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Abstract

Abstract

The Next Generation Passive Optical Network (NG-PON) is currently being
standardised and developed, with a goal to achieve higher bandwidth at 10Gb/s,
greater capacity at thousands of users and longer backhaul reach at 60km or 100km.
The aim is to provide cost effective solutions for telecom operators to vastly deploy
optical access networks, enabling customers with the benefit of the greater
bandwidth and wider range of services.

This thesis presents research that has identified and addressed various design
issues relating to next generation access networks. Interferometric noise may be
present in future, ring based, access networks which utilise WDM and OADMs.
Simulation and experiment results are presented which studies the performance
tolerance to not-precisely-defined wavelength, in the presence of interferometric
noise. The impact of receiver electrical filtering was also investigated.

The next generation access network will, in the upstream direction, use burst
transmission and are likely to need a large tolerance to wavelength drift due to the
low cost equipment used at the customer’s premises. A demonstration of optical
burst equalisation was presented, based on SOAs. This study also explores the
possibility of reducing the SOA saturation induced non-linear distortions through
simulations and experiments.

As an extension to the optical burst equaliser and to remedy the saturation
induced distortions, an intermediate site optical processing system was proposed.
This solution not only performs burst-mode wavelength conversion at 10 Gb/s, but
also pre-chirps the signal to allow long-reach transmission and suppressed level

fluctuation to ease the requirements on the burst-mode receiver. As a result, a proof



Abstract

of concept 10Gb/s Wavelength Converting Optical Access Network (WCOAN) with
up to 62km DWDM backhaul is experimentally demonstrate. It is designed to
consolidate drifting wavelengths, generated with an uncooled laser in the upstream

direction, into a stable wavelength channel for DWDM long backhaul transmission.
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Chapter 1 Introduction

Chapter 1. Introduction

Passive Optical Networks (PONs) are currently being trialled and deployed
around the world while next generation access network technologies are in the
process of being developed and standardised, driven by new bandwidth hungry
application and services in both the upstream and downstream direction such as
three-dimensional ultra-high definition television delivery, user generated content,

video-on-demand and peer-to-peer unicast services [1].
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Figure 1.1 NG-PON current status and roadmap, based on [2, 3]
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The international standard development organisation ITU-T is drafting Next
Generation Passive Optical Network (NG-PON) standards. In the development road
map for PON [4], as shown in Figure 1.1, two generations of the NG-PON systems
were proposed by the ITU-T, the first generation is the 10Gb/s PON (XG-PON),
focus on co-existing with currently deployed Gigabit PON (GPON), which could
deliver much higher data rate at 10Gb/s while maintaining the same optical
distribution network (ODN). At present, there are still debates about what
technology will be adopted by NG-PONZ2, which considers a variety of technologies,
which includes, but not limited to: higher line rate TDM, DWDM, CDM, and
OFDM [5, 6]. These new systems are either not compatible with the existing PON
distribution architecture or would require a significant change in the optical
infrastructure that are not yet commercially available or viable to deploy at the time
of this investigation. It was expected that full WDM-PON will be a highly possible
candidate[7] for NG-PON2 and hybrid TDM/WDM PON will be a logical upgrade
path for bridging the deployed TDM-PONSs and future WDM-PONSs [8]. Since 2006,
the IEEE P802.3av task force have also been working on their next generation of
Ethernet PON (EPON) called the 10G-EPON [9], this standard has now been
published and the project so far has been driving progress in developing burst mode
and more sensitive receivers, as well as high power sources research and
development. It has been suggested that the NG-PON and 10G-EPON may
eventually converge, at least at the physical level, further reducing the capital cost at
deployment by the increase of manufacturing volume [10].

The key challenge for next generation access technologies such as
Wavelength Converting Optical Access Network (WCOAN) and hybrid

TMD/WDM PON is to offer diverse upstream wavelengths available for each PON
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segment while having a single customer’s Optical Network Units (ONU) type, or
“colourless” ONUs that use low-cost, non-temperature controlled components that
are subject to temperature dependent wavelength drifts within a standard defined
#10nm window. The cost can be further reduced by stacking multiple TDM
point-to-multipoint PON links onto a WDM backhaul, forming a hybrid TDM/WDM
PON for increased equipment sharing and consolidation of the access/metro
network.

The topologies of a TDM/WDM PON can be ring based or tree based. A ring
access network [11, 12] is where multiple PON ODNs are linked by optical add drop
multiplexers (ODAM) in remote nodes, forming a WDM ring which is connected to
central office Optical Line Terminal/Termination (OLT). There are important
differences between this type of access network and the core, as a result of the desire
to minimise capital expenditure in deployment, wavelength tolerance and filter
leakage are expected due to the low cost components used. The lower isolation of the
OADM will lead to increased crosstalk, between the dropped wavelength passing
through the filter leakage and the added signal. This can cause unwanted
interferometric noise (IN) when the leaked and added channels are at the very
closely tuned wavelength. Although system performance in the presence of IN has
been analysed for the core, where wavelengths are typically well defined, in the
access network, where lasers wavelengths are not so well defined, the issue is
slightly different and an investigation of the effects of closely (but not precisely)
tuned wavelengths is needed.

Alternatively, the multiple PON ODNSs can be aggregated via an intermediate
or exchange site, in order to seamlessly integrate them into a DWDM backhaul. Core

networks achieve this by making use of stable wavelengths, high gain fibre
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amplifiers and optical switches, while in access, passive power splitters are currently
used for cost considerations. In the downstream direction, the signal is multicast to
all users as this adds the ability to transmit a separate wavelength for the video
broadcast overlay. In the upstream, however, the aggregation of multiple PON
becomes complicated. The wavelengths of the ONUs will need to be consolidated so
that each PON segment can have a WDM wavelength assigned to it, therefore, one
physical backhaul can have multiple logical point-to-point links. A potential solution
is to use all-optical wavelength conversion [13] or some form of optical processing
for transparent integration. Such a system can avoid the need for electronic signal
processing in an optical-electrical-optical conversion stage, keeping the system
simple. In addition, processing in the optical domain allows multi-rate PON
segments to be supported. Such a proposed concept system is illustrated in Figure
1.2, the inclusion of intermediate site optical processing capabilities means that the
transmitter wavelength drift due to the un-cooled laser has no effect on system
performance as it is converted to a stable wavelength. Furthermore, the unequal
received burst power due to the passive optical splitters and near-far ranging is
levelled by the burst equalisation part of the optical processing unit. As a final point,
the chirp and dispersion limited backhaul reach at 10 Gb/s line-rate can be addressed
by negatively chirping the wavelength stabilised and power levelled output signal,

which is also accomplished in the optical processing unit.
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Figure 1.2 Wavelength conversion optical access network (WCOAN) with intermediate optical processing
to stack multiple PON segments onto a DWDM backhaul

The challenges and performance considerations of these novel optical access
network architectures are different from that of the core network. The temperature
dependent ONU wavelengths with a possible drift of #£10nm, limited and uneven
optical power levels, power and dispersion limitations to backhaul distance and the
bursty nature of the upstream transmission have to be taken into account when
studying the next generation access network. Additionally, these systems are
required to operate at 10Gb/s in both upstream and downstream, with up to 60 or 100
km long backhaul distance while being dispersion tolerant for transmission. In both
10Gb/s ring and wavelength converting access network scenarios, optical
amplification is required to increase the power budget of the overall system for
long-reach [14], optical burst equalisation based on these amplifiers may be used to
reduce the burst-to-burst power dynamic range requirement in 10Gb/s burst mode
receivers.

Ultimately, the major factors that are key to the successful deployment and
operation of the optical access networks are still the same, they include: the cost-
efficiency of the technology; the consumer demand for bandwidth and the bandwidth

available; the service framework telecom operators able to offer on the transmission

20



Chapter 1 Introduction

medium and solutions to various technical challenges. These factors are applicable to
both the ring and tree type network topologies of next generation access, and the
problems to be solved in these next generation networks are outlined below.

In ring access networks, WDM is achieved using OADMs at the remote
nodes, which are connected via fibre rings to the central office. This type of network
Is considered in Chapter 3, also taking into account imperfections in devices (e.g.
filter leakage) and component tolerance (e.g. source wavelength tolerance) common
in cost-sensitive access networks. As a result of these new considerations, the impact
of interferometric noise in access network need to be re-evaluated, because closely
but not precisely tuned wavelength need to be considered, not as in core network
where the wavelength is strictly defined.

From the network operator’s point of view [7] of classic tree topology PON,
it is highly desirable to fully exploit and re-use the existing, investment in fibre
infrastructure to fully exploit existing ODN, as well as enabling the use of low cost
components. This is the main motivation for investigating optical processing at the
exchange site, which is carried out in Chapter 4 & 5. The intermediate site
centralised optical processing capability does much more than just optical
amplification, the wavelength conversion stabilises ONU laser wavelength drift due
to temperature change, enabling low cost ONU lasers to be used at the customers’
premises. The burst equalisation capability lowers the power difference (dynamic
range) of the bursts arriving at the OLT, which enables low cost BMRX to be used at
the OLT site. Overall, the intermediate optical processing architecture also allows
the consolidation of access and metro nodes and addition of new services, which are

achieved through consolidation of PONs and adding DWDM wavelengths to the
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backhaul. This new architecture can potentially lead to significant operational
savings by reducing power consumptions and the footprint of the network [15].
Studies and experimental demonstrations have been carried out to solve the
technical challenges presented with the next generation access network outlined
above. This thesis identified the issues and challenges in NG-PON and addresses
them using system designs that co-exist with deployed distribution architectures, at
the same time trying to increase system performance and extend reach. The details of
the thesis structure and the contributions of this work are presented in the following

sections.

1.1 Thesis Organisation

Chapter 2 explains the current status of PON and where the next generation
of access network is heading. Literature is reviewed on the topics of SOA modelling,
burst equalisation, optical wavelength conversion and the areas of optical access
network integration.

In Chapter 3, a theoretical description of the interferometric noise
phenomenon in access network is presented. How interferometric crosstalk can be a
performance limiting factor in future hybrid TDM/WDM ring based access networks
is discussed. Through experiment and validated simulation, the relationship between
the BER performance and the electrical filter bandwidth is investigated in terms of
varying interferer power and source-to-interferer frequency difference. The chapter
concludes with a numerical analysis of the filtering bandwidth on interferometric
noise, when the source-to-interferer frequency is more than 5GHz.

Chapter 4 reviews the SOA saturation characteristics and non-linear
phenomenon that occur at deep saturation. A theoretical dynamic model of the SOA

was constructed and compared, in order to explore the possibility of using the non-
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linear saturated SOA as a limiting amplifier to equalise bursts for future access
networks, to enable low cost receivers to be used. Spectral broadening and output
signal distortion due to chirping is predicted through simulation and confirmed via
experimental demonstration. The performances of optical filtered chirped signals are
investigated through simulation and experiment.

Chapter 5 begins by describing the need for integrating multiple
Coarse-WDM (CWDM) PONSs into a Dense-WDM (DWDM) long-reach backhaul
to form a wavelength converting optical access network (WCOAN) with all-optical
centralised processing at the intermediate exchange site to consolidate wavelength,
equalise burst and regenerate signals long distance dispersion tolerant transmission.
Then a characterisation of the centralised optical processing unit was given, followed
by a experimental demonstration of the long-reach WCOAN and the performance of
such a system under continuous- and burst- mode operations were analysed.

Chapter 6 concludes the thesis and gives suggestions for future work.

1.2 Contributions and Publications

The research reported in this thesis has presented demonstrations and analysis
on various performance related issues that are present in next generation access
networks. The main contributions of the thesis can be categorised in two main areas

and are summarised below:
Interferometric noise in hybrid WDM TDM ring based access networks

e Evaluation through experiment and simulation the relationship between BER
performance and filtered interferometric noise for various levels of interferer
power, in the context of 10Gb/s ring based access network, where not strictly

defined wavelength as a factor is being considered for the first time.
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Developed an analytical model to assess the impact of receiver filter
bandwidth on interferometric noise, where frequency/wavelength separations
between the interferer and data signals are subject to wavelength drift. Key

parameters for choosing the receiver filter bandwidth were identified.

Centralised optical processing for burst power equalisation, wavelength

conversion and reach extension in next generation access network with a long

DWDM backhaul

Created and implemented a SOA model for the dynamic simulation of both
time and frequency domain signal characteristics that operated into the
deeply gain saturated region, based on comparisons, analysis and adjustment
of two existing SOA theories. The simulated gain characteristics of the SOA
were also verified by experiment.

Analysed the performance of burst equaliser based on a saturate SOA by
simulation. Successfully simulated the saturation induced non-linear effects
of the equalised output burst, which affects system performance but have not
been considered in previous studies in this area. These non-linear effects are
also observed experimentally.

First experimental demonstrated of a dual SOA optical burst equalisation
system for burst-mode transmission in PON. Results were analysed together
with the effect of optically filtering of the output signal to reduce saturation
induced distortion.

First demonstration of a XPM wavelength converter in a burst-mode access
network, showing a 10Gb/s error free converted signal over a 60km backhaul

without dispersion compensation. The converted signal performance is
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significantly improved when compared to previous XGM wavelength
converters.

e Developed and characterised a novel centralised optical processing unit
(COPU) capable of consolidating multiple multi-rate CWDM PONSs into a
DWDM backhaul with extended reach. This distinct COPU configuration
increased the input power dynamic range of the XPM wavelength converter
while significantly reduced the spectral broadening non-linear effect of the
burst equaliser.

e First experimental demonstration of a burst-mode wavelength converting
optical access network upstream with centralised optical processing
capability. The proof-of-concept system is able to consolidate wavelength,
equalise burst power, regenerate and pre-chirp the output signal for long

distance backhaul transmission.

The research work has resulted in the following publications listed below:

1. B. Cao, J. E. Mitchell, “Performance of Ring Access Networks in the Presence of
Interferometric Noise” , in Proceedings of the 10th International Conference on

Telecommunications (ConTel), pp.293-297, Zagreb, Croatia, Jun. 2009.

2. B. Cao, J. E. Mitchell, “Optical Burst Equalisation in Next Generation Access
Networks”, Proceedings of the London Communications Symposium (LCS),

paper No. 43, Sep. 20009.

3. B. Cao, J. E. Mitchell, "Modelling Optical Burst Equalisation in Next Generation
Access Network”, 12th International Conference on Transparent Optical

Networks (ICTON), pp. Th.A2.3, Jun. 2010
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4. B. Cao, D. P. Shea, and J. E. Mitchell, "Wavelength converting optical access

network for 10Gbit/s PON," 15th International Conference on Optical Network

Design and Modelling (ONDM), pp. 1-6, Feb. 2011.

B. Cao, J. M. Delgado Mendinueta, J. E. Mitchell, and B. C. Thomsen,
“Performance of an optical equaliser in a 10 Gbit/s wavelength converting
optical access network,” in Proceedings of the 37th European Conference and
Exhibition on Optical Communications (ECOC), Geneva, Switzerland, Sep.

2011.

B. Cao, J. M. Delgado Mendinueta, J. E. Mitchell, and B. C. Thomsen,
“Performance of an Optical Equaliser in a 10Gbit/s Wavelength Converting
Optical Access Networks”, poster at EPSRC Communications and Networking

workshop in photonic communications, Oxford, UK, Sep. 2011

. J. M. Delgado Mendinueta, B. Cao, B. C. Thomsen, and J. E. Mitchell,
"Performance of an optical equalizer in a 10 G wavelength converting optical

access network," OSA Optics Express, Vol. 19, Issue 26, pp. B229-B234 (2011)
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Chapter 2. Literature Review

Fibre-to-the-home (FTTH) has long been envisaged as an attractive solution
for delivering high speed broadband services to customers. Now, the demands for
Broadband Internet, three-dimensional High Definition Television (3D HDTV) and
Internet Protocol (IPTV) based video-on-demand/peer-to-peer services have
accelerated the deployment of optical access networks around the world. In the UK,
major telecom operators and a few new technology start-up companies are planning
trials [16] and deploying FTTH services in some new housing developments.

PON is a very cost effective and energy saving technology for bringing fibre
access technology to homes. It uses a new point to multipoint architecture instead of
today’s copper point to point architecture, so that the costs of the backhaul section
are shared by a large number of customers. Furthermore, since the network uses
significantly smaller active local exchanges and greatly reduces the need for signal

repeater equipment, the real estate and equipment saving would be a huge benefit for
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operators and the energy saved from using passive architectures will also be
beneficial to the environment.

However, there are still some factors that prevent the full scale deployment of
PON. Largely due to the high civil engineering cost associated with investing and
deploying fibres infrastructures. Also, the bandwidth of the backhaul is not fully
utilised due to the current low data transmission rate implemented in these optical
access networks. As a result of the capital expenditure considerations, many
problems arise in access network from the need to use lower cost components with a
relatively poorer figure of merit than those being used in the core networks. Due to
the temperature dependent uncooled low cost lasers used in the ONUSs, the access
network lasers’ wavelength stability is not guaranteed or not as strictly defined as
would be typical in the core network, in access only a #10nm wavelength window is
defined, which is considered as a Corse WDM (CWDM) definition. Low cost
OADMs are likely to have lower isolation, leading to increased interferometric noise
due to crosstalk between the dropped and added wavelength. Burst mode receivers
that have large dynamic range and short threshold setting times are required for
10Gb/s access networks [17]. Optical components such as SOAs are well known for
their optical transparency and quick response time to input signals when compared to
optical-electrical-optical (O-E-O) technologies. If processing functions such as burst
power levelling could be done optically, this would reduce the burst mode receiver
complexity significantly. The transparent consolidation of multiple CWDM PON
segments into a DWDM long-reach backhaul could also be possible with optical
wavelength conversion technologies.

The key technologies to address these issues are review in the following

sections. This chapter aims to provide an introduction to the state-of-the-art PON in
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section 2.1. An in-depth introduction to the current burst equalisation methods is
presented in section 2.2. The possibility of optical burst equalisation is also being
considered, highlighting the non-linear behaviour of the SOA when it is in high gain
saturation. Finally, an overview is presented on the topic of Wavelength Converting
Optical Access Network (WCOAN) for future long-reach access architecture in

section 2.3.

2.1 The State-of-the-art PON

Passive optical networks are an important concept towards full optical access
networks. Currently the most deployed PON technologies are the ITU-T GPON and
IEEE EPON [13]. The ‘tree and branch’ topology of PONSs contains only passive
components from the local exchange to the customer’s premises including passive
splitters and optical fibres [18]. The resource in the local exchanges, the backhaul
and the central office OLT are shared by all the customers connected to the
exchange. Since all the data processing will be done at the OLT, the equipment
required at the exchange site will be significantly reduced, in the way that a single
setup of PON equipment can replace a large number of customer line cards in a
point-to-point copper network [19]. The power requirement to supply the exchange
will also be significantly reduced. An even more important property of the PON
access network is that it is optically transparent from the customer’s premises all the
way to the OLT. Such end-to-end transparency will allow easy upgrades in the future
by using higher bandwidth transceivers and adding additional wavelengths.

In 2009 and 2010, the IEEE and ITU-T have published the 10G-EPON and
XG-PON [20, 21] standards, which are enhanced versions of GPON and EPON that

provide 10Gb/s maximum line rates. An important feature in these new standards is
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the ability to upgrade the deployed PON systems with minimal disruption to existing
users. The development road map of NG-PON is illustrated in Figure 1.1.

Initially, the standardisation of XG-PON or NG-PONL1 considered many
possible candidates each with different architecture and service profile, among these
are reach enhanced version of XG-PON and hybrid WDM/XG-PON through the use
of wavelength seeding [2]. Although these technologies were deemed too forward
looking for XG-PON and not selected at the time for NG-PONL1, they can be
considered for NG-PON2 which is the next generation of access technologies.

True WDM-PON is an attractive technology for NG-PON2 with many
potential applications. The virtual point-to-point connectivity of WDM-PON allows
efficient use of fibres already deployed greatly reducing the need for new fibres or
the building of new fibre ducts. From the network operator’s point of view [7], it is
highly desirable to fully exploit and re-use the existing, investment in fibre
infrastructure, so that hybrid PON that combines the TDM and WDM approaches is
a promising solution for long-reach high data-rate access networks [22]. Future
access technologies will also be expected to utilise high split ratios to increase the
number of users, extend the transmission distance to cover a larger service area, offer
higher bandwidth in order to satisfy the consumer needs and allow the room for extra
services for network operators. Some of these properties were proposed and
demonstrated by the long-reach optical access network [14], wavelength converting
access network [13] and the European Union project PIEMAN [23]. These all aimed
to combine the access and metro networks into one all-optical system to reduce the
number of network elements and access/metro interfaces. The capacity can also be
radically increased by using DWDM. Additionally, through the use of an extended

backhaul fibre, possibly up to 100km (allows full coverage of the UK) in length
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rather than the usual 20km, the physical reach is also being increased. Such new
types of network can potentially lead to significant operational savings by reducing
power consumptions and the footprint of the network [15].

Long-reach PON that uses wavelength converters to integrate CWDM PONs
into a DWDM backhaul [13] was developed at University College London. The key
objective of this work is to keep existing uncooled ONU lasers in the customer’s
premises to reduced cost of re-deployment. The temperature dependent wavelength
drift of the ONU lasers is stabilised via a wavelength converter (WC) in the local
exchange. A cooled DFB laser or wavelength tuneable laser can be used to pump the
WC, therefore, each PON distribution segment is assigned a fixed wavelength for the
DWDM backhaul. The advantages of this architecture include the potential to
integrate both existing and newly deployed PON segments through WDM, serve a
large number of users and maximise equipment sharing. In this work, the wavelength
converter used was based on Cross-Gain Modulation (XGM) and the transmitter and
receivers used for the performance analysis were only continuous-mode. Better
wavelength conversion techniques and the incorporation of centralised optical
processing [24] for a 10Gb/s burst-mode Long-reach PON can be investigated, based
on this architecture concept.

Another approach to hybrid DWDM/TDM-PON uses a ring based
aggregation network [25] with remote nodes (RN) linking multiple TDM access
ODNs, for example, the Scalable Advanced Ring-based Passive Dense Access
Network Architecture (SARDANA) project [26]. Recent field trails of this
technology has demonstrate transmission over a 43km fibre ring with XG-PON line

rates and reflective SOA (RSOA) ONU technology [27]. It has shown that this is a
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promising solution for NG-PON. The background and impact of interferometric

noise in this type of network will be introduced in detail in section 3.2 of Chapter 3.

2.2 Burst Mode Equalisation in PON
2.2.1 Burst mode Transmission

The tree topology of PON enables the PON to use a simple broadcast type
downstream transmission, which is also ideal for an additional video broadcast
wavelength channel. As for the upstream, burst mode Time Division Multiple
Access (TDMA) is required. The ONUs at the customer’s premises can only transmit
at certain time slots, this result in bursts of optical signals travelling up the fibre

towards the OLT receiver.

L1 L2 L3
ONU 1
Power
1 ___I.- Receiver Detection Threshold
[ |
Time
Splitter
ONU 3 L2 Receiver

ONU 2

Figure 2.1 Near-far power difference arising from ONUSs locates at different distances (L1, L2, L3) to the
exchange/splitter

The power of the bursts may vary from burst to burst depending on the split
loss and the distance between the ONU and the exchange. The longer distance the
burst travelled, the weaker the power it will have when arriving at the receiver, the
optical power loss is cause by the attenuation of the signal in the fibre. Standard
continuous mode receivers are not designed to adapt to these power variations and

phase alignment on a burst-by-burst basis in a nanosecond time scale, especially in
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NG-PON where the threshold adjustment time will be even shorter due to the higher
data rate. Burst mode receivers (BMR) are available for current 2.5Gb/s GPON, as
NG-PON will be at 10Gb/s, the next generation of BMR working at 10Gb/s with fast
response times and high dynamic range is either not yet available commercially [28]
or not currently cost effective to deploy. The 10Gb/s BMR’s complexity and high
cost may be reduced if a burst equalisation scheme was employed at the local
exchange or just before the OLT. If the power variations can be optically equalised,
it will allow the standard receivers to be used, further reducing the cost of the access
network. In the current generation of GPON systems, a power-levelling mechanism
that allows the OLT to inform the ONU to adjust their output power exists [29].
However, since GPON is based on 64 users per OLT, the 6dB dynamic range of the
current OLT controlled power adjustment mechanism will not be sufficient for the
next generation access networks with both greater number of users and the much

higher near-far dynamic range.

2.2.2 Burst Equalisation Techniques

In the research towards next generation access, several burst equalisation
schemes has been proposed. They belong to three main categories of methods, which
are electronic burst equalisation, electronic controlled optical burst equalisation and
all-optical burst equalisation.

Electronic burst equalisation is usually integrated with the receiver in the
OLT, they are often refer to as burst mode receivers (BMR). In conventional
receivers, the receiver’s input is ac-coupled, it provides high sensitivity for the
receiver but the coupling capacitor’s charging and discharging time prevents the
received signal amplitude to vary rapidly with time. Therefore, the threshold setting

of the receiver is fixed. BMR’s input is dc-coupled, allowing it to have an adaptive
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threshold that must adapt to the amplitude of the received signal in the scale of
nanoseconds [30]. Recently, researchers [31] have demonstrated experimentally a
BMR capable of operating at 10Gb/s with or without the aid of Forward Error
Correction (FEC), the dynamic range achieved are 17.8dB and 22.8dB with FEC
applied. The high performance BMR are very useful in future access networks, but
currently they are usually expensive to manufacture due to the utilisation of fast
Analogue to Digital Converter (ADC) and Digital Signal Processing (DSP) chips
designed for the specific type of signal formats. The other drawback of BMR s that
when the optical network is upgraded to a higher data rate, the equalisation
component will need to be upgraded along with the receiver, adding a further
maintenance cost to the network operators. Though the shortcomings of electronic
BMRs may be overcome by increased performance and lowered cost in electronic
signal processing in the future, optical equalisation may aid the performance or
reduced the cost of BMR, especially in access network where lower cost components
are usually preferred for earlier rollout of large scale services.

Electronic controlled optical burst equalisation was also suggested, one
technique employed FPGA control electronics for tracking the power of the
incoming burst and controlling the gain of the SOA [32]. Such a system is designed
to be very useful in the long distance transmissions where the signals need to be
regenerated, retimed and reshaped. However, for access networks which is usually
less than 20km it may not be necessary since it is electronically complex. It also used
RZ line coding for making the signal less susceptible to Inter Symbol Interference
(IS1) due to dispersion effects, but that will not be compliant to the NRZ line coding
used in current PON standards, which is easier and cheaper to generate thus keeping

the ONU cost low. Another solution combines the electronic SOA gain controller
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with high performance BMR achieved 7dB burst equalisation using NRZ coding
[33]. The proof of concept system that clamp the gain of the SOA by monitoring the
input optical power was also presented [34], this method has the benefit of
controlling the gain saturation induced distortions, however, the electronic controlled
attenuator has a rise and fall time of 50us and 20us respectively. These relatively
long rise and fall time will require longer guard time and burst overhead for the
power to adapt, considering the GPON upstream burst size is only 125us [29],
therefore, the total throughput of the system may be reduced. Though the above
solutions are very attractive for high end core network burst switching, they will be
less attractive for PON access network because of the higher cost, standard
definitions, complexity and power requirements.

An all-optical approach to burst equalisation will be attractive for access. It
simplifies the power equalisation system by reducing electronic controls to the
minimum or none. An all-optical process will also be attractive for bit rate
independent operation and the benefit of optical transparency, meaning future
upgrades to the network will be simpler. They can also be placed in the exchange or
split sites because of the reduced complexity and size. The equalised burst also mean
that the receiver at the OLT can be a less complex, less expensive, reduced dynamic
range burst mode receiver, or, even a conventional receiver can be used.

A method was proposed to use an all-optical approach for re-amplification
and re-shaping the signal [35], this scheme is designed for packet switching systems
in the core network and high performance all-optical processing, it uses a monolithic
integrated wavelength converter, a XGM SOA, a gain saturated SOAs and a CW
laser to achieve a 8dB equalisation in burst power. The scheme’s idea was to use the

XGM SOA to wavelength convert part of the incoming signal to an inverted-mode
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signal, then apply it to the gain saturated SOA together with the input signal to keep
the average input power to the SOA constant in order to suppress the gain
modulation, avoiding nonlinear effects in gain saturation [35]. The study of the
performance of SOA in deep saturation was carried out in [36], this paper compared
the performance of the different modulation formats when SOA are used as a power
booster or limiting amplifier, it concluded that the RZ-DPSK format have the least
performance penalty. While RZ-DPSK modulation format can be considered in
future access networks, the current cost limitations for the colourless ONU will not
consider complex modulation scheme yet, direct modulated NRZ on off Keying is
still the preferred format and it was standardised in GPON and XG-PON.

Burst levelling using a saturated EDFA as a limiting amplifier was proposed
in [37]. However, since the gain recovery required in a 10Gb/s access network is in
the nanosecond scale, the 110 to 340us EDFA gain recovery time is not fast enough
[38]. Therefore, a burst equalisation scheme based on SOA seems logical because of
its simpler structure and faster gain recovery time. Recent research and proposed
future access network technology roadmap [4, 39] also indicate that active
components such as optical amplifiers will be placed in the exchange site of PON as
reach extenders. Therefore, these active optical amplifiers will be part of the network
and they can be used in all-optical burst equalisation with the minimal modification
done to the network. In existing literatures, simulations were performed on the idea
of using a saturated SOA as a limiting amplifier to perform bursts power equalisation
[40, 41]. While the paper [40] showed a similar concept setup, the result it showed
was only the gain curve and power output of the SOA, time domain and spectrum
simulation results were not available which is useful for analysing the nonlinear

effects at gain saturation, the experimental Extinction Ratio (ER) also did not agree
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with the simulated ER performance. The second paper [41] also presented a similar
concept in simulation that achieved a reduction of 16.2dB in burst power difference.
It claims the ER penalty was too high for low recovery time which is less than 1.6ns,
further simulations were performed using a saturated SOA recovery time of 9.6ns. In
real SOAs the recovery time is in the range of 0.2ns to 0.3ns, because of the longer
gain recovery time was used, the gain was assumed to be unchanged throughout the
burst period, thus the rapid gain modulation by the incoming data signal within the
burst was not considered, along with the nonlinear effects in the frequency domain
[42] as a result of this gain modulation. Therefore, a model that considers gain
modulation, the time domain and frequency domain signal characteristics at gain
saturation is required to fully and correctly model the burst equalisation system.

Overall, the questions to be solved in access network burst equalisation
techniques include:

1. Demonstrating a proof-of-concept system by experiment that can
perform all-optical burst equalisation. A simple and cost effective
solution that is suitable for future access networks is needed, to
achieve burst equalisation for the ONUs’ near-far power difference
problem and analyse its performance in 10G-PON or similar network
environment.

2. Creating a simulation model that closely matches the physical
characteristics and performance of the SOA in deep saturation, so that
it can be used to analyse burst equalisation using a gain saturated
SOA as a limiting amplifier, the model will also need to be validated

by experiment measurements or known data.

37



Chapter 2 Literature Review

2.2.3 Using SOA as a Nonlinear Device

An SOA is a device similar to the semiconductor laser, its operation is also
based on the stimulated emission of photons. In an SOA, the electrons are pumped
into the active region via an external current source, most of these electrons with
higher energy occupy energy states in the conduction band, leaving holes in the
valence band, a condition known as population inversion. The SOA relies on
population inversion in the active region to provide gain through the stimulated
emission process. The stimulated emission is a mechanism that occurs when a
photon with the right energy is incident on the active region, causing stimulated
recombination of an electron in the conduction band with a hole in the valence band,
the energy lost is emitted in the form of an identical photon. This newly emitted
photon will be at the same frequency, phase and direction as the incident photon. The
two identical photons together can in turn cause subsequent stimulated emission
processes of more identical photons. Such a chain reaction will produce greater
number of photons at the output of the amplifier than at the input, hence the gain of
the amplifier.

The important factor for stimulated emission to occur on a massive scale
within the active medium of the SOA is population inversion, which requires the
electrons in the SOA to be electrically pumped to the conduction band. The term
unsaturated gain applies when there are enough electrons with sufficient energy to
undergo stimulated emission exist in the conduction band to provide amplification to
a small signal. Because the pump current is limited, when the input signal is so large
that there are an insufficient number of carriers in the excited state, not all the
photons in the incoming signal can cause stimulated emissions, then the total gain of

the SOA with a large-signal will be less than that of the small-signal case. The SOA
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gain is considered in saturation because the rate of carriers to be pumped to the
excited state is limiting the rate of photon emissions and therefore, limiting the gain
[43].

SOAs therefore, are non-linear devices, often used for signal processing
because of its gain saturation characteristics. It can also be used as a device for all-
optical power equalisation, also known as the Self Gain Modulation (SGM). In this
case, the higher input powers experiences less gain due to the SOA’s gain saturation,
the lower input powers experiences normal gain so that these different levels of

power can be equalised [37].

2.2.4 Semiconductor Optical Amplifier Modelling

The modelling of gain saturated SOA is important in the analysis of burst
equalisation performance of the SOA based systems. In the applications discussed in
Chapter 3 of this thesis, the SOA model is required to simulate the time domain,
frequency domain signal characteristics and gain saturation characteristics, have the
following simulation capabilities:

Power and Gain Characteristics - It is required to simulate the SOA in
the unsaturated regime and more importantly the saturated regime of operation. This
will require modelling the gain and output power characteristics all the way up to the
high saturated region in the SOA, to achieve this, the model will need to match the
gain saturation experiment result as close as possible.

Gain saturation nonlinear effects - In addition to amplification, SOA
also exhibits nonlinear effects when it is in gain saturation. The nonlinearity is the
phase modulation of the signal propagating through the SOA, caused by the
refractive index change as a result of the carrier density modulation [44]. The phase

modulation depends on the input signal power and the amplifier gain. Since the
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signal modulates its own phase through the SOA gain saturation, this phenomenon is
called Self Phase Modulation (SPM) [42, 45]. The SOA model will therefore, need
to simulate SPM at gain saturation.

Sample based - SOA models can be static or dynamic depending on the
physical properties being modelled. A static or steady-state model [46] are usually
used to model the SOA characteristics with respect to the propagation axis of the
waveguide, known as the z dimension, which is the length of the active region in an
SOA. The static model is useful for modelling signal independent characteristics of
the SOA, such as carrier density profile with respect to active region length. When
an input signal is considered, time as a second dimension will also need to be
modelled. A dynamic or sample based model is used to simulate the distortions in
the SOA that alter the signal bits and resulting in effects such as frequency shifts,
since these effects are time dependent. The modelling of SOA in the burst
equalisation scenario requires the use of a sample based model, because the time and
frequency domain characteristics of the output signal are equally important to
observe. A model solved using numerical techniques will be preferred over
analytical techniques, since it will be easier to implement in computer based
simulations and often applicable over a wide range of operating regime.

A travelling-wave SOA model based on the rate equations and differential
equations a widely cited dynamic model of SOA was described by Agrawal and
Olsson [42, 45] in 1989. Indeed, many dynamic models developed for SOA analysis
are based on Agrawal’s theory. It was pointed out by Mecozzi [47] in 1996 as being
the only theory available at that time for describing the nonlinearity in gain saturated
SOA under pulse condition. The power, phase change, and spectral broadening

effects of a pulse propagating through the SOA were analysed by the model.
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Agrawal’s theory assumes the gain saturation of the SOA only depend on carrier
(electron) depletion as a result of stimulated emission.

A later research paper by Mecozzi and Mork [47] reported besides carrier
depletion, the gain of a SOA is also depend on the energy distribution of carriers,
especially in highly excited semiconductors, the gain saturation due to intra-band
dynamics is important, these factors also contribute to gain suppression. They also
extended the theory of Agrawal and Olsson by including saturation caused by
intraband dynamics in their model. The Mecozzi’s model was further developed into
a set of analytical equations in [48] to characterise both time and z dimension of the
active medium. These analytical equations was then simplified in [49] and turned
into a set of ordinary differential equations (ODE) that only depend on the time
variable, this was done by integration of the gain over the z direction which is the
device length. It made the model easier to implement with computer simulation.
However, the carrier distribution along the propagation direction is not considered,
therefore, the direction of propagation of the pulse will not make any difference.
Agrawal’s model will be used in the next chapter for simulating SPM in pulse input,
both models will be investigate for their time domain simulation performance and

gain saturation characteristics simulation accuracy of the SOA.

2.3 Wavelength Converting Optical Access Network (WCOAN)

The access network bandwidth required by the end user is ever increasing,
currently the deployment of access solutions EPON/GPON has begun to gather pace
and their successor 10GEPON and XG-PON1 are also being standardised, trailed
and deployed. Wavelength Division Multiplexing (WDM), increase bit rate and
extended reach architectures [13] is expected to be used in the next generation of

optical access technology. The fibre efficiency can be significantly increased by
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using Dense WDM (DWDM) operation, as multiple wavelengths spaces at 100 GHz
(or possibly 50GHz) apart can utilise a single backhaul fibre.

In PON deployment, the laser in the ONU is a major contributor to the ONU
cost. To keep the costs low, ideally the ONU laser will not be temperature controlled
and therefore, the wavelength could drift over a range much greater than a DWDM
channel. A direct approach to address the temperature dependent drift would be to
either use tuneable lasers at the ONU with accurate wavelength locking, or seed
wavelengths supplied from the central office which are then modulated at the ONU
by a reflective SOA (RSOA) or reflective modulator. Such methods have been
demonstrated recently in the EU project PIEMAN [15]. However, this approach
would require changing the already deployed ONUSs with built-in lasers to the new
ones with built-in RSOA, making the transition from 10G-EPON/XG-PON to hybrid
WDM-TDM PON economically and logistically more difficult for operators.
Furthermore, a fraction of the upstream CW seed wavelengths is reflected back due
to Rayleigh backscattering [15], which will interfere with the RSOA modulated
upstream signal. The use of a dedicated second batch of access feeder fibre is
necessary to eliminate the backscattering noise, but adding feeder fibres also increase
the building and material cost of the access sites. From a gradual transition and
services roll-out view point, a technique that is backward compatible with existing
PON distribution architecture and allows the use of low cost ONUSs at the customers’
premises would be logistically and economically favoured. If uncooled lasers are to
be used in long reach architectures, an efficient backhaul scheme is required to
integrate multiple TDM-PONSs into a WDM backhaul.

In the future, it is expected that the network consolidation of multiple PONs

into a long reach DWDM backhaul will reduce the number of active OLT sites, with
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the remaining sites serving a larger number of customers. Such consolidations will

lead to longer reach requirements for the backhaul [1]. The optical backhaul distance
will increase to >20km and WDM backhauls will likely be used to enable multi-

services support and an open business model [50]. The combination of DWDM
backhaul and a Time Division Multiplexed PON (TDM-PON) distribution section
seem to be promising as it presents the advantage of long reach backhaul, while
significant cost saving can be made by allowing the un-cooled, wavelength variable
laser sources to be used in the customers’ ONU. In standard 10G-EPON or XG-PON,
the components used in both upstream and downstream direction are tolerant to
wavelength drift of £.0nm without affecting the performance. The wavelength plans
are 20nm CWDM bands separating the up- and down- stream. However, when
DWDM backhaul wavelength plans are implemented, tight control of wavelength in
the backhaul section is compulsory. This is because Arrayed Waveguides Gratings
(AWG) will be used to separate and recombine the multiple wavelengths for
backhaul transmission. The AWG channels act like multiple optical band-pass filters,
if a signal wavelength drifting out of its assigned AWG channel due to possibly a
temperature dependent wavelength source, the signal will be lost to the receiver. If
the signal wavelength continues to drift, it may also interfere with the signal from
adjacent channels, introducing crosstalk noise to the adjacent channel.

Previous work [13] by Dr. Darren Shea at UCL has proposed the use of
all-optical wavelength converters to stack multiple TDM-PON wavelength into a
DWDM backhaul for 2.5Gb/s GPON. The concept is shown in Figure 2.2 and is an

precursor of the proposed solution presented in Figure 1.2.

43



Chapter 2 Literature Review

DWDM

CWDM
Sources

Figure 2.2 CWDM PON distribution section with DWDM backhaul to integrate multiple PON using
wavelength converters [13]

The wavelength converter (WC) stabilised the CWDM wavelength from the
un-cooled ONU laser source which may have H0nm wavelength drift. The WC’s
seed wavelengths are also assigned so that the signals from multiple PON are
transmitted through the backhaul, with possible redundant path to prevent accidental
fibre cut. Several PONs can be aggregated allowing the backhaul cost to be shared
by a large number of customers, increasing the backhaul efficiency and utilisation. A
low cost, long-reach optical network combining both access and metro networks can
be established through the use of WCs, without significantly changing the standard
PON architecture and existing metro backhauls [13].

In the PON distribution section, the signal from the ONU will have to travel
through passive splitters to reach the WC at the exchange site. Each 2 way split have
an insertion loss of at least 3dB, for example, a 32 way split is 2° splits, it will have a
loss of 3dB x 5 = 15dB. As a result of the loss in the splitter and the distribution fibre,
the signal power reaching the exchange site is very low, thus optical amplifications

are required to overcome the signal power loss in the longer reach backhaul.
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2.3.1 Optoelectronic Wavelength Conversion

The simplest implementation of wavelength conversion is through the use of
optoelectronics. The signal is first received, then electronically processed and finally,
re-transmitted. Optoelectronic wavelength conversion is very tolerant to input signal
characteristics and can be wavelength independent, because the receiver will turn the
optical signal into electrical signals, then the electronic amplification and
regeneration of the signals are well established, at least for single change signal data
rate transmission up to 2.5Gb/s [51]. However, in the PON upstream, 10Gb/s burst
mode transmission is employed, this posed a significant challenge to the
optoelectronic wavelength conversion, since the cost of OEO increases rapidly due
to the use of burst mode receiver and high bandwidth components. The input signal
power dynamic range of optoelectronic wavelength conversion depends on the
receiver dynamic range inside the optical-electronic-optical (OEO) device, but as the
dynamic range increases, the cost and complexity of the device will also increase.
The re-transmission part of the OEO device usually consists of a laser and an
external modulator. Since there is no optical transparency between the input and
output, no optical filtering is required to cut off the input wavelength. This also rule
out the possibility of simultaneous conversion of multiple data rate signals, unless
complicated electronics or very fast digital signal processing (DSP) techniques are
used to process the high and low data rate signals separately, but doing so will

increase the cost rapidly as well.

2.3.2 All-Optical Processing and Wavelength Conversion
All-optical processing of the input signal does not require a receiver or an
OEO unit, instead, a non-linear optical element such as SOA is used. The non-linear

optical element is transparent to optical signals, it performs optical manipulation of
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the signal using optical techniques which do not require electronic receivers. This
reduction in detection and processing electronics reduces the cost of wavelength
conversion and regeneration. An ideal node would provide all-optical processing,
including wavelength conversion which is able to map the wavelengths from
multiple CWDM (20nm channel) ONUs onto a set of stabilised DWDM (100GHz
channel or possibly 50GHz) ITU grid wavelengths for transmission over the
backhaul fibre, which may consist of dual fibres. This approach reuses current core
fibres and may or may not include amplification in the backhaul.

All-optical processing methods have been proposed for and used in core
networks. A burst mode capable, 3R regeneration system was studied in [52]. The
system used four cascaded SOA-MZI switches to achieve error-free reception when
the input bursts have 9dB power variation. This study was based on optical packet
switching networks, where the wavelength is fixed, therefore, the wavelength drift of
the input signal was not considered. It used RZ modulation format that is not suitable
for PON because it does not comply with the standards of PON which uses NRZ
format. The 3R required 4 stages of SOA-MZI and thus 4 SOA-MZI devices were
used, hence the system is expensive and too complicated for a simple and low cost
exchange site processing unit required in WCOAN. In the case of a wavelength
converter in the access network it is planned to analyse the performance of a single
SOA-MZI device since the re-timing, decision and de-multiplexing stages in packet
switching [52] are not necessary in the exchange site processing unit.

A study demonstrated the multi-wavelength conversion of 10Gb/s NRZ and
RZ signals using SOA-MZI device for wavelength conversion [53] showed that the
wavelength dependency power penalty of this device was as low as 1.4dB, for eight

wavelength ranging from 1552.52 to 1558.98 nm. This study was demonstrated the
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conversion of 10Gb/s NRZ continuous mode signals in a metro network setup, using
only one SOA-MZI device. Instead of analysing the input signal wavelength drift, it
analysed the performance of modulating the signal on to multiple CW seeding
wavelengths to achieve multi wavelength multicast. Therefore, the wavelength
dependency study was only carried out for the probe wavelength, though it would be
beneficial to also analyse the performance penalty due to the input signal wavelength
drift. The input signal to the WC in PON will be the signal from the ONUSs in the
customer’s premises, which are optical bursts.

Several all-optical wavelength conversion technologies were reviewed in [51],
including coherent and in-coherent techniques. The coherent techniques such as four
wave mixing (FWM) and difference frequency generation (DFG) preserves the phase
information but do not provide regeneration of the signal. In PON, current 10Gb/s
system have not yet used coherent modulation and detection in commercially
installed architectures. The signal considered in the scope of this thesis is only
intensity modulated, therefore, the preservation of phase information is not a strict
requirement for the systems describe here. In addition, the output wavelength of the
coherent converted signal depends strongly on the difference between the pump and
input wavelength, an ONU wavelength drift could result in converted output signal
wavelength drift, which is not desired in a PON WDM-backhaul that needs strict
wavelength control. FWM is also inherently polarisation dependent [51], which
make it undesirable in PON as the ONU polarisation cannot be controlled.

Incoherent techniques such as cross gain modulation (XGM) and cross phase
modulation (XPM) do not preserve the phase information, but they are more efficient
because of SOA gain and regeneration capabilities. The output signal wavelength for

XGM and XPM depends only on the probe wavelength, therefore, stabilisation of the
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input signal wavelength is possible. The polarisation dependency of the WC depends
on the SOA used [51], if the SOAs are polarisation independent then the input signal
polarisation will not affect the conversion performance. The XGM SOA and the
XPM SOA-MZI can provide R and 2R regeneration of the input signal respectively.
Since the ONU signal gone through multiple splitters are weak, the regenerative
capabilities of the in-coherent techniques are favoured in PON because of it provides
power amplification of the ONU signal to allow for optical power loss in the >20km
backhaul fibre. XGM produces digitally inverted output optical signal while XPM
can produce either inverted or non-inverted output signal. A detailed experimental
performance comparison between XGM and XPM techniques will be presented in

Section 5.3.

2.4 Summary

In this chapter, the interferometric noise generation in ring based access
network was introduced, classifications and performance impact of the in-band
crosstalk noise was describe in existing literature. The wavelength tolerance and its
effect on the performance is an un-explored area of interest, especially for the ring
access networks which small wavelength drift is expected due to the use of lower
cost components. The performance in the presence of interferometric noise is also
related to the receiver bandwidth. The performance analysis will be reported in
Chapter 3.

The burst mode transmission in PON and the resulting near-far power
difference problem was introduced. Several techniques has been proposed to achieve
burst equalisation, an all-optical burst equalisation based on using the SOA in high
saturation mode is the most attractive and cost effective solution for future access

networks. However, the nonlinear properties of a SOA in deep saturation need to be
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modelled properly to aid the design of such power equalisation system. A dynamic
model is selected and will be tested in the Chapter 4.

A proof of concept wavelength conversion and all-optical processing system
was also introduced. It can be used to consolidate multiple existing PON ODN
architectures into a long-reach wavelength division multiplexing backhaul. The
detailed characterisation and performance measurement of this proposed system will

be presented in Chapter 5.
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Chapter 3. Interferometric Noise in Ring
Based Access Networks

3.1 Introduction

A number of researchers have suggested central distribution ring networks as
an architecture for future hybrid WDM and time division multiplexing (TDM) access
network. Initiatives utilising such ring network include the SARDANA project [26]
and the SUCCESS project [11]. In these projects, tree TDM networks are linked via
remote nodes (RN) sited on a ring network which is terminated by a central office
(CO) node. The ring network utilises WDM so that each wavelength can be dropped
to serve different TDM tree networks, as illustrated in Figure 3.1 A Ring access
network outline containing a central office site serving three RNs. In a ring access
networks, the Remote Nodes (RN) that aggregate multiple PONs with the central
office contains Optical Add Drop Multiplexers (OADM). Although heavily
attenuated, some of the dropped wavelength can still pass through the OADM due to
filter leakage in low cost network components. If the difference between the added
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wavelength and the leaked dropped wavelength falls within the receiver bandwidth,
then interferometric beat noise will arise at the receiver, affecting the signal quality

received by the subsequent RN on the ring.

Central Office

PON
Segment

@Al

PO
Segment
@A3

Remote
Node 2
PON

Segment

@A2

Figure 3.1 A Ring access network outline containing a central office site serving three RNs

A
RN1 . Rx1
Optical Add-Drop .
Multiplexer J A .
1
A" is the added back wavelength
AA; is the heavily attenuated A,
A
AN
RN2 Rx 2
Optical Add-Drop
Multiplexer

Figure 3.2 Interferometric noise generation in Ring Access Network due to filter leakage
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Traditionally, core WDM networks have very good wavelength stability, but
in access networks some tolerance in wavelength is expected due to the desire to
reduce the cost of components. A section of a ring network containing two Remote
Nodes (RN) is shown in Figure 3.2. The two RNs will contain OADMs that are
responsible for dropping one wavelength (for example 4,) and letting the other
wavelengths continue on the ring. Although heavily attenuated, some of A, can still
pass through the RN due to filter leakage. If the added wavelength, A7, is the same or
almost aligned to the dropped wavelength A,, then interferometric beat noise will
arise within the receiver bandwidth [54], resulting in in-band crosstalk thus affecting
the signal quality received by RN2.

This chapter aims to evaluate the tolerance to wavelength drift in the
presence of interferometric crosstalk. This will include an experimental
demonstration of the relationship between the BER performance and the electrical
filter characteristics for various levels of filter leakage. Understanding the acceptable
performance limits of filter leakage may allow the use of low cost optical component
in the OADM. This provides the motivation for analysing the relationship between
the interferer power (generated by leakage of the dropped wavelength) and the
wavelength variation between the added and leaked signals. In this chapter, we first
describe in section 3.2 the nature of Interferometric Noise (IN) and how IN could be
presence and become an issue in a ring access network and then in section 3.3 the
experimental setup and results showing the BER performance characteristics are
presented, demonstrating the impact of such interferometric noise. It is also shown
how the BER characteristics change with the choice of electrical filtering. Section

3.4 presents simulations to further investigate the relationship between BER
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performance and the 3dB filter bandwidth and filter roll-off, with the results obtained

from the experiment analysed and conclusions presented in section 3.5.

3.2 Background and Theory
3.2.1 C(lassifications of Interferometric Crosstalk

The interference of two monochromatic waves can be used to analyse
crosstalk in an optical communication system. If the signal instantaneous power Py(t)
is interfered by a crosstalk signal with instantaneous power Py(t), the resulting photo
current at the photo detector will contain the data and the crosstalk signals, along
with the interferometric beat term which depends on the relative phase difference

and polarisation vectors of the signal and crosstalk p; and p,

I o< Py(t) + P(t) + 2/PaPy cos{AwT + Ad(1))}fg - fs (2.1)

The classification presented in [55] listed several types of crosstalk, which
were characterised by the “relative phase” Awt + A¢(t) of the co-sinusoidal terms
in equation 2.1.

In the single source case, the data and the crosstalk signals originate from
possibly the same laser source with the same frequency w,, the coherence time 7,
and phase noise ¢ (), the crosstalk signal then goes through a different path and is
delayed by t relative to the data signal. The relative phase between the two signals
will be w,7 + ¢p(7) — p(7 — 7).

Coherent crosstalk occurs when the delay experienced by the crosstalk 7 is
much smaller than t., near the T = 0 coherence limit, it is characterised by the
absence of phase noise [56]. If the delay is constant, the relative phase value depends

on w,t , and then the interferometric term may be determined.
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Homodyne Incoherent Beat Noise Crosstalk occurs as the delay 1
becomes much larger than t, the resulting interference is at the incoherent limit. The
phase noise in the source is converted to intensity noise on detection [57]. This type
of beat noise is also called Phase Induced Intensity Noise (PIIN). If a 1mW
continuous wave (CW) distributed feedback (DFB) laser source was to be used, this
incoherent region can be reached by an interferer delay path length of more than 10m
[54].

The single source case was not considered in the OADM of ring based access
network, because the leaked interferer signal and the data signal will be coming from
different sources. In the separate source case, the data and the crosstalk signals
originate from two different laser sources and they may be at different
frequencies w,; and w, . The relative phase in this case will be (wg — w,)t +
$a(0) — ¢y (1)

Incoherent noise-free crosstalk occurs when the beat frequency is outside
the receiver bandwidth. Therefore, the beat noise will be removed by electronic
filtering at the detector and only the additive crosstalk components remain. This type
of crosstalk is also known as Out-of-band crosstalk [54].

Heterodyne Incoherent Beat Noise Crosstalk will occur as the beat
frequency of the two sources fall partially or totally within the detector bandwidth,
the random variance of phase noise may also affect the received signal, together they
can generate interferometric noise, reducing the BER. In a ring access network
remote node, this type of crosstalk is most likely to occur.

For the crosstalk types above, apart from the Incoherent noise-free crosstalk,
the beat noise components all fall within the receiver bandwidth and are categorised

as In-band Crosstalk. Partially coherent crosstalk is also possible but difficult to
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analyse as it lies between the two extremes of coherent and incoherent crosstalk [54,

55].

3.2.2 Performance Impact of In-band Crosstalk

The interferometric beat noise is generated mainly due to imperfections in the
network components such as add-drop multiplexers. Optical filters are widely used
in multi-wavelength network components such as add-drop multiplexers, wavelength
router and optical cross connects. However, they do not provide perfect isolation of
the unwanted signal, allowing leakage component of the unwanted signal being
added to the selected signal. If the leakage component of the unwanted signal
(interferer) is at the same wavelength as selected signal’s wavelength or if the
frequency difference of the two signals is within the receiver bandwidth, as
discussed earlier in section 3.2.1, the beating of the selected signal and the leakage
signal on a square-law, envelope photo detector inevitably produces interferometric
noise. This beat noise component can cause significant performance degradation
[58], inducing large BER floors.

The performance degradation has been reported for a single interferer at the
same wavelength as the data signal. The interferer beat noise crosstalk was analysed
as homodyne incoherent beat noise crosstalk (also known as phase induced intensity
noise [59]). Homodyne means the interferer signal originated from the same source
as the data signal and is an attenuated and delayed version of the data signal with the
same wavelength. The single interferer investigation provided insight into the
characteristics of interferometric noise. It showed the relationship between power
penalty and crosstalk power levels exhibits an asymptotic behaviour [60], as a small
decrease in total crosstalk power yield better BER performances and lower power

penalty.
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Later publications extend the single interferer analysis to multiple interferes
[55] and unequally powered interferers [54], using a large number of techniques
ranging from Gaussian approximations to full system simulation as summarised in
[54]. All the above performance studies are very useful for core WDM network
where the wavelength of the signal is controlled. These analysis generally assumed
the signal and interferer are of the same wavelength or come from the same sources,
crosstalk between different source data are considered to be incoherent noise-free as
the beating term is outside the receiver bandwidth [61]. The reason for this
consideration is due to the fact that when the wavelengths in the WDM networks are
precisely controlled, the wavelength for each channel can be maintained so that they
will not interfere with each other. However, in the ring based access networks, the
data and the interferer signals may come from separate un-cooled laser source at
various powers because of the lower component cost considerations. The signals in
access can also be generated from a tuneable laser, or a wavelength converted
source. Therefore, some level of wavelength drift is expected in access networks due
to heating up of the un-cooled laser or transmitters performance differences between
the equipment throughout the access network. The strictly defined wavelength
assumption used in previous core WDM network performance analysis will no
longer valid in ring access networks. From the classification of interferometric noise
earlier, it was known that the wavelength drift, phase noise, and power differences of
the signals coming from separate sources will degrade the performance of the
network if they produce significant in-band crosstalk. To my best knowledge, the
analysis of wavelength tolerance and the relationship between BER performance and
electrical filter characteristics as a result of the wavelength drift have not been

studied, it will also be very useful to account for the various levels of filter leakage.
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Therefore, the study of wavelength tolerance and its effect on the performance of
future access network will be important, because it may allow the use of low cost
optical components in future access network that satisfy the necessary performance

requirement.

3.2.3 The Relationship of IN with Receiver Bandwidth

The beat noise contribution to the overall performance degradation dominates
when its contribution is much larger than the additive crosstalk noise [54]. When the
data and crosstalk signal are at different wavelength, this beat noise component can
fall in-band or out-of-band depending on the wavelength differences. Therefore, as
the beat noise term dominates, only the in-band crosstalk will impact the
performance strongly when it falls inside the receiver bandwidth. Figure 3.3
presented a simulation setup which generates the result in Figure 3.4, showing the
detuning of the interferer wavelength at 0.01lnm steps away from the data source

which is at a fixed wavelength.

Optical_Coupler Receiver Electrical_Probe

S

Optical_Probe

—

Figure 3.3 Simulation setup with two laser source and the photodetector
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Figure 3.4 The overlapped receiver electrical spectrum as the interferer is detuned away from the data
signal at 0.01nm steps.

From the result above it is noticed, as detuning of the interferer wavelength
increased, the beat noise component gradually moved out of the electrical receiver
bandwidth, assuming the bandwidth of the receiver is at 10GHz. The performance
characteristics with respect to electrical bandwidth was briefly analysed in a
paper [62] published after the work in chapter 3 was done. Their analysis focused on
the data and crosstalk signal which are at the same wavelength coming from the
same source, while our work focused on the performance characteristic when the
data and interferer signal are from different sources and when they are very close in
wavelength (at less than 0.08nm or 10GHz apart, which makes the beat noise fall
within the Rx bandwidth). This wavelength difference exists in access network, but
not in core networks where wavelength are strictly define. The main finding of the
paper is the performance penalty was significantly increased, when the signal is
filtered by a large number of optical filters in multiple optical cross connects. It was

because the narrow optical filter bandwidth was below 15GHz and the increase in
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filter detuning in cascaded filters causes ISI, which lead to eye closure at the
receiver. In access networks, the add-drop multiplexer and optical cross connect
number will be very small and therefore, not likely to cause a performance decrease.
The impact of ISI caused by electrical filtering will be a more important observation
for access networks. As expected, narrow electrical filtering bandwidth in the
receiver will start to cause eye closure at around 6GHz and less. The results in [62]
also showed the performance is good (i.e. high ER, large eye opening) and remained
so at a filter bandwidth of 6.5 GHz and above. Because the study was also done with
data rate at 10Gb/s, this result offers a good reference for the electrical filtering
characteristics in later experiments. However, the study didn’t consider the case
when the beat noise is partially in-band or nearly out-of-band, for example, a 0.08nm
detuning of the interferer wavelengths may cause the beat noise frequency
component to situate at almost 10GHz. In that case, a narrower receiver electrical
bandwidth that is less than 10GHz will make previously in-band beat noise
component out-of-band, and the wavelength detuning causes performance change.
Therefore, the performance at wider electrical bandwidth may be worsen as a result
of the partially in-band beat noise. In Chapter 3 the performance and electrical

filtering characteristics at the detuned interferer wavelength will also be investigated.

3.2.4 The Generation of Interferometric Noise

We considered two signals are present in the fibre, namely, the desired data
signal and the crosstalk signal’s electric fields are given by E;(t) and E,(t)
respectively. The total electric field of the two signals at the photodetector is given
by equation 3.1. The data signal is denoted by subscripts d and x denotes the

crosstalk signal.
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Eor(8) = Eq(t) + Ex(t) (3.1)

Here we consider the single interferer signal case with both the desired data
and the interferer modulated using On Off keying (OOK), with the electro-magnetic

field of an optical signal with power P emanating from a DFB laser given by:

E(t) = pVP exp jlwt + ¢(t)] (3.2)

Where p is the polarisation state, P is the signal power, w is the optical
frequency in radians and ¢ (t) the optical phase.

When one wavelength is drop and then added inside an OADM, we
substituting the electrical field of equations 3.2 into equation 3.1 resulting to the
following,

Erot(t) = pay/Pama(t) exp jwqt + ¢q(0)]
+ P/ @By (6) exp jlwyt + P (O)])

Here a defines the relative power P./P; of the cross-talk term, and m(t)

(3.3)

expresses the binary symbols forming the on-off keyed message where
m(t) € {r,1} (0 <r < 1) and r is the extinction ratio factor [54]. When a perfect
extinction of the signal occurs at the binary 0 level, r = 0.

In optical square-law, envelope photo detection, the photocurrent i(t) is
proportional to the squared magnitude of the electro-magnetic field. At the Receiver,
using a normalised responsivity of R = % = 1, the instantaneous optical power is:

i(t) = RlEeor|®> = |Eeoel*=

Pymg(t) + Pom,(¢) + (3.4)

2y PgPimy (Omg (t)cos[(wg — w )t + da(t) — dr(t)]
From equation 3.4, there are three components representing the detected

photocurrent, there is the desired data, the additive crosstalk and interferometric
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noise [54]. The phase noise is generated for ¢ ,(¢) and ¢, (t), based on Wiener Levy
random process [63]. The interferometric noise is mainly a oscillating cosine term
around the “1” power level, with the frequency of w,; — w,, While the phase noise is
usually very small compared to the interferometric noise, because the phase noise
variance depends on the linewidth of the laser source, which is typically in the range
of 1IMHz to 10MHz for commercial, low cost DFB lasers. The bit-by-bit
interferometric noise for a 7.5GHz Af (frequency separation between the interferer
and data signal) and assuming only “1” to “1” level crosstalk interaction is plotted in

Figure 3.5. The interferometric noise itself has an arc-sine distribution as shown in

Figure 3.6
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Figure 3.5 Bit-by-bit level view of the received signal with a separate interferometric noise component
shown in red
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Figure 3.6 Arc-sine distribution of the interferometric noise
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The interferometric noise term is dependent upon the wavelength
difference wy — wy between the two signals. This term is also dependent upon the
phase difference ¢,(t) — ¢, (t) which demonstrates that the interferometric beat
noise contribution is much larger than the classical crosstalk, and therefore, the
interferometric noise is often the dominant noise [64] if it falls within the receiver
bandwidth. From equation 3.3 we know that the beat noise is also polarisation
dependent because of the pgp, term. It has previously been demonstrated that in a
system with random polarisations, the system is more likely to perform in the worst
case, because the probability density distribution has shown that the probability is at
its highest when the polarisation vectors are aligned [65]. Since it is useful to test for
the worst case scenario in order to find out the limit of the systems, the polarisation
vectors pg and p, were set to be aligned in the following analysis.

The classification described in section 3.2.1 lists several types of
interferometric noises. The specific type we discuss hereafter belongs to the
heterodyne incoherent beat noise crosstalk. It will occur if the beat frequencies of the
two sources fall partially or totally within the receiver’s bandwidth. This type of
crosstalk is also termed in-band crosstalk [54], which can be found in a ring access
network because the dropped and injected wavelengths have almost the same
wavelength or possibly drift to the same wavelength due to un-cooled lower cost

sources.

3.2.5 The Effect of Electrical Filtering on Interferometric Noise

The worst case interference will occur when the desired data signal and in-
band crosstalk are at exactly the same wavelengths as electrical filtering will not
remove any of the interfering signal. However, as the wavelength of the interferer is

detuned away from the wavelength of the desired signal, the beat frequency, which is
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the frequency difference between the signal and interferer, will increase placing the
beating term on a carrier frequency away from the baseband data. The beat noise
component will become attenuated as it moves near the filter band edge, eventually
becoming totally out of band and heavily attenuated, and can no longer having
significant effect on the system performance. Therefore, the characteristics of the
electronic filtering used will have a significant effect on the out-of-band or
near-out-of-band beat noise component.

In the experiment we investigated how the choice of the filter can change the
BER performance. Figure 3.7 shows the frequency response measurement of a
Nortel 10GHz PIN Receiver and its response when combined with a Picosecond
Pulse Labs 7.5GHz 4™ Order Bessel-Thompson electrical filter. In section 3.3 we
will demonstrate the impact that this difference in frequency response had on
performance due to the Interferometric noise.

From the measured results, we determined that the Nortel 10GHz PIN
receiver has a -3dB cut-off point at 11GHz and its roll-off characteristic is
36dB/decade. The Picosecond 5458 was chosen for our experiment because its
response near the 3dB cut-off is lower than the 4269 filter, it also had a slightly
steeper roll-off. The combination of the PIN Receiver and the filter had a -3dB cut-
off at 6GHz and the roll-off is estimated at 22dB/decade. The lower cut-off
characteristic of the filter will be able to attenuate the in-band crosstalk noise close to
and above the cut-off frequency, effectively making the receiver bandwidth smaller.
Hence, as the interferer signal frequency is detuned further away from the data
signal, the beat frequency, which is dependent upon wq — wy, Will increase, causing
the frequency of the beat term to increase. A filter with a lower cut-off frequency

will therefore, attenuated the beat noise at lower frequencies, as the interferer
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frequency is detuned from the data signal frequency, with the possibility of

improving the BER performance.
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Figure 3.7 Filter combined with receiver response measurements, compared with receiver response
measurement

3.3 Experiment Setup
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Figure 3.8 Experiment configuration showing the mixing of the desired data signal and the interference
signal into a PIN photodiode receiver. Note that the filters were added between the PIN receiver and the
Error Detector

The experimental setup is shown in Figure 3.8. The data signal was generated
from a fixed wavelength laser at 1551.012 nm. This continuous wave (CW) optical
signal was modulated by an integrated Electro-absorption Modulator (EAM) in the
same package as the laser. An electrical Pseudo Random Bit Sequence (PRBS)
signal generated by the Anritsu Programmable Pulse Generator (PPG) was

modulated on-to the CW optical carrier. The modulated signal then went through an
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attenuator and 4km of single mode fibre (SMF), this introduces 205 delay to the
signal which is much longer than the 1ps coherence time in typical DFB lasers.
Since this distance is much greater than the laser coherence length of 200 meters
[66], the SMF used only in the data signal path can de-correlate the desired data
signal with respect to the interferer.

Since the interference is polarisation dependent, in order to test for the worst
case performance limit, the data and interferer polarisation vectors need to be aligned
so that the beat noise causes most errors in the receiver signal. Hence, the data signal
was passed through a polarisation controller at this stage. The signal then went into a
50:50 four port combiner/splitter. One of the output ports is monitored by an optical
spectrum analyser (OSA) while the other output is fed into a Nortel 10Gb/s PIN
receiver which is connected to the Anritsu Error Detector (ED) via electrical cables.
The attenuator was adjusted to 10.4 dB so that a back-to-back baseline BER of 10~°
was obtained. The OSA has a limited resolution of 0.01nm, to check that the data
and interfering signals are aligned at 1551.012nm, an electrical spectrum analyser
(ESA) was used to check the received signal beat frequency, the lowest beat
frequency peak was found when the tuneable laser was set to 1551.012nm, therefore,
it is considered that this wavelength is where the two modulated sources aligned.

The interfering optical signal was created by externally modulating a
wavelength tuneable laser source. The external Mach-Zehnder (MZ) modulator is
polarisation dependent therefore, this tuneable CW wavelength was passed through a
polarisation controller for polarisation alignment. The inverse PRBS input from the
Anritsu PPG was modulated on to the optical carrier and its wavelength initially
tuned to match the fixed laser source. This modulate optical signal then went through

another attenuator and a polarisation controller to the second input of the 50:50 four
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port combiner/splitter. The attenuators were used to control the power of the data
signal and the interferer signal.

This experiment measured the BER performance characteristics with only the
PIN Receiver. The interferer attenuation was changed from -40dB to -18dB in steps
of 2dB. The wavelength of the interferer laser source was adjusted in
0.01nm (1.25GHz) steps to 1551.092nm to record the effect when the crosstalk
signal is moving away from the data signal. Measurements taken from those points
allowed us to see the BER performance affected by the crosstalk noise at different
interference power levels as well as the change in beat frequency.

Then the experiment was repeated with the 7.5GHz electrical filter described
above connected between the PIN receiver and the Anritsu ED. The data signal was
attenuated 9.7dB again to obtain a 10~° back to back reference BER. Measurements
were taken by changing the attenuation value in steps of 2dB starting from -40dB

to -18dB.

3.3.1 Experiment Results
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Figure 3.9 BER performance characteristics with the Nortel PIN receiver only and no external filter
connected

66



Chapter 3 Interferometric Noise in Ring Based Access Networks

1.00E+00

1.00E-01 Interferer
Attenuation

1.00E-02 ‘ - (dB)

A
‘ \ =18
1.00E-03 ——=
\\ 20
1.00E-04 22

24

& 1.00E-05
@ —&—26
1.00E-06 28
1.00E-07 ——30
32
1.00E-08 36
1.00E-09 =¥=40
1.00E-10

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Detuned Wavelength (nm)

Figure 3.10 BER performance characteristics with the Nortel PIN receiver combined with 7.5GHz external
electrical filter

The experimental results in Figure 3.9 and Figure 3.10 showed the BER
performance characteristics against different detuned wavelengths at several
interferer attenuation levels. When the interferer signal was attenuated by -32dB or
more, the BER of both systems did not show BER performance changes of more
than 1 order of magnitude, for the detuned wavelengths up to 0.08nm (10GHz).
When the interferer was experiencing less attenuation, the BER changes are more
significant due to the stronger influence from the interferer signal causing more noise
and errors. For interfere attenuation of -18dB the ED was unable to synchronise to
the pattern at detuning of less than 0.03nm, therefore, the BER measurement was not
available at those points. At -20dB to -24dB interferer attenuation, each -2dB change
in attenuation represented 1 order of magnitude increase in the BER performance.
The BER performance was improved by 4 orders of magnitude as detuning the
interferer wavelength from 0 to 0.08nm. At the same interference levels and through
the use of a7.5GHz bandwidth electrical filter after the receiver, the improved by 5

orders of magnitude as the interferer wavelength is detuned from 0 to 0.08nm.
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Comparing with the case without the filter, the filtered signals have better
performances beyond 0.05nm detuning. At 0.08nm detuning, their BER performance
is on average 1 order of magnitude better than the receiver only case which
contained a filter with 10GHz bandwidth. For interferer signals attenuated by more
than 24dB, the BER performance enhancement by filtering was less effective, since
the interferometric noise was also weaker.

Figure 3.9 and Figure 3.10 can also be plotted in the classical crosstalk

representations, as in Figure 3.11 and Figure 3.12.

1.00E+00
Detuned
1.00E-01 Frequency
(GHz)
1.00E-02
1.00E-03 ——0.00
—8-1.25
1.00E-04
[ —4—2.50
g 1.00E-05 —3¢=3.75
1.00E-06 —#=5.00
—0-6.25
1.00E-07
7.50
1.00E-08 8.75
1.00E-09 | 10.00
1.00E-10
-40 -35 -30 -25 -20 -15
Interferer attenuation (dB)

Figure 3.11 BER performance verses interferer attenuation levels, Nortel PIN Rx only
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Figure 3.12 BER performance verses interferer attenuation levels, Nortel PIN Rx with 7.5GHz electrical
filter

Rx with 7.5 GHz filter, 0.7dB additional optical
power was needed to achieve the same BER at 10

Rx only, without additional filter
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Figure 3.13 Eyes of the received data signal at 10° BER, left: No filter applied, right: 7.5GHz filter with
0.7dB more optical power than the left eye

The effect of the electrical filter is clearly visible when comparing the two
results. Detuning the interferer away from the data frequency has moved the curves
downward, representing better BER performances. On the other hand, the BER
performance for detuned frequencies 0GHz, 1.25GHz and 2.50GHz in the case with
the additional filter is not as good as the case without it. Since a 0.7dB increase in
data signal power was needed to compensate for the extra 7.5GHz passive filter in
order to achieve the same BER floor of 107°. This passive filter attenuated the RF

output by 1dB, also because of the narrower bandwidth of the 7.5GHz filter, the
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received SNR decreased by as much as 2.7dB as result of reduced eye height and eye
width along with some phase distortions. Increasing the optical power compensated
for the eye height reduction, but the eye width reduction and phase distortions after
the filter were not compensated. As can be seen from Figure 3.13, even at the same
BER, the SNR of the receiver only case is 1.7 higher than the compensated eye when
the 7.5GHz filter is applied. When the interferer is very close to the data signal
frequency, the BER performance of the case with the 7.5GHz filter will be more
sensitive to interferometric noise, as it already has a lower SNR. Therefore, when the
interferer is within 3.75GHz from the data signal frequency, the BER performance is
not as good as the case with only the receiver. The additional filter does not have a
significant effect on the interferometric noise in the region where the beat frequency
is <3.75GHz because the filter cut-off frequency is at 6GHz, so as soon as the
interferer is detuned by more than 5GHz, an improved BER performance can be seen
with the narrower bandwidth filter applied, even for an relatively lower data signal

SNR.

3.4 Simulation
3.4.1 Model of the experiment

To enable an extended investigated analysis of the impact of filtering
simulations were performed in OptSim. This platform was chosen for this simulation
requiring physical layer modelling as it considers both electrical and optical effects,
and it also allows customised filter to be imported so that comparisons between the
ideal and actual electrical filtering effects are possible. The filter response of the PIN
receiver and 7.5GHz electrical filter response were imported into OptSim, since the
electrical filters in OptSim do not have identical responses to these physical filters, to

allow validation against the experimental results.
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Figure 3.14 Simulation schematic mirroring the experimental setup

In OptSim, a sample mode simulation with an identical schematic to the
experiment setup in Figure 3.8 was constructed, as shown in Figure 3.14. The
polarisation controllers were not represented in the simulation, this is because in
OptSim the optical signal’s polarisation can be set to “single polarisation”, therefore,
the polarisation is assumed to be always aligned. This setting gives the worst case
performance when simulating interferometric noise, which served the same purpose
as the polarisation controllers used in the experiment. The signal bit streams are
generated by a PRBS logical source and then it is converter to an electrical signal by
a laser driver module. The external laser modulator then modulates this electrical
signal on to a CW signal generated by a laser with linewidth at 1 MHz, which is the
same as the datasheet specified DFB laser linewidth used in the experiment. The
modulator has a realistic ER of 10.3dB to match those measured during the
experiment. In this simulation, a Pseudo Random Bit Sequence (PRBS) electrical
signal is generated for both the source and interferer, except the interferer signal was
passed through a fibre module in OptSim that is 4km longer than the source signal to
decorrelate the bit streams. These two de-correlated optical signals were then passed
through a 50:50 dual input and dual output optical coupler and fall on to the PIN

receiver.
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The wavelength of the interferer laser could be adjusted at each simulation
run to simulate the effect of the wavelength of the crosstalk signal moving away
from the data signal. The interferer laser source was turned off initially to allow a
reference BER of 1 x 107° to be obtained from the data signal. The power of the
interferer signal was controlled by an attenuator while the data signal attenuation was
held at the value used to obtain the reference BER.

The data signal’s laser wavelength was set to 1551.012 nm. This value is the
same as the fixed wavelength laser source used in the later experiment. The crosstalk
laser wavelength was also set to 1551.012 nm to simulate the heterodyne incoherent
beat noise crosstalk condition, this wavelength was then changed each run at 0.01
nm step with a total of 8 steps to 1551.092 nm so that wavelength detuning of up to
0.08nm can be simulated. The interferer attenuation was changed at the same steps
as the experiment.

Similar to the experiments, the simulation was carried out for two conditions.
The first condition is when only the internal 11GHz bandwidth post detection filter is
present between PIN receiver and the ED; the second condition is when the Receiver
and its internal 11GHz bandwidth filter is combined with a 7.5GHz low-pass filter.
The filter responses are made by importing the frequency responses of the PIN
receiver and the combine frequency response of the PIN receiver with the
Picosecond 7.5GHz filter into OptSim’s customised filter. The frequency responses
were measured on a Lightwave Component Analyser (LCA) and then imported into

OptSim.
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3.4.2 Simulation Results
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Figure 3.15 BER performance simulated characteristics with PIN receiver only and no external filter

applied
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Figure 3.16 BER performance simulated characteristics with PIN receiver combined with customised filter
using the measured filter response from the 7.5GHz filter used in the experiment

These simulation results show similar trends to the experimental data. A
detailed comparison of the simulation results with the experiment results will be

presented in the next section.
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The simulation results can also be represented in the classical crosstalk plot,

as in Figure 3.17 and Figure 3.19.
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Figure 3.17 Simulated BER performance verses interferer attenuation levels for Rx only case
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Figure 3.18 Simulated BER performance verses interferer attenuation levels for the PIN Rx + 7.5GHz

filter case
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3.5 Analysis of Experiment and Simulation Results

The simulation results will need to be validated by the experiment so that the
simulated system can be used in the varying filter bandwidth analysis. Since there
are many sets of results to compare, in order to make the presentation clear, only the
results at the -20dB interferer attenuation level were compared. Among all the fully
measured experiment and simulation results, this set of result was chosen because it
represents the strongest effect of the interferer which lead to the largest change in

BER, as the wavelength of the interferer was being detuned away from the source

wavelength.
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Figure 3.19 Comparing simulation and experiment results at -20dB interferer attenuations with PIN Rx
only

Both the simulated BER and the measured BER from the experiment
at -20dB interferer attenuation level is shown in Figure 3.19, they follow the same
trend of increased BER performance as the interferer moves away from the source,
and the resulting points are very similar for detuned wavelengths 0.03nm and
0.08nm, the differences increased to 1 order of magnitude when no detuning was
performed, i.e. when the frequency separation between the interferer and the source
is <3.75GHz. This difference could arise from the BER estimator in the simulation

which calculates the BER from the Q-factor of the received simulated eye. The
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simulated system estimates the BER instead of counting the actual error in contrast

to the ED in the experimental setup, to reduce memory requirement and simulation

time.
1.00E+00
—Il—Experime'nt, 7.5GHz filter (-20dB)

1.00E-01
1.00E-02 %_T\-\ —&+Simulation, 7.5GHz|simulated|Bessel filtf (-20dB)
1.00E-03 \ J Simulation, 7.5GHz|measured filter(-20dB)
1.00E-04 3

-3

Gi 1.00E-05 \\

m ~

1.00E-06 \
1.00E-07

N
\\ﬂ
1.00E-08
N
1.00E-09
1.00E-10
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Detuned Wavelength (nm)

Figure 3.20 Comparing simulation and experiment results at -20dB interferer attenuations with PIN Rx +
7.5 GHz filter

Similar observations were found in Figure 3.20 where an additional 7.5GHz
filter is used in combination with the receiver, with the largest difference between
the experimental results and the simulated results being one order of magnitude. In
the two simulation results, the BER of the imported filter response and the simulated
response of the 4™ Order Bessel filter differed by less than 1 order of magnitude.

Looking at the classical crosstalk representations, comparisons between the
simulation and experiment results also show the accuracy of the simulation in
estimating the BER performance from the received signal eye, the comparisons are

shown in Figure 3.21 and Figure 3.22.
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Figure 3.21 Comparing simulation and experiment results at 0,5,10 GHz frequency separation, Rx only
case, “Sim” indicates Simulation result and “Exp” indicates Experiment result
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Figure 3.22 Comparing simulation and experiment results at 0,5,10 GHz frequency separation, Rx +
7.5GHz filter case, “Sim” indicates Simulation result and “Exp” indicates Experiment result

In both cases, detuned frequencies of 0, 5 and 10 GHz were selected for
comparison to keep the result clear. For the receiver only case, the two sets of results
matches closely at 0GHz and 10GHz frequency separation, where the BER
difference is less than half an order of magnitude, at 5GHz frequency separation, the
results has a larger BER difference that is 1 order of magnitude, at -22dB to -26dB
interferer attenuation levels. For the case of receiver and filter combined, the two

sets of result did not match as well, large differences between the simulated and
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experiment results also occurs at 5GHz frequency separation (or 0.04nm detuned
interferer wavelength), with the largest difference being 1.5 order of magnitude apart.
This difference is again due to the fact that the simulation estimated the BER using
the Q-factor, the optimum decision threshold of the BER estimator was also
determined by assuming the arc-sine (another description is “two pronged”)
distributed interferometric noise as a Gaussian distributed noise. The biggest
difference occurs at half way through the detuning which is 5GHz, could be due to
the fact that this area is there a Gaussian approximation would give a large error in
decision threshold and thus Q-factor and BER estimation error. It is known that
using a narrower filter bandwidth can revert the arc-sine distributed noise to a
Gaussian-like shape [67], the following analysis presents how the noise term changes
as a result of detuning the interferer and it was carried out using the 4™ order Bessel-

Thompson filter.

3.5.1 The Effects of Receiver Electrical Filter Bandwidths

This section aims to investigate the effect of electrical filter on the
interferometric noise, at the presence of a frequency detuned interferer. In the
experiment, a fixed bandwidth 4" order Bessel-Thompson filter was. In this section,
we discuss how alternative filter bandwidth can affect the BER performance. The

general Bessel-Thompson filter has the following transfer function:

By

HY) = o5—9—
k=0 B y¥

(3.5)

Where B is the filter coefficient used for designing analogue filters [68] and n

is the order of the filter, which at 4th order, becomes:

105
105 + 105y + 45y2 + 10y3 + y* (3.6)

H(y) =
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where y = j = jwt, is the normalised frequency variable and t, is the
asymptotic group delay constant.

Below are plots of the filter characteristics when the filter cut-off frequency

is at 10GHz.
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Figure 3.23 Modulus and Magnitude of the BT filter used in the numerical evaluation

The ideal 4™ order Bessel-Thompson filter has a nearly flat gain up to the
cut-off frequency. The impulse function was obtain by performing an inverse fast
Fourier transform (IFFT) of the frequency domain filter response as the 4™ order
Bessel-Thompson filter impulse function does not have a simple time domain
representation. The analysis here has been done using numerical methods with the
noise term created in Matlab using equation 3.4. The filtered signal is obtained by
convolving the interferometric noise with the filter impulse function, this process is
simplified by multiplying the signal and filter response in the frequency domain and
then transform the product back to the time domain using IFFT.

The filtered interferometric noise component of the signal using the 4™ Order

Bessel-Thompson filter is shown below. Frequency separations between the data and
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the interferer of 10, 7.5 and 5 GHz are shown in Figure 3.24, Figure 3.25 and Figure

3.26 respectively.
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Figure 3.24 Normalised occurrence of the filtered noise term, when the signal-crosstalk separation is at
10GHz, Interferer power is 15dB below the data signal
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Figure 3.26 Normalised occurrence of the filtered noise term, when the signal-crosstalk separation is at
5GHz, Interferer power is 15dB below the data signal

From Figure 3.24 through to Figure 3.26 it can be seen clearly that as the
signal and interferer moves further apart, the filtering becomes more effective at
reducing the interferometric noise’s width. If the width of the interferometric noise is
large it may cross over the detection threshold and cause error during detection, thus

decreasing the BER performance.
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Figure 3.27 Summarising the results in Figure 3.24, Figure 3.25 and Figure 3.26

The results are summarised in Figure 3.27, it was seen that with a large

frequency separation of 10GHz, the narrowing of the filter bandwidth from 12.5GHz
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to 7.5GHz filter bandwidth is able to reduce the amplitude width of the noise
component by about 0.2 unit of normalised noise amplitude. While narrowing to a
5GHz filter bandwidth the width can be reduced by 0.4 unit, this represent the high
occurrence peak of the interferometric noise having moved away from the detection
threshold by 0.1 and 0.2 units respectively. As the frequency separation between the
data and interferer reduced to 7.5GHz then 5GHz, the bandwidth of the filter
becomes less effective. At 5GHz filter bandwidths, the noise width reduction is only
0.3 and 0.2 units for 7.5 and 5 GHz frequency separations, respectively. This
explains why in both the experiment and the simulation results the BER performance
could be up to 5 orders of magnitude better as the interferer is detuned by 0.08nm
(10GHz) away from the data signal frequency, especially for high interferer powers
levels. The filter bandwidth of 2.5GHz are also included for reference, but it will be
unlikely that using this filtering bandwidth will improve the BER performance, on
the contrary, if the filter bandwidth is too low e.g. when less than 5GHz, the receiver
and filter may removing parts of desired data signal along with the interferometric
noise, causing inter symbol interference (ISI), because the high frequency

components were filtered and this cause the received eye width to reduce as a result.
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Figure 3.28 Simulated BER performance for a range of ideal Bessel filter bandwidths, data and interferer
at 10GHz frequency separation
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The BER performance of the simulated system with filter bandwidth ranging
from 5 to 11 GHz is shown in Figure 3.28, here the data and interferer frequency
separation is 0.08nm (10GHz). For a filter bandwidth of 7GHz, the received signal
have the best BER performance, at higher bandwidth the received signal
performance is interferometric noise limited, and at lower than 7GHz bandwidth, the
BER performance start to decrease due to ISI. When the bandwidth of the filter is
higher than the receiver’s internal filter bandwidth, the system performance is

determined by the smallest filter bandwidth, in this case the receiver’s bandwidth.

3.6 Conclusions

In this chapter, we have investigated and the relationship between the BER
performance and the electrical filter characteristics for various levels of interferer
power, in the condition when interferometric noise is present. The less strictly
defined wavelength unique to access networks was taken into account for the first
time. The experiment results demonstrated that, for > 0.04 nm (5 GHz) interferer
detuning, by adding a 7.5GHz bandwidth electronic filter after the 10Gb/s PIN
receiver, the received BER performance is better than using a receiver alone (11GHz
internal filter bandwidth). A simulation of the experimental system was also
constructed in order to analyse a full range of filter bandwidths. The simulation
system was validated by comparing to the experiment results, same trends were
observed and the largest difference between the simulated and measured BER
performance is less than 1.5 orders of magnitude apart.

An analytical model was also developed to evaluate the impact of receiver
filter bandwidth on IN, the frequency separation between the interferer and data
caused by not strictly defined wavelength was taken into account. In conclusion, the

BER performance characteristics will change with the choice of electrical filtering in
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the receiver. It was found that using a narrower filter at 70% of the receiver
bandwidth can reduce the interferometric noise amplitude while not causing
significant ISI. The effectiveness of the filtering increases with the frequency
separation of the data and the interferer, resulting in performance gain of the

received data signal.
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Chapter 4. Optical Burst Equalisation in
Next Generation Access Network

A number of deployed and proposed PONSs utilise burst mode Time Division
Multiple Access (TDMA) to make efficient use of the bandwidth available in the
upstream direction. As bursts are transmitted through optical fibres with varying
distance for each ONU link, there will be un-even optical burst power loss between
the ONU and the OLT. Therefore, bursts arriving at the receiver will have different
optical powers, as illustrated in Figure 4.1. A burst travelling through the shortest,
lowest loss part of the distribution network will have relatively high power at the
exchange site, usually called a “loud” burst; the low power burst which travelled
longer distances or experience more split loss is often called the “soft” burst. The
power ratio between the two bursts is called the loud/soft burst power ratio [69],
when express in dB and from the receiver’s perspective it is called the dynamic

range.
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Figure 4.1 PON upstream with ONU located at uneven distance resulting in burst power difference

In the current GPON and EPON standards the transmission distance may be
up to 20km, however, distances of 60km or even 100km have been proposed for the
next generation access [39]. Therefore, the dynamic range or differential path loss
due to burst-burst power variations may exceed the network specified, for example
15dB requirement in the GPON standard. Standard continuous mode receivers are
not designed to adapt to these power variations or achieve phase alignment on a
burst-by-burst basis in a nanosecond time scale. This will be especially critical in
Next Generation PONs (NG-PONs) where the threshold adjustment time will be
even shorter due to the higher data rate. Burst mode receivers (BMR) are available
for current 2.5Gb/s GPON, and although they are beginning to emerge for NG-PON,
the 10Gb/s BMR’s complexity and high cost may be reduced if a burst equalisation
scheme was employed at the local exchange or just before the OLT.

In a backhaul amplified PON network, the optical amplification can usually
be achieved by using EDFAs or SOAs. Since the power level of the OLT transmitter
is constant and the EDFA have a high gain and low noise figure, this makes EDFA
ideal for broadcast type downstream transmission. In the upstream direction, the data
is transmitted from several ONUs in a series of bursts to the OLT, in order to avoid
noise funnelling, the ONUs need to be gated, which mean it is only switched on for
125us at each burst of data. Both the “loud” and “soft” burst will appear in the
upstream, this on-going optical power change requires the intermediate site upstream
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optical amplifier to have a fast gain recovery time in order to maintain a near
constant intra-burst power levels. If the gain recovery time is too long and the
intra-burst power difference is too large, then the preamble used by the receiver to
initially set the decision threshold will not be the optimum threshold for the data
payload. As mention in section 2.2.2, EDFAs have a relatively long gain recovery
time at 110 to 340us which is too slow compared to the 125us burst duration in
current PON requirements. In this aspect, the SOAs have many advantages for the
upstream burst-mode operation, including high gain and fast gain recovery time at
typically 280ps [70]. Recent research and proposed future access network
technology [4, 14] also indicate that SOAs or EDFAs will be placed in PONs as
reach extenders. As these active optical amplifiers are already part of the network,
they could be used for all-optical burst equalisation with minimal modification to the
network and could potentially allow standard receiver components to be used, further

reducing the cost of the access network.

Before Equalisation After Equalisation
ONU 1
1 km
| Standard
O 20 to 100km Rx
ONU 2
20km Limiting Optical Amplifier

Figure 4.2 PON upstream with burst equalisation using an optical limiting amplifier

The gain saturation effect of the Semiconductor Optical Amplifier (SOA)
enables it to act as an optical limiting amplifier, reducing the difference in burst
amplitudes and allowing the bursts to have similar detection thresholds at the
receiver as shown in Figure 4.2. The advantage over electronic burst mode receiver
is that the need for rapidly variable threshold detection and adjustment is removed,

possibly allowing much cheaper burst mode receiver or even standard receivers to be
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used. This chapter reports on the investigation of this concept of using the SOA as a
limiting amplifier to achieve power equalisation of optical bursts by both simulation
and experiment. We also suggest that appropriate optical filtering may to be
implemented to minimise the effect of spectral broadening of the equalised signal as
a result of the SOA saturation.

In this chapter, section 4.1 explains the SOA characteristics and the reason
that saturation of the SOA can cause non-linear effects in the amplified signal.
Section 4.2 describes the modelling of pulse travelling through the saturated SOA, it
also explains the chirp and spectral characteristics. Section 4.3 applies the model to
bursts of binary data, the burst are at different power. An extension of the model was
also applied and they are compared in terms of their accuracy to simulate the output
signal in the time domain and the saturation characteristics of the SOA. The
shortcomings of the models used are explained and future adjustment to the model is
also suggested. Section 4.4 explains the saturation induced spectral broadening and a
solution to reduce the non-linear effect by optical filtering. Section 4.5 describes and
analyse the results of the experiment that was set up to test the burst levelling using
saturated SOAs and the use of optical filtering to reduce the non-linear effects

caused by saturation.

4.1 SOA Characteristics
4.1.1 Non-linear Gain Saturation of the SOA

The amplification operation of SOA is based on the population inversion of
electrons and the stimulated emission process in the SOA active region. This
stimulated emission is optically confined to the active region due to the refractive
index difference which exists between the active region and the cladding p-type and

n-type regions. The fraction of the energy confined within the active region is known
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as the optical confinement factor I' [71]. As described in section 2.2.3, the population
inversion is maintained by electrically pumping the SOA. When the input signal
power is high, the rate of pumping is insufficient to keep a large number of electrons
in the excited state. The SOA is considered in saturation because the rate pumping is
limiting the rate of photon emissions and therefore, limiting the gain. The following
experimental characterisations measured the non-linear gain saturation of the SOAs
used in this work.

Two optical amplifier models were available, one designed as a pre-amplifier
and one as a booster amplifier. The saturation characteristics of the pre-amplifier
SOAs (Kamelian OPA-20NC-FA) used in the experiment were measured with an
EDFA amplified CW laser input to drive the SOA into saturation. The input verses
output power and the gain saturation characteristics are presented in Figure 4.3. The

booster amplifier (Kamelian OPB-15NC-FA) characteristic is shown in Figure 4.4.
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Figure 4.3 Pre-amp SOA input/output power and static gain saturation characteristic
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Figure 4.4 Booster SOA input/output power and static gain saturation characteristics

We will now consider the gain performance of the SOA when the signal
power originated from the ONU was transmitted through the distribution network
and power splitters based on the above characteristics. The received power at the
local exchange is typically below -15dBm due to splitter and optical path loss. A pre-
amplifier (pre-amp) operating in the linear region was needed to provide sufficient
gain to saturate the booster SOA which functions like a limiting amplifier. Figure 4.3
showed that the pre-amp when operating at -15dBm or below has a 21.7dB linear
unsaturated gain, which can provide up to 6dBm input power to the booster SOA
which is inside its saturation region. In Figure 4.4 the dotted arrows highlight that an
input signal of power -5dBm will experience a gain of 11.8dB while an input signal
at 10dBm power will experience only 5dB gain, therefore, reducing the power
difference between the two signals from 15dB to 8.2dB at the output of this SOA. In
terms of bursts, the “soft” burst will experience more gain than the “loud” burst, thus

the burst could be equalised.
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Figure 4.5 Booster SOA output power saturation characteristics at different SOA bias current

The pre-amp has a fibre to fibre maximum or unsaturated gain of 21.7dB and
the booster has a maximum gain of about 12dB, while they both have a saturation
output power P,s: at around 12.5dBm, which is defined as the amplifier output
signal power when the amplifier gain has fallen by 3dB from its small-signal gain
maximum|[72]. The output power in deep saturation can reach as high as 15.5dBm in
this static characterisation with a CW input. From Figure 4.5 it can be seen that the
maximum saturation power depends non-linearly on the bias current, this
characteristic can be explained by the number of electrons pumped into the device
and the electron depletion as a result of gain saturation. Higher input bias current
results in higher output power for the same input power, which effectively increases
the saturated output power and the gain at high saturation. This is because an
increase in bias current directly increased the number of electrons being pumped into
the SOA and the electron depletion rate will therefore, be balanced out by the
pumping which makes it harder for the SOA to saturate. It is also observed that the
unsaturated gain does not change linearly with bias current, when the bias current is

above a certain threshold, in this case 70mA, the increase in unsaturated gain is very
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small compared to the increase in bias current. This is because in the unsaturated
region, above the threshold bias current the electron density becomes sufficient for
stimulated recombination and the unsaturated gain has reached its maximum. In the
following experiments a 200mA bias current was used for both SOAs, because it is
the typical operating bias current for this SOA which provides high gain and fast
gain recovery. The gain recovery time decreases with increasing bias current and the
length of the SOA active region, it is usually 200ps for commercially available
SOA:s [36].

Modulated optical signals contain the energies carried by the binary “0s” and
binary “1s”. For a semiconductor laser with an external modulator the energy
emitted in the binary 0 bit period is non-zero, with the value depending on the design
and drive of the modulator. The Extinction Ratio (ER) is defined as the ratio between

the power associated with the “1s”, Py, and the power associated with the “0s”, P,.

P
Extinction Ratio (dB) = 10 - logy, (P_1>
0

The SOAs amplifies both the energies of the “1s” and the energies of the
“0”s. The addition of amplified spontaneous emission (ASE) noise as a result of
using the SOA effectively reduces the ER, therefore, keeping the ER high while
amplifying/levelling the signals is desirable but will be difficult, because there are
also saturation induced distortions that occur at gain saturation due to the carrier
density modulation, which also reduces the ER and hence impact the performance of

the equalised signal.

4.1.2 Saturation Induced Phase Modulation in the SOA
The normal use of SOA is for amplifying modulated continuous optical

signals, if the signal power is high then gain saturation will occur and this will not be
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a major problem if the SOA gain dynamic is a slow process. The gain dynamics of
an SOA is determined by the carrier recombination lifetime, which is typically
hundreds of picoseconds. With a 10Gb/s modulated signal at the input to the SOA,
the gain dynamics of the SOA used in NG-PON will be very fast as the pulse width
is only 100ps which is in the same order as the carrier recombination lifetime.
Furthermore, for the purpose of signal power levelling or equalisation, the booster
SOA will be operating in saturation mode, hence a SOA model that considers the
fast gain dynamics is needed for the performance analysis of the burst equalisation
system.

Considering a SOA operating in deep saturation, as the signal power
increases the electrons in the active region become depleted resulting in a decrease in
amplifier gain. A fast changing modulated signal will cause fast depletion and
injection of electrons into the SOA active region, which changes the refractive index
as a result of the Kramers—Kronig Relations [72]. Therefore, operating the SOA
under deep saturation will equalise the signal power but it can also cause unwanted
distortions in the equalised signal due to the carrier density modulation in the SOA
active region. The distortions in the equalised signal may damage performance, they
will need to be taken into account when simulating and modelling the optical burst
equalisation system. The refractive index change in an SOA active region may be
understood through the complex refractive index n(t) = n'(t) + jn" (t), where the
real component n’ is the real part of the refractive index representing phase
modulation, and the imaginary component n" indicates the gain modulation within
the active region [44]. The parameter relating these two components is the linewidth

enhancement factor (also known as the chirp parameter) a, [44].
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Rate of change of the refractive index

An’ _ with carrier concentration
An'’ Rate of change of the gain
with the carrier concentration

a =

Considering an electromagnetic wave propagating in the z-direction through

the SOA, it can be described using the equation:

E(t,z) = E, - exp[—j(wt — Bz)] (4.1)
where

E, is the field constant,

B = 2xnlim = (w/c)n is the propagation constant relating to the refractive index,

n is the refractive index,

Am = AInis the local wavelength in the propagation medium,

A is the free-space propagation wavelength, and w = 2xzf is the angular
frequency.

When an input signal travels through an SOA it will cause carrier density
modulation, which changes the propagation constant S via refractive index
modulation, therefore, the phase of the propagating signal is modulated by the B
parameter and by the change in refractive index.

When the gain of the active region is saturated by an incoming pulse, it does
not recover instantly. The leading edge of the input pulse will experience the full
gain while the trailing edge experiences less gain as the gain saturates during the

pulse. The phase change in this process is characterised by Agrawal’s equation [42] :

% _ —lag(z, t) (4.2)

0z 2
where
¢ is the phase,

a 1s the linewidth enhancement factor or chirp parameter and,
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g is the time dependent gain of the active region.
Since the incoming pulse modulates its own phase at gain saturation, this

phenomenon is also called Self Phase Modulation (SPM).

4.2 Simulating Self Phase Modulation with a Single Pulse

A dynamic model that considers the SPM effects is the SOA model required
in this work. The first part of this study is based on Agrawal’s model [42]. The
model is a dynamic description of the signal in the SOA, taking into account the
temporal characteristics of the carrier lifetime. It was first written in Matlab code
based on the following theory and equations and will later be used in OptSim as a
CCM (Custom Component for Matlab).

dh _ goL —h Pin
dt T, Esqt

[exp(h) — 1] (4.3)

where

h is the natural logged gain, i.e. In[G (7)], of the SOA active region,

JoL is the small signal gain,

T iIs the carrier lifetime,

P;,, is the input pulse instantaneous power,

E,4: 1S the saturation energy and,

note here that G, = exp(g,L) is the unsaturated amplifier gain [42].

The output pulse shape can then be obtained from this equation:

Pout(T) = Pin(Dexp[h(D)] (4.4)

where P, is the instantaneous output pulse power. The term h(7) is the gain

of this theoretical SOA and is solved from Equation 4.1 using the Runge-Kutta 4"

Order numerical integration methods.
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The frequency chirp is also given in [42], based on the phase change

described earlier.

P ldp  adh  a Py
V= 2ndr 4mdt  4AmEg,

[G(7) —1] (4.5)

A Matlab simulation of a travelling pulse was created by using Equations 4.1
to 4.3, the results generated and shown in Figure 4.6 through to Figure 4.8 was
validated by comparing with the results given by the paper [42]. This validation
process was important because it can reveal errors in the programming and it can
confirm that the time domain and frequency domain signal behaviours are identical

to the known results before moving on to using the model for further simulations.
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Figure 4.6 Time domain signal frequency shifted
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Figure 4.8 Power Spectra of the shifted signal

The model was successfully validated because all three simulation results are
identical to the ones presented in Agrawal’s paper [42] for a Gaussian pulse input,
with a linewidth enhancement factor of 5. As well as validating the model, these
results also provide easy to understand details of the SPM and chirping of the input
pulse. A shift of the pulse towards the lower frequency side was observed as the

amplifier gain increases to 30dB. The leading edge of the pulse has a higher gradient
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than the trailing edge of the pulse, because the leading edge experienced more gain
thus higher magnitude of phase shift than the trailing edge. The chirp shape in Figure
4.7 corresponds to the frequency shift in Figure 4.6, the power spectra in Figure 4.8
also showed a shift towards the low frequency side which resulted in spectral
broadening of the pulse. It is expected that with a large number of pulses, the chirp
effect on a signal pulse is re-produced on every bit of the actual signal that travel
through the amplifier under saturation, which cause significant overall spectral

broadening in the received signal spectrum.

4.3 Simulating the Equalisation of Bursts

The RSoft OptSim package was used to perform system simulation of optical
networks. OptSim is designed for simulating and analysing signal propagation and
performance of optical systems, it contains a large amount of built-in components
such as lasers, modulators and measurement probes. This allows fast prototyping of
an optical system, it also considers logical and electrical signals, so that the input
signal can be adjusted to suit the need of the system. The physical layer burst
structure was deduced from the GPON standard’s upstream frame structure [29] and
applied using 10Gb/s data rate, as the burst structure information in the NG-PON
standard was not available at the time of this work. It is also expected that NG-PON
will have a similar physical layer burst structure based on the timing definitions used
in GPON. The frame length is fixed at 125ys, if a single burst occupied one frame,
the burst will be 125us long (1.25 x 10° bits at 10Gb/s). At the beginning of each
burst, the physical layer overhead is a mandatory 192 bits. That includes 64 bits for
the guard time, 108 bits for the preamble (101010...10) and 20 bits for the delimiter
(ten 1s and ten 0s). To reduce the simulation time, the payload of the burst is reduced

to 500 bits, because the receiver relies on the overhead section to determine power
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threshold of the incoming burst, the preservation of the overhead time is important
while the payload section will only extend the simulation time.

When the desired component with the required characteristics are not
available in OptSim, the software package also supports the importing of a special
customised component, whose behaviour during the simulation is described by an
external Matlab script, called the Custom Component for Matlab (CCM). Such a
component executes an external routine in Matlab to perform the custom transfer
function on the signal from OptSim. Agrawal’s SOA model [42] that was written in
Matlab code was modified so that it becomes a transfer function routine in the
simulation. The Gaussian pulse input was adapted to accommodate a stream of data
array passed down from any previous OptSim component. The output of the CCM
no longer generated a result set in Matlab, instead a stream of data array containing
the complex electro-magnetic field information represented optical signal was pass
onto any next component in OptSim. The CCM was managed in a transparent way in
the simulation with optical input and output signals, therefore, it behaves like a black
box optical component in the system simulation. The component also had an
externally adjustable gain variable. Instead of using a Gaussian pulse, a random
sequenced binary signal was used at the input to modulate the laser in the simulation.

Also a burst generator unit was written as a Matlab component that generates
bursts of equal power level with the two outputs of the generator feed alternating
burst with set guard time, preamble and delimiter to the external modulator. Lasers
with 0dBm power were modulated with the bursts, while the attenuators have losses
of 10dB and 5dB respectively, so that the bursts entering the SOAs are at 5dBs apart.
The preamp SOA had a 26dB gain and the booster had a 16dB gain. The system

schematic in OptSim is shown in Figure 4.9.
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Figure 4.9 Burst Equalisation Simulation using Customised MATLAB Component (CCM)

The initial OptSim results using the Agrawal’s SOA model were not ideal, as
there are gain spikes occurring at the beginning of each burst and the gain does not
seem to recover afterwards, causing a larger than expected gain distortion that is
almost one third of the burst amplitude. The reason is that the initial model used a
fixed-step solver to solve h in differential equation 4.3, where the accuracy of the
solution is proportional to the step size of the solver [73]. At the beginning of each
burst, the sudden rise of the optical power created a large error in the gain which

caused the high spike at the beginning of the bursts.
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Figure 4.10 Input bursts (left), Gain spike in time domain simulated SOA output (right)

Although a 0.75 bandwidth filtering of the input electrical signal was used to
smooth the edges of the pulses in the input bursts, the gain spike still remained
significant. The result is shown in Figure 4.10. A variable step size is required so

that when the system state is changing rapidly the step size is reduced to provide
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better accuracy. This variable step solver is provided in Matlab’s tool box and it is

also based on Runge-Kutta 4™ order numerical solver used for this simulation.
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Figure 4.11 Agrawal’s model, SOA gain saturation characteristics compared with the physical SOA
measurements

Although Agrawal’s model predicts the temporal effects on the signal well
and fits the experiment result better than the built-in model in OptSim, it did not
equalise the burst well. This can be explained by the simulated power saturation
characteristics seen in Figure 4.11. At high input power, the physical SOA output
power saturates; the curve representing the physical SOA in Figure 4.11 started to
saturate at around 15.5dBm output power, as the input power equals the output
power. However, the output power in the simulation result did not saturate and kept
increasing. This suggests that the effects that cause gain compression at high
saturation are not correctly modelled. The unsaturated output power in the simulation
results was also constantly higher than the physical SOA measurements as well.
Therefore, in an attempt to model the high saturation regime characteristics of the
SOA, a more recent model developed by Mecozzi et al. [49] based on the extension
of Agrawal’s theory was tested, as it included the dependency of SOA gain on the
energy distribution of carriers which was neglected in Agrawal’s model [47]. The

hypothesis was that since these considerations contribute to gain suppression at high
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saturation, the model based on Mecozzi’s theory may result in a better simulated
SOA gain saturation characteristics.

As described in the literature review, this model was proposed in [48] as an
extension to Agrawal’s SOA model. Then a computer simulator was presented in
[49], which characterised the input to output response using three sets of differential
equations to describe a combination of interband (between the conduction and
valence band) and intraband effects (energy distribution of electrons in the
conduction band). These changes all contribute to the overall complex gain across
the active waveguide, which are related to three different physical processes: one
interband effect, the Carrier Density Depletion (equation 4.7) which is similar to
Agrawal’s equation 4.3 and the two ultrafast nonlinear intraband processes (Spectral
Hole Burning and Carrier Heating), as described by equations 4.8 to 4.9. The input
signal at a specific wavelength causes stimulated emissions only between specific
energy levels in the SOA active region material, at high input power this burns a hole
in the conduction band since the electrons at that specific level are depleted [74], this
is called Spectral Hole burning (SHB). This temporarily changes the carrier density
until the hole is filled by carrier re-distribution after a time t; which is the spectral
hole burning time. Carrier heating is the effect for changing the carrier distribution
temperature to reach the lattice temperature of the semiconductor material, the
resulting increase in temperature decreases the gain [72]. Two mechanisms can
induced the heating, they are free carrier absorption which moves carriers to higher
energy levels in the band and carrier-carrier scattering which allows carriers with
high temperatures to share their energy with the rest of the distribution. Therefore,
the overall gain profile is a sum of all three transfer functions relating to both the

interband and intraband effects [49] as in equation 4.6. The following Ordinary
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Differential Equations (ODE) were taken from [49], they were implemented in the

SOA model with a variable step solver in Matlab.

G(t) = exp[gm(t)] = exp(hy + hspp + hen) (4.6)
dhy  hy 1 Yo
it - 7, P [G() — 1]Pin (D) + o 4.7)
dhsup _ hsup  Esue dhy dhey
i - o [6(®) = 1P () —— = —— (4.8)
dhcy  hen  Ecn
a -, 1, [G(©) — 1]Pir(2) (4.9)

Where

G(t) is the time dependent overall gain in the active region of the SOA,

gm (t) is the natural log of the overall gain;

Jo 1s the natural log of the small signal gain G, Go = exp(go);

hy, hsyg, hey are the contribution of carrier depletion, SHB and carrier
heating to the overall gain respectively;

&syp, Ecy are the gain compression coefficient for SHB and carrier heating
respectively;

T IS the total spontaneous lifetime;

T4 IS the spectral hole burning time;

T}, IS the carrier heating time;

Ps is the saturation power;

P;,, (t) is the instantaneous input power.

Once the input power and the values of these parameters are given, the ODEs
can be solved using the numerical solver in Matlab. The three contributions to the

overall gain are added together to give the natural log of the overall gain profile
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gm/(t), which can be used to calculate the output field and the overall phase change

using the equations below, again from [49].
1 1
B(t) = — EaN(hN —9Jo) — EaThCH (4.10)

Eout(t) = Ein(2) - exp(%gm +j0) (4.11)
where

@ is the phase of the output field,

ayand ar are the linewidth enhancement factor relating to carrier depletion
and carrier heating and,

%gm is the natural log of the amplitude gain.

Both Agrawal’s and Mecozzi’s theory [42, 48] assumed the SOA is an ideal
amplifier with zero internal loss, however, the waveguide internal loss will need to
be included for the SOA to simulate a real device. The internal loss can be simulated
by considering the SOA as a device divided into M segments of length Az, then
inserting linear attenuators between the segments. Each segment will have a small
signal gain that is G/, followed by an attenuator of loss A = exp(—a;n:AZ) ,
assuming a;,; = 4000m~1t, z = 500um. It was found that M=3 is sufficient to
accurately characterise the device [49]. The time domain result using the same input
as before and the new model including intraband effects, variable step size and

waveguide internal loss is shown in Figure 4.12.
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Figure 4.12 Burst at the output of the Mecozzi's model, showing reduced spike.
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Figure 4.13 Comparing the spikes in the bursts of the two models, with Gain Normalised Agrawal's model

In the result of the simulation using Mecozzi’s model the spike power is

reduced from 63.1dBm in Figure 4.10 to 33.8dBm in Figure 4.12, since the gain was
also reduced due to the introduction of waveguide internal losses. Figure 4.13 is
presented to show the reduction in the spike power without the influence of the
reduction in gain. The gain normalisation factor is calculated as the power ratio

between the two results. The result using Agrawal’s model is then normalised by this

105



Chapter 4 Optical Burst Equalisation in Next Generation Access Network

factor so that it is comparable to the result using Mecozzi’s model. This shows that
using the variable step solver as well as considering the intraband effects can
improved the accuracy of the simulation result especially when rapid changes occur

in the signal.
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Figure 4.14 Gain saturation characteristics of the two models compared with experiment result

The simulation result of Mecozzi’s model is almost identical to the physical
SOA measurement between -15dBm to O0dBm input power. Therefore, in the
unsaturated regime, the model re-produced the physical SOA results. The lowered
output power of Mecozzi’s model compare to Agrawal’s model is due to the
included waveguide internal loss. However, by using the new model the output
power saturation characteristics did not improve at the high input power, which
should have been the high saturation region of the SOA, at input powers above
0dBm.

The input and output power saturation characteristics of both SOA model
were measured and compared with the experimental booster SOA measurements in
Figure 4.14. The Mecozzi’s model showed similar trend to the physical SOA up to
about 5dBm input power. We expect the curve to flatten at 15dBm output power as
the SOA saturates then increase linearly again as the SOA will become transparent,

but the Mecozzi’s model saturates at about 10dBm output power then start increasing
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linearly. The saturation region of the Mecozzi’s model was too short compared to the
physical device, therefore, we will have to use lower input powers in our simulation,
so that we do not exceed the 5dBm input power to maintain validity of the model.
Although the SOA model is still not simulating the SOA characteristics
precisely, it is already capable of simulating the time-domain nonlinear effects of a
saturated SOA, this is important because these effects were not considered by
previous literature analysing similar methods of burst equalisation. The successful
simulation of these nonlinear effects will also provide the basis for the spectrum
analysis of the output signal from the saturated SOA, which will aid the subsequent
recover and detection of the original signal. Improvements can be made to the model
so that at the high saturation regime, the theoretical simulation matches the

experimental result more precisely.

4.3.1 Shortcomings and Adjustments to the SOA Model

The SOA models used above assumed a constant carrier lifetime at 200ps.
This assumption is valid for ultra-short pulse interactions (at less than 50ps pulse
width [75]) and the small-signal regime of SOA operation, i.e. when the SOA is
operating far from saturation, which is not the case here. In the case of pulse width
more than 50ps and less than 100ps, which is the main consideration for 10 Gb/s
access network, the saturation induced gain compression dominates. Therefore, the
response of the amplifier is mainly determined by the effective carrier lifetime,
which is carrier density dependent [75]. The effective carrier lifetime is governed by
two terms: the spontaneous emission rate and the stimulated emission rate.

To correctly model the experimental gain saturation characteristics, a carrier

density dependent carrier lifetime is required to replace the constant carrier lifetime
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parameter in the equations 4.7. The effective carrier density is given by equation

4.12in [75].

1 _ORW) dg(N)P
Torf | ON ' 0N Pegeaot (4.12)

Where

s IS the effective carrier lifetime;

N is the carrier density;

T IS the constant carrier lifetime;

R(N) is the rate of recombination;

g(N) represents the material gain;

a, is the differential gain, which is dg(N)/dN.

In a bulk SOA model, the differential carrier lifetime is simplified to equation
4.13, note that for spontaneous recombination, z.sf = 7.

1 1+4P/Pyy
Teff T

(4.13)

Therefore, when P the input power of the signal is low, P/P,,; will be very
small and can be neglected, so that the effective lifetime is the same as the constant
carrier lifetime. When the input power is high, the term P /P, is larger than one,
making the effective lifetime shorter, thus changing the gain at high input power.

The modification to the model was implemented in the simulation and the
result was compared with the experiment measurement of an SOA as shown in

Figure 4.15.
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Figure 4.15 Saturation characteristics of the models (New model has the effective carrier life time
implemented) compared with experiment results

The simulation results of both models are almost identical to the physical
SOA measurement between -15dBm to 0dBm input power. Therefore, at the
unsaturated regime, both models re-produced the physical SOA results. At high input
power, when the SOA reaches saturation, the carrier lifetime adjusted model’s gain
is saturating sooner than both Mecozzi’s model and the SOA device. The lower gain
saturation power of an SOA can limit the output power of the high powered burst
and amplify the low powered burst to achieve equalisation. The equalisation using
gain saturation is more clearly visible in the time domain result of the system

simulation.

4.3.2 Burst Equalisation Simulation Results

Using the simulation system configuration shown in Figure 4.9, and
implementing the carrier lifetime adjusted model, the time domain signals before and
after the equaliser is shown in Figure 4.16. The 5dB burst power level difference
were almost equalised and the effect of gain modulation at the leading edge of each

pulse can also be seen.
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Figure 4.16 (left) The input signal to the limiting amplifier and (right) the output signal showing amplified
and equalised bursts.

Frequency chirping is produced when the phase modulation occurs together

with the signal distortion at saturation due to refractive index changes. The signal

frequency spectrum will be broadened by the chirped component of the signal. The

simulation reflects this as the spectrum of the input and equalised signals are

compared in Figure 4.17, the optical frequency shift is clearly visible after

equalisation by a saturated SOA. The broadening of spectrum is discussed further in

section 4.4.
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Figure 4.17 Spectrums of the simulated input (green) and equalised output signal (red)
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4.4 Spectral Broadening and Optical Filtering
4.4.1 The Mechanism of Spectral Broadening

When an intense optical signal is input to an SOA, the stimulated emission
process will cause the electron density in the conduction band and the signal gain to
decrease, the depletion and recovery of electrons are not instant, therefore, the
amplified optical signal at the output is distorted. During this modulation of the
electron density and gain, the refractive index of the SOA active region is modulated
at the same instance, therefore, frequency chirping occurs together with the signal
distortion in the time domain. The signal frequency spectrum will be broadened by
the chirped component of the signal in which the chirped signal will be frequency
shifted with respect to the un-chirped component of the signal. As a result of the co-
existence of chirp and signal distortion, suppressing the broadening in the frequency
domain is expected to reduce the signal distortion in the time domain as well. The
effect of filtering was observed in [76] when an input of continuous signal at 7Gb/s
is passed through a single SOA. It showed the BER performance of the unfiltered
output signal has degraded while for the filtered signal there was no degradation.
Instead of avoiding the nonlinear spectral broadening by avoiding gain saturation, it
is possible to reduce the signal distortion after the burst is levelled to further simplify

the equalisation system.

4.4.2 Simulated Performance Result with Optical Filtering

The SPM induced by gain saturation will lead to spectral broadening of the
pulse [42]. The use of narrow optical filtering to reduce the waveform distortion
induced by saturated SOA in optical switching was reported in [77]. It suggest that
by using an optical band pass filter, nonlinear patterning effects of ultra-short 2ps

pulses can be reduced from 2.5dB to 1.1 dB by detuning a 1nm optical band pass
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filter towards the side of spectrum that is opposite to the red-shifted chirped
components. In the context of burst equalisation system, the performance based on
the extinction ratio and BER changes by the applied filter need to be analysed.

Using the simulation model in section 4.3, the BER performance of the
equalised bursts were assessed, an optical filter was also implemented in the
simulation to show the differences in performance changed by optical filtering. The

result is shown in Figure 4.18.
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Figure 4.18 Simulation estimated BER comparison between, equalised and filtered burst signal

The “loud” burst power were kept constant, the burst power differences is
made by reducing the power of the “soft” burst. As the power differences between
the two bursts increased, i.e. as soft burst weakens, the BER performance of the soft
burst gets better due to the less saturation induced distortion it had experienced. The
equalised high power burst is not error free but have a BER of 5 x 107, this is
because the higher burst power saturates the SOA and experiences saturation
induced time and frequency domain distortions as well as ASE noise. After the
signal passed through a narrow optical filter, with a cut-off frequency at 25GHz from
the centre signal wavelength (50GHz DWDM AWG), the loud bursts BER

performance is 5 orders of magnitude better the unfiltered case. The soft burst were
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initially free of error when its power is 2dB below the loud burst, when this low
power burst was getting too weak for detection, i.e. at 11dB below the loud burst, its

BER became 1 X 107°,

4.5 Burstlevelling Experiments

Experimental demonstration of this optical equalisation system with filtering
was also created. In order to find a filter with a 1nm bandwidth that also has a sharp
cut-off, several optical band-pass filters were measured and the selected filter

characteristic is shown in Figure 4.19.
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Figure 4.19 Optical filter characteristics

Although a tuneable filter would be ideal in this case, the ones available do
not have a sharp enough cut-off. Therefore, arrayed waveguide (AWG) acting as an
optical filter that had a suitable sharp cut-off as well as within the wavelength range
of the filtering operation will be used in the experiment followed, for studying the

performance changes at near the filter cut-off wavelengths.
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Figure 4.20 Burst equalisation experiment configuration block diagram

The burst levelling experiment configuration is shown in Figure 4.20. Two
lasers were gated by two outputs from a Field-programmable gate array (FPGA) to
simulate the burst from ONUs. Each packet is 125us long, modulated by a data
signal from a 10Gb/s Pseudo random bit sequence (PRBS) generator, with a 500ns
guard time between the two bursts used to prevent overlapping. A 5dB optical
attenuator was placed after one of the laser output to simulate the optical path loss of
a distant ONU, thus providing the power difference between the two ONUSs. The two
signals merged at the splitter/combiner just like they would in a real PON. The
isolator before each SOA was there to prevent noise from the SOA travelling back to
the laser. As described in theory, an optical filter was used to remove the chirped
component from the received signal. In a real network the filter can be custom made
or picked therefore, it would have been optimised for the network condition. A 10dB
attenuator was placed before the Digital Communications Analyser (DCA), because
the power from the output of the SOA was too high for its photodetector.

The combined effect of chirp in the SOA and fibre dispersion resulted in
spectrum broadening as shown in Figure 4.21. The broadening is a shift in frequency
of the chirped component of the signal away from the centre peak frequency which is
the un-chirped component of the signal. As demonstrated via simulation in section

4.4, it is expected that through the use of optical filter with a cut-off near the chirped
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component, the distortions situated at the broadened part of the spectrum can be

reduced.
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Figure 4.21 Signal Spectrum at the cascaded SOA input, after the preamp SOA and after booster SOA
amplification showing spectral broadening at SOA gain saturation

The aim of the experimental system is also to level the bursts and reduce the
non-linear distortions in the signal, together with the reduction of wideband ASE
noise due to filtering, this approach is also expected to increases the output signal’s
extinction ratio. Since the AWG filter’s pass-band wavelength is fixed, the source
laser is tuned instead to observe the performance change near the filter’s pass band
edge. Changing the laser diodes’ control temperature within a reasonable range
(25C £15<C) is equivalent to tuning the wavelength. A tuning table was kept for
the relationship between the temperatures and the laser wavelengths. It is found that
the wavelength of the laser changed linearly with temperature in this range, the
temperature is therefore, translated into wavelength for the ease of analysis and
understanding. The wavelength of the laser was also tuned to measure the optical
spectrum, ER and BER near the cut-off of the optical filter, in the aim to find out

how the performance of the system is changed by the applied optical filtering.
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Figure 4.23 Comparison of filter response with ER and peak power differences as wavelength of the signal
is detuned to near the filter edge

The results in Figure 4.22 are spectrums of the output optical signal measured
by a spectrum analyser as the wavelength of the laser is tuned towards the optical
filter edge. The difference in peak power between the energies of the un-chirped
component reference peak and the energies of the chirped-side reference peak is
increasing towards the filter edge. The plot of these data is shown in Figure 4.23, it
compares the measured peak power differences and output signal extinction ratio

with the measured filter response.
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From Figure 4.23, it can be seen that the ER increased by 2dB near the edge
of the filter at about 1551.5nm, representing lower noise floor and reduced the signal
distortions at the chirped signal frequency. The ER then decreases because the
un-chirped signal frequency components have moved into the filter cut-off
frequency. The frequency peak power difference is plotted as a dash curve with X
marks in Figure 4.23, it is showing a significant increase in peak power difference
near the filter edge, representing the weakening of the broadened part of the signal
frequency response. The BER performance was also measured, it showed in Figure

4.24, where the BER performance reached 10° near the filter edge at about
1551.5nm. This is the same wavelength where the ER has shown the 2dB increase.

The performance decreased again sharply to 10 at 1551.7nm once the filter started

to suppress the un-chirped main signal.

4
4
4
/
L LT Tt T
=
o,
&

-10- \
\
\

-15+

Filter power response (dB)

9

_25 r r r r ®
1550.4 1550.6 1550.8 1551  1551.2 15514
Wavelength (nm)

Figure 4.24 BER performance at ONU wavelengths near the filter edge
4.5.1 Power Balancing the SOAs and Extinction Ratio Performance
In the previous experiment, no optical attenuator was placed between the

pre-amp and booster SOAs to limit the power going into the booster SOA. The pre-
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amp output power should be just sufficient to saturate the booster SOA for burst
equalisation to occur. If that power is too high, it may cause un-necessary signal
distortion by operating the booster SOA further into the saturation region. Aside
from the distortion of the binary “1” of the signal pulse, high ASE noise and elevated
“0” floor also occurs at very high saturation, a near worst case example is shown in

Figure 4.25.

50.00 psidiv 500.02197 ps 22,2500 ns

Figure 4.25 Equalised bursts and the eye diagram of one burst with elevated 0" floor and reduced
extinction ratio

The elevated “0” will have significant impact on the ER, which it is a ratio
between the power associated with the binary “1” and the power associated with
binary “0”. The two bursts at the input to the preamp SOA had high ERs at 12.87dB
(high power burst, laser 1) and 11.5dB (low power burst, laser 2). After the two
amplification stage, their unfiltered ERs were 4.43 and 6.36 dB for the high power
burst and the low power burst respectively. The lower power burst coming from laser
2 experience more amplification in the linear unsaturated gain region, therefore, its
ER was higher than burst from laser 1. In the following result in Figure 4.26, the
lower ER of the high power burst from laser 1 was measured, indicating the heavier
saturation induced distortion it experienced.

An attenuator was place between the preamp and the booster SOA for the
purpose of reducing the signal power entering the booster SOA. The ER of laser 1

was measured with wavelength tuning and the optical filter applied. The optical filter
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removed some excess wide band ASE noise, therefore, the filtered signal ER at

6.5dB was 2.1dB higher than the unfiltered case of 4.43dB, with 0dB attenuation.

11

10 %X
e, A -\
5. a] eV
e N
= Yt

6

5

1550.4 1550.6 1550.8 1551 1551.2 15514 1551.6 1551.8
Wavelength (nm)

=—¢—ER at 3.6dB attn == ER at 5.6dB attn ER at 7.6dB attn
=>e=FR at 9.6dB attn  ==#¥=ER at 0 attn

Figure 4.26 Extinction Ratio at different losses when the attenuator is placed between preamp and booster
SOA

Similar ER increases that were observed as the results shown in Figure 4.23,
as the wavelength was tuned from the centre of the filter pass band to the filter band
edge. The ERs measured at various levels of power balancing attenuation is shown in
Figure 4.26. Lowering the signal power by 3.6dB after the preamp SOA have
increased the ER by 1dB. However, the ER increase became less significant at <
0.5dB, if the signal power is attenuated by 5.6dB or higher. Care must be taken not to
attenuate the signal power too much as this will lead the SOA to operate out of the

saturation region.

4.6 Conclusions

The near-far power difference problem of the upstream PON burst-mode
transmission results in fluctuating burst-by-burst power being received at the OLT.

An all-optical solution, including the use of a saturated SOA as a limiting amplifier
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to level the burst power was studied. Sample based dynamic SOA models that can be
used with OptSim were developed. In contrast to previous work in this area, our
studies considered not just the saturation induced non-linear gain but also the
saturation induced frequency distortions in the SOA. Two mathematical theories of
the saturated SOA were implemented as MATLAB coded blocks in OptSim. The
comparisons of simulation results show that Mecozzi’s model implemented using a
variable step size solver and added internal loss gave better time domain results,
represented by the much reduced gain spikes. At deep saturation, it was suggested
that using an effective carrier lifetime instead of a constant lifetime can give more
precise results at deeply saturated SOA. This parameter is important for accurately
simulating the time and frequency domain effects due to gain saturation. Burst
equalisation simulation results also showed that by using narrow (25GHz) optical
filtering, the BER performance as a result of the saturation induced distortion may be
increased by more than 5 orders of magnitude.

The idea of using SOA as a limiting amplifier was experimentally
demonstrated and shown to level the bursts that had a 5dB input power difference.
This burst power dynamic range translates to about 25km of fibre distance between
two ONUSs assuming a 0.2dB/km loss SSMF. The dynamic range of the system at
5dB is still not high enough if long-reach access network is considered, systems that
provide more dynamic range, as well as additional features such as wavelength
conversion, is studies in Chapter 5. The method that uses sharp optical filter to
reduce the effect of spectral broadening caused by the non-linear effect in SOA was
suggested and tested, it showed 2dB increase in extinction ratio and 4 orders of
magnitude increase in BER performance near the filter edge. The power balancing

within the all-optical burst equaliser was also investigated, by using an attenuation of
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3.6dB placed between the two SOAs, the equalised loud burst ER is 1dB higher,
subsequent 2dB increases in attenuation increase the ER by 0.5dB or less. The key is
to set the attenuation value as low as possible to avoid unnecessary saturation
induced distortions and ASE noise, while the loud burst must be allowed to saturate

booster SOA for burst equalisation to occur.
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Chapter 5. Centralised Optical
Processing in a Long-reach
Wavelength Converting Optical Access
Network

5.1 Introduction

Wavelength division multiplexing (WDM) is widely acknowledged as a key
technology in the next generation of optical access networks, which will offer higher
line-rates, increased numbers of users, and extended reach, as well as being the most
energy efficient next generation access architecture [1, 4]. Thus, the evolution from
Gigabit Passive Optical Network (GPON) to Next Generation PONs (NG-PONSs)
requires the integration of WDM in the already deployed GPON infrastructure.
Centralised optical processing may be placed at the intermediate exchange site in a
Wavelength Converting Optical Access Network (WCOAN) [13], allowing uncooled,

colourless transmitters to be used at the customer’s premises so that the access
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network is scalable and economically affordable to deploy. This exchange node will
provide all-optical signal processing as suggested in section 2.3.2, including
wavelength conversion and possibly signal regeneration, to consolidate the multiple
wavelength-drifting burst-mode data streams from each PON segment and convert
them to a set of fixed WDM wavelength channels for transmission over the backhaul
fibre.

In order to achieve the requirements for integrating CWDM PONSs into a
single wavelength efficient WDM access backhaul, this chapter conducts a
characterisation and performance analysis of incorporating a SOA-MZI optical
regenerator as a Cross Phase Modulation (XPM) wavelength converter (WC) into a
PON with a DWDM backhaul. The all-optical processing functions of the SOA-MZI
and the proposed Centralised Optical Processing Unit (COPU) will be studied. An
experimental demonstrator of the wavelength conversion upstream system will be
built based on the proposed access network described in section 5.2. Then the BER
and transmission distance performance of the Cross Gain Modulation (XGM) and
XPM WC at 10Gb/s operation is compared in section 5.3, showing that the XPM
WC is more suitable for 10Gb/s PON. The SOA-MZI device is characterised in
section 5.4, the phase shifter voltage characteristic is shown enabling us to find the
operating point and lower loss input output ports of the SOA-MZI. Different
operating modes of the device are compared based on chirp and dispersion
dependent performance in long-reach application. The probe power range is also
characterised. The input power dynamic range (defined as the maximum range of
input power range that result in an error free BER) and wavelength drift tolerance of
the experiment system will also be measured and analysed in section 5.5. The need

to perform burst equalisation, wavelength conversion, input power dynamic range
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enhancement and signal regeneration eventually lead to the proposition of a
combination of devices which is the COPU, it will be experimentally studied in
section 5.6. Burst mode conversion performance is also studied and the dynamic
range of the COPU in burst mode was determined. The digital burst mode receiver
used in this experiment was developed by Jos€&Manuel Delgado Mendinueta [78],
whom also collaborated with us on the burst mode experiment. The BER
performances for the processed optical bursts at 0, 22, 40, 62km backhaul

transmission distance transmission distance was also presented.

5.2 Integrating PON with DWDM backhaul
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Figure 5.1 Long-reach PON with centralised optical signal processing

Expanding the WCOAN architecture shown in Figure 1.2 in detail, the
integrated TDM-PON with DWDM backhaul access network upstream is shown in
Figure 5.1 where the network can be thought of as two sections: A passive feeder
network and an exchange site with backhaul transmission.

The first is a distributed fibre access network connecting each customer to the
local exchange. This is constructed in an identical fashion to traditional PONs with
distributed passive optical power splitters. The main issues in this section are the

high loss associated with the power splitting arrangement, the unlevelled optical
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burst power due to distance ranging and transmitted power tolerance of the ONUSs,
and the wavelength drift of the ONUSs laser sources because of temperature variation
for low cost, uncooled lasers used there. For every factor of 2 increase in the number
of customers served, >3dB loss is added to the loss budget. For a split factor of 256 a
loss of ~28dB with component tolerance is seen while at a split of 32 this is 18dB.
This, coupled with the demand for low cost/low power transmitters in the ONU
provided to the customer, means that the power available at the exchange site will be
restricted. Uncooled DFB lasers have a frequency variation with temperature of
~10GHz/K which is determined by the device expansion and the refractive index
change [79]. The acceptable temperature variation requirement will depend on the
location of the ONU (outside or in the customer premises), with the worst case,
outdoor scenario requiring operation over a temperature range of -20°C to 70°C.
This requirement means that any WDM channel spacing would be limited to at least
1THz.

Long-reach WDM access networks typically use active optical amplification
at the exchange sites to enhance transmission distance. At the exchange site, shown
in Figure 5.1, we introduce a COPU to consolidate multiple burst-mode data streams
with drifting wavelength and unequalled burst powers from each PON segment and
convert them to a set of stabilised WDM wavelengths with equalised burst-to-burst
power for transmission over the long-reach backhaul fibre, which may be dual fibres,
reusing current core or metro network fibres and may or may not include
amplification. The proposed COPU, shown in Figure 5.2, is composed of an optical

power equaliser followed by a wavelength converter.
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Figure 5.2 The centralised optical processing unit

The COPU is expected to meet three different requirements which are,
namely, wavelength conversion, optical burst power equalisation, and transmission
distance enhancement. The wavelength conversion process consolidates multiple
CWDM ONUs wavelengths onto a set of fixed DWDM wavelengths for efficient
backhaul transmission over a WDM optical link. Also, the unlevelled bursts coming
from ONUs at different distances from the exchange will need to be equalised to
reduce the receiver dynamic range requirement at the OLT. In addition, optical
bursts at the intermediate exchange site would need regeneration to have a higher
extinction ratio and possibly pre-chirping to enable dispersion tolerant transmission
required in the long reach scenario [24], which will increase the backhaul
transmission distance over an uncompensated link. The following sections will begin

by explaining why the move to XPM wavelength conversion is necessary.

5.3 Wavelength Conversion techniques for 10G-PON

The principal element in the COPU is the wavelength converter. A number of
wavelength conversion techniques are available, the most commonly used coherent
technique is four-wave mixing (FWM); the most common incoherent (cross-
modulation) techniques are XGM and XPM. The FWM wavelength conversion is
coherent as it preserves the phase information as well as the amplitude information,
making this conversion technique attractive as it is transparent to modulation format.
However, the FWM conversion efficiency between up- and down-conversion is

asymmetric and the efficiency can decrease sharply when the input signal
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wavelength shift is increased [15]. The conversion efficiency is defined as the ratio
between the converted signal power and input signal power [80]. As described in
Section 2.3, the uncooled ONU laser wavelength is not fixed and each customer’s
ONU wavelength may drift in the 20nm CWDM band. The wavelength of each ONU
is temperature dependent, thus a large mix of wavelengths maybe present at the
exchange at any one instance. It will be almost impossible to compensate for the
decrease in conversion efficiency if FWM was to be used as a wavelength converter
to map multiple CWDM signals on to a DWDM backhaul. In addition, FWM is
polarisation dependent which is not suitable for PON, because in PON the
distribution fibres are connected to more than 32 ONUs in the customer’s premise, it
will be extremely difficult and costly to maintain or control the polarisation for all
the fibre connections. Therefore, the remaining options are XGM and XPM
wavelength conversion techniques.

Previously, a network configuration was proposed making use of a
wavelength converter unit based on the XGM properties of SOA [13] for
consolidation of 2.5Gb/s PON systems. A demonstration of this XGM wavelength
converter was built in the laboratory, as shown in Figure 5.3. An input pump or data
signal modulates the gain of the SOA forming the XGM converter, which in turn
modulates the CW probe wavelength. The pump signal was filtered and the
remaining signal is at the probe wavelength carrying the inverse of the original data.
However, there exist some drawbacks of the XGM wavelength converter that

become an issue as the access network data rate is increased to 10Gb/s.
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Figure 5.3 Wavelength converter based on Cross Gain Modulation in SOA

Similar to the spectral broadening effect we observed in gain saturated SOAs
in Section 4.4, the gain saturation of the cross gain modulated SOA will result in
increased positive chirp [44]. The chirped signal increases the impact of dispersion
in long distance standard single mode fibre (SSMF) transmission, therefore, reducing
the maximum error free transmission distance of the signal. As the data rate is
increased to 10 Gb/s, the decreased pulse width means that the chirped signal eye
will be completely closed by dispersion after 11km of SSMF. Transmission at
10 Gb/s is therefore, more sensitive to dispersion than at lower data rates e.g.

2.5 Gbfs.

a) 2.5Gbit/s after XxGM b) 2.5Gbit/s after 100 km
Conversion, No Fibre

c) 10Gbit/s after XGM d) 10Gbit/s after 11 km
Conversion (1530 nm) SMF

Figure 5.4 Comparing XGM and XPM wavelength converted signal at 2.5Gb/s and 10Gb/s data rate [13]

As shown in Figure 5.4, transmission of 100km is possible at 2.5 Gb/s, yet

the optical eye of the 10 Gb/s XGM wavelength converted signal is completely
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closed after 11km of SSMF, which means the signal is not recoverable by the
receiver in the OLT without dispersion compensation.

An ideal wavelength converter should produce equal performance for
conversion of the input signal from short to longer wavelengths and vice versa.
However, this is not easily achieved. In XGM wavelength converters, the SOA gains
are not uniform across all operating wavelengths. The longer and shorter
wavelengths experience different gain variations with input power levels. Increasing
the input signal power causes the SOA gain to become saturated because of the
reduction in carrier injection from the bias current. The gain peak will shift towards
longer wavelengths as a result of the carrier depletion due to the reverse process of
the band-filling [81]. Therefore, when the CW pump is considered as a reference
wavelength, the longer wavelength will experience higher gain and therefore, it will
be easier for it to saturate the SOA. As a result of this effect, another drawback of the
XGM conversion scheme exists; extinction ratio conservation cannot be achieved for
both up and down wavelength conversion. Up converting the signal wavelength (for
example from 1550nm to 1560nm) will reduce the extinction ratio of the output
signal, as it is more difficult for the shorter input wavelength to saturate the SOA.
Therefore, the performance of the system will be reduced when converting to longer
wavelengths [82].

In order to overcome the extinction ratio degradation in XGM wavelength
converters and enhancing the extinction ratio and transmission distance of the
converted signal, XPM based on a dual SOA Mach-Zehnder Interferometer (SOA-
MZI) [83] can be used. The XPM WC using SOAs are considered the most effective
incoherent wavelength conversion technique because of its high conversion

efficiency, extinction ratio enhancement and negative chirp characteristics [84]. The
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XPM wavelength converters have previously been proposed previously for use in
WDM enabled core and metro networks [53, 85]. In the core network, the input
signal to the XPM converter is a continuous mode modulated signal with fixed
wavelength, constant power and reasonable extinction ratio. As a result of the cost
considerations for ONUs in access networks described in section 5.2, un-cooled,
wavelength not strictly defined lasers will be used in the ONUSs, thus the temperature
dependent input signal wavelength to the XPM wavelength converter is no longer
precisely controlled. Burst mode signals are also expected instead of continuous
mode as is common in the core network. Wavelength and power differences between
bursts are also expected. Therefore, aside from wavelength conversion, the XPM
converter is expected to handle wavelength drifts and would ideally provide
extinction ratio improvement to the equalised bursts.

An integrated XPM wavelength converter was used in our experiment, as
shown in Figure 5.5. This scheme operates by using the input signal to modulate the
carrier density in the active region of the SOA, which in turn modulates the
refractive index. The result is phase modulation of the CW probe signal. The
interferometer configuration of the SOA transfers the phase modulation into
amplitude modulation due to the constructive and destructive interference depending
on the phase change. The advantage of using XPM is that the wavelength conversion
is not as wavelength dependent as XGM within the SOA operating range.
Up-conversion in XGM has a 6dB extinction ratio degradation, for both up- and
down- conversion, the penalty remained less than 0.5dB over a 26nm range [86],
therefore, it will be possible to conserve the extinction ratio when converting from
any wavelengths within the converter’s CWDM operating band. This greatly benefits

the ONU design requirement, because it enables wavelengths from low cost,
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colourless ONUs to be converted to a tightly controlled pump wavelength, allowing
the use of DWDM in the backhaul section of the PON while maintaining simplicity

for ONUs in the customer’s premises.
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Figure 5.5 Wavelength converter utilising cross phase modulation, using the integrated SOA-MZI device
to perform XPM under non-inverting mode operation [82]

The XPM scheme also requires smaller gain variation to perform the
conversion. Hence, the effect of chirp is reduced and therefore, it allows
transmission at more than 10Gb/s and over longer distances. The ability to bias the
phase shifter in the XPM converter allows the interferometric SOA converter to
operate either on the positive or negative slope of the interferometer. The positive
slope of operation will generate negatively chirped non-inverting converted signals
which may enable transmission of 10Gb/s signal over long distances of standard
SMF. It is necessary to characterise the SOA-MZI device to find out the basic input
and output operating power condition required for good conversion performance.
Furthermore, the network conditions in access networks such as wavelength drift and

the “loud/soft” input burst powers are not the same as in core network where this
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device is typically used as a signal regenerator. It is also useful to take advantage of
the negative chirp that this device could generate to maximise backhaul transmission
distance using standard SMF, the characterisation can reveal the operating points that

can be used generate such negative chirp.

5.4 Characterisation of the SOA-MZI device

Figure 5.6 shows an internal schematic of the SOA-MZI device for the
following experiments. It was a prototype device supplied by CIP photonics
packaged as an integrated all-optical regenerator, which is used as a XPM

wavelength converter in this work.

5.4.1 Characterisation of the phase shifter voltage

The SOA-MZI has integrated thermo-optic phase shifters on each SOA arm.
When voltage is applied to a phase shifter, it heats up which results in a refractive
index change of the waveguide in one arm of the MZI [80], thus the phase bias point
of MZI can be electronically controlled. When the light from the upper and lower
arm of the SOA-MZI interfere in the output coupler, their phase difference causes
the output light to re-direct from one port to the other, this phase difference can be
adjusted by the phase shifter in either arm of the SOA-MZI. The result of the
adjustment can result in two modes of operation: the Non-inverting mode where the
output binary bits have the same polarity as the input, and the Inverting mode,
where the output binary bit is inverted with respect to the input. As illustrated in
Figure 5.6, a CW laser and two power meters were used to characterise the phase

shifter control voltage, giving us the operating points needed for the operating modes.
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Ports SOA-MZI XPM Wavelength Converter Ports
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Shifter 1
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Figure 5.6 Block diagram of the characterisation of phase shift control voltage

The CW laser source fed a -5dBm probe signal at 1555nm into port B, which
was coupled to both arms of the SOA-MZI device. Both SOAs are biased at the
typical operating current of 360mA, the top and bottom SOAs have an unsaturated
gain of 23.6dB and 20.1dB respectively at this bias values. Sweeping the phase
shifter voltage (Vps) from 0 to 25V showed that the largest power difference between
port F and G occurs at 15V. The probe polarisation is mechanically controlled via
the polarisation controller, in order to compare the effect of the CW probe
polarisations, a polarisation state was chosen based on a quantifiable value, in this
case the output power of port G. First, the polarisation controller of the input CW
tuneable laser was adjusted so that output power of port G was at its maximum,
8.43dBm. At the same time the power of port F then became -3.07dBm. At this
setting, the power difference between the two ports was the largest. Optical isolators
were also used at the connected input and output ports to prevent reflected light and
ASE noise from interfering with SOA operation. The bottom arm phase shifter was
grounded and the top arm phase shifter voltage was adjusted at 0.5V steps to obtain

the result in Figure 5.7.
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Figure 5.7 Output power at port F and G as a function of phase shifter voltage

The output ports F and G produced similar signal performance with a
complementary relationship as expected. The largest peak-to-null power differences
are 9.74dB and 9.61dB for port F and G respectively. The output power at port G is
1.5~2dB higher than port F at similar points in the plots such as the peaks and nulls.
We suspect this higher output power is due to the lower optical coupling loss of port
G. Therefore, in all future works port G will be used to ensure the converted signal
power is as high as possible.

When a 10Gb/s data signal was fed into port H, with Vps set on the rising
slops, i.e. Vps = 11.2V or 20.7V, a non-inverted output signal was observed at port
G. On the other hand, the inverted signal was observed when the phase controller
voltage is biased on the falling slope, that is when Vps = 16.6V or 24.1V.

It is observed that the SOA-MZI device is sensitive to changes in the probe
signal polarisation. Considering an opposite polarisation state, where the input probe
polarisation controller was adjusted so that at Vps = 15V, the output power of port G
was at its minimum, 2.35dBm, then the corresponding power of port F became
4.97dBm. The top arm phase shifter was adjusted at 0.5V steps again to produce

Figure 5.8.
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Figure 5.8 Output power at port F and G as a function of phase shifter voltage, with a opposite
polarisation state

As a result of the polarisation change, the port F and G output power peaks
and nulls are reversed, but with a reduced power difference between the peak and
null powers. The new peak-to-null power is 6.16dB and 5.65dB for port F and G
respectively. Also, the peaks and nulls undergo a shift to the right on the x-axis. In
this characterisation only one CW source is used, therefore, the peak-to-null power
difference is the maximum change in output power caused by the refractive index
change in the phase shifters. When the peak-to-null power difference is decreased, it
can be expected that, in the opposite polarisation state, the maximum amplitude
change as a result of the SOA cross-phase modulation will also decrease. Therefore,
at Vps = 15V, the 1% polarisation state where the power of the port G is highest is
expected to be the best polarisation state for port G, which makes the opposite
polarisation, where the power of port G is lowest, the worst case polarisation state.

The effect on wavelength converting performance of the best and worst
polarisation state can be measured. When a 10Gb/s, 1551.7nm pump signal was
connected to port H, it modulates the refractive index of the lower SOA. When the

converted signal is filtered at 1555nm it can be seen that its amplitude does depend
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on the probe signal polarisation states. As shown in Figure 5.9, the optical eye
height, ER, Q-factor were measured using the DCA. When the SOA-MZI was
operating in the non-inverting mode, the converted signal eye (A) with 1.5mW eye
height, 15.9 Q-factor and 15.1dB ER was observed for the best polarisation state. It
is much better than the quality of the eye (B) observed for the worst polarisation
state, which has 1.12mW lower eye height, 6.15 Q-factor and 13dB lower ER. For
the inverting mode at the best polarisation state, the converted signal eye (C) with
2.2mW eye height, 14.3 Q-factor and 6dB ER was observed. While the quality of the
eye (D) in the worst polarisation state has 1.2mW lower eye height, 9.37 Q-factor
and 2.3dB lower ER, showing that the polarisation dependency is not as strong as in
the non-inverting mode. The performance comparisons between the inverting and

non-inverting mode will be further investigated in the next section.

A: Best polarisation state, Non-Inverting B: Worst polarisation state Non-Inverting
Vps = 11.5V Vps = 17.5V

22.0000 ns 22.0000 ns

C: Best Polarisation state Inverting D: Worst Polarisation state Inverting
Vps = 16.6V Vps = 13.8V

pie3
[t 20.0 ps/d 22.0000 ns 22.0000 ns
c I

Figure 5.9 The eye of the non-inverting output signal, at opposite polarisation states.

The above results showed that it is possible to obtain non-inverting and

inverting mode operation in opposite polarisation states, thus the polarisation of the
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probe signal need to be optimised so that the highest ER, eye height and Q-factor is
available for the converted signal. The term “worst polarisation state” used here is
only relative to the best polarisation state, where a clear converted signal can be
observed. The real “worst” polarisation condition will be when the two signals from
the top and bottom arm of the MZI structure are not aligned, in between the above
mentioned best and worst polarisations that completely corrupts the eye of the
converted signal.

As the CW probe is physically located with the SOA-MZI it could be
packaged together with the SOA-MZI device. Therefore, once the polarisation for
the probe is optimised it is not expected to change. In the following experiments, the
optimal probe polarisation will be used. After characterising the power and
polarisation operating points, the performance of the WC will also need to be

characterised, finding an optimal operating point for the WC.

5.4.2 Comparison between different operation modes

The SOA-MZI device is bi-directional, which allows the pump and probe
signal to be in either co-propagation or counter-propagation configurations. This
experiment aims to compare the wavelength conversion performance between the
co-propagating and counter-propagating setups, using different possible signal input
ports. Ports A and D are for co-propagating signals; E and H are for counter-
propagating signals, as shown in Figure 5.10. The non-inverting and inverting

operation performance of the SOA-MZI device was also compared.
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Figure 5.10 Four possible propagation configurations with pump signal input ports at A,D,E,H
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Figure 5.11 Wavelength conversion performance (Q-factor and ER) comparison between different SOA-
MZI configuration

Results of the comparison are shown in Figure 5.11. This is a back-to-back

performance comparison, therefore, the BER performance for all the measurement

points are better than 10™2. The converted signal quality in terms of ER and Q-factor

were measured. It is shown that when the CW light and data signal propagate in

opposite directions (counter-propagating), they always generate better converted

signal performance compare with the co-propagating configuration.

SOA Active Region

Left Z

Right

Figure 5.12 Light Intensity in a SOA active region under counter-propagation configuration
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The reason for the differences in performance between the counter-
propagation and co-propagation configurations are due to the non-uniform
distribution of carriers in the SOA and the increasing amplification of the signal
towards one end of the SOA active region. Consider a SOA active region under the
counter-propagation setup, its light intensity profile will be similar to the illustration
in Figure 5.12. The CW probe is input from the left and amplified towards the right
side of the SOA, the amplified CW light depleted more carries towards the right side
of the SOA, leaving more free carriers at the left side of the active region. While the
counter-propagating data signal is input from the right and amplified towards the left
side of the SOA active region, which had more free carriers, these free carriers are
modulated by the amplified data signal. Since the refractive index modulation is
almost linearly dependent on carrier density modulation [87], the counter-
propagation is thus more efficient than the co-propagation setup for XPM
wavelength conversion. The amplified co-propagating signal can only modulate the
carriers that are depleted by the amplified CW light, therefore, it produces lower ER
and Q-factor than the counter-propagation setup. The following experiments all used
port H under counter-propagating configuration for best performance. Another
advantage of the counter propagating scheme is that it allows penalty free same
wavelength conversion. This is particularly useful for consolidating wavelengths
from multiple ONUs on to a single fixed wavelength, which could be at the same
wavelength as the probe. Since the input signal propagates in the opposite direction,
the input signal will not interfere with the output converted signal as it does in the
co-propagating mode.

Although the inverting mode of operation has 2dB higher average optical

power, the results showed that the non-inverting operation performs better producing
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wider eye openings and less patterning effect at the rising and falling edge of the
signal. This is evident by the higher Q-factor and Extinction Ratio (ER) of the non-
inverting signal in both the co- and counter- propagating configuration. It is seen that
the inverted output signals have higher output powers but are noisier than the non-
inverted signals.
5.4.3 Probe power characterisation for up and down wavelength

conversion

The probe source is a CW laser that provides the seed wavelength for the
wavelength conversion. The probe power cannot be too high as it will saturate the
SOAs, nor too low otherwise the ASE noise in the SOA will dominate, leading to a
low signal to noise ratio (SNR) of the converted signal that will decrease
performance. The experimental configuration is shown in Figure 5.13, with the probe
wavelength and power varying so that the optimum probe power dynamic range
could be measured. This characterisation will show the wavelength dependency of
the device, because in a DWDM arrangement, a range of probe wavelength spaced at
100GHz could be assigned as the probe wavelengths. There should not be significant
performance difference or penalty within the assigned probe wavelength range,
otherwise the device would not be suitable as a COPU. The probe power dynamic
range will show the probe power range required to achieve good BER performance
with in the assigned wavelength range. This characterisation was carried out in
continuous mode, since the probe CW source is expected to have constant power
during normal operation, the operating point deduced from this can also be used

under burst mode operation.
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Figure 5.14 Spectrum of the converted signal, the blue dash line is the original pump (input data) signal at
1551nm

The pump data input signal was at 1551nm wavelength with a power
of -6.32dBm. The probe wavelength was tuned from 1545nm to 1565nm so that both
the up and down conversion of the pump signal was tested in this experiment. Figure
5.14 shows the overlapped spectrum of the converted signal output power at port G
of the SOA-MZI. The wavelength band from 1260 to 1280 nm was selected for the
XG-PONL1 upstream [2], characterised by low chromatic dispersion. The prototype
device used in this experiment cannot operate at the XG-PON1 wavelength band
because it was initially designed to be used in the C Band (1530 to 1565 nm) of core
and metro networks. When using SOA-MZI devices in an actual XG-PON or
10GEPON system, they would need to be manufacture according to the XG-PON or

10GEPON wavelength band selection and standard.
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After 3dB loss in the optical coupler and another 3dB loss in the filter, the
peak power variation of the converted signal across the 1545 to 1565nm range is
small. The highest peak power is 0.1dBm at 1565nm probe wavelength and the
lowest is -1.2dBm at 1545nm. The largest difference in the probe peak power is
1.3dB between the 1545nm and 1565 nm wavelengths.

The probe power dynamic range was characterised based on BER
performance of the wavelength converted signal. The probe power dynamic range is
the maximum change in probe power without compromising the BER performance
of the wavelength converted output signal. A 10Gb/s PIN receiver and a Bit-Error-
Rate Tester (BERT) were used to measure the received signal BERs performance
after the wavelength conversion. At the input, a 10Gb/s optical signal was generated
from a DFB laser with an integrated EAM modulator, which, was modulated by a
2%L.1 PRBS signal from the PPG of the BERT. The phase shifter voltage was
adjusted using the 1560nm probe wavelength as a reference. The optical power of
the probe was at -4dBm during the phase shifter voltage and polarisation controller
optimisation. The probe power was then varied from 0 to -8dBm for each probe
wavelength, Figure 5.15 shows a 3dB probe power dynamic range can be achieved
with an error free output signal (BER=10"2) and with a fixed phase shifter voltage,
for all probe wavelengths from 1545 to 1565nm. A 4dB dynamic range can also be
achieved if the GPON target performance (BER=10"") is used. For individual
wavelengths, the dynamic range is 1 to 2dB wider due to a small change in
polarisation as the tuneable laser changes the wavelength. The 1560nm wavelength

used to optimise the polarisation has the widest, 5dB error free dynamic range.
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Figure 5.15 Probe power and wavelength optimisation without phase shifter adjustments

The minimum 3dB error free dynamic range allows at least 20nm wavelength

tolerance when the phase shifter voltage is fixed. Besides, the probe as a seed

wavelength source is expected to have stable power and is temperature controlled.

Therefore, a one-time polarisation, phase shifter voltage and probe power level is

required, and then the wavelength converter configuration can operate in its designed

wavelength band without re-adjustment.

If different probe powers are required, possibly due to network upgrade or

different network conditions, the phase shifters in the SOA-MZI device can be

electronically adjusted to optimise the probe power, giving an extended dynamic

range.
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Figure 5.16 Extended probe power dynamic range by allowing phase shifter voltage adjustment
With a maximum phase shifter adjustments of #1V from the Vps = 11.2V
non-inverting operation mode, the results in Figure 5.16 shows that the probe power
dynamic range can be widened to 6dB achieving error free operation (BER=10")
and 8dB if the target BER is 10™°. At -4dBm probe power, the tolerance to phase
shifter voltage change is the highest for any wavelengths within the 20nm band, the

phase shifter voltage can be #0.7V from the fixed point (11.3V) for the system to

remain error free.

5.4.4 Chirp and Dispersion of the inverting and non-inverting modes
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Figure 5.17 Schematic of a wavelength converted PON with un-amplified 20m and 40km backhaul

The next generation of access network with a long-reach backhaul can enable
aggregation of the access network and metro network over a larger area than today’s
standard PON. Therefore, long-reach backhaul transmission performance needs to be

studied as long distance transmission penalties can limit the maximum transmission
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distance of the PON upstream signal. The main penalties of long distance
transmission are due to optical power loss and dispersion in the SSMF. The
combined effect of chirp on the converted signal and dispersion can lead to pulse
broadening when the signal is transmitted through a non-dispersion-shifted (NDS)
fibre [82]. Figure 5.17 is the schematic of the experiment used to evaluate the
transmission distance penalty of the XPM wavelength converter. The signal from the
ONU at 1551nm is first transmitted over a 20km PON distribution section with the
splitter represented by a -12dB attenuator to simulate the loss of a 1:16 split ratio.
The probe wavelength is at 1560nm, on to which the data is converted. For the SOA-
MZI device used in this experiment, it was observed that the input pump power to
the SOA-MZI needs to be above -8.5dBm for the wavelength converter to produce
sufficient phase modulation that achieves error free converted signal performance.
There is also an extra 3dB loss in the input coupler and up to 1.8dB loss in the fibre
to device coupling, the -8.5dBm input signal power will be attenuated to -13.3dBm
as it reaches the SOA. The ONU signal power after transmission through 20km of
fibre and 1:16 splitter is already at -15.5dBm, which is lower than the minimum
required pump power of the SOA-MZI device, and therefore, an optical amplifier is
required to boost the signal power so that it is sufficiently high for the wavelength

converter.
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Figure 5.18 Non-inverting and Inverting mode 10Gb/s signal transmission distance comparison

Example eye diagrams of the received signals after 0, 20, 40km of backhaul
transmission are shown in Figure 5.18. The top row is the inverting operation mode
which induces positive chirp; and the bottom row is the non-inverting mode of
operation, which induces negative chirp [82]. The negative chirp is essentially red-
shifting on the leading edge of the pulse and blue-shifting on the trailing edge. In a
NDS fibre, because of fibre dispersion, the leading edge of the pulse travels slower
than the trailing edge, initially compresses the pulse before dispersion eventually
broadens the pulse to enable longer transmission distance. As discussed in section
5.3, the penalty as a result of the pulse broadening will be more severe as the bit rate
is increased to 10Gb/s, because the pulse width will decrease and the pulse
broadening will cause inter-symbol-interference at shorter transmission distance.

From Figure 5.18 a) to b), then to c), the eye closure due to pulse broadening
seen here is getting worse as the inverted output signal travelled through the fibre.
This is similar to the eye closure observed previously with the positively chirped
XGM wavelength converted signal that was transmitted through SSMF. However, in

XPM wavelength conversion, the inverting signal that travelled 40km can still have a
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BER of 1.62x10™ while the XGM converted signal only travelled 11km. This is
because the XPM conversion produced much less positive chirp than the XGM
conversion and therefore, the XPM converted signal is less sensitive to fibre
dispersion.

The non-inverting mode counterparts d) e) and f) show wider eyes and less
pulse broadening at each backhaul distance. In order to present a quantitative
comparison between the two operating modes, the power penalties for distances from
0 to 40km were measured. The power penalty is the additional power required to
maintain a BER of 10™° which in this cases is mainly due to fibre loss, which
increases linearly with distance. The measurement of further than 40km transmission

distance is limited by the receiver sensitivity and the optical power of the converted

signal.
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Figure 5.19 The power penalty in 0 to 40km backhaul distance transmission

As shown in Figure 5.19, for the same transmission distances, the positively
chirped inverting output signal resulted in larger power penalty than the negatively
chirped non-inverting signal, with the power penalty difference between the
inverting mode and non-inverting mode increased from 2.4dB at 20km to 6.5dB at

40km. The power penalty difference between the non-inverting mode and the fibre
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loss reference line remains <1.8dB from 20km to 40km. The power penalties of the
ONU, which has an integrated EAM modulator (denoted ONU only), were also
measured for reference purpose and there was only backhaul fibre between the ONU
and the receiver. This shows that the positive chirp generated by the SOA-MZI
device in inverting mode is larger than the ONU’s EAM modulator chirp which has a
chirping parameter of less than 1 [44]. 6.5dB extra power is required to boost the
inverted output signal at 40km to achieve the same BER performance. The XPM
wavelength converter output chirp was shown to be determined by the device
properties and the intensity of the input signal, regardless of input signal chirp
parameter [88]. Which means the converted signal chirp can still be negative under
non-inverting mode, even when the signal from the ONU carries positive chirp. As
for the non-inverting signal, the negative chirp allowed it to travel up to 50km and
still maintain a received BER below 10™%°.

The introduction of negative chirp as a result of biasing the SOA-MZI on the
positive slope of operation means that the converted signal pulse can travel longer

distances in a SSMF, because this type of pre-chirped signal is dispersion tolerant.
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Figure 5.20. BER performance for 20km and 40km backhaul transmission distance
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After transmission through a 20km distribution fibre, the signal is wavelength
converted, and then it travelled thought another 20 or 40km backhaul fibre. The
received non-inverting signal BER performance for the 20 and 40km un-amplified
backhaul are shown in Figure 5.20. Although the signal after 20km backhaul has
4dB higher average optical power, when they were attenuated to the same received
power level, the 40km backhaul has <0.5dB variation in BER performance compared
to the 20km backhaul transmission distance.

After 40km of backhaul SMF the non-inverted signal is still error free.
However, after 20km distribution fibre, the WC, and then a 60km backhaul the
signal power is reduced to -13.6dBm which is too low to maintain error free
performance. A booster SOA was required to amplify this signal resulting in the new

schematic shown in Figure 5.21 for long-reach transmission.
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Figure 5.21. Schematic of a wavelength converted PON with 60km backhaul section, with an amplifier
before the receiver to boost the signal power level
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Figure 5.22 BER performance for 60km backhaul transmission distance
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After 60km backhaul, when the signal power is amplified, it is still error free,
but there is an error floor likely due to the ASE noise from the SOA used before the
OLT, the total transmission distance from the modelled ONU transmitter to the OLT
receiver is 80km.

This section has shown that the combination of negative chirp and dispersion
results in longer possible transmission distances. The chirp in a XPM wavelength
converter is small compared to the chirp generated in the XGM process, because
smaller gain modulation is required to produce a phase change of © radians which is
necessary for the modulation of the probe wavelength. The non-inverting mode of
operation requires the converter to operate on the positive slope of the interferometer
[82]. This mode of operation has the benefit of generating negative chirp. The pre-
chirped converted signal reduces the impact of dispersion and allows the signal to
travel a longer distance in a SSMF free of error. The chirp in the inverting mode of
operation is positive, therefore, the inverting signal, like the XGM converted signal,
is impacted more by dispersion after long distance SSMF transmission, and hence

the transmission distance for the inverted signal is limited.

5.5 Input Power Dynamic Range of the SOA-MZI Wavelength
Converter

The XPM wavelength converter operates by converting gain variations into
phase variations in one arm and then combining the signal from both arms, where the
signals interfered constructively and destructively depending on the phase difference
between the two arms. This makes the device very sensitive to input power
variations, because a small change in input power can change the phase of the signal
by more than = radians, thus changing the interference pattern which leads to an

inversion of the signal, causing large number of errors. Generally, XPM based WCs

150



Chapter 5 All-optical Processing In Wavelength Converting Optical Access Network

have a limited input power dynamic range (IPDR) of about 3-4dB at 10Gb/s [89].
The IPDR is defined as the maximum range of input power that can produced a
certain BER (10™%° or error free, depending on system requirements) at the output of
the WC or at the receiver. In a burst mode PON, having a large IPDR is necessary,
because it determines the ability of the device to handle loud and soft input bursts
(i.e. high and low input optical powers).

In the SOA-MZI prototype device used in this work and under normal
operating conditions, as shown in Figure 5.23, the IPDR is 1dB for error free
operation and 3dB at a BER of 10™°. Through the use of a pre-amp SOA to amplify
the ONU optical signal power and a second booster SOA operating in the saturated
regime to equalise the burst power, the overall error free IPDR can be enlarged to
8dB (10dB for 10™° BER). The difference in burst power is equalised by the
cascaded SOAs, the power going into the wavelength converter is also stabilised due
to the saturated output power from the booster SOA, and therefore, the overall IPDR

is increased.
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Figure 5.23 The Input dynamic range performance measured by received BER after WC

Figure 5.23 shows the BER performance across a range of ONU input signal
powers. The IPDR measured demonstrates the range of input powers which result in

an output BER above certain levels. The IPDR has increased from 2dB to 8dB at the
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reference BER of 102 (error free), while the IPDR is 10dB if a reference BER of
10™ is used. This IPDR was achieved without any adjustment to the phase shifter
voltage or the bias current to the SOAs, the pre-amp and booster SOA bias current
were fixed at 200mA, their normal operating current for a typical gain of 21.7dB and
12dB respectively.

The gain saturation induced signal distortion starts to affect the amplified
signal performance at input signal powers above -10dBm, while the input power of
the signal becomes too deteriorated at -30dBm, so that the amplified signal do not
produce enough gain modulation to drive the cross phase modulation in the WC.

The advantage of this system, observed from the results of Figure 5.23, is
that the required power after the PON distribution section can be as low as -26dBm
for the wavelength converted signal to be error free, potentially allowing higher split
ratios such as 1:256 (24dB attenuation) or 1:512 (27dB attenuation), thus it will be

possible to serve a larger number of ONUSs in the PON distribution section.

5.6 Performance of the Centralised Optical Processing Unit (COPU)
5.6.1 Gain and Saturation Characteristics

The input/output CW power characteristic of the COPU is shown in Figure
5.24. The output power saturates at 11.1dBm for the pre-amp SOAs when the input
power is high at -5dBm, the combined pre-amp and booster also saturates at
11.1dBm, but the cascaded SOAs begin to saturate at lower input power of -15dBm.
The polarisation dependent power penalty is less than 0.5dB in the pre-amp and
booster SOAs. For the whole COPU that contains two SOAs and a WC, the output
power saturates at 1.61dBm when the input power is -5dBm, but at -20dBm input

power, the output power already begins to saturate.
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Figure 5.24 COPU input and output power characteristics

The output power of the COPU mainly depends on the amplified probe
power, at the probe wavelength while the pump wavelength was cut-off by the
optical filter. The pump and probe power both saturate the SOA in the WC, while
there are also intrinsic losses of 3dB in each one of the SOA-MZI couplers, limiting
the overall input and output power level. For a PON with 1:32 split ratio, if the ONU
power is at 0dBm, the 15 dB loss in the splitter limits the COPU input power to a
maximum of -15dBm. An ONU signal from 15km away and going through a total
split ratio of 1:512 will be at -30dBm when it reaches the input of the COPU. For
this input power range of -15 to -30dBm, the output power ranges from 1dB to -6dB,
with a static COPU pump power polarisation dependent gain of 1dB. This
compression in the power range can be used to reduce the loud/soft ratio of the

optical bursts.

5.6.2 The two SOA saturation chirp and the SOA-MZI chirp
As shown previously in Figure 5.23, by using a pre-amp SOA to amplify the
ONU input signal power, and a second saturating booster SOA to equalise the signal

so that it has stable power at the WC input, the overall IPDR of the WC can be
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enlarged. However, saturation of the booster SOA also produces un-wanted chirping
of the ONU signal. The chirp generated can caused severe signal distortion due to
the saturation induced self-phase modulation [42]. Overall, the power equaliser
degrades the extinction ratio and also exhibits patterning effects in dynamic mode.
On the other hand, these effects are compensated due to the regenerative properties
of the nonlinear transfer function of the SOA-MZI WC. This is because the transfer
function of the MZI structure has non-linear amplitude to phase response. The gain
induced phase shift and the output signal amplitude has a sinusoidal relationship.
When the induced phase shift is near = radians, the input amplitude noise induced
phase shift will be compressed [90]. Therefore, after the distorted signal has passed

through the WC it will be reshaped.
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Figure 5.25 Relative SOA-MZI output amplitude as a function of induced phase shift in the SOA. The
amplitude noise is compressed when the phase shift is near pi radians [90].

Three example eye diagrams are presented in Figure 5.26 showing the shape
of the eyes at critical points in the system. The chirping in the cascaded SOA stage
causes severe signal gain distortion and amplitude noise at the input to the WC,
closing the eye as seen in Figure 5.26-(A). However, the distortion does not affect
the converted output signal (B), which is demonstrated by the fact that the Q-factor
has increased from 2.48 before the reshaping to 15.95 after the reshaping. The non-
inverting output signal still has negative chirp, allowing the signal to travel the 40km

backhaul while retaining a clear eye (C) and error free BER performance. We
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therefore, conclude that the chirping induced by the pre-amp and booster does not
affect the output chirp of the wavelength converter. This observation agrees with the

characterisation of chirp in SOA-MZI wavelength converters presented in [88].
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Figure 5.26 Cascaded SOA lead to signal gain distortion and wavelength conversion regenerates the
chirped equalised signal

Figure 5.27 shows a spectral comparison between the equalised signal

(chirped) and the wavelength converted signal (reshaped).
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Figure 5.27 Spectrum comparison between the original signal, SOA saturation chirped signals and the
wavelength converter regenerated signal
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The chirp induced by the cascaded SOA causes spectral broadening in the
input signal. The broadening is a shift in frequency of the chirped component of the
signal away from the centre peak frequency which is the un-chirped component of
the signal. As the signal passes through the SOA-MZI wavelength converter, the
output signal is wavelength converted as well as regenerated. The converted signal
spectrum shows that the spectral broadening and frequency shift was restored. If
wide deployment is required, there could also be cost benefits and performance gain
from the monolithic integration of the two SOAs and the SOA-MZI regenerator into
a single device for centralised optical processing. In the following experiment, the

term Centralised Optical Processing Unit (COPU) is used for this configuration.

5.6.3 IPDR and Backhaul Distance
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Figure 5.28 Experiment setup for the reach assessment of IPDR

The effect of a long-reach backhaul on the IPDR is studied, which reflects the
maximum loud/soft power ratio of the signal entering the COPU. The distribution
fibre was not used, because dispersion may affect the signal quality resulting in a
lower IPDR. Backhaul SSMF distances of Okm, 22km, 40km, 62km were used in
this experiment, the IPDR at each backhaul distances was measured. In the result of
the IPDR measurement shown in Figure 5.29, the signal power loss in the 62km
un-amplified backhaul was approximately 13dB. The IPDR shrinks significantly, the

best BER performance was at 10", observed at -20dBm input power.
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Figure 5.29 IPDR when the signal has transmitted through 0, 22, 40 and 60km backhaul SMF.

Excluding the 62km backhaul, the minimum IPDR was 8dB (BER at 10™*) or
10dB (BER at 10 for up to 40km backhaul transmission. The IPDR is determined
by two factors, the low input power end (near -25dBm) of the dynamic range is due
to fibre loss in the backhaul closing the eye, resulting in worse BER performance.
This explains that the 0 and 22km backhaul received BER is at 10™* with -25dBm
input power, but the 40km backhaul BER is only at 10™° at the same input power.
On the contrary, the high input power end (near -14dBm) will need to be explain by
the transfer function of the SOA-MZI and the eye of the signal. The gain induced
phase shift and the output signal amplitude has a sinusoidal relationship, therefore,
the 7 radians phase change in one SOA arm produces the best extinction ratio at the

output.
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Figure 5.30 Received signal eye at high ONU power, on the right of every eye (A-F), the burst power
entering the COPU and the burst travelled backhaul distance is shown.

When the input signal power was above -15dBm, the SOA will be saturated
by the pump and resulting in a larger than = radians phase change which will reduce
the extinction ratio of the signal. As shown in Figure 5.29, the BER performance
gets worse as the input power to the COPU increases. At Okm backhaul, it can be
seen in Figure 5.30 (A and B) that at -14dBm input power the “1s” of the output
signal begin to reverse and there is significant noise in the “0s”, introducing errors.
As the signal propagates through 22km and then 40km of SSMF (Figure 5.30, C to
F), the loss in the fibre lowers the “0s” noise floor and dispersion broadens the pulse,
the signal eye is more open resulting in between 1 and 2 dB gain in BER

performance.

5.6.4 The impact of differential dispersion

Centralised Optical I
Processing Unit | 20~40 km

DBMRX

Figure 5.31 Experiment to look at the differential dispersion introduced by difference in distribution fibre
distance

The ONU signal may go through different distances of PON distribution
SSMF before it reaches the COPU, with the different length of fibre introduces
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different amounts of dispersion. In this section the impact of dispersion is assessed

using continuous-mode operations.
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Figure 5.32 IPDR difference between 0 and 20km distribution fibre distance

The results in Figure 5.32 show that the IPDR (ONU pump power range that
produced 10™° BER) of the wavelength conversion system has been reduced from
12dB to 10dB with the addition of 20km distribution fibre, when the same 20km
backhaul is used. When no distribution fibre was used, the optical power loss
equivalent to the 20km fibre was compensated by 5.7dB attenuation of the input
signal. The upper limit of the IPDR has been reduced by 1dB and the lower limit of
the IPDR has been reduced by 1dB. This can be explained by the broadening in the
output signal eye shown in Figure 5.33 below. The IPDR with a 40km backhaul was
also shown, so that the total length of the SSMF travelled is the same as the 20km
distribution plus 20km backhaul case. When the distribution fibre distance is Okm,
extending the backhaul distance from 20km to 40km did not reduce the upper limit
of the IPDR while the reduction of the lower bound of the IPDR of 1dB is due to

loss in the fibre.
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A: COPU Output, Okm distribution fibre

B: COPU Output,20km distribution fibre

22.0092 ns 22.0548 ns

Figure 5.33 Eye of the COPU output signal, A:0km distribution SSMF, B: 20km distribution SSMF

The pulse broadening is visible in the eye diagram of the wavelength
converted signals shown in Figure 5.33-B. Dispersion in the 20km PON distribution
section has reduced the COPU output signal Q-factor from 16.54 to 11.22, while the
shape of the output pulse is also broadened and the eye width reduced from 81.5ps to
71.9ps. When the ONU power is high, the output signal’s “0s” are shorter; when the
ONU power is low, the broadened signal is weaker because the peak of the pulse
amplitude is reduced by the broadening, resulting in a reduction in the received BER

performance.

5.6.5 ONU Wavelength Drift
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Figure 5.34 Detailed experiment schematic for measuring the effect of input ONU signal wavelength drift

This section investigates the possible wavelength drift that occurs in an

uncooled ONU and its impact to the COPU and the WCOAN performance after long
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backhaul transmission. Building on the setup used in the previous section, a more
detailed schematic for this experiment is shown in Figure 5.34. Instead of modelling
the ONU using a temperature controlled DFB laser with integrated EAM modulator,
the ONU here is modelled by a tuneable laser with a Mach-Zehnder external
modulator so that we can simulate the wavelength drift of an un-cooled ONUs. The
tuneable wavelength ONU model was adjusted so that it has nearly identical eye
height and ER as the fixed wavelength ONU. The eye diagrams of the two modelled

ONU are shown in Figure 5.35.

A: Fixed wavelength ONU,
EAM modulated 1551nm laser

B: Wavelength Drifting ONU,
MZ modulated Tunable laser

22.0000 ns

22,0222 ns

Figure 5.35 The eye diagram of a fixed wavelength ONU and a tuneable wavelength ONU, the eye height
and ER were adjusted so that they are as similar as possible.

In order to ensure the wavelength tuneable ONU matches the fixed
wavelength ONU in performance, the MZ modulator bias voltage and the RF input
gain of the MZ modulator was adjusted so that their output power are the same, the
eye height difference is 5\, the ER difference is 0.4dB and the Q-factor difference
is 3.54. The high level in the eye produced by the MZ modulator (B) is clearer than
the high level in the eye produced by the EAM modulator (A), this increases the
probability of detection a one, hence increasing the Q-factor. Isolators were again
used to prevent reflected light and ASE noise in the SOA from interfering with the
original signal and the SOA operation. The power of the ONU signal at the input to
the pre-amp SOA was changed while BER measurements were taken from the

receiver at the OLT. These measurements aim to find out the input power levels as
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well as wavelengths at which the wavelength converted signal output can remain
error free, after a 40km backhaul. A -5dB attenuator was used to prevent the high
power signal after two stages of amplification from saturation the SOA-MZI
wavelength converter. When the tuneable laser is tuned to another wavelength, the
signal polarisation is slightly changed, since the MZ modulator depends on the signal
polarisation, the MZ modulator must be re-aligned each time the wavelength was
changed, before the start of each set of IPDR measurements. The wavelength
converter used in this experiment is a prototype device which is polarisation
sensitive to the pump signal. This polarisation dependency can account for up to 2
dB power penalty. Since polarisation insensitive SOA-MZI wavelength converters
are available [91], to minimise the effect of polarisation, the polarisation controller at
the input to the WC was optimised so that the output signal eye is at their best Q-

factor and ER.
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Figure 5.36 The effect of pump signal wavelength drift on IPDR measured in terms of BER performance.

The result in Figure 5.36 shows that wavelength drift does not change the
system IPDR by more than 1dB when the pump signal wavelength is detuned to

#10nm from the starting wavelength at 1550nm. The IPDR is largest at the centre
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wavelength of 1550nm, with a variation of 10dB in the power from the ONU
possible. The IPDR decreases to 9dB (102 BER) or 10dB (10™° BER) as the
wavelength is tuned to 10nm away from the centre. This is because the centre
wavelength of 1550nm was used as a reference to setup the system, and is the point
at which the probe power was optimised for maximum pump power IPDR. Due to
the non-flat gain profile of the cascaded SOAs, a small shift in pump power at
#10nm wavelength can decrease the overall system IPDR. The phase shifter voltage
was also optimised for operation at 1550nm and remains unchanged throughout the
experiment, because under burst mode operation, the phase shifter voltage cannot be
changed manually at micro-second speed to re-optimise the system for each burst
power.

The scale of the ONU power stabilisation due to saturation in the SOAs can
be seen from the following result. Average pump power measurements were taken
before the pump signals were injected into the wavelength converter. In keeping with
the above IPDR measurements, the BER results here were measured at the receiving
end. After the signal was equalised in the cascaded SOAs, the 9dB (error free)
system IPDR shown in Figure 5.36 has now been reduced to less than 1.5dB, as in

Figure 5.37, which is less than the inherent 3dB IPDR of the WC.

1.00E+00 —m—1540nm
1.00E-02 1 —=1550nm
1.00E-04 —Y— 1560nm /\/ ’
i 1.00E-06 a / ’
1.00E-08
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1.00E-12 (03 ;‘][Xfi[::
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Average Pump Power after amplification (dB)

Figure 5.37 Average pump power variation at the input to the WC
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Figure 5.38 ASE noise profile of the pre-amp and booster SOAs formed equaliser

Another issue which must be considered is that the SOA ASE noise is not flat
across all wavelengths. Figure 5.38 shows that the SOA ASE noise is much higher
towards the gain peak at 1500nm. In the lower wavelength range (1540nm), the SOA
ASE noise is higher adding to the average pump power, shifting the pump power up
by 0.5dB. At the centre and higher wavelengths 1550nm and 1560nm, the ASE noise
power is 2 to 3dB less and therefore, the signal power dominates and the average

pump power is 0.5dB less.

5.6.6 Burst Equalisation and Wavelength Conversion
An experiment was built to test the burst equalisation and wavelength

conversion of the COPU using the standard PIN receiver. The setup is shown in

Figure 5.39.
10Gbit's % B T e R .
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Laser | 10G bit/s
Driver ONU 000
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A
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-3dB simulated by [_____P_rg_flr_ng— - _B_OE)S_,tgl'_ _____________
-12dB
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Figure 5.39 Experiment setup for burst mode equalisation and wavelength conversion performed in a
COPU
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The ONUs were modelled by EAM modulated DFB lasers, with a 10Gb/s 2*
PRBS pattern loaded onto both ONUs. The FPGA and gated laser driver together
generated alternating gating currents that turn the DFB lasers on and off, resulting in
alternating 125ps bursts with 500ns guard times between the bursts. A quick switch
to continuous mode operation is available, leaving either one of the ONU running at
continuous mode so that their BER or eye diagram can be monitored individually
using the BERT. In order to create the difference in burst power, a 6dB attenuator
was used at one of the ONU outputs. The ONU powers, when measured individually
in continuous mode, have 0dBm and -5.53dBm optical powers respectively. The
DCA was triggered using the gating signal, therefore, bursts are visible on the DCA
display, Figure 5.40 shows the ONU bursts at the combiner and the bursts observed
after the COPU output. It can be seen that their power differences are reduced, with
their signal powers measured in the continuous mode after 22km of backhaul fibre
being -4.86dBm and -5.40dBm. The power difference is reduced from 5.53dB to
0.54dB. Both converted signals showed an error free BER of 10 when monitored

under continuous mode using the BERT.

A Input Bursts B: Bursts at the COPU“

50,00 ps/div 22,0000 ns
a5 9 Y W

22.0000 ns
1200 plidiv i S

Figure 5.40 Bursts at the input and at the COPU output. Vertical scale are different, A:200.\V/div,
B:500W/div
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Figure 5.41 Spectrum of the input signals and the converted signal at the COPU output, showing
wavelength conversion of the two signals to the same fixed wavelength

The combined spectrum showing the two input ONU signals and their
converted output signals are presented in Figure 5.41. It shows that the two ONU
signals at 1551.67nm and 1556.39nm wavelength were both converted to the same
probe wavelength at 1554.74nm. These spectrums were measured in the continuous
mode which reflects the “on” state spectrum of the burst. Under burst mode
operation, the laser power fluctuates and the spectrum will exhibit adiabatic chirp
generated during on/off laser switching. The 500ns guard time used between the
bursts allows on/off switching and laser power stabilisation, so that the power
fluctuations and adiabatic chirp do not introduce intensity noise during the burst

transmission.

5.6.7 Digital Burst-mode Receiver

The standard receiver used in the experiments so far is a DC-coupled PIN
receiver with clock synchronisation and data recovery in continuous mode operations
provided by the BERT. Under burst-mode condition, the fibre transmission
introduces optical delay of the signal, a burst-mode receiver or at least the burst

mode clock and data recovery function will be required to measure the burst BER. A
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10Gb/s burst-mode receiver was not available for this experiment, but there is an
alternative solution, which is the digital burst-mode receiver (DBMRXx) [78]
developed by José Manuel Delgado Mendinueta in the optical networks group at
UCL. The DBMRXx is based on a DC-coupled PIN photodiode, a fast ADC, and has
digital clock and data recovery capabilities realised in software.

The receiver used a standard DC-coupled PIN photodiode and an integrated
trans-impedance amplifier (TI1A) to convert the optical signal to electronic signals.
Then a Tektronix oscilloscope containing fast ADCs at 25GS/s was used to digitise
the signal for subsequent Digital Signal Processing (DSP) in MATLAB. The DSP

stage determines the line-rate and recovers the clock and data from the bursts [78].

5.6.8 Burst-mode System Performance

The implementation of the DBMRXx changes the gating mechanism slightly.
Instead of using a continuous PRBS pattern in the PPG, a fixed length repeated
PRBS pattern containing two burst sequences 65536bits (6.6j58) long with 2048bits
(204ns) guard times was loaded on to the PPG. The PPG triggered the laser drivers,
which gate the laser. The fixed payload of the loud and soft burst will allow the
DBMRX to determine the errors in each burst and through post-processing determine
the BER of the individual bursts.

Although the length of the burst payload here is constrained due to the
limited PPG memory available, in a real NG-PON, the burst mode receiver will only
use less than 512ns information in the preamble and delimiter of a burst to set the
decision threshold, therefore, a 6.6p5 burst length is sufficient to analyse the
performance of the system. At longer burst length, the threshold set should be the
same as the one set by a 6.615 burst in out experimental system. In NG-PON, the

burst length can be more flexible than the GPON burst size and no longer limited to
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125ps per burst, in order to allow more efficient use of the upstream bandwidth.
XGPON bursts have a physical synchronisation block upstream (PSBu) followed by
a variable number of FEC codewords along with parity check bits, but the payload
size is not fixed, the last FEC codeword is shortened to ease the loss of bandwidth
caused by odd-sized bursts[2]. The 10G-EPON implementation is similar, it has a
laser synchronisation pattern and a fixed 66 bit burst delimiter pattern at the
beginning of each burst, followed by a start of frame preamble to signal the start of
the FEC codewords. At the end of the payload there is also a 66 bit block of burst
terminator pattern of alternating ones and zeros [92].

In the DBMRYX, the DSP process in MATLAB compares the recovered data
from the ADC captured traces with the burst patterns in the PPG to determine the

detection threshold of the DBMRXx and calculate the BER [78].

Centralised Optical
Processing Unit

Burst
Pattern
Generator
& Gated
Laser

Driver ~
-35dBm
(1dB Step)

A: Input Bursts

Figure 5.42 Burst-mode characterisation experiment setup with COPU and DBMRx

Figure 5.42 shows the experimental setup used to characterise the burst-mode
performance of the COPU. Two ONUs were modelled with two externally
modulated DFB lasers at different wavelengths (1553.5 and 1556.3nm), with an
extinction ratio of 14dB. In this COPU, the probe and pump signals are in a counter-
propagation configuration, as described in Section 5.4.2 this arrangement generates a
better signal performance in terms of higher extinction ratio and Q-factor. The probe,
onto which the upstream traffic is converted, was a CW laser at 1554.7nm As this is

a proof- of- concept experimental demonstration only commercially available C-
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band devices were available in our laboratory. Wavelength conversion from 1.3 pm
to 1.5 pm using 1.3 pm SOAs has been previously demonstrated [68]. Both up and
down wavelength conversion were tested using this experimental setup and no
significant difference between the two was observed. Optical isolators were also
used at the ports to prevent reflected light interfering with SOA operation.

In real world applications the polarisation of the burst coming from the ONU
is random. The SOAs used in the equalisation stage have less than 0.5dB polarisation
dependent gain, but the SOAs inside this prototype SOA-MZI device had a stronger
polarisation dependent gain (PDG). The PDG changes the signal power in one arm
of the SOA-MZI, which affects the bias point of the WC and can result in an up to
2.5 dB dynamic polarisation penalty for the received BER sensitivity. It is expected
that a production grade SOA-MZI device will be used in the real system, which will
have an optimised SOA active region and is polarisation insensitive [91]. Therefore,
the bias point of a polarisation insensitive SOA-MZI device will not be affected by
the random polarisation of the ONU bursts.

The following procedure was used to adjust the ONU polarisation, i.e., the
W(C bias point, to overcome the polarisation penalty of this prototype device. Two
bursts of -15 (loud) and -25 dBm (soft) were generated and then three COPU
optimisation cases, named A, B, and C, were chosen. These cases are illustrated in
Figure 5.43 for a backhaul transmission distance of 22 km, where the soft burst eye
was superimposed on the loud burst eye. The loud burst eye exhibits a nonlinear
distortion due to patterning-generated additional optical power before the SOA-MZI
sinusoidal transfer function, which contrasts with the characterisation of Figure 5.24,
where no eye overload is noticeable in static CW mode. In case A, the optical eye

diagram of the loud and soft bursts was equalised as much as allowed. Ideally, this
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would be the case for the real system with a polarisation insensitive SOA-MZI
device. Case C is the opposite and so the amplitude of the loud burst is maximised

and the power of the soft burst is minimised. Case B is a compromise between cases

A and C.

A 20 ps/div

$ 100 pwirdiv

Figure 5.43 COPU output signal eye diagrams after 22 km of fibre for (a) polarisation case A, (b) polarisation case B,
and (c) polarisation case C.

10° |

10- Ay A § ) -
X f

Ut

A\
10° &

Z
|~
el
|

T—ex

-
—
T
|t
—_—
~L||

A

——BB
—— 0km
e 22km 3 1} / }
—+— 40km / *
—&— 62km [
10 T

- -30 -25 20 -15 -10 5
Burst power [dBm]

[
-~

O—
T~

10

xy

Ty 1T

& &
o

Figure 5.44 Soft burst BER performance of the received signal in burst-mode operation at 0km, 22km,
40km and 62km fibre length.

Figure 5.44 shows the soft burst BER performance in burst-mode operation
for COPU optimisation case B, which keeps the overload point above -15dBm and
has the minimum sensitivity. At the overload points, the selected electrical eye
diagrams as seen by the digital receiver are also shown. In these measurements, the
attenuators were configured in such a way that the optical power of the ‘loud’ burst

was fixed at -15dBm, in order to simulate the 32-way splitter losses, while the power
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of the ‘soft’ burst was swept from -5dBm to -35dBm in 1dB steps. For each step, 32
traces were captured and processed offline with MATLAB so as to obtain BER
measurements with acceptable confidence intervals. The back-to-back (BB) result in
Figure 5.44 indicates the DBMRx sensitivity in burst-mode operation and was
measured by connecting the burst-mode transmitter straight into the DBMRX. The
sensitivity is defined as the minimum soft burst power that produced a BER below
the 107 reference, which is the FEC limit. Implementing the COPU has contributed
to the digital receiver sensitivity by allowing 12dB lower input burst power to
achieve the same BER as the BB case, as well as performing wavelength conversion.
The sensitivity of the digital receiver is maximal for the Okm case and diminishes
with transmission distance due to fibre losses and dispersion. When the input burst
power is higher than -15dBm, the overshoot of the receiver is worse for the Okm case,
and improves with longer backhaul transmission distance. The SOA-MZI device
operating in non-inverting mode has the benefit of generating negative chirp. The
pre-chirped converted signal reduces the impact of dispersion, and so the results
show that the overshoot improves when fibre distance increases from Okm to 22km.
Three electrical eye diagrams shown in Figure 5.44 illustrate this effect at the
receiver side. For -9dBm burst power and Okm fibre transmission distance the
received eye is completely closed. By comparing this eye with the one at -13dBm
burst power we observe the fast eye degradation as input burst power increases, for
Okm transmission distance. However, for -5dBm burst power and 22km of fibre the
eye is reasonably open, its BER is below 10°. On the other hand, the BER of the

loud burst was also monitored and it is always below the 10° FEC limit.
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Figure 5.45 OLT sensitivity of bursts and loud/soft bursts dynamic range, at a 10° BER reference.

The minimum sensitivity and dynamic range of the burst-mode receiver are
shown in Figure 5.45. The minimum sensitivity is the lowest soft burst power at the
input to the COPU for a received BER below 107, The dynamic range is defined as
the maximum power difference between the loud burst (in this case at -15dBm) and
soft burst, when they are successfully received, i.e., both bursts BER are below 107
It showed that the overall system with COPU and the PIN photodiode based DBMRXx
can support up to 512-way splitter loss (or 512 ONUs) over a maximum 53km
distance, at BER below 107, At longer backhaul distances, the dispersion in the fibre
begins to dominate, and the dynamic range decreases to a value as low as 10.8 dB at
62km from a maximum of 14.3dB directly after the COPU. This dynamic range
reduction is also due to loss in the fibre and the decrease of the sensitivity. The
system sensitivity at 60km backhaul distance can still support 256 ONUs of a PON

segment at the distribution section.
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5.7 Conclusions

In this chapter a new architecture to integrate multiple 120Gb/s CWDM PON
into a DWDM long-reach backhaul was introduced and described. The essential
element of this architecture is the Centralised Optical Processing Unit, which
contains a burst power equaliser stage and a wavelength conversion stage based on a
XPM WC. The WC’s power, polarisation and phase voltage bias were characterised.
It was found that by biasing the phase shifter, an inverting mode that generated
positive output signal chirp or a non-inverting mode that generated negative chirp
can be selected. The performances of the co- and counter- propagation modes were
also compared and it was concluded that counter-propagation generates 3dB higher
extinction ratio and 5.43 more signal SNR for this SOA-MZI based WC.

For the first time an experimental, upstream access network transmission
system using the XPM WC was demonstrated. The BER performance at 20km,
40km and 60km backhaul distances were compared and an error free (102 BER)
total transmission distance of 80km (20km distribution, 60km backhaul with optical
amplification) was achieved.

The overall Input Power Dynamic Range (IPDR) of the COPU was
characterised, the IPDR is larger than 10dB (10'10 BER) for transmission distances
up to 40km. The ONU wavelength drift within a 20nm wavelength window did not
change the IPDR by more than 1dB. However, the dispersion caused by a 20km
distribution fibre in the PON section can reduce the IPDR by 2dB due to pulse
broadening and power loss.

A proof-of-concept, full burst-mode long-reach wavelength converting
optical access network upstream that utilised the COPU was also experimentally

demonstrated for the first time. The BER performance at 22, 40, and 62 km backhaul

173



Chapter 5 All-optical Processing In Wavelength Converting Optical Access Network

distances were compared and a sensitivity penalty of -0.1dB, 0.6dB, and 3.6dB were
found, respectively. The same penalties were found in input burst dynamic range for
the aforementioned transmission distances. For this COPU that contained a prototype

SOA-MZI device, there is a less than 2.5dB overall polarisation-dependant penalty.
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Chapter 6. Conclusions

In this thesis, the design and performance aspects of the next generation
optical access network are investigated, they include interferometric noise in ring
based access networks as well as a novel intermediate stage optical processing
technology for the integration of multiple PON with a DWDM long-reach backhaul.
Theory, simulation and new experimental demonstrations were used to characterise
the performance in these 10Gb/s systems, it allows for a better understanding of the
operating range and merits of the proposed systems and their impact on performance.
Access network specific issues such as the temperature dependent source
wavelengths and burst-mode transmission have also been considered during the
investigations, the results obtained from these are significant, as similar techniques
used in the core network scenarios assumed fixed wavelength and continuous-mode
transmission.

WDM backhaul and wavelength stacking of multiple PONs is expected to be

used in next generation access networks, as well as optical amplifications, which can
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be used to enhance capacity and extend the network reach beyond 20km. In Chapter
2. The conditions of burst-mode transmission in passive optical network was also
describe in Chapter 2, along with the benefit of using all-optical processing, such as
burst equalisation, wavelength conversion and other techniques for achieving burst
mode levelling, access/metro network aggregations, DWDM backhaul integration
and reach extension.

In future ring based access networks with OADMSs, interferometric noise may
arise from the interference of normal data signal and parasitic crosstalk, as a result of
the low cost OADM used. Previous core network studies in this area assume fixed
wavelengths, but in access, wavelength tolerance is a key factor and was considered
for the first time. In Chapter 3, current studies on the topic of burst equalisation
methods and the effects of interferometric noise (IN) in ring based access network
were reviewed. In the simulation and experiment presented in Chapter 3, the BER
performance characteristics for up to 0.08nm (10GHz) detuned wavelengths at
several interferer attenuation levels (18 to 40 dB) were shown. Using standard
10Gb/s PIN receivers with an 11GHz internal filter 3dB bandwidth, reducing the
interferer signal power or detuning its wavelength away from the data signal can
produced better BER performances in the received data signal. When the interferer
attenuation is at 20dB, 4 orders of magnitude better BER performance were observed
by detuning the interferer wavelength by 0.08nm (10GHz). The addition of an
electrical filter with a bandwidth of 7.5GHz after the receiver produced better
performance than using the receiver alone, it is most significant at > 5GHz detuned
frequencies. These observations lead us to simulate and develop a model to analyse
the BER performance characteristics at various electrical filtering bandwidths, while

also taking wavelength tolerance into account. This investigation showed by
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narrowing the receiver filter bandwidth and/or increasing the frequency detuning of
interferer, the amplitude and thus impact of IN is reduced. However, a less than
6GHz filter bandwidth can also lead to ISI, which will worsen the BER performance.
This is a significant and key conclusion for OLT design, it showed the impact of
receiver filter choice on BER performance, in ring access network with the presence
of IN. The simulation results were also compared and validated with the
experimental ones, the largest difference between the results is less than 1.5 orders of
magnitude of BER. The model is validated to be accurate in most results, except
when the distribution of filtered IN noise is half way between Gaussian and arc-sine
distributed, at 0.04nm (5GHz) detuned interferer wavelengths.

PON uses burst-mode transmission, the near-far ranging of ONUs produces
different power bursts in the upstream. In Chapter 4, the idea of using SOA as a
limiting amplifier in an optical burst equaliser was explained and demonstrated, in
order to ease burst-mode receiver dynamic range requirements for the OLT. SOA
models were developed and compared based on the ability to simulate real SOA
characteristics under normal and more importantly deep SOA saturation. It was
suggested that using an effective carrier lifetime instead of a constant lifetime can
give more precise results at SOA high saturation. A saturated SOA model was
created with carrier lifetime adjustments, which was validated by experimental
measurements. This new model was used to study the burst equalisation system’s
output signal BER performance, as well as the SOA saturation induced time and
frequency distortions in the equalised signal, which have not been previously studied
in this context. The experimentally verified model’s ability to simulate frequency
distortion alongside gain distortion is significant, as these effects are interlinked and

it showed that saturated SOA will chirp the equalised signal. Frequency chirping can
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harm the equaliser output signal performance, a better technique was implemented
and presented in Chapter 5 to tackle this issue, in order to reduce or eliminate the
SOA saturation induced gain and frequency distortions.

A proof of concept experimental dual SOA optical burst equalisation system
was presented for the first time, it levelled a 5dB difference in input burst power, this
is equivalent to 25km distance between two ONUSs, which is 5km more than the
standard defined 20km maximum distribution fibre length. Optical filtering was
suggested to reduce the effect of spectral broadening caused by the non-linear effect
in SOA saturation. When the power difference between the two burst is at 2dB, we
observed 5 orders and 9 orders of magnitude increase in BER performance for the
filtered-equalised loud and soft power burst in simulation, respectively. As the soft
burst is attenuated to 11dB below the loud burst, the initially error free
filtered-equalised soft burst BER increase to 10°. A 2dB increase in extinction ratio
and 4 orders of magnitude increase BER performance was also observed in the
experiment, as the impact of chirped signal distortions was reduced by the optical
filtering. Power balancing the two SOAs by adding 3.6dB attenuation between them
was shown to increase the loud burst ER by 1dB, this is useful for high ONU input
powers that oversaturates the booster SOA.

In order to solve the signal distortion shortcoming of the two SOA burst
equalisation system as well as addressing the wavelength drift and extension of reach
in future access networks, Chapter 5 presented and first experimentally demonstrated
a new solution to integrate multiple up to 10Gb/s CWDM PON into a DWDM
long-reach backhaul through the use of a novel Centralised Optical Processing Unit

(COPU). This essential element contains a burst power equaliser stage followed by a
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wavelength conversion stage based on a XPM WC. This solution has the capability
to level burst power, stabilised wavelengths and extend transmission reach.

For the first time, a XPM based wavelength converter was demonstrated in a
burst-mode access network system that considers wavelength drift and wavelength
stabilisation, the performance of it at 20km, 40km and 60km backhaul distances
were compared. An error free 10Gb/s total transmission distance over 80km SSMF
was achieved owing to the pre-chirped WC output. Furthermore, the XPM WC was
also able to regenerate so that the spectral broadened and gain distorted signal from
the burst equaliser is restored for backhaul transmission. At the same time, the burst
levelling stage stabilises the input power to the XPM WC, therefore, its overall error
free Input Power Dynamic Range (IPDR) increased from 3 to 10 dB when measured
just after the COPU. The ONU wavelength drift within a 20nm window did not
change the IPDR by more than 1dB. However, the dispersion in 20km of distribution
fibre before the COPU can reduce the error free IPDR by 2dB due to pulse
broadening and loss. The significance of this result is that it showed that the IPDR of
the COPU is insensible to reasonale wavelength drift and it is only affected in the
extreme cases of dispersion, therefore, the COPU is robust enough to tolerate #10nm
wavelength drift and supports ONU distribution distance up to 20km with a
maximum 3dB combined dynamic range penalty.

Continuous-mode and full burst-mode demonstration of a long-reach
wavelength converting optical access network architecture was presented and
demonstrated for the first time, incorporating this novel COPU. The BER
performance at 22, 40, and 62 km backhaul distances were compared. At 22km, loud
burst power and soft burst power entering the COPU at -15dBm and -29.3dBm were

both received and below 10 BER (FEC limit), which is equivalent to an input burst
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dynamic range of 14.3dB. In terms of split size and ONU numbers, this system
supports 512 ONUs at 53km SSMF backhaul distance and 256 ONUs at 62km
backhaul with a PIN photodiode based DBMRx, with dispersion compensation
techniques and higher sensitivity receivers, the backhaul distance can be increased
further. Sensitivity penalties of -0.1dB, 0.6dB, and 3.6dB were found, for 22, 40, and
62 km backhaul distances, respectively. The same penalties were found in dynamic
range for the aforementioned transmission distances. Since a prototype SOA-MZI
device was used in this SOA, there is a less than 2.5dB overall polarisation-
dependant penalty.

In conclusion, the aim to fully exploit existing ODN infrastructure by
consolidating multiple PON segments into a long-haul DWDM backhaul was
achieved and experimentally demonstrated, using intermediate optical processing
techniques. It has been shown that optical wavelength stabilisation, optical burst
equalisation and transmission distance enhancement can address next generation
access network design issues. Although the dual SOA burst equalisation alone has
limitations, when it is combined with an XPM WC in the COPU, together they can
level the incoming burst, thus reducing the dynamic range requirements of the OLT
receiver. This allows potential cost saving to operators deploying next generation
access networks. Through the use of DWDM in the backhaul, additional services can
be added to the backhaul of this network without changing the existing PON
distribution network. The ring access network performance in the presence of IN has
also been investigated, considering the wavelength tolerance of the system and filter

leakage in OADMs, specific to access network.
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6.1 Suggestions for future work

A number of possible further investigations are suggested as a result of the
work performed here.

A more advanced analytic model can be developed for the relationship
between BER performance and the filtering characteristics in the presence of
interferometric noise. This can extend the work in Chapter 3. In [93], it is found that
when the interferer are at unequal power the Gaussian approximation is not the ideal
model for the statistics analysis. Two particular BER assessment techniques based
on the Moment Generating Function (MGF) may instead be used, they are the
Saddlepoint Approximation [94] and the Modified Chernoff Bound [95].

The Further SOA model and parameters requires further adjustment and
refinement. It would be ideal to add the ability to simulate multiple wavelengths and
gain peak shift [81] due to laser pumping. If this can be achieved, the SOA model
will be able to simulate wavelength conversion in OptSim.

For the experimental work, some investigations were carried out to
investigate the IPDR of the SOA-MZI device in Chapter 5. If there is more time to
study this, other methods or combinations of methods to further increase the IPDR of
the COPU need to be found, thus allowing increased number of users in the
distribution network. The following table included the methods found in literature to
improve the input power dynamic range of the XPM wavelength converter.
Electronic control and all-optical methods are available. The cascaded SOA option is

similar to the burst equalisation in PON which was used in our experiment.

Methods Claimed Pros Cons References
Improvement
on Dynamic
Range
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Electronic control | 5 dB/8 dB Low costto | Small dynamic range; [89, 96]
of phase arm implement No directly available control
voltage/ SOA circuit because the control is non-
bias current linear.
Electronic control | 10 to 15dB Low costto | Only suitable for slowly varying [97]
of the SOA bias implement input power (~100ms)
current and phase Need to measure the phase arm
arm voltage voltage and SOA bias current for
together the optimum operating inverting
and non-inverting state.

Saturated EDFA | 40dB Large Only suitable for slowly varying [89]

dynamic input power, because of slow gain

range recovery(~1ms), may not be

suitable for burst mode PON.

Electronic control | 28dB Large High noise figure at high input [89]
of SOA pre- dynamic power (above -5dBm) because of
amplifier bias range, faster | the corresponding low SOA bias
current gain current (saturation power)

dynamics required for the phase adjustment

than EDFA
Integrated Pre- 10dB No fibre- Require new fabrication or [98, 99]
amp chip purchase of new device;

coupling Performance depends on the

loss between | device quality.

the pre-amp

and

wavelength

converter.
Cascaded SOA 20dB Moderate Non-linear effects in the SOAs [100]
(similar to our dynamic may lead to signal power penalty.
burst equalisation range
setup)
Control of SOA 20dB Shortens the | Requires optimisation for the [84, 101]
gain through carrier control light wavelength and
external light lifetime detailed power characterisation;
injection while The control light power is non-
(Tested retaining the | linearly related to the input power
experimentally in saturation and wavelength;
our setup, but did output
not produced as power;
good result as the
SOA equaliser) Less SOA

gain

distortions,

than the

SOA bias

current

control

method.

The backhaul reach of the current system is at 62km, as this was an

unamplified and uncompensated reach which resulted in a good BER performance. It

is expected that this can be extended further, using APD receivers with higher
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sensitivity instead of the currently PIN photo-diode based receiver or further optical
amplification. Dispersion compensation fibre is another component that could be
used to extend the reach, which will need to be investigated if the required
components are available.

So far, our overall architecture did not consider more complex modulation
schemes and higher line-rate TDM due to the limited device availability for used in

experimental demonstrations. These can also be investigated in the future.
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