
effect [36]. When light enters to the MZM, it is split into two paths. By varying the
refractive index in one or both paths, the delay the wave(s) experience varies. This
can result in constructive or destructive interference when the waves are

recombined.

Light In — Light Out —>
Va

Figure 2.9: Schematic diagram of a MZM [8].

The transfer function of the MZM, Tyzm(V1,V>), (i.e. the output field divided
by the input field) is given by (similar to equation (1) in [8] but including an insertion

loss term, oawizw):

TMZM (V;L’ Vz) = Oy1zm eJ(ED(Vl)+c1>(V2)+W)/2

Cod(a(V,)-(v,))/12-y /2] 213

where V,; and V, are the applied voltages shown in Figure 2.9, y is a constant

phase delay and the phase delay function, ®(V), is governed by [8]:
(V) = «xV (2.14)

where « is a constant. By appropriate electrode design it is possible to drive the
modulator with only one signal and have V(t)=-V,(t) so that chirp-free performance
can be achieved [8]. An important parameter, denoted as V,, is the change in

voltage required in a single arm to give a © phase change in that arm [8]. Letting:
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AV =V, -V, (2.15)

V. is the change in AV necessary to go from maximum to minimum optical output
power. 2V, is required to switch between two maximum transmission peaks but
with a © phase difference between the two output fields. The MZM shown in Figure
2.9, using only one drive signal and having V(t)=-V,(t), can modulate a laser with
OOK and binary phase shift keying (BPSK).

Two MZMs can be combined to form an 1Q modulator as shown in Figure
2.10 below. This modulator is capable of performing quadrature phase shift keying
(QPSK) modulation as the phase in the lower arm is shifted by 90° as well as M-
QAM. Other possible modulator configurations for generating constellations such
as 16-QAM are suggested in [37]. In addition to this it is possible to combine two
IQ modulators to modulate two polarisations of light using a polarisation
multiplexed 1Q modulator as shown in Figure 2.11. Note that in Figure 2.10, a DC
bias voltage is used on each arm to essentially compensate for the v in equation
(2.13) and the Vgg and Vgeq inputs are the high speed data signals modulating the
data. Note that in Figure 2.11 only the RF signals are shown and the DC bias

voltages are omitted.

Light In —> —— Light Out

Figure 2.10: Schematic diagram of an IQ modulator [  8].

Vdata_IX Vdata_QX

Light In —

— - Light Out

VdatailY VdataiQY

Figure 2.11: Schematic diagram of a polarisation mu Itiplexed 1Q modulator
[38].

23



2.2.3.2 Higher Order Modulation Formats
Using the modulators described in section 2.2.3.1, different modulation formats can

be generated. In optical communications, information can be sent by varying one
or all or the following; amplitude, phase and polarisation. Frequency (or
wavelength) is used to multiplex data as described above in the WDM paradigm.
However, small frequency deviations can be used to implement frequency shift

keying.

The modulator shown in Figure 2.9 is known as an intensity modulator but
is also essentially an amplitude modulator since it can reduce the input field by an
arbitrary amount and can also make the sign of the wave to be positive or
negative. When the amplitude of the field is modulated so that it either has zero
amplitude, or a particular non-zero amplitude, this is referred to as OOK. When the
field is modulated so that it has the same power for both 1 and 0 but has either a
0° or 180° phase shift this is referred to as BPSK. Both these modulation formats
only send one bit per symbol. These two modulation formats are illustrated using
constellation diagrams that are shown in Figure 2.12 below. The number of bits per

symbol, My, is calculated via:

M b~ logz(Nsym) (2.16)

where Ngynis the number of symbols used in the modulation format.

Q Q
(a) (b)

Figure 2.12: Constellation diagrams of (a) OOK and  (b) BPSK.

Since the modulation formats shown in Figure 2.12 only send one bit per
symbol, it is of interest to look at modulation formats which send a larger number of
bits per symbol as this can be used to increase spectral efficiency. The 1Q
modulator shown in Figure 2.10 above modulates a sine wave and cosine wave

independently which means there is an extra degree of freedom compared with the
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intensity modulator in Figure 2.9. Examples of the modulation formats which can
be generated with this modulator are QPSK and 16-QAM as shown in Figure 2.13

below and it can be seen the number of bits per symbol are 2 and 4 respectively.

Q Q

@ o o (b) o o o o
o o o o
I I
o o o o
o o
e o o o

Figure 2.13: Constellation diagrams of (a) QPSK and  (b) 16-QAM.

In addition, it is possible to add another degree of freedom by modulating
data on two different polarisations by using a polarisation-multiplexing-1Q-
modulator as shown in Figure 2.11 above. Modulation formats such as DP-QPSK
or dual-polarisation 16-QAM can be generated which have 4 bits per symbol and 8
bits per symbol respectively. Phase recovery for general M-QAM is presented in
[39]. It is also possible to generate polarisation QAM modulation systems which not
only use polarisation multiplexing both also take advantage of the ability to send

QAM signals on single polarisations to increase throughput [40].

All these modulation formats will experience various impairments as they
travel through a fibre optic cable such as attenuation, chromatic dispersion,
polarisation rotations, etc. Hence, it is a key function of the receiver to
compensate/mitigate the effects of these impairments on the received signals so

that the data can be correctly recovered.

2.2.4 Optical Communication Receivers
The key device for receiving optical communication data is the photodiode. The

photodiode converts received photons into electrons which allows for either direct
determination of the data sent, in the case of OOK, or can be used in conjunction
with other optical devices, other photodiodes and DSP to demodulate data
transmitted using amplitude, phase and/or polarisation modulation. In this thesis,

phase modulation and polarisation modulation will be the key focus. Two widely
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used methods for demodulating phase shift keying (PSK) data are (1) delay

interferometers and (2) coherent receivers. These methods will be described next.

2.2.4.1 Delay Interferometers
An example of a delay interferometer receiver setup is shown in Figure 2.14 below

[41]. Note that this receiver is designed to demodulate signals that use differential
binary phase shift keying (DBPSK), where data is encoded on phase changes.
Here, the incoming signal field, Erx(t), is split into two parts, where one arm is
delayed in time, then both parts are recombined and have their coupled outputs
detected by balanced photodiodes. The electrical signal, Ipp(t) is given by [41]
(assuming that the amplifier has a finite, but high common mode rejection ratio, the

following equation will apply):
lpo(t) = Re[K.Egy (t)E;x (t-T)] (2.17)

VFine_Tune

|

/\/\;l * lpp(t)

Erx(t) % *

LightIn —

Figure 2.14: Delay interferometer receiver [41].

where T is the relative time delay between the upper and lower arms and K is a
proportionality term that will be present (however K is not included in [41]). Not

considering noise terms, Erx(t) will be of the form:
— jot+® oq (t
Eqx (t) = Ag " Oma® (2.18)

where A is amplitude, o is angular frequency and ®n(t) is the phase modulation.

Hence, it can be show that equation (2.17) how becomes:
I PD(t) = KAZ COSEOT + (Dmod(t) - (Dmod(t _T)] (2.19)

In Figure 2.14, the “Bit Delay” refers to a coarse delay which is set to be
equal to the bit period of the received DBPSK signal. The precise delay, set by
Viine_tune Must implement a very small and precise time delay change, of the order
of femtoseconds so that the oT term in equation (2.19) is equal to a multiple of 2x.

As a result of this, Ipp(t) gives a positive value for zero phase changes and a
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negative value for = phase changes resulting in correct demodulation of DBPSK. It
is then possible to combine and configure various delay interferometers in order to
demodulate differential M-ary PSK signals. Note that the “Bit Delay” should then be
set to the symbol period for M-ary PSK demodulation. One key advantage of this
system is that it does not require a LO as in the case of the coherent receiver. One
key disadvantage of this scheme is that the signal is being mixed with itself which
approximately doubles the amount of noise in the system and results in an optical
signal to noise ratio (OSNR) penalty with respect to the coherent case. Note that
the reasons for using coherent detection over direct detection are discussed at the

start of the next chapter.

2.2.4.2 Polarisation Diverse Coherent Receiver
When decoding dual-polarisation phase shift keyed signals, a polarisation-diverse

coherent receiver can be used [42]. A diagram of a polarisation diverse coherent
receiver is shown in Figure 2.15 below [42]. The receiver consists of polarisation
beam splitters (PBSs) and 90° optical hybrids. 90° optical hybrids produce four
outputs which are proportional to the sum of the LO input delayed by one of [0°,
90°, 180° 270°] and the signal field (as can be seen from the equations in [42]).
This receiver allows for the in-phase and quadrature components of the received

waves, on both polarisations, to be decoded.

lpoy

—
E., al
90° Es
Optical |
Es —— PBS Hybrid > PD2

PBS E. e lpo3

90° [E.
Eloy | Optical

Hybrid —=——> lpo4

T T

Figure 2.15: Polarisation-diverse coherent receiver [42].
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If the signal wave’s polarisation components, Eg(t) and E(t), and the LO

wave'’s components, E o «(t) and E o (t), are represented as:

_ i j0.() jost
Eq (1) = o, Pe’ e e” (2.20)

Esy(t) = 1\ (1_ U'pol) F; 'ejeS(t) 'ejwt (2.21)

P .

ELO,x(t) = % eJGLo(t) eJ Lot (2.22)
Po s o

Eo,(t)= ?Oejew(t) glowo! (2.23)

then the output currents, where oo, o, are given as [42]:

log = R, /@ cosp,(t) -0, (t)+ 3] (2.24)

l.p, =R @ sino,(t) -0, o(t) +8] (2.25)

\

| ops = R\/ - apoé) ile cosp,(t)-0,0(t)] @26

Vi \

- R\/ (1‘%03 PRo ginp(0)-0.)]  2n

where R is the responsivity of the photodiodes, Psis the power of the signal, Po is
the power of the LO, oy is the proportion of the signal power going into the
coherent receiver in the x-polarisation, § is the phase difference between the two
polarisation components of the signal, 6<(t) is the phase modulation of the signal
(with transmitter phase noise also being present), and 6,.o(t) is the phase noise of
the LO. However, equations (2.24) to (2.27) relate to a homodyne receiver, where
ws=0 o, While in this thesis the focus will be on intradyne receivers where a non-

zero angular frequency term (os - o)t will be included in the argument of the
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cosine and sine terms of equations (2.24) to (2.27). The currents can then be sent
through electronic DSP to remove distortions caused by chromatic dispersion,

polarisation rotations, and frequency offset [43].

2.3 Summary
In this chapter, the motivations behind this work and the key devices used to

implement this work have been described. It was described how using an optical
packet/ burst switched network with coherent detection can reduce the electronic
processing used in networks. By using higher-order modulation formats more bits
per symbol/ higher spectral efficiency can be achieved. A key component of the
coherent OPS and OBS networks is the fast switching tuneable laser and the main
points of interest with respect to this device were discussed. The wavelength
tuning mechanism which appears to be most suitable is current tuning due to its
fast tuning times. The SG-DBR laser is a very suitable laser for coherent OPS/OBS
networks as it is current tuned and can access a large range of wavelengths. It
was shown that MZM architectures can implement coherent modulation formats by
varying amplitude, phase and polarisation. Finally, polarisation-diverse coherent
receivers were introduced with their fundamental equations provided. Before
presenting detailed descriptions of the novel characterisation and transmission
systems developed in this work, a review of the standard laser phase noise/
frequency transient characterisation techniques, standard DSP encoding for
transmission and standard DSP for demodulating signals detected with a

polarisation-diverse coherent receiver will be presented.
References

1. Cisco VNI, "The Zettabyte Era—Trends and Analysis (29/05/2013),"
http://www.cisco.com/c/en/us/solutions/collateral/service-provider/visual-
networking-index-vni/VNI Hyperconnectivity WP.html.

2. Daily Mail, "Traditional television channels could soon disappear and be
replaced by internet catch-up services says BBC boss,"
http://www.dailymail.co.uk/news/article-2690098/BBC-boss-Traditional-television-
channels-soon-disappear.html.

3. A. D. Ellis, Jian Zhao, and D. Cotter, "Approaching the Non-Linear Shannon
Limit," Journal of Lightwave Technology 28, 423-433 (2010).

4. R. S. Tucker, "Optical and electronic technologies for packet switching," in
Optical Fiber Telecommunications VB: Systems and Networks, I. P. Kaminow, L.
Tingye, and A. E. Willner, eds. (Academic Press, 2006), pp. 695-738.

29



5. R. Doverspike and P. Magill, "Commercial optical networks, overlay networks
and services," in Optical Fiber Telecommunications VB: Systems and Networks, I.
P. Kaminow, L. Tingye, and A. E. Willner, eds. (Academic Press, 2008), pp. 511-
560.

6. M. Carroll, J. Roese, and T. Ohara, "The Operator’'s View of OTN Evolution,"
IEEE Communications Magazine 48, 46-52 (2010).

7. R. Ramaswami and K. N. Sivarajan, Optical Networks A Practical Perspective,
2nd Edition (Academic Press, 2002).

8. P. J. Winzer and R. J. Essiambre, "Advanced Optical Modulation Formats,"
Proceedings of the IEEE 94, 952-985 (2006).

9. T. S. El-Bawab, "Preliminaries and Terminologies," in Optical Switching, T. S.
El-Bawab, ed. (Springer, 2006), pp. 3-35.

10. J. E. Simsarian, J. Gripp, A. H. Gnauck, G. Raybon, and P. J. Winzer, "Fast-
Tuning 224-Gb/s Intradyne Receiver for Optical Packet Networks," in Optical Fiber
Communication Conference and Exposition, (IEEE, 2010), pp. PDPB5.

11. J. P. Jue, W. H. Yang, Y. C. Kim, and Q. Zhang, "Optical packet and burst
switched networks: a review," IET Communications 3, 334-352 (2009).

12. Y. Chen, C. Qiao, and X. Yu, "Optical Burst Switching: A New Area in Optical
Networking Research," IEEE Network 18, 16-23 (2004).

13. J. Gripp, M. Duelk, J. E. Simsarian, A. Bhardwaj, P. Bernasconi, O. Laznicka,
and M. Zirngibl, "Optical Switch Fabrics for Ultra-High-Capacity IP Routers,"
Journal of Lightwave Technology 21, 2839-2850 (2003).

14. B. Puttnam, M. Dueser, B. Thomsen, and P. Bayvel, "Burst mode operation of
a DS-DBR widely tunable laser for wavelength agile system applications," in
Optical Fiber Communication Conference, (OFC, 2006), pp. OWI86.

15. E. Connolly, A. Kaszubowska-Anandarajah, and L. P. Barry, "Cross Channel
Interference due to Wavelength Drift of Tuneable Lasers in DWDM Networks," in
International Conference on Transparent Optical Networks, (IEEE, 2006), pp.
Mo.P.13.

16. H. Okamoto, K. Sato, H. Yasaka, Y. Yoshikuni, K. Oe, K. Kishi, Y. Kondo, and
M. Yamamoto, "Fast wavelength switching for 10Gbit/s NRZ signal with a tunable
duplex integrated light source," Electronics Letters1274-1276 (1995).

17. R. Maher, D. S. Millar, S. J. Savory, and B. C. Thomsen, "Widely Tunable
Burst Mode Digital Coherent Receiver With Fast Reconfiguration Time for 112
Gb/s DP-QPSK WDM Networks," Journal of Lightwave Technology 30, 3924-3930
(2012).

18. A. J. Walsh, J. Mountjoy, A. Fagan, C. Browning, A. D. Ellis, and L. P. Barry,
"Reduced Waiting Times Using a Fast Switching Dual-Polarization DDQPSK
Receiver in a Packet Switched Network," in European Conference and Exhibition
on Optical Communication, (IEEE, 2014), pp. P.4.2.

30



19. J. R. Barry and E. A. Lee, "Performance of Coherent Optical Receivers,"
Proceedings of the IEEE 78, 1369-1394 (1990).

20. L. Kazovsky, S. Benedetto, and A. Willner, "Basic Optical Fiber
Communications Components (Chapter 1)," in Optical Fiber Communications
Systems, Boston, ed. (Artech House, 1996), pp. 1-100.

21. K. Shi, F. Smyth, P. M. Anandarajah, D. Reid, Y. Yu, and L. P. Barry,
"Linewidth of SG-DBR laser and its effect on DPSK transmission," Optics
Communications 283, 5040-5045 (2010).

22. G. P. Agrawal, "Chapter 1, Fiber Gratings," in Applications of Nonlinear Fiber
Optics, (Academic Press, 2001), pp. 1-61.

23. C. Ye, Tunable External Cavity Diode Lasers (World Scientific, 2004).

24. L. A. Coldren, S. W. Corzine, and M. L. Masanovic, Diode Lasers and Photonic
Integrated Circuits (Wiley, 2012).

25. C. H. Henry, "Theory of the Linewidth of Semiconductor Lasers," IEEE Journal
of Quantum Electronics 18, 259-264 (1982).

26. S. Savory and A. Hadjifotiou, "Laser Linewidth Requirements for Optical
DQPSK Systems," IEEE Photonics Technology Letters 16, 930-932 (2004).

27. L. A. Coldren, G. Fish, Y. Akulova, J. Barton, L. Johansson, and C. Coldren,
"Tunable semiconductor lasers: A tutorial,” J. Lightwave Technol. 22, 193 (2004).

28. M. Larson, "Widely tunable semiconductor lasers," in Optical Fiber
Communication Conference, Optical Society of America, ed. (OFC, 2014), pp.
Tu2H. 1.

29. M. Aman and J. Buus, Tunable Laser Diodes (Artech House, 1998).

30. K. Shi, Y. Yu, R. Zhang, W. Liu, and L. P. Barry, "Static and dynamic analysis
of side-mode suppression of widely tunable sampled grating DBR (SG-DBR)
lasers," Optics Communications 282, 81-87 (2009).

31. F. Smyth, "Investigation of Performance Issues Affecting Optical Circuit and
Packet Switched WDM Networks (PhD Thesis, Dublin City University)," (2008).

32. A. J. Walsh, T. N. Huynh, J. Mountjoy, A. Fagan, A. D. Ellis, and L. P. Barry,
"Employing DDBPSK in optical burst switched systems to enhance throughput,” in
39th European Conference and Exhibition on Optical Communication, (Optical
Society of America, 2013), pp. P.3.17.

33. J. E. Simsarian, J. Gripp, S. Chandrasekhar, and P. Mitchell, "Fast-Tuning
Coherent Burst-Mode Receiver for Metropolitan Networks," IEEE Photonics
Technology Letters 26, 813-816 (2014).

34. K. Shi, R. Watts, D. Reid, T. N. Huynh, C. Browning, P. M. Anandarajah, F.
Smyth, and L. P. Barry, "Dynamic Linewidth Measurement Method via an Optical
Quadrature Front End," IEEE Photonics Technology Letters 23, 1591-1593 (2011).

31



35. J. Kakande, R. Slavik, R. Phelan, J. O’'Carroll, B. Kelly, and D. J. Richardson,
"Tunable QAM Transmitter Based on Direct Modulation Laser," in Optical Fiber
Communication Conference and Exposition, (OFC, 2014), pp. W1J.3.

36. H. Okayama, "Lithium Niobate Electro-Optic Switching," in Optical Switching,
T. S. EI-Bawab, ed. (Springer, 2006), pp. 39-82.

37. M. Seimetz, "Performance of Coherent Optical Square-16-QAM-Systems
based on 1Q-Transmitters and Homodyne Receivers with Digital Phase
Estimation," in Optical Fiber Communication Conference and Exposition, (IEEE,
2006), pp. NWA4.

38. T. I. Xia and A. Wellbrock, "Commercial 100-Gbit/s Coherent Transmission
Systems," in Optical Fiber Telecommunications VIB: Systems and Networks, I. P.
Kaminow, L. Tingye, and A. E. Willner, eds. (Academic Press, 2013), pp. 45-82.

39. T. Pfau, S. Hoffmann, and R. Noé, "Hardware-Efficient Coherent Digital
Receiver Concept With Feedforward Carrier Recovery for M-QAM Constellations,”
Journal of Lightwave Technology 27, 989-999 (2009).

40. H. Bulow, "Polarization QAM Modulation (POL-QAM) for Coherent Detection
Schemes," in Optical Fiber Communication Conference and Exposition, (IEEE,
2009), pp. OWG2.

41. X. Liu, S. Chandrasekhar, and A. Leven, "Self-coherent optical transport
systems," in Optical Fiber Telecommunications VB: Systems and Networks, I. P.
Kaminow, T. Li, and A. E. Willner, eds. (Academic Press, Oxford, 2008), pp. 131-
178.

42. K. Kikuchi, "Coherent optical communication systems," in Optical Fiber
Telecommunications VB: Systems and Networks, I. P. Kaminow, T. Li, and A. E.
Willner, eds. (Academic Press, Oxford, 2008), pp. 95-130.

43. A. Leven, N. Kaneda, U. -V. Koc, and Y. -K. Chen, "Frequency Estimation in
Intradyne Reception," IEEE Photonics Technology Letters 19, 366-368 (2007).

32



Chapter 3

Coherent Optical Communication

In this chapter, the theory and standard techniques of coherent optical
communications will be explored. A description of a standard coherent optical
transmission system will be discussed. This chapter will then focus on the key
impairments associated with coherent optical communications in back-to-back
scenarios which are: (i) additive white Gaussian noise (AWGN), (ii) frequency
offset, (iii) phase noise, and (iv) polarisation rotations. In addition, standard
techniques to characterise the phase noise of static lasers and previously
published techniques to characterise frequency chirp and time-resolved phase
noise of switching lasers will be reviewed. The limitations of these techniques will
also be discussed which will motivate the need for the novel approaches
developed in this work in order to overcome these limitations. This thesis does not
focus on impairments which are associated with long distance transmission such
as chromatic dispersion, polarisation mode dispersion (PMD) and non-linear
impairments since the issues associated with back-to-back transmission need to
be fully resolved before long distance transmission problems of coherent optical
packets are considered. The standard techniques to overcome the back-to-back
impairments will be discussed as well as their limitations which will motivate the
need for the novel DSP strategies developed in this thesis which can overcome
these limitations. Finally, BER versus signal to noise ratio per bit (SNRy)

relationships for different decoding systems will be explored.

3.1 Coherent Optical Communication System Overview
Shown in Figure 3.1 is a typical coherent optical communication system. The

transmitter is typically a low linewidth laser with a wavelength near 1550nm. The
transmitter laser output is then passed through a polarisation controller (PC) which
is varied so that the light entering the modulator has the correct polarisation for that
modulator. Note that the modulator may be a single-polarisation modulator or a
dual-polarisation modulator. The modulator then puts data onto the carrier of the
light entering the modulator by varying one or more of the carrier’'s parameters;
amplitude, phase or polarisation. The channel through which the modulated carrier
passes through is typically a long length of optical fibre which may have EDFAs

used in order to provide enough power at the receiver.
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Figure 3.1: Typical coherent optical communications system setup, where

the modulator could be a single or dual-polarisatio n modulator.

One receiver which can decode carriers using a combination of amplitude,
phase and polarisation modulation is the polarisation-diverse coherent receiver.
The key functions of a polarisation-diverse coherent receiver are: (i) to convert the
carrier and data modulation of the received signal from the optical domain to the
electrical domain, (ii) to down-convert the optical carrier from a value greater than
190THz to an electrical carrier that is only a few gigahertz and (iii) to output the in-
phase and quadrate components of a signal for both the x and y polarisation. More
details of the polarisation-diverse coherent receiver are provided in [1]. The
essential components of a polarisation-diverse coherent receiver are shown in
Figure 3.1. After going through an optional PC (which is useful for laboratory
experiments) the input signal, E4t), goes through a PBS where each output
polarisation component goes to a different 90° optical hybrid. The LO is a laser
which is separate from the polarisation-diverse coherent receiver which goes
through a PC. Then, it goes through a PBS with each output polarisation
component going to a separate 90° optical hybrid. The output polarisation
components from the PBSs with the same state of polarisation go to the same 90°
optical hybrid. As explained in the previous chapter, a 90° optical hybrid has four
outputs with each output proportional to the sum of the LO input delayed by one of
[0°, 90°, 180°, 270°] and the signal input. The outputs of the 90° optical hybrids are
detected by balanced photodiodes as shown in Figure 3.1. Balanced photodiodes

prevent optical power from one of the two coupler outputs being lost/wasted
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(balanced photodiodes are discussed in [2]). The four outputs from the balanced
photodiodes are the in-phase and quadrature components of each of the x and y
polarisations. The equations for these four outputs were given at the end of the

previous chapter.

The key purpose of the LO is to down-convert the received signal from a
carrier of high frequency, greater than 190THz, to a carrier which is only a few
gigahertz. The LO and the transmitter laser need to have a difference in frequency
which is less than the bandwidth of the receiver electronics or else the beat signal
will not be observed. The current outputs from the polarisation-diverse coherent
receiver will have to go through DSP in order to remove impairments such as
residual frequency offset between the transmitter and LO lasers and to reverse any
precoding performed at the transmitter in order to recover the data. The DSP used
in coherent optical communications for M-ary PSK data will be described in more

detail in section 3.4.

In back-to-back scenarios, the distance of fibre travelled is at most of the
order of meters with the main impairments being: (i) amplified spontaneous
emission (ASE) noise from amplifiers, (ii) polarisation rotations, (iii) frequency
offsets between the transmitter and LO lasers, and (iv) phase noise from the
transmitter and LO lasers. These impairments must first be dealt with before
transmission impairments such as chromatic dispersion and PMD are investigated.

As stated above, only back-to-back impairments are considered in this thesis.

3.1.1 Reasons to Use Coherent Optical Communication Systems
Besides coherent detection of signals, it is also possible to receive signals by using

“direct detection” where the signal is detected simply by a photodiode or using a
combination of delay interferometers and photodiodes. The use of delay
interferometers was discussed in the previous chapter. While direct detection
systems are often simpler to implement than coherent systems where little or no
DSP may be required they have shortcomings compared with coherent detection

systems:

(1) Coherent detection becomes shot-noise limited in terms of the receiver
sensitivity by increasing the LO power which makes all other noise terms
negligible compared with shot-noise [2]. However direct-detection systems
do not have this capability. It is further elaborated in [2] that power penalty
difference between a direct detection scheme for OOK limited by the

“quantum limit” and the shot-noise limited coherent BPSK scheme is 3.5dB.
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(2) Coherent systems are able to filter out closely spaced signals in a WDM
setting in the electrical domain [1], which can eliminate the need for

additional narrowband optical filters.

3.2 Back-to-Back Channel Impairments
This section identifies various important back-to-back impairments and provides

mathematical descriptions of these impairments.

3.2.1 Additive White Gaussian Noise
It is typical in the theory of communications to measure the performance of a

proposed data transmission system in terms of its performance in the presence of
AWGN. AWGN is defined as a random process whose PSD is the same constant
value at each frequency, where its value indicates the severity of the AWGN. A
sample AWGN process is shown in Figure 3.2 (a) and the PSD of this AWGN
process is shown in Figure 3.2 (b).
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Figure 3.2: Plot of (a) AWGN vs. time (b) PSD of AW GN.
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A measure of the quantity of noise in a signal is given by the SNRy, which is
defined as the ratio of the signal energy per bit to twice the PSD of the unwanted
noise (which is often AWGN in theoretical analysis) [3]. Optical signal to noise ratio
(OSNR) is a parameter which is often measured in optical communications
systems in order to determine the level of noise in a system. OSNR is related to
SNRy, via the formula [4]:

_ R SNR,
OSNR=—£2==2 3.1

ref

where Rg is the bitrate of the system being measured (containing the sum of the bit
rates in both polarisations), B, is the bandwidth resolution (with units of frequency)
of the optical spectrum analyser (OSA) and SNR, is the signal to noise ratio in one
polarisation. Since Rg is the sum of the bit rates in both polarisations the 2 in the
denominator remains for both single-polarisation systems and dual-polarisation
systems. Note that in experiments where ASE noise from an EDFA (with no input)
is added to a signal in order to vary its OSNR, the spectrum of the added ASE
noise within the bandwidth of the signal is not always flat. Variations in the ASE
spectrum within the bandwidth of the signal can be flattened by using an optical

bandpass filter.

3.2.2 Polarisation Rotations
When light propagates through a fibre, polarisation rotations occur. This means

that the components of light oscillating in different planes will vary in power and
relative phase delay. This, in the simplest case, is characterised by a multiplication

with a unitary matrix (given in [5]):

'Exout} _

L EYou

[cody,e 7 +sirf v, — jsin(['/2)sin2y, Ex,] ©?
— jsin(['/2)sin2y, cod y, @' +sirf y,g "2 {Eyij

where T" and v are the phase retardation and azimuth angle respectively [5].

3.2.3 Frequency Offset
Frequency offset impairments occur as a result of the transmitter and LO lasers

having different frequencies. This impairment must be removed in the case of M-

ary PSK signals since the presence of the frequency offset will affect phase
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changes which can either reduce the performance of the system or make recovery
of the data impossible. It has been discussed in the previous chapter that fast
switching tuneable lasers will exhibit frequency transients directly after they switch
wavelengths. This will consequently result in frequency offset transients at the start
of a packet or burst in a switching scenario if a tuneable laser is at the transmitter
and/ or at the receiver’s LO. This motivates the search for a robust frequency offset
compensation algorithm to cope with large and varying frequency offsets. A key
issue with frequency offset compensation algorithms is that the frequency offset
needs to be determined even though the signal contains data. If this data affects
the phase of the signal, such as in the case of M-ary PSK, then issues can arise. A
situation will be assumed where a coherent receiver has detected a signal which is
then correctly downsampled to one sample per symbol and sampled in the
optimum position, resulting in a downsampled M-ary PSK signal with a frequency
offset present. If the amplitude is assumed to be constant then the resulting phase

of the received signal, ®.{t), can be expressed as:
(Drec(kT) = O)kT + (Dmod(kT) + (Dn (kT) + (DO (3.3

where o is the angular frequency offset, assumed to be constant in this case,
Dmodt) is the M-ary PSK phase modulation at different points in time, ®4(t) is the
Wiener phase noise, @, is the initial phase, n is the sample index and T is the
symbol period. For the purposes of understanding frequency offset issues, the
Wiener phase noise will be assumed to be negligible. ®,,,(kT) for an M-ary PSK

signal can be expressed as:
2n
(Dmod(kT) = M kn (3.4)

where k, is a random integer in the range [0,M-1].

Observing equations (3.3) and (3.4), it can be seen that it would be
impossible to distinguish whether a 2r/M change in ®.{t), was due to a frequency
offset equal to 2x/(MT) with zero phase modulation or was due to a 2r/M change
from data modulation with zero frequency offset. This ambiguity will be present for
frequency offsets outside the +n/(MT) range, where some form of frequency offset
correction is employed. Therefore, ambiguity with respect to estimating frequency

offset will always be present in the above paradigm where the frequency offset is
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sufficiently large and the received phase has been downsampled to one sample

per symbol.

3.2.4 Phase Noise
Phase noise is where the laser’s instantaneous phase has a Wiener phase noise

process added to it resulting in phase shifts over time. Wiener phase noise
ultimately limits the number of phase states possible in a phase modulated data
transmission system. The instantaneous phase noise of a laser, ®,(t), considering

only Wiener noise, is typically governed by the following rule [6]):

(@, (t+T,,)- o, (0))) = 2080, o5

where Ty is a time interval and Av is called the “linewidth”. It is possible to derive
the Lorentzian PSD of the optical field using the assumption of only a Wiener
phase noise process, where this derivation is provided in [2]. The PSD of the

optical field, Si(w), is given as [2]:

W \0) = Y (3.6)
1+[0) (Doj
mAv

where o is angular frequency, P; is the average power of the field and o, is the
angular frequency of the field. This Lorentzian PSD is utilised in the measurement
of linewidth as is described in section 3.3.1. Note that a Lorentzian curve, L(X) is of
the form [7]:

Ir
2

(x—x, ) + @ F)Z

where X is the independent variable, with x, and " being constants.

1
L(x)= - 3.7)

3.3 Phase Noise Measurement Schemes
Measuring the level of phase noise in a laser output is critical to predicting the

performance of a system that uses that laser, with different levels of performance

depending on the modulation format and the symbol rate used. A number of phase

39



noise characterisation techniques will be discussed in the following section. These
will consist of static linewidth/ phase noise measurement techniques as well as

time-resolved frequency chirp/ phase noise measurement techniques.

3.3.1 Delayed-Self Heterodyne Phase Noise Measureme nt
The delayed self-heterodyne setup is shown in Figure 3.3 (with a similar setup

shown in [8]). The laser under test is split into two parts by a 50/50 coupler, where
one part is sent through a fibre delay line and the other part is frequency shifted by
driving a phase modulator with a 2GHz sine wave. A polarisation controller is used
to optimise the polarisation going into the phase modulator. Both parts are
recombined with a 50/50 coupler with one output of the coupler going to a
photodiode, then amplified electrically and, finally, the amplified signal is measured
by a radio frequency spectrum analyser (RFSA). The RFSA will detect a spectrum
which is expected to have a Lorentzian profile. If the frequency noise is a zero-
mean white Gaussian process, this will imply that the phase noise will be a Wiener
process which will result in the power spectral density of the field having a
Lorentzian profile as derived in [2]. By fitting a Lorentzian curve to the measured
spectrum it will be possible to determine the FWHM linewidth from the fit, which
then needs to be divided by 2 as the phase noise of the combined signal after the

50/50 coupler, used for measurement, is double the phase noise of the laser under

test.
Amplifier
Fibre Delay f’— RFSA
Laser under Phase
test Modulator
Signal ‘2GHZ
Generator

Figure 3.3: Delayed Self-Heterodyne setup for measu  ring linewidth (PD=
“Photodiode”) (similar to setup in [8]).

3.3.2 Coherent Receiver Phase Noise Measurement
Another method used to characterise phase noise is to use a coherent receiver

phase noise measurement scheme, such as the one shown in Figure 3.4, as

suggested in [6]. Note the linewidth of the LO input should be much lower than the
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laser under test. The LO models used in experiments and their specified linewidths

will be given for each experiment.

Laser under BC

test_| A IX
*/% —@— N Qx ,
Signal | Polarisation-Diverse y Real-Time
Coherent Receiver | Qy Scope

Low linewidth LO

ALO
laser * .

Figure 3.4: Coherent receiver method of measuringp  hase noise.

If each PC is set appropriately so that the beat signals will be concentrated
on the x polarisation, then by using the real-time scope and offline DSP it is
possible to determine the instantaneous phase difference, Qg (t) between the

laser under test and the low linewidth laser:
O (1) = UNVRAP[ATAN2[Ix,Qx]] 3.8)

where Ix and Qx are the x-polarisation beat signals from the coherent receiver as
shown in Figure 3.4. ATAN2[ p, q] is the MATLAB command for the two argument
arctan where p is the cos input and q is the sin input (its output is in the range (-=,
n]). UNVWRAP[ x] is the MATLAB unwrap function which interprets any phase
changes greater than or equal = to be the result of the phase drifting outside the (-
n,m] range where an appropriate 2r phase addition is made to ensure a continuous
phase trajectory. Using the polarisation-diverse coherent receiver equations from
chapter 2:

(3.9)

I, =R %cos[es(t)—em(t)w]

B PSPLO . (3.10)
Qs =R TSIH[OS('[)—GLO (t)"' 0]
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where Psis the power entering the signal port (power of the laser under test), Po is
the power entering the LO port (power of the low linewidth laser), 04t) is the
instantaneous phase of the signal port input (laser under test), 0.0(t) is the
instantaneous phase of the LO port (low linewidth laser), R is the responsivity of
the photodiodes and & is an arbitrary phase offset (6 is phase difference between x
and y detected fields but only the x-field is being used here). Substituting equations
(3.9) and (3.10) into (3.8) and simplifying yields:

D i _x (t) = unwrapatanfosp,(t) - 6,4 (t) + 3]
,SIN(t) =06 (1) + 311

The instantaneous phase of the laser under test and the low linewidth laser can be

(3.11)

given as:
es(t):(")st-i-ens(t)-i-e% (3.12)

00 (t):(DLot"'enLo (t)+60LO (3.13)

where the ws and oo terms represent angular frequencies of the signal and LO
respectively; 0,4(t) and 0,.0(t) terms represent phase noise processes of the signal
and LO respectively, and 6os and 0o.0 terms represent initial phases of the signal
and LO respectively. Hence, equation (3.11) will contain a frequency offset term,
((0s — @ 0)t), the difference in phase noise between the two lasers, (0,4t) — 0,0(t)),
(this essentially increases the phase noise since phase noise is a random process)
and an initial phase term. The frequency offset term can be removed by doing a
linear regression fit of ®gi «(t) against t and removing the estimated slope from
Dyt x(t) which should leave only the instantaneous phase noise plus a constant
phase term. From equation (3.5), it can be seen that if a linear fit of variance of the
differential phase over a time difference, Ty, versus T is calculated then the
linewidth can be estimated. The contribution of the phase noise from the low
linewidth laser to the estimated linewidth should be small enough in comparison to
the phase noise of the laser under test in order for it be considered to be negligible.
It will be shown in the next chapter that the method of calculating the variance of

the differential phase over a time T, is critical to correctly calculating the linewidth.

3.3.3 Time-Resolved Frequency Chirp/ Phase Noise Me asurements
As this thesis is concerned with fast switching tuneable lasers, it will be important

to estimate the phase noise dynamics and frequency chirp dynamics of a fast
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switching tuneable laser as a function of time just after a switching event. This will
indicate what type of frequency offset compensation scheme needs to be
employed as well as the limitations placed on the type of modulation which can be

used as a result of the time-varying phase noise.

One method of calculating time-resolved phase noise is to take limited
resolution spectra of the field of a beat signal between the switching laser and a
low linewidth laser a number of times immediately after the switching event [9].
This method can be problematic as there will be a bandwidth resolution/ time
resolution trade-off to be made. Another method uses a coherent receiver to
calculate instantaneous frequency and calculates the variance of frequency
deviations over a particular time-period to estimate linewidth [10]. A key limitation
of this method is that it has a limited time resolution (in [10] it is 25.6ns) and, also,
it is not clear to what degree deterministic frequency chirp for a given switching
event will be interpreted as phase noise (this will be discussed in more detail in the
next chapter). A method which has finer time resolution is suggested in [11], where
time-resolved linewidth measurements are performed with a temporal resolution of
1ns using a delayed self-homodyne technique. However, this technique assumes a
Wiener phase noise process directly after the switch and, also, separates
deterministic frequency chirp from dynamic phase noise. It will be shown in the
next chapter that the separation of frequency chirp from dynamic phase noise is
unnecessary and that assumptions do not have to be made about what type of

random process the phase noise exhibits.

Measurements which show the frequency chirp of a switching laser with a
wavelength locker have also been performed in [12] using a detuned filter and
power meter to implement a frequency discriminator. While this method can
perform frequency chirp measurements, it is important to perform both frequency
chirp and phase noise measurements simultaneously after a switching event and
to do this in a coherent manner in order to accurately and precisely to predict
performance of data transmission during this transient. This will be fully described

in the next chapter.

3.4 DSP for Compensating Back-to-back Impairments
DSP is applied to M-ary PSK single carrier data detected by the real-time scope to

recover the transmitted data. M-ary PSK data will be focused on here as this is a
key modulation format type used in the experimental work of this thesis. The DSP

flow diagram used to recover M-ary PSK single carrier data is shown in Figure 3.5.
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|(1) Record received I/Q datal . (5) Frequency offset
J 7 compensation
(2) Offset, amplitude and J,
deskew correction. (6) Phase Estimation
v v
(3) Downsample to 1 (7) Hard Decision
sample/symbol 1
1' (8) Differential Decoding
(4) Polarisation
demultiplexing.

Figure 3.5: DSP flow diagram for recovering M-ary P SK single carrier data.

The outputs from the polarisation diverse coherent receiver are sampled by
a real-time oscilloscope. After the sampling process, the | and Q signals from both
polarisations have their offsets removed, their amplitudes normalised, IQ deskews
corrected and delays between x and y detected signals corrected. Note that the 1Q
deskews of the coherent receiver were measured before data transmission
experiments were performed and in the case of dual-polarisation experiments the
delays between the X and Y channels of the polarisation diverse coherent receiver
were also measured and corrected. Then, the sampled complex field is
downsampled to one sample per symbol. After downsampling, the recorded 1/Q

data for either of the polarisations, Ej, sampiét), Will be of the form:
— .((‘)kTs"'(Dmo (kTs)+q)n(kTs)+q) )
Ein_samplikTs) - A(kTs) e ’ ’ (3.14)

where Ts is the sampling period and k is the sampling index. The next step is to
correct for the effects of polarisation rotations. The techniques to do this are
different for single-polarisation data and for dual-polarisation data. After this, the
frequency offset term, o, will be removed. Then, the Wiener phase noise term,
@, (t), will be estimated and this estimate will be used to mitigate the effects of
phase noise. The effects of phase noise are not fully compensated for using the
systems used in this work. VPI TransmissionMaker V8.7 simulations of 10GBaud
differentially encoded QPSK show that the BER versus OSNR performance gets
worse as linewidth increases, with noise floors appearing. Note that VPI
TransmissionMaker V8.7 (or “VPI” for short) is a simulation tool used to simulate
telecommunication systems where individual components used in the simulator

can operate in the optical domain or the electrical domain. The simulations results
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showed a minimum error floor of 9*10* when the linewidth was set to 100MHz.
After the Wiener phase noise is mitigated, it is expected that a constellation
diagram of M phase states will appear at which point a hard decision (deciding
whether a given phase value is closest to 0, 2n/M, 4n/M, etc.) will be made in order
to determine what the transmitted data symbols were. Then, single differential
decoding of the phase is performed on the hard decision symbols if single
differential encoding was implemented at the transmitter or possibly doubly
differential decoding if doubly differential encoding was used. The resulting data

symbols are then converted to data bits using Gray coding.

It is also possible to perform single differential decoding on the phase after
frequency offset compensation and before the hard decision to give the original
data symbols, assuming some form of differential encoding is performed at the
transmitter (note that when doubly differential decoding is performed before the
hard decision frequency offset compensation is not strictly necessary). A hard
decision is then applied and the resulting decoded symbols can then be mapped to
data (assuming Gray coding). However, this will result in worse BER versus OSNR
performance compared with performing differential decoding after the hard
decision as will be discussed in section 3.5. The individual sections of the DSP will

now be described in detail.

3.4.1 Output Correction and Downsampling
In experiments, the outputs from the polarisation diverse coherent receiver are

sampled by a real-time scope. The outputs then have their amplitude offsets
removed, their amplitudes normalised and already measured deskews between
the coherent receiver’'s outputs corrected. The next task is to downsample the
signals to one sample per symbol. It is important to do this in order to efficiently
perform signal processing on the received data. In order to do downsampling to
one sample per symbol, the correct sampling phase (i.e. position in the symbol
period) must be selected. One way to do this is to select the sampling phase with
the highest average magnitude as this will most likely be correlated with the most
open part of the eye-diagram. This can be done in a relatively straightforward
manner if there is a whole number of samples per symbol used. Other slightly
different approaches to utilising the shape of the eye-diagram to achieve
downsampling/ clock recovery are: (i) differentiating the received field to detect the
edges of a NRZ PSK pulse to do clock recovery, as suggested in [1], and (ii) using

an error function to maximise the square modulus of the downsampled signal [13].
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3.4.2 Polarisation Channel Impairments Correction: Constant Modulus
Algorithm
If the transmitter sends data on only one polarisation, then decoding the data at the

receiver can be done in a straightforward manner in terms of compensating
channel polarisation rotation, by combining the received X and Y polarisations in

the manner described in [1], which is essentially a feed-forward method.

However, if both polarisations are used at the transmitter to send data, then
decoding is typically done using the constant modulus algorithm (CMA) [13], with a
diagram of the CMA filters given in Figure 3.6 (similar diagram in [14]).

Ex[k] hxx /D EX_CMA[k]
e
- A

Ey [k] 1 hyy | @ Ey_CMA[k]

Figure 3.6: CMA filters applied to received signals (similar to part of diagram
in [14]).

Unlike the single-polarisation demultiplexing case [1] which uses a feed-
forward algorithm, CMA involves feedback. It is possible that the performance of
the CMA will be affected by the state of polarisation of the received signal in burst
scenarios resulting in variable convergence times [15]. Even worse, the CMA can
potentially result in what is known as a singularity, meaning only data from one
polarisation will be recovered [16]. Different methods have been proposed to
prevent singularities [16, 17] and to reduce convergence times [18]. Another
method of performing polarisation demultiplexing using an alternative feed-forward
algorithm which does not have the singularity problem will be discussed in a later
chapter on polarisation multiplexing in switching scenarios and further details of the

CMA will also be given in that chapter.

3.4.3 Frequency offset: M ™ Power Frequency Offset
There are numerous frequency offset correction algorithms in the literature,

with some examples available at [15, 19, 20]. One key metric for a frequency offset
compensation algorithm is the range of frequencies it can correct for. As discussed
in section 3.2.3, frequency offset in the presence of M-ary PSK data results in a
fundamental frequency offset ambiguity. It will be shown in chapter 5, which

introduces doubly differential phase shift keying (DDPSK), that this ambiguity can
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be eliminated by suitable encoding. Note that it is possible to use some form of
training symbols or known symbols in order to initially determine the frequency
offset in order to overcome this ambiguity, where this was briefly discussed in [21].
It also suggested appropriate unwrapping to track the frequency offset. The use of
training symbols may, however, not be suitable in switching environments where
the frequency offset varies greatly since if the frequency offset is incorrectly
tracked the frequency ambiguity problem will re-emerge unless more training
symbols are sent. Also, the application of a pilot tone removes phase noise [22, 23]
and eliminates the frequency offset issue; however, this will result in either part of
the spectrum being occupied by the pilot tone or one polarisation being occupied

by the pilot tone leading to a loss in spectral efficiency.

A commonly used approach that algorithms use to compensate for frequency
offset in the presence of M-ary PSK data is to raise the received field to the power
of M [15, 24]. A standard algorithm which does this and will be compared with
DDPSK algorithms in this work will be described next. Shown in Figure 3.7 below

is an M™ power frequency offset compensation method [24].

Z_
i=N
1
_ 15 HprlargOMm GO
2N +1 iZN

[exp(C » ]

Ein(kTs) \X/ Eout(kTs)

Figure 3.7: M™ power frequency offset compensation algorithm (dia gram
from [26], method from [24]).

In order for this algorithm to operate correctly it is necessary to ensure that
the absolute value of the frequency offset is always less than £R¢/(2M), where Rgis
the symbol rate [25]. This avoids issues to do with frequency offset ambiguity. The

downsampled field, E;,(kTs), is multiplied by its delayed complex conjugate:

E,(kT,)=E, (kT )E, (k-1T,) (315)

where E;(kTy) is the output of this product. From equation (3.14) and equation

(3.15), it can be seen that E;(kT) can be written as:
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E,(kT.)=A KT )A((k -1)T,)

QIO 4® g (KT )= g (k-1)T, )+ 0, (kT,)-0, ((k-1)T,)) (3.16)

E,(t) is then raised to the power of M to give Ex(t):
E,(kT,) = B/ (kT,) (3.17)
E,(kT,) =A"(kT,)AY((k -1T,) (3.18)

e] (Mst +M(Dmod(kTs)_M(Dmod((k_l)Ts)+M(Dn (kTs)_Mq)n ((k_l)Ts))
Note that all ®n.(t) terms when multiplied by M will result in multiples of 2z and,

hence, are removed:

—AM M _ iMoTg+M (@, (kTs)-o, ((k-1)T,))
E,(kT,)= A" (kT A" ((k —1)T,)e 319

It should be noted that since @,(t) is a Wiener noise process, it is clear that (©(kT)
- ®((k-1)Ty)) is Gaussian variable with zero mean and variance of 2rAvT,, where
Av is the sum of the linewidths of the transmitter and LO. The next stage is a
moving average filter which operates on Ey(t). If A(kTs) has a constant mean and
variance and since (®,(kTy) - ®,((k-1)Ts)) is a Gaussian noise process, then with a
large enough moving average filter the noise terms, equation (3.19) can be

reduced to Eya(t), which is given by:

mean

Eva (KT,) = A2, g/osT (3.20)

where Anean is the average value of A(kTg). The size of the moving average
depends on the system under consideration. The next step is to take the angle of
Eua(t) and to divide this by M to give Ad(t):

AD . (KT,) = (mod M e T, +n,21n)-n)/M (3.21)

Since it was assumed that the frequency offset was less than 1/(2MTy), this implies
that

0.y = #2n(1/(2MT ) - §,) (3.22)

where oeg is the estimated angular frequency and 0 < §; < 1/(2MTy). From this it

can be proven that:

48



A® eSt(kTS) = ('Oesth (3-23)

where details of the proof are given in Appendix B. Adg(t) is then accumulated to

give the phase trajectory ®uqj sredt):

AD . oo (KT) = N, T, + @ (3.29)

traj _freq est's traj_0

where @y, o is the initial value of @y, redKTs). Puaj e KTs) IS put into complex form
and removed from Ei,(kTs) to give the output, E,(KTs), from the frequency offset

compensation scheme:
— (KT (0= 0ee O mog (KT )+ @, (KT ) +D
E,.(KT,) = A(KT, )el( ( )+ ®moa (KTs)+®, (KT)+p) (3.25)
If 0= wes;y then Equ(KTs) will be:
~ (P oq (KTs) +@;, (KTg)+@
Eout(kTs) - A(kTs )ej( ‘ o (3.26)

Hence, the M™ power frequency offset algorithm shown in Figure 3.7 and

described in [24] can remove frequency offsets from M-ary PSK data.

3.4.4 Phase Noise Mitigation: M ™ Power Phase Estimation
After frequency offset compensation, it is necessary to perform phase estimation.

Note that pilot tone systems can allow for large linewidths to be tolerated [27] but
they reduce the maximum possible spectral efficiency. Phase estimation is used to
eliminate, as much as possible, the presence of the Wiener phase noise from the
received field. This can be achieved by performing M" power phase estimation as

shown in Figure 3.8 below.

Ein_phase( kTs) /)%)Utiphase( kTs)
[exp(-iC )]

i=N
2Nl . z ) larg( ) |2{1/M P unwrap( )]
+ 1=

Figure 3.8: M ™ power phase estimation (concept from [24]).

For the purposes of clarification, the M™ power algorithm used in frequency

offset estimation is focused on using differential phase values while the M"™ power
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algorithm used in phase estimation is focused on using the phase without any
differential operation. Here, Ej, pnas€kTs) is simply the output field from the
frequency offset compensation stage. The frequency offset will be assumed to
have been fully removed so the equation used for the input field will be equation
(3.26). Ein_phaskKTs) is given as:

Ein_prasdKT,) = A (KT Je/ttmsTdmenlitidseal o)

Firstly, the field is raised to the power of M to give Ey phasdkTs) Which, as

discussed already, removes all ®,,(kTs) terms:
— AM (M, (kT,)+M®
E M _phase(kTs) =A (kTs )ej( (kTs) o) (3.28)

The next stage is the application of a moving average filter to get Eua phasdKTs) in

order to get a short term estimate of the phase of the field:
— A M '(M(l) n mean(kTs)"'Mq) )
EMA_phase(kTs) - Amean_phast(k-rs)eI ) ’ (3.29)

where AMmean_phasQ(Ts) and @, meakkTs) are averaged values (not necessarily
arithmetic mean values) resulting from the application of the moving average filter,
averaging Ey phasékTs) from ((k-N)Ts) to ((k+N)Ty). If the size of the moving average
(i.e. N) is too large, the average will include uncorrelated phase terms and will lead
to inaccuracies. Hence, the size of N needs to be balanced as it needs to be large
enough to reduce the influence of additive noise but not too large as to include
uncorrelated phase terms. N must be tuned for each given system. Then the angle
of Ema phasdKTs) is found and divided by M to give @ppase o£KTS):

[0) kTs) = (m()({M(D kTs) + M(DO + TE,ZTE)— TE)/ M (3.30)

phase_est( n_ mean(

Note that @, meakkTs) and @, can be any real number. Hence:

(DphaSE_eSt(kTS) = ((M (Dn_mean(kTs) +M (DO tnt 2al[k]n)_ TC)/ M (3.31)

where a[K] is an integer.

(Dphase_est(kTs) = ((Dn_mean(kTs) + (DO + b][k]ﬂ:/ M) (3.32)

50



Dpnase_efKTs) can have sudden jumps due to a[k] having arbitrary values.
These sudden jumps result from @, meakkTs) changing its value so that the
argument of the modulus in equation (3.30) goes into another 2z range. These
sudden jumps are mitigated by using an unwrapping function which corrects for
sudden jumps which exceed a particular value and this is performed in the

following manner (as described in [1]):

(Dphasgunwra;(k-lg) = (Dphasges(k-E)
+ (27[ / M)f [(Dphase_es(k-l;) _(Dphasges((k _])Ts)] (559)
where,
+1 x<-n/M
f[X] =< 0 ‘X‘ <n/M (3.34)
-1 x>n/M

This results in the unwrapped phase, ®pnase unwrdKTs), Not having sudden 2rn/M
jumps. After this, ®ppase unwidKTs) IS removed from Ej, pnas€kTs) in order to mitigate
the Wiener phase noise. Note that the unwrapping function assumes that phase
jumps due to noise greater than n/M will not occur and in instances where this is
not true catastrophic bursts of errors can occur as a constant phase will be added
to the estimated phase. These events are known as cycle slips, where a slightly

different description of the equivalent event is given in [28].

3.4.5 Hard Decision and Differential Decoding
A key purpose of phase estimation is to ensure that the resulting constellation

resembles an M-ary PSK constellation where a hard decision (or slicing) can be
performed in order to convert the constellation into discrete data symbols or bits. A
problem which remains is determining the absolute phase of the phase data after
the hard decision is made. One way to solve this issue is to send known symbols
so that the absolute phase offset can be determined. However, if cycle slips occur
then there will be large bursts of errors due to loss of absolute phase information.
Therefore, it is necessary to regularly send training symbols in case cycle slips
occur, which leads to a loss in throughput and increased system complexity.
Another method to solve the phase offset issue is to use differential encoding.
Here, the phase data at the transmitter, 64a{K], is differentially encoded to give the

encoded phase data, OencodedK]:
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e encoded [k] = e encoded [k - 1] + e data [k] (335)

At the receiver, after the hard decision, the estimated data, 6, [k,], is calculated:

édate[kl] = eretj:kl] _eretj:kl _1] (3.36)

where 0Jki] is the phase after the hard decision. This will eliminate the need to
know the absolute phase offset between the transmitter and receiver and will
protect against larger bursts of errors if cycle slips occur since only relative phase
changes are required to determine the data sent. Encoding using DDPSK will be
explained in a later chapter. Note that some form of forward error correction (FEC)
is typically used with data transmission in order to achieve very low BERs. An
example forward error correction (FEC) scheme which is able to reduce BERs from
3.2¥10° to 10 using only 6.69% redundancy is given in [29]. Throughout this
thesis target BERs of less than or equal to 10 will be used using the assumption
that these BERs can be greatly reduced by using appropriate FEC. In addition, it
should be noted that for transmission experiments in the work BERs will invariably
be measured using error counting although statistical approaches can also be

used such as error vector magnitude or Q-factor [30].

3.5 Penalties for Different Decoding Systems
It should be noted that there are different OSNR penalties associated with different

methods of transmitting and decoding M-ary PSK data. Considering the case of
single carrier QPSK, the BER versus SNR;, relationship for QPSK is given by [24]:

BER_QPSK:%erf 1/SNI’-\’b) (3.37)

Where BER_QPSKis the BER of QPSK and erfc(x) is the complementary error

function defined as [3]:

erfelx) = [ 039

Equation (3.37) relates to a system which has no differential encoding (use of

known transmitted symbols is assumed), no frequency offsets and no phase noise.

If single differential phase decoding is performed after the hard decision
there will be a doubling of errors [1] (due to additive AWGN). This is due to the fact
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that a single error from AWGN in the hard decision will result in two errors
appearing in the decoded phase, once for the 6,dki term and once for the
OredK1-1] term as seen from equation (3.36) (the case where the symbol is detected
in the quadrant n radians away, due to noise, is not considered). If single
differential decoding for QPSK is done before the hard decision, the BER versus

SNR;, for DQPSK without frequency offset and phase noise is given by [3]:

a+h?
BER_DQPSK Ql(a,b)—%lo(at)e{ ? ] (3.39)

where Ql(a, b) is the Marcum Q function given by[3]:

a%+x

Q.(ab) = I: xe_[ ? zjlo(ax)dx (3.40)

where ly(x) is the “modified Bessel function of order zero” [3] and is given as [3]:

lo(x) = i(;—:j (3.41)

k=0

aand b are given as [3]:

1
a=_|25NR, 1‘\E (3.42)

1
b=_[2SNR, 1+\E (3.43)

It is expected that doing differential decoding before the hard decision will result in
approximately a 2.4dB penalty with respect to QPSK. Note that the BER versus
SNRy, performance associated with doubly differential decoding will be dealt with in

a later chapter.

3.6  Summary
It has been shown in this chapter what the main back-to-back impairments to

coherent optical communication systems are, along with models used to

characterise them. Phase noise characterisation techniques were described. DSP
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used to mitigate back-to-back impairments along with other necessary DSP steps
were described. Finally, the BER versus SNR, performance of different
demodulation systems for QPSK were shown, illustrating the difference between
differential decoding before and after the hard decision as well as performance
without using differential decoding. The next chapter will focus on improvements
which can be made to both static linewidth measurements and switching phase
noise/ frequency chirp measurements with the later proving critical for a more
complete characterisation of the phase dynamics of fast switching tuneable lasers.
The two chapters after that will focus on developing suitable DSP strategies to
overcome some of the limitations of standard static coherent system DSP and their

variants currently used for coherent optical packet switched networks.
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Chapter 4

Characterising Static and Switching Laser
Phase Dynamics to Aid Coherent System
Design

In this chapter, laser phase dynamics characterisation techniques (frequency chirp
as well as static and dynamic laser phase noise) for both static and switching
lasers will be described. The laser phase dynamics investigated can be considered
to be phase impairments to coherent optical communications systems. The effects
of laser phase impairments on the transmission performance of phase modulated
data will be investigated. Novel work concerning the simultaneous characterisation
of both transient frequency offsets and dynamic laser phase noise of a fast
switching tuneable laser will be presented. Independent confirmation of the validity
of this approach will be provided where expected time-resolved BER curves from
the laser phase dynamics characterisation will be compared with measured time-
resolved BER curves from a transmission experiment using the same fast
switching tuneable laser with very close matching observed. The motivation of
characterising these phase dynamics is to aid coherent optical communication

system design, in particular, for coherent optical packet/ burst scenarios.

4.1 Independent Differential Phase Values for Corre  ct Calculation of Wiener
Phase Noise

It was explained in the previous chapter in section 3.32 that the instantaneous
phase of a laser, ®(t), can be acquired using a polarisation diverse coherent
receiver, where the laser under test is the signal input to the polarisation diverse
coherent receiver and a low linewidth static laser is the LO input, which is typically
an ECL in this work. The polarisation controllers are set so as to maximise the
power appearing on one polarisation output from the polarisation diverse coherent
receiver, denoted here as the x-polarisation. The frequency offset between the
laser under test and the low linewidth stable laser is reduced to a value that is
below the bandwidth of the electronics. This is achieved by tuning the frequency of
the low linewidth laser and any remaining constant frequency offset is removed in
DSP.
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To begin with, the linewidth of a static laser will be characterised. Re-

iterating a key equation here in relation to Wiener phase noise, the variance of the

differential phase noise, Gfp (Tiny), is given as [1] (using slightly different notation to

[1]):

2 —
Co (Tint ) = 2nAVT, (4.1)
Where Av is the linewidth and Ty is the time interval between two phases used to

calculate the differential phase. (5(21) (Tiny) can be expressed as:

o5 (Tw) = (@, (t+ Ty ) - @, (t))) (4.2

where @(t) is the instantaneous phase noise with all constant frequency offset
removed. It is assumed that the phase noise from the low linewidth laser is

negligible compared with the phase noise of the laser under test.

The coherent receiver method of calculating linewidth, explained in the
previous chapter, utilises equations (4.1) and (4.2). Here we show, for the first
time, that the method used to select phase noise points to calculate the variance of
the differential phase noise is critical to determining the correct value of the
linewidth. Shown in Figure 4.1 below are two different methods for selecting phase
noise points to determine differential phase values. These values are used to
calculate the variance of the differential phase in order to determine a plot of
variance of differential phase noise versus time interval so that the linewidth can be

calculated using equation (4.1).

Window Method Hop Method

2
(a) 15] (b) = kTs .

=
12
>‘<—
N LY,
Instantaneous °3|/ V/\V/J Instantaneous

i (0]
Phase Noise ©6 ‘ T 5% ‘ Phase Noise
(radians) 0.4 int Xx”\'{&/ (radians) ) Tt \/\/\\74\\
40 60

80

0 5 10 15 20 25 “o 20
time (ns) time (ns)

T, = Sampling period of data
Tint = Interval between black and red points

Figure 4.1: Different methods of selecting differen  tial phase values to
calculate static linewidth, designated as (a) the *  Window Method” and (b) the
“Hop Method” using simulation data, for a linewidth of 10MHz and a

sampling period of 400ps ( Kk is a positive integer).
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For the “Window Method” shown in Figure 4.1 (a), the ®.(t) terms (red
circles) are all selected serially with only the sample period between them and the
D,(t+T;y) terms (black stars) are determined by the particular value of time interval,
T, Used. As can be seen from Figure 4.1 (a), for large time intervals, the interval
between any ®,(t+T;,) and ®.(t) pair will have a large common overlap with the
interval between any other ®.(t+T;) and ®.(t) pair, meaning the instantaneous
phase noise trajectories used by different pairs will have some parts identical to
each other. Hence, it should be expected that the variance of (®,(t+Tiy)-Dn(t))
calculated using the “Window Method” will not, on average, be statistically correct
for large time intervals. The second method is the “Hop Method”, illustrated in
Figure 4.1 (b) where the values of ®.(t) are selected so that the time difference
between any two selected ®,(t) points is equal to the time interval being used and
the values of @ (t+T;,) are determined by the particular value time interval. This will
mean that the intervals between @, (t+T;) and ®,(t) will always be statistically
independent and, hence, will correctly calculate of the variance. Example curves of
the variance of the differential phase noise versus time interval are given in Figure

4.2 below using simulation data, four runs of each method are shown.

Window Method Hop Method
(108 red points) (10% red points)
5 5
(a) (b)
4 4
; 3 Variance of 3 0
Variance of Diff tial Ph ‘
Differential Phase 2 ierentia zase 2
- o Noise (rad?) A
Noise (rad?) o
1 1 ‘«/‘HV
e 0
0 10 20 30 40 50 0 10 20 30 40 50
Time Interval (ns) Time Interval (ns)

Figure 4.2: Plots of variance of differential phase noise versus delay for (a)
the "Window Method" and (b) the "Hop Method" using simulation data with
linewidth calculated over 50ns. The black lines ind icate the expected
relationship and the other colours show different s imulation runs of

calculated variance of differential phase noise ver  sus delay.

The linewidth of the laser under test in the simulation was 10MHz. It can be
seen from Figure 4.2 (a) that the “Window Method” did not result in a straight line
relationship between variance and delay for large time intervals. The curve is linear
for small time intervals but eventually starts to vary randomly. The “Hop Method”

results are shown in Figure 4.2 (b) which had very straight lines. This is attributed
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to the fact that all the pairs of ®,(t+T;,) and @.(t) used to calculate the variance did
not have overlapping intervals which meant that all the values used to calculate
the variance were statistically independent. Using the data shown in Figure 4.2, the
correlation coefficient for the “Window Method” was in one curve as low as 0.4780,
while all the correlation coefficients for the “Hop Method” were greater than 0.9685.
In order to reduce error in the calculated curves and the calculated linewidths, a
longer phase noise trajectory should be acquired so that more points can be used
to calculate the variance. Hence, it has been clearly demonstrated that the method
of selecting points to calculate the differential phase is critical to ensuring that the
correct linewidth value is calculated. While the “Window method” can produce
approximately linear curves from small time intervals it is not guaranteed to do so
for larger time intervals while the “Hop method” will produce linear curves for both
small and large time intervals. Shown in Figure 4.3 is an example of both methods
being applied to experimental data measuring the linewidth of the largest mode of
a multi-mode laser. The linewidths calculated were 4.6MHz using the “Window
method” (red curve) and 9.5 MHz using the “Hop Method” (blue curve). For Figure
4.3, the low linewidth LO used was an ECL (Agilent Technologies “N7711A

Tunable Laser Source” with a specified typical linewidth of less than 100kHz).

0.9F
0.8F
0.7

06}
Variance of
Differential Phase

Noise (rad?) 04r

0.5

0.3} ///
0.2} o
0l ///
O 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Time Interval (ns)

Figure 4.3: Plot of variance of differential phase noise versus time delay
using the “Window Method” (red), and the "Hop Metho d" (blue) using

experimental data, with the green and black lines i ndicating the 99%
confidence intervals for the “Window Method” and “H op Method”
respectively.
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Similar to the simulation results, the “Hop Method” was linear while the
“Window Method” was not linear for large time intervals. It is possible to put
confidence intervals on each individual variance of the differential phase noise
point by using the method in [2] which is based on using the Chi-square
distribution. For estimates which use more than 101 values to calculate the
variance, the 99% confidence limits (divided by the sample estimated variance) are

approximately given by (based on information in [2]):

[ 2(N-1)
s (/2N-3)- 258 (49
c, 2(N -1) (4.4)

s (JlaN=3)+ 258

where ¢, is the upper confidence limit, & is the sample estimated variance, N is the

number of sample values used and c; is the lower confidence limit. For N=103, the

confidence interval is given as CONFg{0.8934*s* < 65 (Ti) < 1.1257*, where &

is an estimated sample variance. This confidence interval for N=10° applies to
Figure 4.2 and Figure 4.3 which both use 10°® samples for each variance
calculation. Confidence intervals are shown in Figure 4.3 for with green curves for
the “Window Method” and black curves for the “Hop Method”.

4.2 Time-Resolved Phase Impairment Characterisation

As discussed in the previous chapter, various time-resolved phase noise
measurement schemes have been developed. Separately, time-resolved
frequency chirp can also be measured. However, there are three key limitations
associated with the current state of the art of characterising time-resolved phase
impairments of a tuneable laser which is switching wavelengths. Firstly, the phase
noise characterisation techniques usually assume a Wiener phase noise process
which may not necessarily be the case. Secondly, it will be shown that it is
necessary to consider both phase noise and frequency chirp together rather than
separately in order to correctly predict performance in a switching scenario.
Thirdly, there can potentially be ambiguity in distinguishing between frequency
chirp and varying phase noise directly after a laser has switched wavelengths and
having a method that jointly describes both frequency chirp and dynamic phase
noise will help avoid this ambiguity as will be shown. In this work, both limitations
will be overcome through the use of time-resolved 3-dimensional (3D)

complementary cumulative distribution functions (CCDFs) of the differential phase.
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A CCDF of a random variable is 1 minus the distribution function of the random
variable. By building up the CCDF of the differential phase, the frequency chirp and
phase noise are simultaneously taken into account. The mean differential phase at
a particular point in time can be interpreted as being equivalent to the deterministic
frequency chirp at that particular time, while the shape and variance of the
distribution at that particular time is determined by the phase noise present at that
particular time. It will be shown that the CCDF of the differential phase can
calculate expected errors of DQPSK systems during a switching event, due to the
presence of both frequency chirp and phase noise. Note that many details of this
novel CCDF work were published in [3]. The flow diagram shown in Figure 4.4

provides a general overview of the DSP processes involved.

|(1) Acquirel/Q data.l

| (2) Match up ends of bursts |

|(3) Do ellipse fitting.|

(4) Use two argument arctan
to calculate the instantaneous phase

I(S) Calculate differential phase. | (5) Remove end of burst
frequency offset.

(6) Build up histograms of
differential phase. (6) Calculate absolute value of
corrected differential phase.

(7) Build up CCDFs of
differential phase. (7) Build up histograms of
absolute corrected differential phase.

(8) Create time-resolved
CCDF plot. (8) Build up CCDFs of
absolute corrected differential phase.

(9) Create time-resolved CCDFs of
absolute corrected differential phase.

(10) Create time-resolved BERs from
absolute corrected differential phase.

Figure 4.4: Flow diagram of the DSP processes invol ved with calculating
time-resolved CCDFs, where steps (5) to (8) on the left are followed in order
to determine the CCDF of the differential phase whi  le (5) to (10) on the right
are followed if the CCDF of the absolute corrected differential phase is

required along with the CCDF calculated time-resolv  ed BER.

4.2.1 Acquiring and Aligning Bursts
The switching laser which was tested was an SG-DBR laser which was switched

between 1548nm and 1560nm by applying a switching signal to the back section of
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the SG-DBR where the switching signal had a period of 149.5ns (frequency 6.7
MHz). The low linewidth laser used at the LO was an ECL, (Agilent Technologies
“N7711A Tunable Laser Source” with a specified typical linewidth of less than
100kHz). The ECL was set to 1548nm so that the switching wavelength near this
would be the one characterised. The phase dynamics of only one polarisation was
characterised. The coherent receiver provided Ix, Qx, ly and Qy outputs, where
only the Ix and Qx values were recorded (both with the same polarisation). 80 of
the switches (consecutive switches) which were recorded by the real-time scope in
a single screen shot were used and 127 screen shots were used in [3]. It was
necessary to analyse multiple switches in order to build up a distribution of the
differential phase at a particular time after a switching event. It was therefore
critical that different switches be aligned together correctly (i.e. identify a marker in
time for each burst which designates the end of a burst). This was achieved by
finding the first sample point when the Ix current falls below 10mV (approximately
50% of the amplitude during a switch) for each switch and aligning switches based
on when this drop occurs. It was decided that it was more accurate to align the
switches with the ends of the bursts rather than the beginnings as the amplitude
transitions at the ends of the bursts were much sharper than at the beginnings of
the bursts. There is an error associated with aligning the bursts with this method
since the point which drops below 10mV will be determined with a resolution
limited by the period of the beat signal at the end of a burst. For increased
accuracy, a linear fit of these end points in a given screen shot was calculated as
the end points were expected to be periodic. It was expected that by using linearly
fitted points, this would reduce the error associated with having a resolution limited
by the period of the beat signal (discussed above) and reduce errors associated
with the noise of the beat signal. A plot showing Ix with the linearly fitted burst end
points is shown in Figure 4.5. Amplitude offsets, power differences and timing
skews present in Ix and Qx were then corrected in DSP by fitting the Ix, Qx
parameter plots to an ellipse and using the ellipse fit parameters to fix Ix and QXx,
where the ellipse fitting code was from [4] with the mathematics coming from [5]
and [6]. The values of Ix and Qx are then then used in a two argument arctan
whose output is unwrapped in order to produce an instantaneous phase trajectory

for a given burst, ®.(t), where t is the time after the start of the burst.
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Figure 4.5: Plot of Ix versus time (red) with the linearly fitted locatio ns of the
end points (blue circles). Note that the first drop is excluded in case the
burst is not entirely captured.

4.2.2 Analysis of the Instantaneous Phase of a Swit  ching Laser
Assuming the ECL phase noise is negligible compared with the phase noise of the

switching SG-DBR laser, the phase noise from the ECL will not need to be
considered in the analysis The measured instantaneous phase of the SG-DBR,
D(1), Is given as:

o, () =o(t)t+d (t)+, (4.5)
where t is the time after the start of a switching event. w(t) is the instantaneous
frequency offset between the switching SG-DBR and the ECL. ®(t) is the phase
noise of the switching SG-DBR. @, is the initial phase. The instantaneous
frequency offset can be written as:

(o(t) = (DSG—DBR_chirp(t) + ((DSG—DBR_const_ (DECL) (4.6)
where wsc.per_chirft) represents the time-varying angular frequency chirp of the SG-
DBR, which will be in the range: (osc.per_chirft)/2n)e[-5GHz, 5GHz]. Any laser which
exhibits frequency chirp outside this range would be considered unsuitable for
coherent OPS or coherent OBS. wsc-per _const'€Presents the constant angular
frequency component. msc-per constWill be in a similar range to the C-band: (wse-
pBR_const2m) € [191.6 THz, 195.9 THz]) with the C-band wavelength range given in
[7]. wecL represents the ECL constant angular frequency, where (ogc/2n) will be
within 10GHz of (wsc-per_condi2T).

The value which was characterised in this work was the differential phase
of the SG-DBR laser, AD.(t), which is given by:
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AD coh (t) = CI)coh (t) - (Dcoh (t - Tint) (4-7)

If equations (4.5) and (4.6) are substituted in equation (4.7), this yields:

AD, (1) = ((’OSG—DBR_chirp(t) - O)SG-DBR_chirp(t ~Tint ))t

+ TintO)SG-DBR_chirp(t - Tint) + ((’OSG—DBR_const_ O)ECL)Tint (4.8)
+ @, (1)~ D, (t-Tiy,)
In this analysis, Ti=2Ts, Where Ts is the sampling period of the real-time scope
which is 50ps resulting in T;,=100ps. Examples of the measured instantaneous
phase and calculated differential phase are shown in Figure 4.6. The Ons time
represents the start of the switch while the 74.8ns time represents the end of the

switch.
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Figure 4.6: Plots of (a) instantaneous phase of the switching SG-DBR versus

time and (b) differential phase of the switching SG  -DBR versus time. There is

no light present at 1548nm at the edges of the meas  urements making results

before Ons and after 70ns unreliable.
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4.2.3 Creating Distributions of the Differential Ph  ase
The next step was to build up distributions of the differential phase. Note that

residual frequency offset between the SG-DBR steady-state frequency and the
ECL frequency was observed over the 50ns to 65ns section with a maximum
frequency error of 160 MHz which corresponds to a maximum phase error of
0.1005 radians over 100ps. Shown in Figure 4.7 is a histogram of the differential
phase 5.1ns after a tuneable laser has switched wavelengths. Also shown in
Figure 4.7 is the CCDF of the differential phase 5.1ns after the switch. Note that
the differential phase is calculated over 100ps (two samples per symbol), which is
the time resolution of this measurement scheme (the time resolution can be made

finer by using only one sample per symbol or by increasing the sampling rate).
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Figure 4.7: Plot showing both a histogram (red) and CCDF (black) of the

differential phase 5.1ns after a switching event [3 ]

If a number of CCDF plots of the differential phase are connected together
in time it is possible to create a time-resolved 3D CCDF plot of the differential
phase as shown in Figure 4.8. The x-axis is time, where zero represents the start
of the switch, the y-axis is the differential phase in radians and the colour
represents the probability of the differential phase being greater than the
differential phase at that particular point and at that particular time (whose
corresponding probability values are given by the colour-bar on the right of the
plot). Hence, Figure 4.8 fully captures all of the phase dynamics, both frequency
and phase noise, of a fast switching tuneable laser directly after a switching event,
which is exactly what is required to determine the performance in a coherent
transmission system. Note that the vertical white line at 5.1ns in Figure 4.8 is a
single CCDF slice that is shown by the black CCDF curve in Figure 4.7. It can be
seen in Figure 4.8 that the average differential phase (or frequency chirp, which is

approximately the green colour in the 3D plot) varies greatly in the first 20ns and
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starts to settle after about 45ns. It also appears that the phase noise (interpreted
as the spread of the distribution) appears on visual inspection to be relatively
constant after 5ns and this is further evidenced by the plot of the interquartile range
of the distribution of the differential phase versus time in Figure 4.9. The
interquartile range is the change in differential phase between the 0.25 and 0.75
probability points in a CCDF and it gives an indication of the spread of the

distribution.

Differential Phase (radians)

0 10 20 30 40 50 60 70
Time(ns)

Figure 4.8: Plot of a time-resolved CCDF of the dif ferential phase at the
1548nm wavelength after a switching event where the vertical white line
indicates the position of the CCDF in Figure 4.7 an  d the colour-bar indicates
the probability that the differential phase exceeds a particular value at a

particular time [3].
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Figure 4.9: Plot of the interquartile range of the distribution of the differential

phase versus time at the 1548nm wavelength. There i s no light present at

1548nm at the edges of the measurements making resu Its before Ons and

after 70ns unreliable.
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4.2.4 Verifying Accuracy of 3D CCDF of the Differen tial Phase
The next step was to verify the accuracy of this method and to verify that it did

capture all of the phase dynamics of the switching tuneable laser. One way to do
this was to calculate the expected time-resolved BER of DQPSK using CCDFs of
the differential phase and to then compare this to a measured time-resolved BER
from a transmission experiment which uses the same switching laser to transmit
DQPSK. For a DQPSK system, the BER due to phase impairments only
(frequency offset and phase noise but not taking into account amplitude noise) can
be determined from the probability distribution function of the differential phase

using the following equation [3]:

_
4

where BER(t) is the time-resolved BER, Ad.y.oft) is the “corrected differential

1.(3 3
BER(t) = EF{ i ‘A(Dcoh—cor (t)‘ 2 %j + P(‘Aq)coh—cor(t)‘ 2 an (4-9)

phase” of the SG-DBR where the average of the slopes of the instantaneous
phase from 50ns to 65ns, i.e. the steady-state frequency offset, has been removed
before calculating the differential phase. The justification for (4.9) is that the left
bracket is the probability that that the absolute corrected differential phase will
cause a DQPSK symbol to appear in an adjacent quadrant. This means that the
absolute corrected differential phase is greater than or equal to n/4 and less than
3n/4. Due to Gray coding, this will only result in one of the two bits of the symbol
having an error, hence, the multiplication by 1/2. The right bracket is the probability
that the absolute corrected differential phase will result in the symbol shifting to the
non-adjacent quadrant. Hence, the absolute corrected differential phase will be
greater than or equal to 3n/4. Due to Gray coding, this will cause two bit errors for
that symbol and, therefore, the BER for this event is the same as the probability of

this event.

After removing the frequency offset at the end of the burst from the
instantaneous phase using DSP to get the corrected instantaneous phase, the
corrected differential phase was calculated. Then, histograms of the absolute value
of the corrected differential phase, [AD.oncoft)], Were calculated, from which CCDFs
of the absolute value of the corrected differential phase could be calculated. This
allowed for a time-resolved CCDF of the absolute corrected differential phase to be
determined as shown in Figure 4.10. The white horizontal lines indicate the CCDF
values required to calculate BER(t) using equation (4.9) as they are at 3n/4 and n/4.

The right hand side probability of equation (4.9) is equal to the values at the 3n/4
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horizontal line and left hand side probability is equal to the values at the n/4 white
line minus the values at the 3r/4 white line with the result multiplied by 1/2. The net
result of this calculation is given by the red line in Figure 4.11. The next step is to
explain how the time-resolved BER of DQPSK transmission was directly
measured. This was required so that a comparison between the CCDF time-
resolved BER and the directly measured time-resolved BER could be made. By
making this comparison, it was possible to ascertain the accuracy of characterising

phase dynamics using a time-resolved CCDF of the differential phase.

Absolute Corrected
Differential Phase (radians)

0 10 20 30 40 50 60 70
Time(ns)

Figure 4.10: Plot of the time-resolved CCDF of the absolute corrected
differential phase after a switching event where th e horizontal white lines
indicate the z/4 and 3r/4 values which are required for calculating the time -
resolved BER [3].

BER

15 20 25

Time(ns)

Figure 4.11: Plot of the time-resolved BER using di  rect error counting [8]
(blue circles), using the CCDF in Figure 4.10 (red  line) and using a CCDF with
an optimised steady-state frequency offset removed to match the direct error
counting BER (black line) [3]. For this time-resolv.  ed BER plot, the ECL was
near 1548nm.
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4.2.4.1 Time-Resolved BER Measurement Using Direct  Error Counting
Previous work on time-resolved BER measurements using direct error counting

includes a time-resolved BER measurement scheme which used a gating system
to observe BER values within 2ns sections of the switching event, giving it a
resolution of approximately 21 symbols [9]. This 2ns window could be moved with
a resolution of approximately 1 symbol (100ps). However, time-resolved BER
measurements of tuneable laser switching events have a highest possible
resolution in time, which is equal to the symbol rate of the data transmission. In
addition, the method in [9] would be time-consuming to use in practice due to the
need to move the 2ns gating position many times in order to build up a time-
resolved BER profile. Maximum time resolution and fast acquisition time can both
be achieved using a field-programmable gate array (FPGA) approach as described
in [10] (Note that this FPGA measured Time-Resolved BER work was mainly
carried out by John A. O’'Dowd and Vivian M. Bessler). This system worked on the
basis that the FPGA acted as a pattern generator and a bit error rate tester
(BERT). The errors that were recorded by the FPGA were assigned to different
points in time (or bit slots) relative to the start of a switching event as the FPGA
had access to the signal that switched the wavelength of the SG-DBR laser. The
FPGA compared the number of errors to the number of transmitted bits in a given
time slot to calculate the BER in each time slot of the burst length. This resulted in
a time-resolved BER system being achieved where time-resolved BERs were
measured for switching lasers using phase modulation schemes such as
differential phase shift keying (DPSK) [10] and DQPSK [8] where in both cases a

delay interferometer was used in the receiver.

As was seen from chapter 2, the output current from a delay interferometer,

Ipp(t), is given by:

lop (1) = RE[K.E gy (1)Ery (t = Tiy)] (4.10)
where Egrx(t) is the field before it enters the interferometer, T, is the relative delay
between the two arms (usually set to be equal to the symbol period) and K is a
constant. Note that K is positive. For a fast switching tuneable laser the field will be

given as:

E oy (1) = A () @0 (0 (00, (0400) (4.11)
where A(t) is the amplitude of the wave, wi(t) is the angular frequency containing
chirp, ®mo(t) is the phase modulation, ®.(t) is the phase noise and @ is the initial

phase. Note that A(t) is positive. Combining equations (4.10) and (4.11) yields:
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IPD(t) = ReK-A(t)A(t _Tint)

ej((oint (t)t ~Oijnt (t ~Tint )(t ~Tint )+<Dmod(t)_®mod(t_Tint )+@, (1)@, (t=Tiy )) (4 12)

which can be reduced to:

lep(t) = K-A(t)A(t _Tint)
co wint(t)t_wint(t_Tint)(t_Tint) (4.13)
+ (Dmod(t) _(Dmod(t _Tint) + (Dn(t) _(Dn(t _Tint)
If the phase terms, excluding ®n(t) and ®,.(t-Tin), are combined into one

differential phase term, A®(t):

AD (t) = Oy (t)t = Wiy (t = Tint )(t - Tint)+ @, (t) -0, (t B Tint) (4.14)

Hence, equation (4.13) can be written as:

Ipp (1) =K.A (t)A (t = Tin )COS(A(D ni (t) + Do (t) ~ Do (t = T )) (4.15)
For DQPSK, the value of (®mo(t)- Pmodt-Tin)) Will be an element of {0,n/2,7,3n/2}. A
possible Gray coding format which could be used is shown in Figure 4.12 (a),
where the constellation represents the total phase in the cosine argument in
equation (4.15) and for Figure 4.12 (a), A®(t) is set to zero.

(@) Q (b) Q (c) Q
(0,1) (1,1) (0,00 T (0,1)
' |
® ) ® °®
(0,0) (1,0) (1,0) (1,1)

Figure 4.12: Possible Gray coding for DQPSK symbols with (a) A®,(t)=0 (b)
AD,(t)=n/4 for the first interferometer and (c)  A®,(t)=-n/4 for the second
interferometer.

If the first interferometer is able to maintain the value of A®(t) equal to n/4,
by varying the value of T;, the constellation will be rotated as shown in Figure 4.12
(b). It can be seen from Figure 4.12 (b) that the sign of the real value indicates the
first bit (one if positive and zero if negative). Since taking the cosine of the
argument and multiplication by the magnitude is the same as taking the real part,
equation (4.15) can determine the first bit when A®,(t)=n/4 using the sign of Ipp(t).
Similarly, if the second interferometer can maintain a value of A®,(t) equal to -n/4

then the constellation is rotated as seen in Figure 4.12 (c). Using a similar
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argument to that given above, equation (4.15) will be positive if the second bit is 1,
and negative if the second bit is a zero, allowing Ipp(t) to determine the second bit
using the sign of its output. Hence, by using two interferometers it is possible to
decode DQPSK. Note that DQPSK needs to be differentially encoded at the
transmitter by adding the phase of the next data symbol to the previously

transmitted symbol.

If the situation from Figure 4.12 (b) is considered, an error in the value of Ty,
which results in A®,(t) having an absolute value between n/4 and 3r/4, will result in
the decoding scheme having 50% errors as half the symbols with positive real
values are ones and half are zeros, with a similar situation for the symbols with
negative real values. If the absolute value of Ad(t) exceeds 3rn/4 then all errors will

occur. A similar situation will occur for Figure 4.12 (c).

Similar to the coherent receiver measurements of the switching laser, the

instantaneous frequency of the switching laser, wiy(t), is written as:

Ojne (t) = O‘)SG-DBR_chirp(t) + WsepRr_const (4.16)
where ®sG-DBR_chirk) represents the frequency chirp, with
(0sc-peR chirkt)/2m) € [-5GHZz,5GHz] and wsc.per_constlS the constant frequency which
will be in a range similar to the C-band, with (®sc.oer condi2n) € [191.6 THz, 195.9
THz]. Substituting equation (4.16) into equation (4.14) and simplifying yields:

Ay (t) - (OJSGDBR—Chirp(t) B (DSGDBR_Chirp(t = Tt ))t + TO)SG—DBR_chirp(t =Tt )
+ T ®s6peRr const™ P (t)—(Dn(t —Tim) (4.17)

int

Rewriting equation (4.8) here (and denoting it as equation (4.18)) so that it can be

compared more easily with equation (4.17):

ACI)(:oh(t) = (OJSG—DBR_chirp(t) - COSG—DBR_(:hirp(t - Tint ))t

+ TintCOSG—DBR_chirp(t - Tint) + (O)SG—DBR_const_ (DECL)Tint (4.18)
+0, (1)~ D, (t-T,)
The focus is to use the differential phase from the coherent receiver, A®t),
which can be measured, to characterise the differential phase term in the delay
interferometer, A®y(t). If the time delay, Ty, in equation (4.18) is varied on the
order of femtoseconds this will have a negligible effect on the differential phase
measured by the coherent receiver, A®t), for the following reasons: firstly, the

SG-DBR frequency transient, msc.per_chirkt), and the instantaneous phase noise,
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@, (t), have negligible variation over femtosecond timescales. Secondly, the SG-
DBR frequency transient, oscosr chirlt), and the coherent receiver’s beat signal,
(wsc-pBR_const-WecL), Will both be less than 10GHz so changing the time delay, Tiy,
over femtosecond timescales will have almost no effect on the constant differential
phase, (®sc-per const- ®ec) Tin, @and on the differential phase trajectory due to
frequency chirp, Tin®sc-per_chirkt-Tin). Similar arguments for equation (4.17) can be
made for all of its terms except the constant differential phase from the carrier
frequency, Tin®sc-per const Which will vary greatly when varied on the scale of
femtoseconds. This is the case because the carrier frequency, ®sc-per_condl(2), IS Iin
the C-band having frequencies between 191.6 THz and 195.9 THz. These
variations will result in an arbitrary constant phase offset in differential phase term
in the interferometer, A®.(t), which can be changed in order to optimally decode |
or Q data. The constant differential phase from the carrier frequency in equation
(4.17) can be matched in equation (4.18) by changing the value of coherent
receiver LO carrier frequency, wgc,, Which will alter the value of the constant
differential phase from the coherent receiver, (osc-per const- ®ecl) Tin. ThisS can be
fine-tuned using DSP as described in the section concerning CCDFs of the
absolute corrected differential phase. By optimising the value of the LO carrier
frequency, wect, the differential phase impairments measured using the coherent
receiver (equation (4.18)) can fully characterise the differential phase impairments
in equation (4.17) since all other terms match. Hence, the coherent receiver
measurements can be used to fully predict the time-resolved BER of DQPSK using
delay interferometers at the receiver in switching scenarios, considering only

phase impairments.

4.3 Comparing 3D-CCDF Calculated Time-Resolved BERs  with

Directly Counted Time-Resolved BER Measurements
By using the time-resolved BER measurement system that was described in [10]
and applied to DQPSK in [8] it was possible to compare the directly measured
time-resolved BER with the expected time-resolved BER calculated using the time-
resolved CCDF curves. The measured time-resolved BERs were determined from
a single delay interferometer using one photodiode, to decode either | or Q data at
a given moment in time, with the system being described in detail in [8]. As stated
in section 4.2.4.1, the value of wgc. needs to be optimised in order for the
differential phase impairments to match those seen by the delay interferometer.
Since the delay interferometer would be most likely be optimised so that the errors

near the end of the burst would be minimised (where the laser begins to settle), the
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value of wgc. was be varied using DSP, as discussed in section 4.2.4, so that the
value of A®.coft) is close to zero near the end of the switch. Then applying
equation (4.9) to the time-resolved CCDF of |A®n.coft)| sShown in Figure 4.10, the
red curve in Figure 4.11 is generated. Note that Figure 4.10 and Figure 4.11 have
been copied here for convenience at Figure 4.13 and Figure 4.14, respectively.
The blue dots in Figure 4.14 show the time-resolved BER measured by using the
FPGA to do direct error counting [8].

Absolute Corrected
Differential Phase (radians)

0 10 20 30 40 50 60 70
Time(ns)

BER

10 15 20 25
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Figure 4.14: Copy of Figure 4.11.

It can be seen that the blue circles and red lines have similar trends but are
not exactly matched. This could be explained by the delay in the interferometer not
being exactly optimised for the frequency at the end of the switch and this would
result in a slight constant phase offset as explained in section 4.2.4.1. This slight

constant phase offset could be fitted by slightly varying the frequency offset
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removed in the DSP in the CCDF calculations. If the frequency offset removed
from the instantaneous phase trajectories is varied slightly from the one near the
end of the switch so as to optimise the fit between the CCDF time-resolved BER
and the FPGA time-resolved BER, it can be seen that this results in remarkably
close matching as seen in Figure 4.14 where the optimised CCDF time-resolved
BER (black line) matches the FPGA time-resolved BER (blue circles) except for
two points at Ons and at 10.5ns. Hence, this is verification of the 3-D CCDF of the
differential phase characterisation technigue since the matching between expected
and measured time-resolved BERs is excellent. The difference at Ons may be due
to the fact that amplitude noise effects are not taken into consideration and these
may have an additional impact on the interferometer receiver. Observing equation
(4.15), if A(t) is greatly reduced then some noise effects in the receiver, such as
thermal noise, may become more significant. As can be seen from Figure 4.15, the
magnitude is low at the start of the switch compared with its value at the end of the
switch and it is during this low magnitude part that the frequency offset passes

through the O0GHz frequency offset twice.
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Figure 4.15: Plot showing frequency offset transien t versus time (black) and
the magnitude of the constellation versus time in r ms millivolts (red),

showing low magnitude at the start of the switch.

The CCDF would calculate points where the frequency offset is near 0GHz
to be points of low BER. However, these 0GHz frequency offset points have low
amplitude and, hence, higher BER in the case of a delay interferometer receiver.

Nevertheless, it can be seen that the match for all other parts (except for Ons and

75



at 10.5ns) is very close. It should be noted that the CCDF curve relates to a 100ps
symbol period while the FPGA curve relates to a 93ps symbol period. It was found
that resampling the sampled waveforms made a negligible difference to improving
the accuracy of the calculated time-resolved BERs. This shows that the time-
resolved CCDF of the differential phase is able to characterise the phase dynamics
well enough to accurately calculate the performance of DQPSK using delay

interferometers at the receiver in a switching scenario.

The time-resolved BER of the other wavelength (at 1560nm) can be seen in
Figure 4.16. It can be seen that the CCDF calculated time-resolved BER with
optimised frequency offset removal (black line) matches extremely well to the
FPGA measured time-resolved BER (blue circles), except for the part of the switch
at 30ns. This is further verification of the 3-D CCDF of the differential phase

characterisation approach since it produces remarkably accurate expected results.

BER
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Figure 4.16: Plot of the FPGA measured time-resolve  d BER (blue circles) and
the optimised CCDF calculated time-resolved BER (bl  ack line) for the part of

switch at the 1560nm wavelength.

Note that the minimum BER observable by the CCDF time-resolved BER is
approximately 5*10° since approximately 10* switches were used allowing for
probabilities as low as 10™ to be calculated, and BERs calculated in equation (4.9)

can have half these probabilities. This means that the BERs at 30ns should be
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within the resolution of the CCDF time-resolved BER. A possible explanation for
this discrepancy at 30ns is that the coherent receiver can only measure frequency
offsets within £10GHz from the ECL centre frequency and any spurious modes that
appear during a switching event which exist outside this range will not be
observed. By contrast, it is possible for the interferometer to be affected by another
spurious mode if the delay set by the interferometer allows for sufficient
constructive interference and the power in the other spurious mode is sufficiently
high. This would result in higher BERs for the interferometer case than the
coherent receiver case. It was also anticipated from the analysis in [11] that
changes in the wavelength of the largest side mode are possible after a switching

event which is consistent with the theory given here.

4.4 Time-Resolved Linewidth

If Wiener phase noise statistics are assumed, it is possible to determine a time-
resolved linewidth plot. By calculating the variance of the differential phases within
a given time slot by using multiple switches and then applying equation (4.1) it is
possible to determine the linewidth in a given time slot. A very similar time-resolved
linewidth method was described in [12] which used a delayed self-homodyne
system instead of the heterodyne system was used here. Shown in Figure 4.17 are
multiple time-resolved linewidths where the figure legend indicates which time-

resolved linewidth curves relate to which part of the wavelength switch.
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Figure 4.17: Time-resolved linewidths for the switc  hing SG-DBR laser, with

the green curve corresponding to the 1548nm wavelen  gth (Figure 4.14) and

the red curve corresponding to the 1560nm wavelengt  h (Figure 4.16).
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However, it is not sufficient to just know the time-resolved linewidth to
predict performance as the frequency chirp reduced the BER tolerances of the
absolute differential phase and made the effect of phase noise more pronounced.
This can be deduced by looking at equation (4.9). Considering Figure 4.14, Figure
4.15 and the green curve in Figure 4.17 together, the error peaks in Figure 4.14
occurred at 1.3ns, 6.7ns and at 10.5ns. It can be seen that the linewidth from the
green curve in Figure 4.17 did not vary greatly over the burst period. However,
there were peaks in the frequency offset near 6.7ns and 10.5ns in Figure 4.15 (the
area near 1.3ns is not suitable for this analysis since it was affected by low
amplitude as well as quick varying frequency offsets). This shows that the
frequency chirp brought the average absolute differential phase closer to the n/4
tolerance line where the phase noise will have a greater impact. Hence, frequency
chirp and phase noise both need to be considered for accurate predictions of time-
resolved BERs. This can be done in a consistent manner by using CCDFs of
differential phase or CCDFs of absolute corrected differential phase. Note that the
time-resolved linewidth work in [12] and the CCDF work in [3] were published

contemporaneously.

4.5 Physical Interpretation of Switching Characteri  stics

There are a number of factors which influence the switching characteristics of the
SG-DBR in the system shown here. Firstly, the switching signal applied to the laser
will affect the switching performance, where it was demonstrated in [13] that
appropriately controlling the switching signal(s) the frequency chirp and phase
noise characteristics can be made to settle much quicker resulting in shorter
waiting times for optical packet decoding. The excitation of different modes when
the laser switches from one wavelength to another is also a factor as discussed in
[11]. In addition, thermal changes caused by electrical power dissipation from

switching electrical inputs can have an effect on wavelength accuracy [14].

4.6 Summary

It has been shown in this chapter that static linewidth measurements which use
coherent receivers need to use sampling intervals that do not overlap in order to
ensure statistical independence so that the variance is calculated correctly. A novel
method of simultaneously characterising both the phase noise and the frequency
chirp of a switching tuneable laser was described and experimentally
demonstrated. This method overcomes previous limitations such as assuming a

Wiener phase noise model and separating frequency chirp and phase noise
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allowing for a single combined characterisation scheme to be used. Frequency
chirp can be subsequently interpreted as the mean values from the time-resolved
distributions, and phase noise can be considered as the spread or width of the
distribution about the mean. The validity and accuracy of this method of
characterisation was tested by correctly calculating, using CCDFs, expected time-
resolved BERs of DQPSK after a switching event and showing that these matched
time-resolved BERs experimentally measured using an FPGA. Discrepancies are
attributed to: (i) low optical power affecting the FPGA-measured BERs at the start
of a switch, (ii) other spurious modes that appear during a wavelength switch
outside the bandwidth of the scope affecting the FPGA-measured BERs, and (iii)
limitations relating to the lowest possible non-zero BER determinable by the CCDF
calculated BERs. It was also shown that time-resolved linewidth measurements
could also be determined from this setup using a similar approach to [12].
However, it was also shown that time-resolved frequency chirp is also required for
accurate time-resolved BER calculations. Having characterised the phase
dynamics of a switching tuneable laser (which are impairments to a coherent
optical packet /burst system), which were seen to have significant frequency chirp
and some phase noise variation, the next step is to find methods of compensating
the frequency offset after a switching event. The difficulties involved in this are that
the frequency offset will be time-varying, potentially large, and will have to be
estimated almost immediately once the packet or burst arrives in order for the

system to be considered a packet or burst system.
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Chapter 5

Doubly Differential Phase Shift Keying for
High Frequency Offset Tolerance

In this chapter, the key concern will be on removing/ compensating for the effect of
the frequency offset between the transmitter laser and the LO laser at the
polarisation-diverse coherent receiver. Conventional techniques require either that
the frequency offset is kept within certain limits or that training symbols are sent so
that, effectively, the frequency offset can be measured and, thereafter, tracked
(training symbol techniques may vary but a simple implementation is to just
measure the frequency offset with no modulation and to then track small
deviations). While these technigues can be implemented in static scenarios such
as OCS where long start-up times to set up channels could possibly be used, they
will not be suitable in situations where the frequency offset varies greatly or when
decoding needs to occur soon after the data is received, such as in coherent
optical packet/ burst switched scenarios. One technique which overcomes these
difficulties is DDPSK. However, the typical DDPSK implementation has a large
SNR penalty associated with it. Although techniques to reduce this SNR penalty
have been published (which are discussed at the end of section 5.2), it will be
shown that the novel M™ power DDPSK (which is a novel system and is a novel
contribution of the research published in this thesis) can achieve very similar BER
versus OSNR performance compared with M™ power single differential phase shift
keying (SDPSK). It will be shown from a theoretical point of view that M™ power
doubly differential quadrature phase shift keying (DDQPSK) represents an
improvement in the BER versus SNR performance of DDQPSK compared with
prior art. Additional advantages of M"™ power DDPSK are that it can be
implemented with only very modest additions to M™ power SDPSK and it is a feed-
forward method. BER versus OSNR results with static and switching frequency
offsets using simulation and experimental data will demonstrate that M™ power
DDPSK has a very large frequency offset range, can achieve very short waiting
times after a switching event, and provides a very robust demodulation system for

coherent optical packet/ burst switched networks using M-ary PSK constellations.
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5.1 Frequency Offset Compensation Schemes

The need for frequency offset compensation has already been established in this
thesis. In the case of coherent optical packet/ burst switched networks, one key
aspect which needs to be focused on is the range of the frequency offset
compensation algorithm. The frequency offset is expected to be time-varying and
potentially large in coherent optical packet/ burst switched networks, which means
that without a large compensation range decoding coherent data will almost
certainly result in large errors or require large waiting times. With regard to range, it
was explained previously in section 3.2.3 of this thesis that for M-ary PSK systems
where the signals have been downsampled to one sample per symbol there is an
inherent limit to the maximum frequency offset which can be estimated and/or
removed, and this is given as Ao=+r/(MT) (or v=1/(2MT)). Note that if a frequency
offset equal to the symbol rate, i.e. Aw=(2n/T), is added to the original frequency
offset, ®, then for one sample per symbol systems, the frequency offset
compensation scheme will still work as the corresponding rotation of the
constellation will be an additional 2z from symbol to symbol. However, such
circumstances may not be common in practice as frequency offsets that are high
may cause the data to be filtered out by the limited electronic bandwidth of the
receiver. It is possible to extend the (xn/(MT)) range by using training symbols
(known symbols) in order to determine the initial frequency offset and to track small
deviations thereafter as described in [1]. Note that [1] also makes reference to
using feedback from FEC but it is not clear how this system is intended to work.
There are a number of frequency offset correction techniques which use the fast-
Fourier transform (FFT) but may have limited ranges if exponential operations are
used to remove data, for example for QPSK formats the range is the (n*R44) if the
signal is raised to the power of 4 to removed data before calculating the FFT,

where R is the symbol rate [2].

Other publications which use spectrum based methods to
estimate/compensate frequency offsets such as [3, 4] and another paper which
uses a system based on a timing recovery algorithm [5] claim to have frequency
offset ranges greater than +n/(MT) (or equivalently £(n*R)/(MT)), however, it is not
clearly stated what the requirements of these methods are in terms of the minimum
number of samples per symbol required. These publications either state that they
used two samples per symbol or did not state the number of samples per symbol
used. As was explained previously in chapter 3, data which contains a high

frequency offset equal to 2x/(MT) which is sampled at one sample per symbol
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cannot overcome this ambiguity. In addition, these three papers seem to adopt a
common approach of performing a coarse estimation to remove frequency offset
ambiguity and then use an M"™ power method for precise frequency offset
estimation, which means additional computational complexity if only the M™ power
frequency offset estimation algorithm was originally used. For the proposed
frequency offset estimation scheme which will be given later in this chapter, M™
power DDQPSK, only modest additions to the DSP of M™ power frequency offset

estimation and M™ power phase estimation are required.

5.2 Doubly Differential Concept

As was seen for the M™ power frequency offset estimation scheme for M-ary PSK
data [6], there is a limited range of frequency offsets which can be tolerated, which
are inside the range (-n/(MT), n/(MT)), or alternatively written as ( -(m*Rg/M ,
(m*Rs)/M) [7]. This is problematic in a coherent system as the frequency difference
between transmitter laser and the LO needs to be within this tolerance, e.g. for
10GBaud QPSK the frequency offset must be less than 1.25GHz if the frequency
offset is to be compensated by the M™ power frequency offset compensation
method. From the previous chapter, it is clear that a large frequency offset range is
essential in a coherent optical packet/ burst switched network. One way to allow for
large frequency offsets to exist between the transmitter and LO is to employ
DDPSK [8]. One of the earliest mentions of DDPSK in the literature is given in [9]
where the application of interest is dealing with Doppler Effect induced frequency
shifts in air-to-air and air-to-ground coherent communications. A block diagram of
the encoding and decoding stages for DDPSK is shown in Figure 5.1 (a) and
Figure 5.1 (b) respectively.

(a)

d(k,T) o (1, 1)|OdatalkT) Bspe(kT)  Oppe(kT) dencoded (KaT)
XS .
(b)
Brec(kT) = _rec(kl_)l rec(kT) Choose B gqcqgoq(kT) |PdecodedtéD ﬂ":)
N . closestto A%0 . (kT) *

+
A
4

Figure 5.1: Operations showing (a) doubly different ial encoding and (b)
doubly differential decoding [8, 10].
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At the transmitter, the data to be transmitted, d(ksT), where kq is the sample
index for data bits, is first converted from a bit stream to phases using Gray coding
to give the phase term, 04.{kT), where k is the sample index for symbols. The
resulting phase terms are then passed through two single differential encoding
stages, with 0spe(kT) being the equivalent to the single differentially encoding
phase and 6ppe(kT) being the doubly differentially encoding phase, as seen in

Figure 5.1. The encoding equation is given as [8, 10]:

O ooe (kT) = mod( 4, (kT) + 20 ppe ((k '1)T)
-0 poe ((k B 2)T),2)

where k > 3. After adding a n/4 term to 6ppe(KT), Gray coding converts the phase

(5.1)

to a data stream, dencogefKaT), Which is the bit stream to be transmitted, presumably

using an 1Q modulator or a phase modulator.

In Figure 5.1 (b), the input to the decoder is the phase received from a
coherent receiver, 6,{KT), which is downsampled to one sample per symbol, for
example, by using the downsampling algorithm proposed in chapter 3 based on
using the sampling phase with the highest average magnitude. 6,.{kT) is passed
through differential phase stages, with A%,.{kT) being the doubly differentially
decoded phase. Then, the element of [0, @/2, &, 31/2] which is closest to A%,e{KT)
is selected, with the selected phase being 0O4ecodefKT). After adding a n/4 phase shift
t0 OgecoaedKT) the phase is converted to data bits using Gray encoding, with d’(kqT)
being the decoded phase.

The frequency offset tolerance of DDPSK can be illustrated as follows,

using a similar argument as in [10]. Assuming that 0,.{(KT) is of the form:

Orec(kT):Odata(k-r)-i-A(Drec-rkl+OO (5.2)

where Ao is the frequency offset, T is the symbol period, and 6, is the initial
phase. Phase noise and additive white Gaussian noise will not be considered for

the moment. Hence, Azerec(kT) can be calculated as:

A0%ec (kT )= A0, (kT )- A0, ((k-1)T) (5.3)

where,

Ae rec (kT ) = O rec (kT )_ 9 rec ((k -1)T) (54)

Substituting equation (5.4) into equation (5.3), yields:
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0rec(kKT) = (0,ec(kT) = 0 (k -2)T))
= (0recl(k -2)T) = 0e((k -1)T))
(

Aezrec(kT): erec (kT)_ 29rec((k _1)T) rec( k - 2) ) (5.6)
Substituting equation (5.2) into equation (5.6) yields:

(5.5)

02ec(kT) = (0, (kT) + Ao, Tk +6,)
2(0ua((k -1)T) + A0 T(k -1)+0,) 67
+(0uaa((k -2)T) + A0 T(k -2)+6,)

which can be simplified to:

0rec (KT ) = 0ia (KT ) = 20 4o ((k -2)T) + 0 (k- 2)T) 5.9

Hence, it can be seen from equation (5.8) that the doubly differentially decoded
phase, A%,.(kT), depends only on 04.{kT) values and is independent of the
frequency offset and initial phase. Therefore, DDPSK can tolerate frequency
offsets up to the limits of the electronic bandwidth of the receiver in the presence of
no phase noise or additive white Gaussian noise. Note that for larger symbol rates
the frequency offset range will be reduced. This occurs since the edge of the
spectrum will be filtered out by the limited electronic bandwidth of the receiver at
smaller frequency offsets since the spectrum width increases with larger symbol
rates. Note that the DDPSK decoding scheme described up to this point and
depicted in Figure 5.1 (b) is referred to here as “Simple DDPSK”. The term “Simple
SDPSK” is used here also and is similar to Simple DDPSK except only single
differential encoding and differential decoding stages are used. The terms Simple
DDPSK and Simple SDPSK are only used in this thesis and in papers co-authored
by the author of this thesis to more easily distinguish them from other decoding

methods which use additional DSP.

However, for the zero frequency offset case, a 4.77dB penalty is expected
when using Simple DDPSK instead of Simple SDPSK. In [11], it is pointed out that
the impulse response given in equation (5.8) will result in a multiplication of the
input noise variance by a factor of 6 (since the variances from the different terms
will add as (¢*+ 40+ 6°=60°)) and this will be 3 times the value for the SDPSK case
(which will be (6*+ 6°=26%)). This factor of three will result in a 10*Log;(3)=4.77dB
penalty when using DDPSK instead of SDPSK. Note also that the 4.77dB penalty

is compared with SDPSK without any phase estimation algorithm applied which
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means that an even larger penalty will be seen when comparing M™ power SDPSK

using power frequency offset compensation an power phase
(SDPSK using M™ f ff i d M" h
estimation) and Simple DDPSK.

There are methods which attempt to reduce the power penalty associated
with Simple DDPSK. It shown in [11] that a slightly varied doubly differential format
(referred to as non-adjacent double differential phase shift keying [12]) which finds
the doubly differential phase over 4 symbols instead of 3 as shown in equation (40)
gives only a multiplication of the variance by a factor 4 leading to a 3.01dB penalty
(from: 10*Log:o(4) - 10*Logo(2)) compared with SDPSK without phase estimation.
Another method is described [13] where essentially the second differential stage is
replaced by an M™ power phase estimation stage which allows for one of the
differential stages to be performed after the hard decision which will reduce the
SNR penalty. In [14], a similar approach of using only one simple differential phase
operation before the hard decision is used except that the second differential stage
and hard decision are replaced by a multi-symbol decision directed stage which
feeds back decisions in order to improve the second differential stage so it can
have negligible penalty. However, the method in [14] has a BER performance
approximately equivalent to performing simple single differential quadrature phase
shift keying (SDQPSK) without phase estimation and performing the differential
decoding before the hard decision, and the method in [13] will have approximately
twice the BER of [14]. Also, [14] uses a feedback mechanism which is less suitable
than a feed-forward method for an optical packet/ burst switched network since an
error in a feedback system can result in continuous propagation of errors, while a
feed-forward system is guaranteed to eventually forget any large disturbances. It
can be seen that the ideal method for using DDPSK in a coherent optical packet/
burst switched network should be feed-forward and should also try to eliminate or
reduce any penalty associated with simple differential phase stages before the
hard decision. Unlike the methods in [13, 14] whose BER versus SNR performance
will be greater than that of Simple SDPSK, the novel method, Mt power DDPSK,
will be shown to have a BER twice that of M™ power SDPSK. It will be shown later

how M™ power DDQPSK will give superior performance to Simple SDQPSK.

5.3 M™ Power DDPSK

It is instructive to first consider the M™ power SDPSK algorithm and the

deficiencies associated with it before introducing the M™ power DDPSK algorithm.

86



The frequency offset, o, at the input of the M" power SDPSK algorithm is

expressed as follows:

o =2xn(N, /(MT)+8,) (5.9)
where N is an integer, and o; is in the range | & | < 1/(2MT) The frequency offset
component (27*N«/(MT)) will not be seen by the M™ power frequency offset
compensation scheme since it is indistinguishable from data and any M" power
operation will remove this frequency offset, i.e. raising the field to the power of M

will essentially multiply w by M giving:

oM = (2zN, /T +2aM8, ) (5.10)

The phase shift due to frequency offset after the M™ power operation over one

symbol period will be given by oMT:

oMT =(2zN, +27xM35,T) (5.11)

It can be seen in equation (5.11) that only the 2aM&T term can be observed and
that the 2n*N; term will not be observed due to phase wrapping. Hence, there will
be an ambiguity in the frequency offset as a result of the (2zN¢/(MT)) term.
However, the 213; component will still be removed since it is in the M™ power
frequency offset range. Hence, o could potentially have a frequency offset
component of (2xN#/(MT)) after the frequency offset compensation stage if N; is
non zero. The M™ power phase estimation stage will also not see this frequency
offset as it will be indistinguishable from the data. Hence, after the hard decision
there is potentially a (2zN+/(MT)) frequency offset component still in the hard
decision symbols. This is the reason that the M™ power frequency offset scheme
requires N; to be equal to zero, so that only the limited 2rd; term remains. Noting
from the analysis in section 5.2 above that doubly differential phase decoding will
remove any frequency offset, this will also apply to symbols after the hard decision.
Hence, performing a doubly differential operation after the hard decision can
remove any residual frequency offset that is a multiple of (21/(MT)) and, therefore,
can remove any residual (2zN¢/(MT)) term. Hence, M" power DDPSK can remove
any frequency offset within the electronic bandwidth of the receiver, which is the

same frequency offset compensation range as Simple DDPSK.

A diagram comparing different demodulation algorithms is given in Figure
5.2. In Figure 5.2 the DSP for (a) M™ power SDPSK, as described in chapter 2, (b)
Simple DDPSK, as described in section 5.2, and (c) M"™ power DDPSK is given.
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For M™ power SDQPSK the received downsampled constellation has its frequency
offset removed and has its phase noise mitigated by a phase estimation stage. The
constellation is expected to then resemble an M-ary PSK constellation or in the
case of Figure 5.2, a QPSK constellation. Then, a hard decision on the
constellation is made. After this, a single differential decoding stage gives the
original data. For Figure 5.2 (b), the received downsampled constellation has its
phase applied to two differential stages, and then a hard decision is made on the
constellation to give the original data. It can be seen from Figure 5.2 (b) that the
constellation before the hard decision is quite noisy which is due to the fact that
noise terms are being added together twice. Finally, Figure 5.2 (c) shows the
algorithm for the novel M"™ power DDPSK scheme. All the steps are the same as
for Figure 5.2 (a) up to the hard decision. After the hard decision, instead of a
single differential decoding stage being applied to the hard decision phase, two
differential decoding stages are applied. Note that M" power SDPSK must have
only one differential phase encoding stage performed at the transmitter while M™
power DDPSK must have two differential phase encoding stages performed at the

transmitter.

Mt power FO N Mt Power
(a) compensation Phase Estimation |3

Hard H v Phase | *
Decision + O-le Data 4 «

e

L J

Hard 1°
Phase |
. |—
Decision Data 1 °*

Phase'] *
Data «f »

(C) Mt power FO | | Mth Power E ' . Hard
compensation Phase Estimation | | ' &* Decision

Figure 5.2: DSP for (a) M ™ power SDPSK, (b) Simple DDPSK and (c) M ™
power DDPSK [15], where the constellation used for illustration purposes is
QPSK (similar diagram in [15]).

One key issue with using Simple DDPSK is that it has a 4.77dB SNR penalty
compared with the Simple SDPSK. We can greatly reduce the SNR penalty by
using the novel “M™ power DDPSK” algorithm. It was explained in [16] that the
BER of PSK will double as a result of using differential decoding with M™ power
SDPSK. This can be explained as follows; if low BERs and high OSNRs are

considered, errors will predominantly be ones where AWGN causes symbols to
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appear inside the decision boundaries of adjacent symbols and the probability of
consecutive errors will be small. When no differential decoding after the hard
decision is used, this will result in a single error from AWGN due to Gray coding.
Where single differential decoding after the hard decision is used, a single AWGN
2n/M error will results in single bit errors for the first and second phase terms in the
differential phase decoding equation and will result in two errors where previously
there was one. This explains the doubling of the BER when going from PSK to M™
power SDPSK. For M™ power DDPSK with M > 4, from equation (5.6), which will
be applied after the hard decision, a single 2x/M error will result in a single bit error
for the first term, two bit errors for the second term (n/M rotation will result in two bit
errors due to Gray coding) and a single bit error for the last term, leading to four
times as many errors than if no differential decoding with PSK was used and twice
as many errors than if single differential decoding was used. A plot of the
theoretical BER versus SNR per bit for QPSK, Simple SDQPSK, M™ power
SDQPSK and M™ power DDQPSK is shown in Figure 5.3 using the appropriate
formulae from the end of chapter 3 given in [6, 17] and applying the analysis given

above

QPSK
Simple SDAQPSK

M Power SDQPSK
M Power DDQPSK

—
o
!

BER
o

i 1 i \ i
2 4 B g 10 12 14 16
SNR per bit (dB)

Figure 5.3: Theoretical BER versus SNR per bit for different methods of
demodulating QPSK data.

Note that only AWGN is considered here with no frequency offset and no
phase noise. QPSK with no differential encoding could be decoded with the aid of

training symbols and using some phase estimation technique such as M™ power
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phase estimation. It should be noted that there is a 0.49dB penalty when using M™
power DDQPSK instead of M™ power SDQPSK at a BER of 10%, and a 1.03dB
penalty when using M"™ power DDQPSK instead of QPSK at a BER of 10°. This
shows that M™ power DDQPSK can be used with only small additional SNR
requirements to M" power SDQPSK. Simple SDQPSK has 1.37dB additional SNR
requirements than M™ power DDQPSK at a BER of 10, Simple DDQPSK is
expected to have a 4.77dB SNR penalty compared with Simple SDQPSK. Hence,
it is clear that M™ power DDQPSK makes enormous gains over the original Simple
DDQPSK. In addition, M™ power DDQPSK will have better BER versus SNR
performance than the DDQPSK methods in [13, 14] at a BER of 10, since [13, 14]
have higher SNR requirements than Simple SDQPSK and Simple SDQPSK has
higher SNR requirements than M™ power DDQPSK for BERSs less than 4.6+1072.

5.3.1 Modification to M ™ Power Frequency Offset Compensation forM ™

power DDPSK
One additional component of the M™ power DDPSK scheme not already discussed

is that for improved performance, the M"™ power frequency offset compensation
algorithm will need to be slightly adjusted to account for possible transients where
the frequency offset changes causes the value of N; in equation (5.9) to change.
When the value of N; changes this can lead to errors in the M™ power DDPSK
algorithm close to where the change occurs since the doubly differential decoding
will only remove constant frequency offsets. In order to keep N; constant, an
unwrap function can be applied to the estimated differential phase due to
frequency offset. The adjustment to be made to the M"™ power frequency offset

compensation algorithm is shown in Figure 5.4.

conj()

[
1

7-1

o ( "M 1 z( ) arg( ) [{unwrap( )/M ) 0

zZ

E,(KT) = FoulkT)

Figure 5.4: M ™ power frequency offset compensation algorithm with unwrap

function included for M ™ power DDPSK algorithm.
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An unwrap function is placed after the argument of the averaged field is
determined in order to ensure that a smooth frequency offset trajectory is
calculated. A similar idea to using this is suggested in [1] except with training
symbols or feed-back from FEC used to determine the initial differential phase due
to frequency offset which is added to the estimated differential phase which should
then be unwrapped before the accumulator. The measured frequency offset and
estimated frequency offset from the M™ power frequency offset compensation
method are shown in Figure 5.5, where the frequency offset estimation is done

without the unwrap function in (a) and with the unwrap function in (b).
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Figure 5.5: Plots of measured frequency offset and estimated frequency

offset versus time using M ™ power frequency offset compensation (a)
without unwrapping and (b) with unwrapping. The bla ck lines indicate the
frequency offset limitations for M ™ power SDQPSK.

The measured frequency offset was determined by measuring a number of
different beat signals (without modulation being present) using a polarisation-
diverse coherent receiver, time-aligning the bursts using the same method
discussed in the previous chapter and averaging the frequency offset trajectories.
It can be seen in Figure 5.5 (a) that the estimated frequency offset is always within

the solid black lines, which represent the +x/(MT) limits of the M"™ power frequency
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offset compensation algorithm for SDQPSK. It is clear that there is not a constant
frequency offset difference between the measured and the estimated frequency
offsets in Figure 5.5 (a) which will result in errors during the doubly differential
decoding. However, when the unwrap function is used it can be seen that the
estimated trajectory has the same trend as the measured frequency offset with a
constant frequency offset difference of 2.5GHz, which for this 10GBd system with
T=100ps and M=4, is a multiple of 2a/(MT). Since it is a multiple of 2a/(MT), it will
appear correctly after the hard decision and will be fully compensated for with the

doubly differential decoding after the hard decision.

In terms of the complexity of implementing M™ power DDPSK, it is clear
that the only additional functions which would be required on top of an M"™ power
SDPSK system would be one additional differential encoding operation at the
transmitter, one additional differential decoding operation at the receiver after the
hard decision, and an unwrap function in the M™ power frequency offset

compensation algorithm.

5.4 Static Performance of M " Power DDQPSK- BER versus
OSNRJ[10]

The experimental setup to test the static BER versus OSNR performance of
DDQPSK is shown in Figure 5.6. Note that many of the details provided in this
section are given in the paper at [10] and the experimental data used here relates

to the same simulation and experiment documented in [10].
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Figure 5.6: Experimental setup to perform BER versu s OSNR measurements
to compare M ™ power SDQPSK, Simple DDQPSK and M ™ power DDQPSK
(diagram from [10]).
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A low linewidth laser at 1546nm is used at the transmitter where a PC is
used to rotate the input polarsation to that required by the IQ modulator. The
transmitter and LO were both ECL sources which came from two different ports of
a box which provided four outputs from four ECLs (Agilent Technologies “N7714A
Tunable Laser Source” with a typical linewidth of less than 100kHz specified). The
IQ modulator has inputs from a pattern generator whose signals are electrically
amplified. A 2’ -1 pseudo random bit sequence (PRBS), i.e. PRBS7, data
sequence with a zero appended to it was generated in MATLAB and this data
sequence was encoded for DDQPSK transmission, using the encoding scheme
given in [8]. The encoded sequence was loaded onto the pattern generator or used
in VPI TransmissionMaker V8.7 (a simulation tool for telecommunication systems
using components in the optical or electrical domain) in order to simulate the
experiment. The extra zero was included since the pattern generator only accepted
particular pattern lengths. Note that the same recorded received data was also
decoded as if it were SDQPSK encoded and the resulting data sequence
compared against the data sequence expected from SDQPSK decoding of
perfectly transmitted DDQPSK encoded data. The DDQPSK encoded | and Q data
streams were then inputs into electrical amplifiers in the experiment whose outputs
were inputs to an 1Q modulator which modulated the transmitting laser’s output,
with no electrical amplifiers used in the simulation. The symbol rate of the system
was 10GBaud. The OSNR was varied by varying the attenuation of the variable
optical attenuator (VOA) before the first EDFA. After the first EDFA, the OSNR was
measured using a 10% tap from the EDFA output and measuring the OSNR from
the OSA with a bandwidth of 0.14nm. The measured OSNR was later corrected
using MATLAB so that it corresponded to a bandwidth resolution of 0.1nm. The
other 90% went through a 0.64nm optical bandpass filter, then through a second
EDFA, to maintain constant power and then through a 0.8nm optical bandpass

filter.

After this, a 90% tap went to a photodiode connected to an oscilloscope
which was used to observe the eye diagram in order to optimise the DC bias points
of the 1Q modulator (90% was required to provide sufficient clarity for the eye
diagram). The oscilloscope for the eye diagram was triggered from a signal from
the pattern generator. The other 10% went to the signal input of the polarisation-

diverse coherent receiver. In simulation, a thermal noise value of 40pA/(Hz*?

) was
used for the photodiodes in the receiver. Another low linewidth ECL at 1546nm

was used as the LO and this went through a PC before entering the LO port of the
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polarisation diverse coherent receiver. Only the Y components of the polarisation
diverse coherent receiver were recorded. In order to vary the frequency offset in
the experiment and the simulation, the frequency of the ECL at the LO was varied.
A real-time scope was used to record the data in the experiment with a sampling
rate of 50GSample/s and an analogue bandwidth of 16GHz. The real-time scope
was triggered with a periodic signal from the pattern generator. A 16GHz
Butterworth filter was used in the simulations as this had the best match to the
experimental conditions and the recorded data from the simulation was resampled
to 5 samples per symbol. Offine DSP was performed in MATLAB. In the offline
DSP, the data was downsampled to one sample per symbol, where the sample
with the highest field amplitude was the sampling phase used. The BER was
determined from direct error counting by comparing the expected data from
DDQPSK or SDQPSK decoding with what was decoded in the presence of
different OSNRs and different frequency offsets. 351 averaging terms were used in
the M™ power frequency offset compensation algorithm and 13 averaging terms
were used in the M™ power phase estimation algorithm. The expected data
streams for Simple DDQPSK decoding and M™ power DDQPSK decoding were the
same. More than 6.4*10* bits, and more than 3.9*10* bits, were used to calculate
each BER value in the simulation and experimental results, respectively. This

allowed for BERs of 10 to be measured accurately.

Shown in Figure 5.7 are the BER versus OSNR curves for static simulated
and experimental systems using (a) M" power SDQPSK decoding, (b) Simple
DDQPSK decoding and (c) M™ power DDQPSK decoding. Note that from the
theory already discussed the range of frequency offsets which M™ power SDQPSK
can compensate for is between -n/(MT) and =« /(MT) (or -1.25 GHz and 1.25GHz
for the 10Gbaud work in this experiment). It should also be noted that M™ power
SDQPSK can compensate for frequency offsets which can be expressed as
(2r((N/T)+ &), where N is an integer and & is within the SDQPSK compensation
range. This is the case as frequency offsets which are multiples of the symbol rate
will rotate symbols a multiple of 2z between symbols. From Figure 5.7 (a) it can be
seen that frequency offsets which are greater than 1.25GHz and less than
8.75GHz cannot be compensated for as expected. There is an OSNR offset
between experimental and simulation results which could be due more noise being
present in the experiments than the simulation, e.g. the thermal noise may be
larger in experiment than in simulation, or power levels at different parts of the

simulation may be different from experiment. From Figure 5.7 (b) it can be seen
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that all frequency offsets can be compensated for almost equally well, except for
the experimental 10GHz curve. However, the OSNR required for a BER of 107 is
approximately 24dB for almost all the curves which is approximately 10dB worse
than that for the correctly decoded M™ power SDQPSK experimental curves in
Figure 5.7 (a). However, for M" power DDQPSK shown in Figure 5.7 (c) the BER
versus OSNR performance is approximately the same for all frequency offsets with
an OSNR offset of about 2dB between simulation and experimental results. It
should be noted that the OSNR penalty of using M™ power DDQPSK instead of M™"
power SDQPSK is less than 0.5dB at a BER of 10 which is in close agreement

with the analysis above.
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Figure 5.7: BER versus OSNR for different levels of  frequency offset using
simulation and experimental data decoded with (a) M ™ power SDQPSK, (b)
Simple DDQPSK and (c) M ™ power DDQPSK.
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Shown in Figure 5.8 is the OSNR required for a BER of 10° versus
frequency offset, where the required OSNR was determined from a linear fit of
Logio(-Log1o(BER)) versus OSNR in dB. BER values greater than or equal to 0.4
were ignored for all the fittings and BER values less than 0.9*10 were ignored for
Simple DDQPSK so that the fittings would be less affected by non-linear regions. It
is clearly shown in Figure 5.8 that M™ power DDQPSK has a very similar OSNR
requirement for a BER of 10° as M™ power SDQPSK, while having the same
frequency offset range as Simple DDQPSK. Hence, it is clearly shown that M™
power DDQPSK could be used in static scenarios in order to provide a very large

frequency offset tolerance.
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Figure 5.8: OSNR required for a BER of 10 ~ versus frequency offset for
simulation and experimental data using either M ™ power SDQPSK, Simple
DDQPSK or M™ power DDQPSK.
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5.5 Switching Performance of M ™ Power DDQPSK- BER versus

OSNRI[15]
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Figure 5.9: BER versus OSNR measurement scheme to a ssess the

performance of different decoding schemes in a swit ching scenario.

Shown in Figure 5.9 is the experimental setup to test the performance of M™ power
DDQPSK directly after a switching event using a tuneable laser transmitter (note
that the material presented here was published in [15]). Here, the SG-DBR laser
switches between 1541.4nm and 1547.5nm, with a switching voltage signal being
applied to the back section. The laser stays on each wavelength for 500ns. The
laser output went through a 90/10 coupler, where the 10% output was used to
measure frequency offsets between the SG-DBR and the LO using the
polarisation-diverse coherent receiver. The 90% output was modulated with an 1Q
modulator with data being provided by a pattern generator. The bit rate of the
system was 20GBit/s (symbol rate of 10GBaud). The pattern used was a PRBS7
sequence of length 2’-1. The delay used to decorrelate the data and inverse data
streams was 15 bits. Note that the SDQPSK and DDQPSK decoded results are
both related to the same bit sequences coming from the pattern generator, but the
expected decoded bit sequences for SDQPSK and DDQPSK were both different.
By decoding the known transmitted bit streams using either SDQPSK or DDQPSK
decoding, the expected output data for each decoding scheme can be determined.
Electrical amplifiers were used to provide high enough voltage levels for the data
signals going into the 1Q modulator. The bias points were optimised regularly using
manual optimisation algorithm described in [18]. An oscilloscope was used to

monitor the eye diagram of the modulator to ensure that the bias points of the
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modulator were set so as to give the expected DQPSK eye diagram with three
levels at the transitions. The modulated laser output then went through a VOA,
which had an inline power meter, and then an EDFA. Since the output of this
EDFA was too high for the signal input of the polarisation-diverse coherent receiver
(+6.5dBm) and could not be finely adjusted, a VOA was used after this EDFA. At
the 50/50 coupler, noise was added to change the OSNR. The OSNR was varied
using a VOA to attenuate ASE from the EDFA with no input. A 5nm filter was used
to flatten the ASE noise spectrum where the flatness of the added ASE noise was
determined using the OSA. One output from the 50/50 coupler went through a
VOA and then went to an OSA in order to measure the OSNR. The resolution of
the OSA was 0.1nm. The other output from the 50/50 coupler went through a 2nm
filter and then through a PC before going to the signal port of the polarisation-
diverse coherent receiver. The LO used was an ECL (NETTEST TLS WDM Source
Model C with a specified linewidth of less than 100kHz). Note that TLS stands for
“Tuneable laser source”. A static laser at 1541.4nm acting as the LO went through
a PC and then into the LO port of the polarisation-diverse coherent receiver. Note
that the PC at the signal port was set so as to maximise the power on only one
polarisation. The real-time scope captured the outputs from the polarisation-
diverse coherent receiver, with the real-time scope having a bandwidth of 12.5GHz
and a sampling rate of 50GSample/s. The experiment was controlled using an
automatic program which was run on a laptop. The laptop changed the attenuation
of the VOA which varied the added ASE, measured the new OSNR value by
gathering information from the OSA, and recorded data from the real-time scope at
different OSNR values. More than 1.8*10° bits were used for each BER point
which allowed for BERs of 10° to be measured accurately. 11 averaging terms

were used in both the frequency offset estimation and phase estimation.

Shown in Figure 5.10 are the BER versus OSNR performance curves when
using (a) M™ power SDQPSK, (b) Simple DDQPSK decoding and (c) M™ power
DDQPSK. The red curves relate to decoding bursts with a waiting time of 30ns
after the start of the burst (after the laser switched wavelength) and the blue curves
are for a Ons waiting time. The Ons time is when the amplitude exceeds 70% of its
maximum value, with 490ns after that time being used for the BER calculation
which essentially relates to 98% utilization of the 500ns burst. The triangle symbols
are for OGHz steady-state frequency offsets (the frequency offset at the end of the
switch) and the quadrangles are for 3GHz steady-state frequency offsets. It can be

seen from Figure 5.10 (a) that the system is only able to produce BERs less than
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10° for OGHz steady-state frequency offsets and for 30ns waiting times. From
Figure 5.10 (b) it can be seen that Simple DDQPSK cannot produce BERS less
than 10°, however, its performance is similar for different steady-state frequency
offsets and different waiting times. In Figure 5.10 (c) all the curves can reach BER
values below 10° in the OSNR range shown and can start decoding with Ons
waiting times. There is also less than a 0.6dB difference between the 30ns wait
time with OGHz steady-state frequency offset curves in Figure 5.10 (a) and Figure

5.10 (c) at a BER of 10™. This is close to the expected penalty from the analysis

above.
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Figure 5.10: BER versus OSNR in a switching environ ment for different
steady-state frequency offsets and different waitin g times after a switch for
(@) M™ power SDQPSK (b) Simple DDQPSK and (c) M ™ power DDQPSK [15].

Note also that the measured and estimated frequency offset transients are
shown in Figure 5.5. It should be noted that increasing the size of the moving
average used in the M"™ power frequency offset compensation stage will increase
the accuracy of estimated static frequency offsets which will give lower BERs but

may limit the maximum rate of change of frequency offset which can be tolerated
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and, hence, increase the waiting time. Hence, a trade-off between accuracy of the
frequency offset and the maximum rate of change of frequency offset that can be
tolerated needs to be taken into consideration. Note that the same averaging
lengths were used for the results shown in Figure 5.10 (moving average lengths of
11 symbols for frequency offset compensation and phase estimation). This novel
algorithm, M™ power DDPSK, allows for frequency offset range limitations
previously associated with packet/ burst DP-QPSK receivers to be greatly relaxed,
such as in [19] where the initialisation of the CMA equalizer must be delayed until
the switching laser gets into the frequency offset compensation range. M™ power
DDPSK can enable very short waiting times since data can be decoded as soon as
the beat signal from the coherent receiver is within the receiver's electronic
bandwidth.

5.6 Summary

In this chapter the novel approach of using doubly differential encoding and
decoding was presented. The OSNR penalty typically associated with Simple
DDPSK decoding was greatly reduced by using the novel M™ power DDPSK
algorithm which has very similar BER versus OSNR performance to M™ power
SDQPSK. The performance of M™ power DDQPSK was demonstrated and verified
in static simulations and experiments. M™ power DDQPSK could also be used in
static scenarios for improved robustness since this demodulation method can deal
with large frequency offsets (limited by the bandwidth of the receiver electronics,
where larger symbol rates will result in the data spectrum being filtered out by the
receiver’s low-pass filter response at lower frequency offsets). M™ power DDQPSK
was shown to be able to overcome the issues of M™ power SDQPSK in a switching
scenario, which mainly originate from its limited frequency offset compensation
range. By using M™ power DDQPSK with its large frequency offset compensation
range which is only limited by the bandwidth of the electronics (with the frequency
offset range being decreased for larger symbol rates) it is possible to decode
packets very soon after a switching event and at large steady-state frequency
offsets. This solves the frequency offset issue associated with coherent optical
burst/packet switched systems using frequency offset compensation algorithms
with limited ranges. Having solved this issue, attention is turned to the other major
challenge of coherent optical packet/burst switched receivers, which is
demultiplexing dual-polarisation packets into separate polarisations, where the
CMA methods used typically need to find some method of overcoming the

singularity problem and can have variable decoding times. It will be shown next
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that a fully feed-forward method (initially proposed by a different group [20]) if used
in a coherent optical packet/ burst switched system can overcome the variable
convergence times issue associated with CMA [19], as well the singularity issue,
and allowing for shorter waiting times for decoding dual-polarisation packets in a

coherent optical packet/ burst switched networking scenario.
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Chapter 6

Dual-Polarisation ~ Doubly  Differential
Phase Shift Keying

One of the key motivations behind using coherent detection is that spectrally
efficient modulation formats can be used with typically only the DSP having to be
changed for different modulation formats. One way of increasing spectral efficiency
is to multiplex coherently modulated signals using two different polarisations. As
discussed in chapter 3, where there is birefringence in the fibre this will effectively
lead to the Jones vector at the input of the fibre being multiplied by an unknown
unitary matrix. The typical method of compensating for this multiplication with a
random unitary matrix in the case of polarisation multiplexed signals is to use some
form of constant modulus algorithm (CMA), where a feedback algorithm updates
filter coefficients so that the output constellations on each polarisation after the
CMA tend towards constellations which have constant moduli, when using M-ary
PSK data on each polarisation. When the CMA is used in coherent optical
packet/burst switched scenarios issues arise such as the length of time required
for convergence being long (hundreds of nanoseconds), variable and dependent
on the input polarisation[1]. There can also be issues that both polarisations
converge to the same polarisation which is known as the singularity problem. In
this chapter a least mean squares (LMS) algorithm which uses Stokes parameters,
described in [2], will be applied to a coherent optical burst scenario for the first time
and it will be shown that this method can potentially overcome the issues
associated with singularities and long variable convergence times seen in previous
DP-QPSK methods. Consistent polarisation demultiplexing waiting times are
critical to correctly designing a burst switched transmission protocol. Throughout
this chapter M" power DDQPSK will be used with either the LMS algorithm with
Stokes parameters, or the CMA.

6.1 Description of the CMA

Shown in Figure 6.1 is the filter structure of the CMA used to demultiplex the two
polarisations that are detected at the receiver. The crucial aspects of the CMA are

how the initial values of the filters are set and how they are updated.
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Figure 6.1: Schematic of how the CMA filters are ap plied to the input

polarisation signals.

The input fields, E,[k] and E/[K], are normalised in the work here. The filters are

updated using formulae given in [3] (using slightly different notation here):

N o new = De_oa T 1E,E, qua (E) 6.1)
Ny vew =Py oo+ HELEs s (E, ) ©62)
N e new = Ny o + 18, Ey cua (E, ) (6.3
h v _new — hyy_old + usyEy_CMA .(Ey) (6.4)

where the updated filters are on the left hand side of the equations (with “new”
appended), the previous filters are on the right hand side of the equation (with “old”
appended), p is the convergence parameter, the input and output field terms
(shown in Figure 6.1) are vectors whose length depends on the size of the filter

used, and the error terms, g, and g,, are given by:

g, =1- ‘EX_CMA ‘2 (6.5)

Sy :1_‘Ey_CMA ‘2 e
In [3], it was suggested that once the filters have converged a decision-directed
LMS update algorithm be used which appears to give improved performance
according to results in [3] (this is not the same as the Stokes parameter method
which calculates a plane fit using an equation derived by LMS, which will be
discussed later). However, the decision-directed LMS algorithm will not be used
here and the CMA implementation above will instead be the only one used. Hence,

the CMA will only begin its convergence at the start of a burst.
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6.1.1 Methods of Initialising the CMA- Static Syste ms
There are many methods in the literature which suggest how to initialise the CMA

for static channels. In [4], the X-polarisation filters are updated first until they have
converged and then the Y-polarisation filters are determined by exploiting the fact
that the channel matrix should be a unitary matrix. However, this may have varying
convergence times depending on how far the initial guess is from a value
considered to be a converged value, and this potential variability would mean that
worst case convergence times would need to be assumed when designing the
transmission and receiver system protocol. Another method given in [5] uses a two
stage CMA method which can also monitor PDL and PMD, where the first stage
uses a system similar to [4], but it may have variable convergence times as the first
stage uses a system based on [4]. Another method is to use training symbols to
initially determine the channel matrix which can achieve short waiting times that do
not depend on the state of polarisation of the received field [6]. It should also be
noted that there are methods other than the CMA such as the cost function method
given in [7] which focus on maximising the average sum of the moduli on both
polarisations which uses feedback, and is reported to require a few thousand
symbols to converge which may be problematic for burst/ packet applications.
Another approach is to consider a feed-forward method that does not require
initialisation so that the system is guaranteed to stay stable. In [8], an algorithm
which is claimed to be feed-forward is proposed, however, it does not seem to
assume the general unitary matrix channel model for two polarisations, and [8]
uses CMA in addition to the feed-forward method in experiment which would mean
that it is not a fully feed-forward method. While these approaches focus on static
scenarios, it is also important to discuss the convergence times of work published

on packet/ burst scenarios.

6.2 Comparison of Contemporaneously Reported Cohere nt

Optical Packet/ Burst Switching Systems
A number of groups have published in the area of coherent optical packet/burst
switching since this work began [1, 9-13], where previously optical packet/burst
systems focused on direct detection. One of the key distinguishing factors of the
different published coherent optical packet/ burst switched receiver systems
transmitting dual-polarisation M-ary PSK data is how they overcome the
singularity/ initialisation problem of the CMA. In [14], a three stage CMA is used,
where the two stages preceding the usual one stage CMA are used to initialise the

CMA, however, this system has variable convergence times (maximum
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convergence time is 200ns or 11200 symbols) which means that it may be difficult
to anticipate how long the CMA start-up time will be. Variable convergence times
for DP-QPSK are also observed in [1] where a procedure using 25 initial test cases
is required to initialise the CMA (with a maximum convergence time of
approximately 410ns or 11480 symbols). Note that the group that performed the
work in [1] have developed their work on switching DP-QPSK over a number of
publications [15-20] and while [17] does report a waiting time of less than 150ns, it
is in [1] that variations in waiting times due to changes in the input state of
polarisation are explored leading, to the maximum convergence time of

approximately 410ns.

It is also possible to use training symbols and pilot tones to assist optical
packet/burst receivers at the cost of lower throughput and, in the case of training
symbols, extra DSP to identify locations of the training symbols. Convergence
times of CMA can be reduced by using cross-correlation and training patterns [10]
where the maximum convergence times were reduced by more than half (from
3840 symbols (768ns) using only CMA to 1440 symbols (288ns) using polarisation
back rotation from cross-correlations before applying CMA). Data-aided techniques
for frequency transient compensation and channel estimation have been simulated
[12] with 5% overhead for a 3.5pus burst and 500ns guard time. Experimental
demonstration of a real-time burst-mode DP-QPSK receiver is described in [21]
using data aided techniques (same group as [12]), however, requiring a 120ns
guard time (3000 symbols). Dual-polarisation coherent orthogonal frequency
division multiplexing (OFDM) in a burst scenario has also been published in [22,
23], however, pilot tones, training symbols of coherent OFDM and dropping of
subcarriers reduce the efficiency of this scheme and it is not a truly blind system,
e.g. in [22] 15 sub-carriers did not carrier data. 16-QAM switched systems using
pilot tones have also been published [11, 24], however, these result in the loss of
either one polarisation (did not use tuneable lasers) [11] or the loss of 2.5GHz of

bandwidth between the data and the pilot tone [24].

It is also important to consider ways of improving waiting times by
increasing hardware complexity. A direct way of determining the initial polarisation
rotation matrices is to use the signal carvers which send a header in only one
polarisation so that the state of polarisation can be determined using only 64
symbols (9ns), and use this determined state of polarisation to initialise the CMA
for dual-polarisation transmission [13]. However, this will require additional

equipment and, also, this system does not use fast switching tuneable lasers so it
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is not be affected by large frequency offset transients. It is also possible to use pre-
emphasis of the drive signals to further improve switching performance when using
fast switching tuneable lasers as performed in [25], where the cross-correlation
method used in [10] is also used, where 100ns (2800 symbols) waiting time after
the switch, the cross-correlation method can determine the polarisation with a 25ns
(700 symbols) convergence time. In addition, work on dual-polarisation 16-QAM in
a switching scenario has also been published [26], however, without the
convergence times of the combined CMA pre-convergence and radius-directed
equalizer being clearly presented, and this system employed a digital
enhancement technique which increases implementation complexity. This digital
enhancement technique requires the use of a delay line and an additional coherent
receiver (the signal input of the additional coherent receiver is a delayed version of
the LO used for data demodulation and the LO input of the additional coherent
receiver is a copy of the LO used for data demodulation with a frequency shift

potentially applied) [27, 28].

An ideal polarisation demultiplexing algorithm for burst-mode applications
should have a number of key features. Firstly, it should not have convergence
times which are long, variable and dependent on the state of polarisation of the
input signal. Secondly, it should not have the potential to suffer from the singularity
problems associated with the CMA. Thirdly, it should not use training symbols
since they increase overhead, require additional DSP to recognise the start of the
training symbols, and can potentially result in bursts of errors if they are sent
during large channel fluctuations, which are more likely to occur at the start of a
burst. Finally, hardware complexity should be kept as low as possible. One type of
system which satisfies the requirements of eliminating variable convergence times
and potentially not requiring initialisation would be a feed-forward system. By
eliminating variable convergence times, long worst case convergence times can be
avoided and this can potentially reduce waiting times. A scheme which satisfies the
above constraints will be described next and it will be shown to require a 30ns (300

symbols) waiting time.

6.3 Description of the LMS Algorithm

The motivation for using the LMS algorithm described in [2] is that it is a feed-
forward algorithm, it does not require an initial channel matrix, does not suffer from
the singularity issue, does not have variable convergence times and does not

require additional hardware. The fact that the algorithm is feed-forward means that
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any large errors observed by the system will eventually be forgotten which ensures
a certain degree of system stability. In addition, unlike CMA and other feedback
mechanisms, there is no need to select an initial channel matrix which simplifies
the operation of the demultiplexing algorithm. It should be clear that not having the
singularity issue is a great advantage. In addition, not having variable convergence
times for polarisation demultiplexing provides certainty which will allow for more

straightforward design of burst/ packet switched networks.

The first step is to determine the down-converted X and Y polarisation
fields using the polarisation diverse coherent receiver. In the work here the
receiver outputs Ix, ly, Qx and Qy have their offsets removed, magnitudes
normalised, deskews removed, and, then, are downsampled to one sample per
symbol (note that it is explained in [2] that the LMS method is independent of the
clock frequency so polarisation demultiplexing could be done before clock recovery
but here polarisation demultiplexing is done using signals downsampled to one
sample per symbol). Similar to the previous chapter, the sampling phase was
determined by selecting the sampling phase which had the largest average
magnitude. These outputs are then used to determine the X and Y polarisation

fields, Ex and E, respectively, as follows:

E,=(,+iQ,) (6.7)
= i (6.8)
E, =(l, +iQ,)
Then, the s-parameters can be calculated using equations from [2] (the real value

function is used in the calculations here to ensure that each calculation is always

real but this is not explicitly done in [2]):

S, = % relE,(E,) +E,E,)) 69
5 = % relE, (E,) -E, (E,)) 6.10)
s, = % relE, ) E, +E,(E,)) 611
s, = % Rel-i(E,)JE, +iE,(E,)) 612
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The key observation pointed out in [2] is that for dual-polarisation M-ary
QPSK, s, 5, and s; (for the non-downsampled case) form a “lens” shape object in
the 3D space. The orientation of the lens shape is dependent on the unitary matrix
of the channel where a normal vector to the plane which best fits the lens can be
used to determine the unitary matrix of the channel. It is also argued in [2] that all
constellations, except ones that have only single lines or points in a complex plane,
will form the “lens” shape in 3D space and, hence, this provides the possibility for a
general polarisation demultiplexer for any polarisation-multiplexed M-QAM. Note
that it can be shown that for DP-QPSK downsampled to one sample per symbol
with optimum sampling phase that (s;, s, ) points lie on a perfectly flat surface in
3D-space in the presence of no noise, with the normal vector to that surface
containing sufficient information to determine the demultiplexing matrix for that
channel. Assuming a unitary matrix channel, the best fit plane through this flat
surface can be shown to go through the origin and this can be exploited to reduce

the LMS calculations required.

To calculate the normal vector to the plane, (a;, &, -1), the following LMS
matrix equation can be used (this was derived by the author of the thesis, with the

derivation shown in section 6.4 below):

27 | I Sslikdil] | sk
% ':Zsl[i]sz[i] Z (sfi1) Iisz[i]sg[i]
Hi=oN =N 1 Li=-N . (6.13)

The equations to calculate two important parameters for the compensating matrix,
A® ys and O,ys, are slightly different from the equations used in [2] since one of the
fitting terms has been removed by utilizing the fact that the plane goes through the

origin (the notation is also slightly different from [2]):

AD s =atan2 [az,—l] (6.14)

1
Ous = Eat an2 lam\/ a; "‘1l (6.15)

where at an2[ p, q] is the MATLAB command for the two-argument arctan where
p is the cos input and q is the sin input (its output is in the range (-x, n]). The

compensating matrix, Miwerse Can then be calculated using the equation given in

[2]:
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_| coslOyys )€ sin(0,,s )e e
inverse | Sin(GLMs )ejACD s /2 COS(GLMS )e—jm s /2

Shown in Figure 6.2 are two different perspectives of a downsampled DP-
DDQPSK 3D plot of (s;, &, s) represented by blue dots and the LMS best-fit plane

M (6.16)

is traced out with red lines. The plot in Figure 6.2 (a) shows four distinctive (s;, S,
s3) clusters of points and the plot in Figure 6.2 (b) is just a rotated version of Figure
6.2 (a) showing the plane and these clusters from a different perspective. It is
important to note that the fitting needs to be repeated three times as the plane to
be fitted to might be parallel to the surface with s,=0, the surface with s,=0, or the
surface with s;=0. When applying the LMS algorithm three times, the s;, s, and &
points should be cyclically swapped so that the axes are effectively rotated

ensuring that at least one fitting will not contain an infinite slope.

s3
o

2l s2

(b)

s3
o

2 ' r— s2

Figure 6.2: 3D plot of ( s, S, $) points calculated using DP-DDQPSK
experimental data (blue dots) with a linear plane f it (red lines) shown from

two different perspectives.
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6.4 Derivation of the Stokes Space Plane Estimation Equation

Using a LMS Approach
The following section will derive the Stokes space plane estimation equation given
in equation (6.13) using a LMS approach. Here, s, S,, and s; will be replaced by x,
y, and z respectively as it makes following the equations easier. Since the fitted

plane is expected to go through the origin the following equation applies:

Qpane X + D ey +2=0 (6.17)

plane

where ayane and bpane are real numbers. Note that a Cyane coefficient for z is not
necessary as both sides of the equation can be divided by Cyane Without loss of
generality, except for Cyane=0. It is this Cyane=O case, as well as the bya.e0 and
aane=0 cases, which makes it necessary to rotate (s, s, S3) three times and then
apply this LMS algorithm for each rotation. In addition, by not having a Cpane
coefficient the possible solutions for ayaeand bpane are reduced from an infinite set
of possible pairs of values to one possible pair of values. If a set of points is
produced which is expected to agree with the relationship given in equation (6.17),
then in order to find the best fit to that equation in the least mean squares sense

the following variable, ERR ys, should be minimised, where ERR ys is given by:

i=N
ERR s = Z (aLMSXi +b Y+ Zi)2 (6.18)

i=—N
where the indexing is done so that the averaging takes place over symbols before
and after the current point in time being investigated. ays and boys are the
estimated values of &yane @and byane respectively. In order to minimise ERR s,
ERR us should be differentiated with respect to one of the control variables, either

aus or buys. Differentiating with respect to a s yields:

i=N
m = Z z(aLMSXi + bLMS Yy, +z )Xi (6.19)
da s i==N

which implies that:

i=N
%;zz(awsxf + b s Vi X, +ZiXi) (6.20)
da, s i=—N

Using similar calculations to those given in equations (6.19) and (6.20) it is

possible to show that the derivative of ERR ys with respect to byys is given as:
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dERR =
—— " IMS =9 Z (bLMSyi2 Ta sy X + Ziyi) (6.21)
db, s i=—N

Since avs and byys can assume any real value and do not have a restricted range
here, maximum and minimum ERR_ys values will occur when the derivatives equal
zero. Hence, it is of interest to find where the derivatives in equations (6.20) and

(6.21) equal zero. For the derivative with respect to a_ys:

dERR s _ 0
das (6.22)
i=N ,
i=N ) i=N i=N
izz—N(aLMSXi )+ i:Z_N(bLMS YiX; ) + i:Z_:N(ZiXi ) =0 (6.24)
i=N ) i=N =N
i:Z_N(aLMSXi )+ i=Z_N(bLMS yixi): _i:Z_N(ZiXi) (6.25)

Repeating the same arguments except with the derivative with respect to byys

given in equation (6.21) yields:

ii:Z_NN(bLMS yi2)+ ii:Z_NN(aLMS YiX; ) = _ii:i—'ilN(Zi Yi ) (6.26)

Combining equations (6.25) and (6.26) into matrix form yields:

| ii:i—l‘jN(XiZ) Z’:‘:\J(yxl)|:3.,_MS :| _ __ ii:i_':\lN(ZiXi) (6.27)
ii:\,(yixi) ii,\,(yiz) Puws - il:z_’:\lN(ZiYi)

Multiplying both sides of the equation by the inverse of the 2x2 matrix yields:

—--1r . -

{aLMS}_fN(XZ) iiiN(ini) —iliN(ZiXi) (6.28)
Pl | S ) 207)| |- S ev)
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Converting (x, Y, 2) back to (s, S, %), respectively, and denoting the coefficients
multiplying s;, s, and s; as (-&), (-&) and 1, respectively, the following LMS

equation emerges:

- SEI) Sslisfil] |- S siisiil| e

-, llilsz[i]sj[i] I_i_: (sLi1) _.Iilss[i]sz[i]

which can be re-written as:

{al} _ iiiN(Sl[i])Z :ZNNSl[i]Sz[i] :ZNNsl[i]ss[i] (6.30)
% I_i_: si[ils ] i (Sz[i])2 i s,[i]s]i]

Hence, it can be seen that the LMS equations given in equations (6.13) and (6.30)
are the same and can be used to find coefficients to fit a flat plane to (s, S, S3).
Using these coefficients, it is possible to determine a vector normal to the plane of

this surface [29]:

Viorm1 = [_ Qq —a 1] (6:31)

or

— — 6.32
Viorm2 = [a:L az 1] ( )
Using this normal vector and the equations provided in [2] equations (6.14) and

(6.15) can be verified to be correct. Equation (6.16) is provided in [2].

6.5 Differential Polarisation Encoding: 2-D Differe  ntial Encoding

Rule
When sending polarisation multiplexed M-ary PSK data it is possible even after the
two polarisations have been separated that the X-polarisation transmitted data will
end up on the decoded Y-polarisation output at the receiver and vice versa after
the DSP. It is also possible that each transmitted data stream will end up on the
correct polarisation output at the receiver. One way to overcome this ambiguity is
to transmit initialisation symbols to identify which decoded polarisation is which.
While this is a simple and straightforward method, problems could arise if the

initialisation symbols are transmitted with errors. For a burst/ packet switched
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system, a robust method of overcoming this ambiguity is required as the
initialisation symbols are likely to be sent at the start of the packet where errors are

probably most likely.

In [30], a method of differentially encoding the data on both polarisations is
provided, which appears to be termed as the “2-D differential encoding rule”, along
with a method of decoding the data at the receiver such that it is possible to
identify which decoded data stream corresponds to which transmitted polarisation
data stream. A block diagram of this method is shown in a block diagram in Figure
6.3, with the 2-D differential encoding rule at the transmitter shown in Figure 6.3
(a), and the 2-D differential decoding rule at the receiver shown in Figure 6.3 (b).
The key aspect to realise about this algorithm is that if the inputs to the differential

polarisation decoder in Figure 6.3 (b), Bpo,x[k] and Bpow [k], are swapped then the
same data streams will appear on &,,,[k] and &, [k] as if the inputs had not

been swapped. Hence, whether the polarisation demultiplexing algorithm produces
a demultiplexing matrix which puts the X-polarisation field on the Y output and the
Y-polarisation field on the X output, or puts both polarisation fields on the correct

outputs, the 2-D differential decoding rule will ensure that the X-polarisation data is

always on the &a,,,[Kk] output, and Y-polarisation data is always on the &, [k]

output.
(a)
apoix[K] bpoix [K] Doubly Le[K]
> Differential Q [k]' Polarisation
Differential Encoding * 5| Multiplexed
Polarisation I, k] 1Q
apoly[K]l  Encoding bpory [K] Doubly Y~ 3{ Modulator
- Differential | Qy[k]
Encoding -
(b)
Hard jx [k]’ DOUbly bpolX [kJ 5polX[k]
Decision Q. [K] leferer_ltlal > . ' S
> Decoding Differential
After .
DSP I, [k] = Polarisation |
—> Doubly bpolY[kJ Decoding aporyv(K]
Qy[X]| Differential - ;
Decoding

Figure 6.3: Block diagram of implementation of (a) 2-D differential encoding

rule at the transmitter and (b) 2-D differential de  coding rule at the receiver.
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Let the terms a,ux[K] and a,[k] represent the two data streams to be
transmitted in a polarisation multiplexed M-QAM system, where gy,,x[K] and ayov[K]
are integers selected from the set S,,={0,1,...,M-1} with each M-QAM symbol
being associated with a member of this set. The encoding at the transmitter can be

implemented as follows [30]:

apolx[k]’ if Gpol[k] =-1

pr’lX[k] - apoIY[k]i If Gpol[k] =1 o

— apoIY[k]’ if Gpol[k] =-1
bp°|Y[k] B apolx[k]’ if Gpol[k] =1 o
~Lif by [K] < bygy [K] (6.35)

Gpol[k +1] = Gpol[k]’ if bpolx [k] = bpoIY [k]
1’ if bpoIX [k] > bpoIY [k]

where bpox[K] and byv[K] are the 2-D differentially encoded symbols which are
elements of Sy, and op[K] is the state variable at the transmitter. The data
streams b,ox[K] and bpey[k] should then be converted to the appropriate complex
symbols associated with their integer representations from S,,. Then, byux[K] and
beaiv[K] have their phases encoded using doubly differentially encoding (this step
can be replaced by single differential encoding or no phase encoding at all
depending on the particular implementation used on each polarisation). After the
phase encoding, the Ix, Qx, ly and Qy data signals are used to modulate the

carrier at the transmitter.

At the receiver, after performing downsampling, polarisation demultiplexing,
frequency offset compensation, phase estimation, hard decision and single or
doubly differential phase decoding (or possible no phase decoding), 2-D differential

decoding can be performed on the resulting data streams from the two

polarisations, Bpolx[k] and Bpow [k], using the following decoding scheme [30]:

t,\?\polx[k]v if 6pol[k] =-1

] (6.36)
bpoIY[k]v If Gpol[k] =1

é'polx[k] -
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~

Aoy [K] = Opart Kl 'T Gf“"[k] - (6.37)
bpolx[k]v If Gpol[k] =1
_1’ If Bpglx [k] < l’:\)pEJ\IY [k]
E\Spol[k +1] = 6po|[k]1 Jf bpoIX [k],\: bpoIY [k]
1’ If bpoIX [k] > bpoIY [k]

where, a,,,[k] and &, [k] are the estimated data symbols, and 6 ,[k]is the

(6.38)

state variable at the receiver (note that Bpolx[k], booy [K]. 8ox[K] and &, [K]

are all in integer form and elements of S,,). In terms of BER versus SNR, the SNR
penalty associated with using the 2-D differential encoding rule with two
polarisation streams is estimated from simulations in [30] to be less than 0.1dB.

One important point to note is that the state variable at the receiver, épo,[k] , at the

receiver will only be initialised when two different symbols are present at Bpo,x[k]

and Bpow[k] , at the same k. If épo,[k] Is initially incorrect, symbol errors affecting
both polarisation will occur but only at the first time where Bpolx[k] and b, [k]

are different. If, for example, the first 16 pairs of symbols (pairs of Bpolx[k] and
Bpow [k]) are the same but for the 17" pair of symbols there are different symbols
and the initial value of 6 ,[k] is incorrect, then errors will only occur for the 17"

pair of symbols but not for the first 16 pairs of symbols. Assuming that random data
is transmitted, the probability of two different symbols not having different values
within 20 symbols for QPSK is less than 9.1*10™"°, with this probability being even
lower for larger M-QAM constellations, thus ensuring that the state variable at the

receiver, 8pol[k] , will be initialised very quickly.

6.6 LMS Stokes Parameters Algorithm and CMA: Static and

Switching Performancel[9]

6.6.1 Experimental System to Determine the Performa  nce of Different
Polarisation Demultiplexing Algorithms
The experimental setup to investigate the performance of DP-DDQPSK in static

and switching scenarios and compare the LMS and CMA demultiplexing methods
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IS shown in Figure 6.4. This setup was used to measure BER versus OSNR

curves. Note that many details of this work have been published by the author [9].

! Data Trigger |

Pattern o] Splitter :

Generator | Data ey Splltt?r [ |

Delay||| Delay E

Filter

Delay ||| Delay (5nm)

SG-DBR EDFA |
Laser PC Slow axis QXYIX QYY 1Y[10 !
Switching i§ gjm Pol-Mux-1Q | . @ !
A PBS K _ '
SOIIJrce 10 Fast axis Modulator | 90 Oscilloscope

""""""""""" Filter T
Trigger
epra 27m) _PC Ix

Polarization-Diverse| & I;e o

Coherent Receiver | V| ''™M¢

Qy Scope

EDFA VOA

PC
s 2§M’7' m Polarizer

Figure 6.4: Experimental setup for BER versus OSNR measurements for DP-

DDQPSK in static and switching scenarios [9].

The transmitter laser, which is an SG-DBR laser, switches wavelength in
the switching scenarios by applying a 1MHz square wave voltage to the back
section of the laser and uses a constant voltage for the static scenarios. It switches
between 1541.2nm and 1547.4nm. The SG-DBR initially goes through a 90/10
coupler where the 10% is used to measure the precise frequency offset between
the SG-DBR and the LO using the polarisation-diverse coherent receiver. The LO
is based on an ECL design (NETTEST TLS WDM Source Model C with a specified
linewidth of less than 100kHz). The LO is kept close to 1541.2nm. At the start of
experiments 10 frequency offsets (with no data present) were recorded so that the
relative deskews between the four outputs of the polarisation-diverse coherent
receiver could be measured. It was necessary to use multiple frequency offsets so
that small time delays could be determined between Ix and ly, and between Qx
and Qy with the correct deskew correction leading to identical elliptical fits to ly

versus Ix parametric plots for each frequency offset, and the same would be the
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case for Qy versus Qx parametric plots. Also, correct deskew correction would lead
to circular parameter plots for Qx versus Ix, and Qy versus ly. The 90% output of
the 90/10 coupler after the SG-DBR laser went through a polarisation controller
and then through a PBS. The PBS was used to ensure that the state of polarisation
of the light going into the modulator was aligned with the slow axis. The power
from the fast axis output was minimised by varying the polarisation controller so as
to maximise the power on the slow axis output. The pattern generator produced a
PRBS7 2'-1 data stream and its inverse. Delays and splitters were used to create
four electrical output data signals. The delays were 25 bits between ly and Qy, 10
bits between Ix and Qx, and 31 bits between Qx and inverted ly. By setting up the
delays in this manner it was possible to identify which decoded data stream was
which in order to ascertain if the decoding process had swapped the data streams.
The symbol rate of the system was 10 GBaud, giving a bit rate of 40 Gbit/s. The
modulator used was an integrated dual-polarisation QPSK modulator. A quad
electrical amplifier was used to amplify the four electrical data signals so that they
could adequately drive the dual-polarisation QPSK modulator. The output of the
modulator went to another 90/10 splitter where the 10% output was amplified with
an EDFA, then filtered with a 5nm optical bandpass filter and then went to an
oscilloscope to observe the eye-diagram in order to optimise the bias points of the
modulator. The oscilloscope was triggered with a signal from the pattern generator.
The observation of the eye-diagram and optimisation of the DC bias points of the
modulator was performed using an automatic program. The 90% output of the
second 90/10 coupler went to a 50/50 coupler which was where the ASE noise
was added at the other input using an EDFA with no input, a VOA, and another
5nm optical bandpass filter used to flatten the added noise near the wavelength of
the data signal. One output of the 50/50 coupler went to another VOA whose
output went to an OSA in order to measure the OSNR with a reference bandwidth
of 0.1nm. The other output of the 50/50 coupler went to another EDFA, then a 2nm
optical bandpass filter, then to a polarisation controller before going to the input of
the polarisation-diverse coherent receiver. The LO, which is a TLS based on an
ECL design, initially goes through a polarisation controller, then through a polarizer
in order to ensure that the state of polarisation is correct before going to the LO
input of the polarisation-diverse coherent receiver. The four outputs of the
polarisation-diverse coherent receiver are recorded by a real-time scope. The real-
time scope has a sampling rate of 50GSample/s and a bandwidth of 12.5GHz. A
laptop automatically changed the VOA which attenuated the ASE noise in order to
vary the OSNR, read the OSNR measured by the OSA, and saved the signals

118



recorded by the real-time scope. The recorded signals were then analysed in
MATLAB using offline DSP. The real-time scope was triggered by the square wave
applied to the SG-DBR in the switching cases in order to maximise the number of

packets captured in each screen shot of the real-time scope.

In the offline DSP, the signals had their offsets removed, their amplitudes
normalised and their deskews removed. The signals were then downsampled to
one sample per symbol using the sampling phase of Ex with the maximum average
amplitude. The polarisation demultiplexing is then performed using either the CMA
or the LMS algorithm. 201 symbols were used in the moving average filters in the
LMS averaging, and finite impulse response filters of length 1 were used in the
CMA with a convergence parameter of p=0.0158used. In the case of switching, the
CMA is only set running when a packet is detected while the LMS algorithm can be
kept running as it is a feed-forward algorithm. The frequency offset is removed
using the M™ power frequency offset algorithm with the unwrap function included
since M™ power DDQPSK was being used, with the reasons for this having been
explained in the previous chapter. 101 symbols were used in the moving average
filter in the M™ power frequency offset compensation algorithm. The phase
estimation was performed using the M™ power phase estimation algorithm, where
11 symbols were used in the moving average filter. A hard decision was then
made. Doubly differential decoding was then performed on the hard decision bits.
In the case that no 2-D differential decoding of the two polarisation streams was
used (described in section 6.5) then the decoded X polarisation data was
compared with the bit pattern which gave it the lowest BER (from the two expected
bit patterns which were expected to be on separate polarisations) and the decoded
Y polarisation data was compared with the other expected bit pattern. In the case
of singularities this would mean that the decoded Y polarisation would have very
high BERs. In the case of using 2-D differential decoding with the polarisation
streams, the decoded bit patterns were compared with the bit patterns they would
be expected to match from the algorithm given in [30]. In terms of determining the
bit patterns expected, this was done by decoding the expected Ex and Ey fields
expected from knowledge of the data pattern produced by the pattern generator

and from knowledge of the delays used in the experiment.

6.6.2 Static and Switching Experimental Results
The average BER over both polarisations versus OSNR for polarisation

multiplexed M"™ power DDQPSK using either the LMS or CMA algorithms with no
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2-D differential decoding is shown in Figure 6.5. Shown in Figure 6.6 is essentially

the same plot as shown in Figure 6.5 except using 2-D differential decoding.
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Figure 6.5: Average BER over X and Y polarisations versus OSNR for DP-
DDQPSK using either the CMA [3] or the LMS algorith  m [2] for polarisation

demultiplexing with different waiting times after a switching event and with
frequency offsets reported with no 2-D differential decoding [9].
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DDQPSK with 2-D differential encoding used.
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The only static curves included in these figures are the ones with the red
circles indicating the performance of the LMS algorithm with a 0GHz frequency
offset between the transmitter and LO lasers. All other curves are for when the
laser transmitter is switching between wavelengths (1541.2nm and 1547.4nm).
The LO wavelength is kept close to 1541.2nm. The red “x” curves have a steady-
state frequency offset of 2GHz (i.e. the frequency offset value at the end of the
packet), use the LMS decoding algorithm, and have a 30ns wait time after the start
of a packet before BER values are calculated. The blue squares have a steady-
state frequency offset of 2GHz, use CMA with a wait time of 30ns, and use an
initial unitary matrix designated as “matl”. The blue triangles have a steady-state
frequency offset of 2GHz, use CMA with a wait time of 200ns, and an initial unitary

matrix designated as “mat2” (matl and mat2 are two different unitary matrices).

In terms of analysing the results, it can be seen that the performance with
and without using 2-D differential decoding is approximately the same, with all the
correctly decoded curves having BERs of 10° at OSNR values close to 18dB. It
can be seen that static LMS has quite similar performance to the switching case for
both sets of curves. It was demonstrated with the two CMA curves that if the initial
matrix is changed it can completely change the performance of the CMA from
correct decoding after a 30ns wait with matl, to high BER values even after a
200ns wait with mat2. Note that the precautions against using an initial matrix
which would result in a singularity discussed previously were not utilised here. The
results show that the LMS method has correctly decoded the switching data and
that the CMA may not properly decode the data if an initial matrix is selected which
results in a singularity which will result in a loss of data. Note that the reasons for
preferring the use of the LMS method over the CMA are that the LMS method
cannot result in a singularity since the compensating matrix in equation (6.16) can
never be singular, and the LMS method does not have issues to do with variable
convergence times since it is a feed-forward method that only needs to wait for all

the terms in its moving average filters to be filled with values from a packet.

6.7 Summary

It has been shown in this chapter that by applying the LMS method in coherent
optical packet switched networks, which has not been done before, waiting times
can be achieved that are shorter than have been previously reported for
wavelength switched DP-QPSK systems (30ns or 300 symbols). The CMA was

shown to suffer from the singularity issue which is an issue which the LMS method
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does not suffer from. The LMS method also does not have issues with variable
convergence times and does not require additional hardware. It was also
discussed how using the 2-D differential encoding rule can provide a robust
method of solving the ambiguity about which output polarisation channel contains
which transmitted data stream and this method was experimentally demonstrated.
The 2-D differential encoding rule could provide for a more robust method of
solving this ambiguity in coherent optical packet/burst scenarios than tagging the
polarisations as this tagging would most likely be implemented at the start of a
packet where errors could be more likely at this part of the packet. Hence, a fully
robust, feed-forward coherent optical packet/ burst switched receiver system has
been presented and demonstrated with very short waiting times, which is robust
against large frequency offsets and is not sensitive to the state of polarisation of

the received packet.
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Chapter 7

Conclusions and Future Work

There appears to be an insatiable demand for higher data rates through fibre optic
telecommunication networks for internet applications. This is one motivation for the
use of spectrally efficient modulation formats which can achieve higher
transmission rates, and these modulation formats are often implemented with the
use of coherent detection at the receivers. In addition, more efficient use of
network resources is important and using OBS or OPS can potentially reduce the
usage of electronic routing which could reduce the energy consumption in the
network. Also, OBS and OPS can improve the temporal utilisation of network

resources as demands between nodes in the network change with time.

Previous work in this field focused on intensity modulation and direct
detection scheme. The use of coherent optical packet/ burst switched networks
would help to achieve both high transmission rates, through greater spectral
efficiency, and reduced energy consumption in the network. The use of OPS or
OBS usually requires the use of fast switching tuneable lasers at the transmitter
and/ or receiver and these switching tuneable lasers tend to exhibit large, time-
varying frequency transients after switching. In addition, the use of coherent optical
detection to allow for decoding of spectrally efficient modulation formats will require
that impairments such as frequency offsets, phase noise and polarisation rotations
need to be compensated/ mitigated in a robust and timely manner in OBS or OPS
scenarios. The focus of this thesis work has been to fully understand the switching
behaviour of the tuneable lasers being used, and to develop a robust coherent
optical packet/ burst switched receiver so that coherent optical packet/ burst

switched networks can be realised.

7.1 Contributions of This Thesis
The research questions and problems addressed in this thesis are described next

along with their proposed solutions.
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Simultaneous Time-Resolved Characterisation of Freq  uency Chirp and
Phase Noise Dynamics: Time-Resolved 3D-CCDF of Inst antaneous

Differential Phase

There was an issue in the literature in that the time-resolved phase dynamics of
fast switching tuneable lasers did not have a fully consistent method of
characterisation. The main issues were: (i) the need to make assumptions about
the probability distribution of the phase noise, (ii) the resolution not being limited by
time-bandwidth constraints associated with FFT methods, and (iii) resolving the
confusion between time-resolved frequency chirp and time-varying phase noise
dynamics so as to characterise both deterministic and random phase noise
dynamics into a single consistent method. The proposed novel time-resolved 3D-
CCDF of the instantaneous differential phase characterisation technique
simultaneously takes into account deterministic frequency chirp and dynamic
random phase noise, with no assumptions made about the probability distribution
of the phase noise. The 3D-CCDF of the instantaneous differential phase has a
time-resolution which is only dependent on the sampling rate used. The validity of
this approach has been clearly verified with very close matching between
measured time-resolved BER curves and expected time-resolved BER curves

calculated from the time-resolved 3-D CCDF plots.

Need for a Blind Frequency Offset Compensation Algo rithm with a Large

Tolerance Range: M ™ power DDPSK

An issue facing many coherent optical packet/ burst receivers was that they could
only tolerate a limited frequency offset range when using blind frequency offset
compensation methods using one sample per symbol. This meant that a large
waiting time was required for the switching laser to settle so that the frequency
offset would be in the tolerable range. As well as this, the steady-state frequency
offset could be so large that it would not be inside the tolerable range. By using the
proposed novel decoding method developed in this work, M™ power DDPSK, it was
possible to tolerate any frequency offset within the bandwidth of the receiver
electronics (larger symbols rates will be filtered out at lower frequency offset). M"
power DDPSK is more robust than using training symbols; especially if training
symbols are used at the start of a burst since large frequency offset transients at
the start of a burst would make errors more probable at this part of the burst. Not
only does this solve a major issue in coherent optical packet/ burst switched

networks but could potentially be applied to coherent M-ary PSK transmission
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systems in general. In addition, M"™ power DDPSK is a method of greatly reducing
the OSNR penalty associated with simple DDPSK while still retaining the large

frequency offset tolerance range.

Initial Matrix Selection Problem and Sensitivity to the State of Polarisation of
the Received Packet When Using CMA: DP-DDQPSK Optic al Packet

Receivers Using LMS Polarisation Decoding

A key issue with coherent optical packet/ burst receivers is the operation of the
CMA when used for polarisation demultiplexing DP-QPSK signals in switching
scenarios. The issues are usually: (i) the initialisation of the CMA, (i) the
occurrence of singularities, and (iii) convergence times of the CMA (which can be
large, variable and sometimes dependent on the state of polarisation of the
received packet). One way to completely overcome these issues is to use the LMS
method which uses Stokes parameters in order to determine the compensation
matrix in a feed-forward manner which means that issues to do with stability do not
occur as errors will eventually be forgotten by the system. In addition, the LMS
method cannot produce singular compensating matrices, does not require
initialisation, and will not have variable convergence times that might vary
depending on the state of polarisation of the received packet, with its waiting times
only determined by the size of the moving average filters employed. The
application of this LMS method in coherent optical packet/ burst switched
scenarios had not been done before, hence its application in this scenario is novel,
and as well as appropriate for the reasons given above. The additional use of M"
power DDPSK allows for a fully robust coherent optical packet/ burst receiver with
very short waiting times, which is precisely what was sought after at the outset of

this work.

7.2 Possible Future Research Directions
There are a number of different ways that the research presented in this thesis

could be further developed. Shown below are some of the potential directions that

a continuation of this research could go in.

. Firstly, investigating ways to implement a decoding method for 16-QAM or
general M-QAM which has a frequency offset tolerance limited only by the
bandwidth of the electronics (with signals at higher symbols rates being
filtered out at lower frequency offsets). This could possibly be done by
appropriately modifying the DDPSK approach or by a completely different

approach.
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Secondly, the approximately 1dB penalty between M™ power DDQPSK and
QPSK could possibly be further reduced by undertaking further research
into novel DSP algorithms.

Finally, real-time implementation of the proposed M™ power DDPSK
decoding scheme using LMS polarisation demultiplexing with FPGAs would

show that this receiver can be potentially implemented in the field.
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Appendix B: Proof for Chapter 3

To Prove:
Given that:
A®  (KT,) = (mod(Mw T, +7,2n)-n)/ M (B.1)

and assuming that the frequency offset is less than 1/(2MT), or expressed

mathematically:

0y = £21(1/(2MT ) - §,) (B.2)
where 0<4; < U(2MTy), that this implies that:

ACI)est (kTs) = (’Oesth (B.3)
Proof:

Substituting equation (B.2) into equation (B.1):

A®D,, (KT,) =(modM(£ 2r(L/(2MT,) =5,))T, +n.2n)-7)/M (g4

A®  (KT,) = (mod (£ (x - 2MaT8,) + n,2n) - =)/ M (B.5)
A®_, (KT,) =(mod £ n(1-2M T3, )+ m,2n) - 1t)/ M (8.6)
From the assumptions above:
0<(2MT 5,)<1 (B.7)
1<1+(2MT §,) <2 (B.8)
1-(2MT3,) <1< 2-(2MTS,) (8.9)

which implies that (1-2MT,) is less than one and, hence, the value inside the
modulus of equation (B.6) will always be within 2z which allows for the modulus to

be removed:

B.1



A®D, (KT = (+n(1-2M T3, )+ —n)/ M

A, (KT,) = (xn(1-2MT.5,))/M
AD_ (KT,) =+r(l/M - 2T.3,)

A®_, (KT,) =+21(1/(2MT,) -5, )T,

S

Replacing terms in equation (B.13) using equation (B.2) yields:

AD  (KT,) = 04T,

B.2

(B.10)
(B.11)
(B.12)

(B.13)

(B.14)

Q.E.D.



