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Abstract

The increasing demands for bandwidth have aroused a myriad of industry and
academic activities in developing high-speed and cost-effective optical networks,
among which optical broadband access networks was the main driving force for such
growth in recent years. The most promising solution to optical broadband access
network is the passive optical network (PON), which is a point-to-multipoint
tree-topology network that connects optical line terminal (OLT) with many optical
network units (ONUs) via a long fiber feeder and many short distribution fibers.
Promising the concept it is, it raises many detailed technical challenges, such as
colorless ONUs, burst mode transmission, bi-directional transmission with mitigated
backscattering noise, long-reach PON, and integrating network functionalities. All of
the technical requirements are motivated by the “original requirements” of

telecommunication — faster, cheaper, and more robust.

To fulfill the technical requirements, different researchers take different angles to
design system and to study the enabling technologies. For example, devices, system
architectures, network protocols, etc. In this thesis research, we have tried to deal with
one or multiple problems by employing advanced modulation formats for the optical
signals. In particular, we have studied IRZ-duobinary, Manchester-duobinary, and
Manchester formats, including the modulation/demodulation techniques, transmission
properties, and system applications. The research topics are classified according to the

type of modulation formats.

In the first topic, IRZ-duobinary format is proposed for optical signal
transmission. It has desirable properties of large dispersion tolerance (as compared to
conventional RZ/IRZ) and finite optical power in each bit. In this study, we firstly
show the advantages of IRZ-duobinary and the corresponding modulation techniques.

Then, we demonstrate a 10-Gb/s per channel optical multicast overlay scheme and an



80-km-reach system with re-modulated ONU, both in wavelength division

multiplexing (WDM) PON.

In the second topic, Manchester-duobinary format, which has the advantages
including easy clock/level recovery, compressed bandwidth, and zero DC component,
is studied. We propose an efficient and cost-effective Manchester-duobinary
transmitter by properly modulating a chirp managed laser (CML) with electrical
Manchester signal. Then, a cost-effective CLS 70-km-Reach full-duplex WDM-PON
with downstream 10-Gb/s Manchester-duobinary signal and upstream 1.25-Gb/s
re-modulated NRZ-OOK signal is proposed and experimentally demonstrated. This
design simultaneously solves the problems of colorless ONU, bi-directional

transmission, and long-reach, using cost-effective system design and devices.

Finally, we investigate the performance of electronic dispersion compensation
(EDC) technique on 10-Gb/s Manchester coded optical signal, so as to further
improve its dispersion tolerance and may enables its applications in long-reach PON.
In this study, feed forward equalizer (FFE), decision feedback equalizer (DFE), and
maximum-likelihood sequence estimation (MLSE) are employed as the equalizers
Utilizing off-line signal processing, the performance of different equalizers with
different parameters (number of taps, sampling rates, number of states, etc.) under
both cases of single-ended and balanced detection are studied and compared.
Experimental results show that the transmission distance of Manchester coded signal

can be increased by a factor of three with four-sample-per-symbol FFE-DFE.
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Chapter 1. Introduction

1.1 Optical Broadband Access

The use of fiber-optic technology in telecommunications systems occurred first in late
1970s. Since then the fiber-optic telecommunications systems have been deployed
worldwide and have revolutionized the telecommunication technology. Entering the
21st century, we witnessed the explosive growth of the Internet and the rapid
development of global communication infrastructure, which are driven by increasing
user bandwidth demands and emerging multimedia applications, such as
video-on-demand, high-definition television (HDTV), digital cinema. These
tremendous changes in technologies and demands, together with government
deregulation and competition among data, telecom, and community antenna television
(CATV) operators, have overturned the conventional communication services and
created new challenges and opportunities to society and economy. To cope with those
challenges, service providers are striving to develop new telecommunication networks.

The biggest opportunity of current Internet development is the access network.

Today’s global communication network is built and operated within a
hierarchical structure, consisting of access networks, metropolitan networks, and core
networks [1] (as shown in Fig. 1.1). As a part of the global communication
infrastructure, broadband access networks connect millions of users to the Internet,

providing various kind of services, including voice, data, and video.

18



& 321 32A
7~ p PRy ™~
\ SONET/SDH SONET/SDH

16-128A )
LongHaul  10Gb/s-100Gb/s i

o \ /\::/ATM/SONET/SDH : _
— ’ \_/’

-— e ———
' sl A ————— ~
Business Ring ;

8-16A

155Mb/s - 10Gb/s ‘—/ @
Access
B

Metro

Fig. 1.1 Hierarchical architecture of global communication infrastructure

As bandwidth demands for multimedia applications continuously increase,
customers require high bandwidth and flexible access at lower cost. A variety of
broadband access technologies are emerging to meet those challenging demands.
Though the wired access network is still dominated by digital subscriber line (DSL)
and cable modem, the limited bandwidth-distance product of the copper wires will
soon be the bottleneck for broadband access. Meanwhile, fiber to-the-x (FTTx) has
become a promising access technology and is believed to be the ultimate solution for
broadband access service in the future [2]. As new technology continues to be
developed, the future access technology will be more flexible, higher speed, and
lower cost. In this section we discuss current status of access network and review

current and emerging optical access technologies.

1.1.1 Bandwidth requirement

The field of telecommunications suffered a significant setback in the beginning of this

century because of the bursting telecom “bubble” [3]. After some years of stagnancy,
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demands for bandwidths are now growing again, and have become the driving force

for the recent enthusiasm in FTTx and passive optical networks (PON) developments.

The demand for bandwidth is driven by the contents available on the network.
The drastic improvement in the performance of personal computers and consumer
electronic devices has impact the way people live and made possible expanding
demands of multimedia services, such as video on demand, video conferencing,
e-learning, interactive games, VolP, and others. Table 1.1 summarizes the bandwidth
requirements for different applications in a typical household. As a result of the
constantly increasing bandwidth demand, users may require more than 50 Mb/s in the

near future.

Table 1.1 Bandwidth requirements for different IP services [4]

Application Bandwidth QoS
Video (SDTV) 3.5 Mb/s Low loss, low jitter, constant bit rate
Video (HDTV) 15 Mb/s Same as above
Voice over IP (VoIP) 64 kb/s Low loss, low jitter, constant bit rate
Video conference 2 Mb/s Protection
Video gaming 10 Mb/s Low loss, low jitter, bursty
Telecommuting 10 Mb/s best effort, bursty

Peer-to-peer downloading 100 kb/s - 100 Mb/s best effort

According to the ‘FTTH Worldwide Market & Technology Forecast’ published
by Heavy Reading [5], USA, the total number of homes connected to fiber will grow
from about 11 million at the end of 2006 to about 89 million at the end of 2012,

representing about 5% of all households worldwide. This growth is dominated by
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Asia, where the number of connected households will grow to 65 million by the end
of 2012. Over the next five years, it is expected that most other developed countries
will join that list, and fiber will also have a significant impact in relatively less

developed telecom markets, including, Russia, India, and the Middle East.

89.6
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Fig. 1.2 Worldwide FTTH Deployment Forecast (Households, 2005-2012) [5]
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Fig. 1.3 FTTH Households & Penetration by Top Ten Countries (2011) [6]
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1.1.2 Passive optical networks

The passive optical network (PON) is an optical fiber based network architecture,
which is a promising solution to enable high-speed broadband access. As shown in
Fig. 1.4, a PON is a point-to-multipoint optical network on which the optical line
terminal (OLT) or the central office (CO) delivers services, via a long fiber feeder, to
the remote node (RN), where light is split and deliver to many optical network units
(ONUs) through one or multiple 1:N optical splitters or wavelength demultiplex. Then
the downstream data are transmitted to the ONUs located at end user premises, via
several shorter distribution fibers. At the ONU, the downstream data is received by
users, while the upstream data, such as users’ request information or upload files will
be forwarded to the OLT after being combined or multiplexed at the RN. As the RN
and feeder fiber are shared by all ONUs in the network, thus the total fiber length is
much less than the case of direct connection between the OLT and all ONUs. Thus the
total cost is significantly reduced. Besides, the infrastructure between the OLT and the
ONU is passive, i.e., it does not require any power supply. Therefore it can greatly

ease the network management of the outside plant facilities [4].
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Fig. 1.4 Architecture of passive optical network [2]
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Under this network architecture, PON can be further divided into several types
according to the mechanisms to control the shared media access, including
time-division-multiplexed PON (TDM-PON), wavelength division multiplexed
(WDM-PON), and optical code-division multiple-access PON (CDMA-PON), etc. [7].
Nowadays, TDM-PON and WDM-PON are two most popular structures of the PON

technologies. Thus, our discussion here will mainly focus on these two technologies.

ONU1
=
ONU2
~r 1[2]+==+[n] 5 =l :
Power splitter Q E
ONUn

Fig.1.5 Architecture of TDM-PON

® T7DM-PON

Fig. 1.5 shows the architecture of a TDM-PON. A TDM-PON uses a passive power
splitter as the remote terminal. A single wavelength is employed at the OLT to carry
the downstream traffic, which is broadcast to all ONUs via the power splitter. The
upstream signal has a relatively lower bit rate and is usually carried on another
wavelength. Both the upstream and the downstream employ TDM techniques. Most
of the commercial PONs systems are based on TDM techniques, including BPON [§],
EPON [9], and GPON [10], which have been standardized and deployed by network

operators for access network applications.

In a BPON, downstream traffic at 622-Mb/s is carried by a 1.49-um optical carrier,
while the upstream traffic at 155-Mb/s is carried by a 1.3-um optical carrier. GPON
can provide a symmetric downstream/upstream data rate up to 2488 Mbps, while
EPON which are originally standardized for a symmetric transmission speed of 1 Gb/s
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for both downstream and upstream. In recent years, the advent of the 10-Gb/s
Ethernet technology is also increasing the transmission speed of EPON, which is now

working toward 10-Gb/s.
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Fig.1.6  Architecture of WDM-PON
® WDM-PON

Fig. 1.6 shows the typical architecture of a WDM-PON in a tree-topology. In a
WDM-PON, each ONU will be served by a dedicated wavelength to communicate
with the OLT, with similar architecture as TDM-PON except a wavelength
demultiplexer is employed at the RN to replace the power splitter. Signals for
different ONUs are carried on different wavelengths and routed by the wavelength
demultiplexer to the dedicated ONU. Each ONU detects the destined downstream
wavelength and retrieves the received data or further distribute the data to more
subscribers through DSLs or mobile connections. Upstream transmission is realized
on another designated upstream wavelength. Although at this moment the WDM
devices are still expensive, WDM-PON offers “unlimited” bandwidth and better
privacy and scalability. Many leading network operators have shown growing interest
in research and development in WDM-PONSs, such as NTT in Japan [11], Verizon
[12], etc.
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1.2 Research Challenge of Next-Generation Optical

Access Network

Next-Generation (NG) optical access networks promise fast and flexible connectivity
to fulfill the bandwidth requirement of end users and at the same time raise many
technical challenges in order to ensure a flexible and reliable transmission, and mostly
importantly, to bring down the cost. These technical problems bring research
opportunities and require innovations in devices, network architecture, and
transmission techniques. In this section, the major research challenges in current
optical access networks will be briefly discussed, with the focus on physical-layer
research problems, which contribute most to capital expense on NG optical access
networks. Some existing technologies for each research problem will also be reviewed

in the sub-sections.

1.2.1 Colorless ONU

Colorless ONU is a critical requirement of WDM-PON [13]. In a WDM-PON, each
ONU sends data back to the OLT via the upstream wavelengths. Therefore, the most
straight forward way to realize the wavelength-specific upstream transmission is to
employ light source of specific wavelength at the ONUs. In such a system, the
upstream wavelengths have to match the respective passband of the wavelength
multiplexer at the RN. Besides, the wavelength alignment is needed as any
wavelength drift may lead to excessive power loss and distortion. These greatly
increase the system complexity and the cost of deployment, administration and
maintenance. Therefore, the concept of colorless ONUs has also been proposed such
that the ONUs are not installed with any wavelength-specific devices. This greatly
eases the inventory, maintenance and management of the wavelengths at the
subscriber side and thus the cost of the ONUs can be kept low with mass production

of identical ONU modules.
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Much research efforts have been wade for the implementation of colorless ONUs.
For example, spectrum-slicing is proposed to realize colorless ONUs, in which a
centralized broadband light source resides at the OLT, emitting broadband light is
spectrally-sliced at the RN before being fed to the ONUs as the light source for
upstream modulation. Instead of installing light sources at the ONUs, such scheme
only requires cost-effective broadband light source at the OLT. System performance
using different broadband light sources are characterized in early publications,
including light emitting diode (LED) [14], Fabry-Perot (FP) laser [15], amplified
spontaneous emission (ASE) light sources [16], and supercontinuum-based broadband
light source [17]. Cost-effective as it is, the modulation speeds in schemes based on
broadband light sources are low due to some inherent noise sources [17-18]. With the
purpose of increasing transmission speed, injection-locking and wavelength seeding
schemes have been proposed, where Fabry-Perot (FP) laser diodes [19], reflective
semiconductor optical amplifiers (RSOA) [20-21] or vertical-cavity surface-emitting
laser (VCSEL) [22] are adopted at the ONU sides and injected with the seeding
wavelengths. By employing these schemes, the data rates can be increased to 1.25
Gb/s. To further improve the upstream data rate and to save wavelength resources,
re-modulation schemes are proposed in [23-26], in which the downstream
wavelengths are used as upstream light source to facilitate upstream modulation.
Since the downstream carriers are reused for upstream transmission, the downstream
data should either be erased or coded to avoid absent of optical power when
performing upstream re-modulation. Studies in this field mainly focus on modulation
techniques. Different modulation formats are employed to achieve upstream
re-modulation, such as DPSK with different extinction ratio [23], OOK and DPSK
[24], OOK and IRZ [25], DPSK and SCM [26], Manchester-duobinary and OOK [27],

etc.

With the above mentioned schemes, the wavelengths of light sources are not

determined by the gain media. As a result, it is easier to manage the wavelengths
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without worrying about temperature changes or aging effects. Nowadays a lot of
research has gone into making RSOAs, one of the most popular choices to realize
colorless ONUs. However, the technology trend is still unclear as noise level of
RSOA is still high and the speed that can be modulated is still low. Moreover,
systems based on RSOA have to deal with Rayleigh backscattering (RBS) noise [28].
Researchers are also investigating the possibility of using cost-effective tunable laser

[29] or reflective electro-absorption modulators (REAMs) [30].

1.2.2 Burst Mode Transmission

Up to now, TDM-PON is the dominantly deployed PON system worldwide. In such
system, the downstream traffic is continuously broadcast to all ONUs and
conventional continuous-mode receiver are used at ONUs. However, for the upstream
link, ONU transmitters are only active at their scheduled time slots to avoid collision.
Thus, burst-mode transmitters are requested at OLT side. To correctly receive the
discrete and asynchronous bursts with varying optical power levels, burst-mode
receivers are required. In addition to TDM-PON, burst-mode transceivers are also

required for some hybrid TDM/WDM-PON architectures [31-32].

A burst-mode transmitter requires fast burst on/off speed, sufficient power
suppression during idle period, and stable power emission when turns on. These
functionalities are usually performed by specially designed laser drivers, which play

the most critical role in burst-mode transmitters [33].

A burst-mode receiver needs to handle burst-by-burst power fluctuation and the
path-length differences induced burst-arrival timing jitter, which is probably the most
challenging problem in burst mode transmission. To achieve such wide dynamic
range, fast clock recovery and level recovery, many innovations at both device and
system technologies are proposed. For instance, at device level, dc-coupled
burst-mode receivers with auto-threshold level tracking circuit have been deployed

[34-39]. For level recovery, feedback and feedforward structured circuits have been
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reported. In the feedback design, the loop consists of a differential input/output
trans-impedance amplifier and a peak detection circuit [34]. In the feedforward design,
the signal from preamplifier is fed forward into a peak detection circuitry to determine
the threshold [35]. By optimizing burst-mode automatic gain control (AGC) and
automatic threshold control (ATC), a 10.3-Gb/s burst mode receiver, with dynamic
range of 20.5 dB is achieved [36]. For fast clock recovery, feedforward architectures
such as gated voltage-controlled oscillator [37] and oversampling [38] have been
proposed. A burst mode receiver with 37-ns clock and data recovery (CDR) lock time

based on 82.5-GS/s sampling IC has been reported [39].

Other than circuit techniques, several system-level innovations are also
employed in designing burst mode transmission systems. Manchester code, with its
inherent properties of abundant clock component and zero-dc, is adopted for easier
clock and level recovery [40]. SOA based fast automatic level controlled amplifier

with input dynamic range of more than 28 dB is also reported [41].

1.2.3 Backscattering Noise in PON

In optical access systems, especially bi-directional transmission systems, the main
contribution of backscattering noise is linear scattering noises, including Rayleigh
scattering and Fresnel scattering. In practic, Fresnel scattering, which arises from
interface discontinuity and is proportional to the power, is usually negligible, because
it can be much alleviated by using specially designed connectors and fiber
connections are usually achieved by splicing. Therefore, Rayleigh scattering is the

dominant backscattering noise, when the system is working in linear regime.

The Rayleigh scattering results from the elastic scattering of light by particles
much smaller than the wavelength of the light. It is a fundamental loss mechanism
arising from density fluctuation during fiber fabrication [42]. As light travels through

the fiber core, some scattered light is reflected back toward the light source and thus it
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is called Rayleigh backscattering (RBS). For a input power of P , the average

in >

backscattered power B, is modeled as,
Py =PaS1-¢"")/2a,

where «, a,, S, L being the attenuation coefficient due to Rayleigh scattering,

fiber attenuation coefficient, recapture factor, and fiber length, respectively [43], [44].
Rayleigh backscattering is a linear scattering and will not create new frequency
component. However, the power and polarization of the backscattered light at
different positions are random [45]. Hence, the reflected back signal is usually
considered as a noise and the name Rayleigh backscattering noise (RBS) is used to

describe this phenomenon.

The RBS problem in PON is also motivated by the cost-effective implementation
of future broadband access network, especially in WDM based systems. Technically,
it arises from the purpose to save wavelength resources while keeping the colorless
property of ONUs. To realize such system, bi-directional transmission over the same
fiber is necessary. In aforementioned carrier distributed schemes and re-modulation
schemes, when the optical carrier or signal for upstream modulation is distributed
from the OLT to the ONU, the back-reflected light generated by RB and Fresnel
back-reflections will also be received by the upstream receiver. Though the scattered
signal arrived at OLT has a relatively small power due to the loss of the round-trip
propagation, the beating between the upstream signal and the back-reflected light will
create much noise in the electrical domain. This RBS induced signal quality

degradation must be resolved in order to achieve satisfactory system performance.

Much research have been done to solve the RBS problem. A straightforward way
to avoid RBS is to implement dual-fiber architecture to support both downstream and

upstream transmissions. However, it will drastically increase the network cost and is
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currently not welcome by system operators. To realize bi-directional transmissions in
single wavelength band in a single fiber, much effort have been paid on how to reduce
the spectral overlap between the upstream signal and the backscattering noise.
Without loss of generality, techniques can be categorized in reducing the spectral
overlap in optical domain and electrical domain. Detailed technological review will be

performed in Chapter 4.

1.2.4 Long-Reach Access Network

Like Olympic game, the research in optical communication has a slogan of faster,
longer, and stronger. It is not only true in research in long-haul transmission, but also
true in access networks. However, the motivation for “longer” is a little bit different.
The reason of doing long-reach access network is similar to other research problems —
to save money. By extending the physical reach of the network from 20 km to around
100 km, end users can be directly connect to the core network, and thereby removes
the need for additional equipment to connect outer core/metro backhaul network.
Besides, the cost of the shared equipment can also be reduced by increasing the split
size. Thus, long-reach optical access networks have potential to further reduce the

installation and operation cost for operators.

To make optical access networks more economically attractive, we want to
extend the reach and increase the split size, both of which introduce new technical
challenges. In a standard PON, optical powers and losses define the available optical
power budget. However, with the increased transmission distance and split size, both
the upstream and the downstream transmissions face a large amount of attenuation,
due to split loss and link loss. Research work in combating the large insertion loss is
mainly focused on optical amplification and high sensitivity receiver. Long-reach
PON based on EDFA pre-amplification and Raman amplification have been
demonstrated [46-47]. To consolidate with deployed GPON system, SOA 1is also used
for bi-directional amplification for both downstream and upstream signals, which
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operate at different wavelength ranges [48]. Research in optical receiver includes
RSOA-based upstream transmitter and high sensitivity receiver [49-50], etc. Many
good reviews have summarized the progresses and achievements of long-reach access

networks [48, 51].

In addition to power budget, we should also be noted that with the increased data
rate and transmission distance, chromatic dispersion will also introduce impairment
on optical signal. For standard single mode fiber (SSMF), the bandwidth-distance
product at 1550 nm is around 500 GHz-km, which means apparent power penalty
would occur when transmission distance increases to about 50 km. Therefore, the
design of long-reach PON should consider power budget, dispersion, and

aforementioned issues.

1.2.5 Enriching Network Functionalities

PON offers broadband access, but it is still a point-to-point transmission system
which links OLT and the individual subscribers. With the growth of video stream
business such as HDTV, broadcast service delivery is needed in the optical access
network. In TDM-PON, broadcast can be easily realized because the power splitter at
RN inherently broadcast the downstream signal to all ONUs. In WDM-PON, however,
is more challenging due to the dedicated wavelength assignment. Compared with
broadcast service, the concept of multicast can significantly enhances the network
resource utilization for multiple destination traffic and further improves the
networking flexibility. Therefore, lots of research work has been done to realize

broadcast or multicast in WDM-PON.

Conventional system realize optical multicast in higher layers. Contrary to
conventional schemes, optical multicast can also be realized in optical domain. The
advantage of doing so is to reduce the loading of the electronic network processors or
routers on the network layer and to achieve much higher processing speed. Several

interesting schemes have been proposed to overlay optical multicast onto a
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WDM-PON, either by using additional light sources [52], subcarrier multiplexing

technique [53], or the characteristics of modulation formats [54-55].

1.3 Major contribution of this thesis

Research carried out in this thesis aims at system level innovation for the next
generation optical access network, with main focus on modulation format and its
corresponding transmitter and receiver realization to fulfill the system requirement.
As discuss in section 1.2, next generation optical access network requires joint
consideration of all the above mentioned problems. Our research work aims at solving
one or multiple research problems with innovation in signal modulation format,

transmitter, and receiver techniques.

1.3.1 IRZ-duobinary transmitter and application

In this work, we investigate a new optical modulation format, namely
inverse-return-to-zero duobinary (IRZ-duobinary), for optical transmission, especially
in optical access networks. The work can be classified into three stages. In the first
stage, we systematically study various methods of signal generation. Then we study
its performance, i.e. complexity, dispersion tolerance, etc. and compared with
commonly used optical modulation formats. Finally, we study its application in
optical access network, including optical multicast and other possible applications in

long reach system.

IRZ-duobinary format is a combination of IRZ and duobinary. It preserves
several unique properties (i.e. finite optical power in every bit) while incorporating
some desired property of optical duobinary (i.e. compressed bandwidth). Four
different configurations for IRZ-duobinary generations are proposed and compared.
Compared with conventional IRZ format, IRZ-duobinary show improved dispersion
tolerance and may be more practical in many interesting applications in and optical

access network, such as optical multicast and long-reach re-modulation system.
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In the application of optical multicast in WDM-PON, we propose and
demonstrate an optical multicast scheme employing the bandwidth efficient
IRZ-duobinary signal. Multicast control is easily realized by tuning the bias of the
downstream modulator at the OLT. At the ONU, one photo-detector with two
decision modules is used to receive point-to-point (PtP) and multicast data, which
makes the system low-cost and the ONUs are colorless. 10-Gb/s operation of the
proposed selective broadcast overlay and 2.5-Gb/s upstream transmission with carrier

distributed technology are experimentally demonstrated.

In another study, we demonstrate an 80-km-reach WDM-PON with 10-Gb/s
downstream and 2.5-Gb/s upstream re-modulated signals. IRZ-duobinary signal is
employed as the downstream signal format while upstream NRZ-OOK re-modulation
is performed via a reflective semiconductor optical amplifier and electroabsorption
modulator at the optical network unit. Two methods of generating IRZ-duobinary
signal utilizing chirp managed laser (CML) are studied in similar system

configurations.

1.3.2 Manchester-duobinary transmitter and application

In this work, another novel modulation format — Manchester-duobinary is studied.
Manchester-duobinary is a modulation format incorporating Manchester and
duobinary. It is first proposed by Y. Dong et. al. in [56]. However, the MZM based
Manchester-duobinary transmitter is complex. In our work, we propose a novel and
simple scheme of generating optical Manchester-duobinary signal format using
directly-modulated CML and experimentally demonstrated at 10 Gb/s. The generated
optical Manchester-duobinary signal has narrow spectrum and has shown to achieve
three times more chromatic dispersion tolerance in optical fiber transmission than that
of conventional Manchester signal. The impact of the optical spectrum reshaper on
the dispersion tolerance of the directly modulated optical Manchester-duobinary

transmitter is also experimentally characterized.
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By employing Manchester-duobinary format and our proposed cost-effective
Manchester-duobinary transmitter, we propose and demonstrate a cost-effective
centralized light source (CLS) 70-km-reach full-duplex WDM-PON with downstream
10-Gb/s Manchester-duobinary signal and upstream 1.25-Gb/s re-modulated
NRZ-OOK signal. The downstream pre-chirped Manchester-duobinary signal is
generated by directly modulating a CML with an electrical Manchester coded signal,
at the OLT. Upstream re-modulation is realized via an RSOA, resided at the ONU.
The CML-based downstream transmitter offers many advantages to cost-sensitive
metro/access applications, including compactness, high output power, and no costly
and bulky external modulators required. The reflected optical RBS noise in both
downstream and upstream paths are mitigated by the electrical low-pass filter (LPF)
and high-pass filter (HPF) at the OLT and the ONU, respectively. The experimental
results show that the dispersion-tolerant Manchester-duobinary signal can well

support data re-modulation and RBS noise suppression in bi-directional transmission.

1.3.3 Receiver with electronic equalizer for Manchester

signal

Manchester code is attractive in optical fiber communications due to its several
unique properties, such as rich clock component, shaped spectrum. Its applications in
access network include burst mode transmission, re-modulation, beat noise alleviation,
and recently RBS noise mitigation. Nevertheless, Manchester code offers these
advantages at the expense of broader signal bandwidth, which is twice as that of the
conventional NRZ signal. Therefore, the chromatic dispersion (CD) tolerance of the
Manchester signals is only one fourth of their NRZ counterparts, which limits their
practical applications. To mitigate the CD induced signal impairment, we investigate
the performance of electronic chromatic dispersion compensation of 10-Gb/s
Manchester coded optical signal. Two types of electrical equalizers, feed forward

equalizer (FFE) - decision feedback equalizer (DFE) and maximum-likelihood
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sequence estimation (MLSE) are utilized to study their capabilities of CD mitigation.
Utilizing off-line signal processing, the performance of FFE-DFE with different
number of taps and input sampling rates under both cases of single-ended and
balanced detection are compared. Experimental results show that the transmission
distance of Manchester coded signal can be increased by a factor of three with
four-sample-per-symbol FFE-DFE. Similarly, the performance of MLSE with
different number of states for both single-end and balanced detection is compared.
Experimental results show that the transmission distance of Manchester coded signal

can be significantly enhanced by MLSE.

1.4 Outline of this Thesis

The remaining chapters of this thesis are organized as follows:

Chapter 2 reviews the basic of optical transmitter, receiver, and common transmission
impairments as well as compensation techniques in optical access networks. In
addition to conventional direct modulated optical transmitter and MZM, CML will be
reviewed in details. The background knowledge in this chapter will help the

understanding of technology proposed in this thesis.

Chapter 3 explains the principle and applications of our proposed IRZ-duobinary
format. Four different configurations to generate the IRZ-duobinary signal are studied
and compared. Applications in WDM-PON multicast and long-reach PON are

experimentally demonstrated.

Chapter 4 proposes a novel and simple Manchester-duobinary transmitter. The
performance of the proposed transmitter and its application in suppression RBS noise

in a bi-directional long-reach WDM-PON are experimentally studied.

Chapter 5 studies the performance of EDC for optical Manchester signal, including
FFE-DFE and MLSE, with the purpose of finding proper EDC aided receiver for

Manchester coded signal.
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Chapter 6 gives the summary of this thesis and suggests the possible future work.

36



Chapter 2. Optical Modulation
Technique and Transmission
Impairments

In the physical layer of optical communication, OOK in either NRZ or RZ have been
the choice of optical modulation format since 1980s [57]. Though NRZ-OOK has still
been employed in most transmission systems, even in long-haul system, it is not
suitable for future high-speed optical networks, due to its low spectral efficiency and
tolerance to transmission impairments [58]. In the past decades, advanced optical
modulation formats have become a key ingredient to the design of modern optical
communication networks, with different focus on core networks, metro networks, and
access networks. Albeit the modulation formats that being studied in core, metro, and
access networks are different, the research in modulation format is mainly motivated
by two reasons: to fulfill the capacity demand and to lower down the cost. Because of
these reasons, advanced modulation formats have received much interest with
purposes to enhance signal tolerance to transmission impairments and to take

advantage of some particular properties to increase the robustness of networks [59].

For access networks, various kinds of modulation formats have been studied to
meet the growing demand for higher bit rates and bring down the system cost. The
properties and requirements for desired optical access networks have been discussed
in section 1.2 in the first chapter of this thesis, in which modulation formats play
important role in some enabling technologies for the desired system. Applications,
modulation, and demodulation technologies of different modulation formats are being

actively studied.

In this chapter, we review the modulation techniques of generating different
modulation format, with focus on the most significant binary modulation formats that

are deployed in optical access networks. In addition to commonly used Mach-Zehnder
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modulator (MZM), we highlight the principle and application of chirp managed laser
(CML), which is an important device for this thesis research. Three basic transmission
impairments in optical access networks — noise, chromatic dispersion, and fiber
nonlinearity, are reviewed in order to help readers understand the content in the rest
chapters. Common used technologies for impairment compensation have also been

discussed.

2.1 Optical Modulation techniques

2.1.1 Chirp managed laser

The CML is an alternative transmitter technology that allows a directly modulated
laser (DML) to be used in high-performance applications with a smaller size, lower

power consumption, less device complexity, and lower cost [60].

It takes advantage of the chirp when directly modulating a DML to introduce
phase shift such that the phase-related format can be generated. The bias current for a
CML is usually about five times larger than that of the threshold current so that
adiabatic chirp is dominated when modulating. The continuous phase shift of the
optical carrier associated with the adiabatic chirp of the laser upon modulation,
together with the action of a passive optical filter for spectral reshaping generates
certain phase rule when bias, modulation current, and temperature are properly
controlled, 1.e. 1 bits separated by odd number of 0 bits are w out of phase. This kind
of phase shift leads to a modulation format named duobinary, which increases
dispersion tolerance by the destructive interference of the light in the bits that are
leaving their time slots to spill into adjacent time slots [61]. Besides its dispersion
tolerance, the phase-coding property of CML has been used to demonstrate
return-to-zero alternate mark inversion (RZ-AMI) [62] and RZ-DPSK [63],
RZ-DQPSK [64], IRZ-duobinary [65], and Manchester-duobinary [66], etc., both in

compact butterfly packages. In this sub-section, we will first review the chirp property
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when doing direct modulation on a DML, and then explain the principle of operation

of CML.

A Chirp in direct modulation

The chirp of directly modulated DFB lasers can be characterized by the time

dependence of wavelength variation AA(t), which is given by the equation [67]

1dS

A()=a, ——+a,S 2.1
(t)=q, S a, (2.1)

where

Na
a, = 2.2
' dzxe 2.2)
and

a, =&Ga, (2.3)

A is the wavelength, & is the linewidth enhancement factor expressed in negative
value [68], S is the optical power density, ¢ is the velocity of light, & is the nonlinear

gain coefficient, and G is the threshold mode gain.

The first term of (2.1) denotes the transient component of chirp which depends
upon the time rate of change of the optical intensity. The second term denotes the
adiabatic component of chirp which depends only on the instantaneous value of the
optical intensity, because it is introduced by the effect of the injection current on the
refractive index of the cavity. Since the coefficients of the transient and adiabatic
parts depend on different laser parameters, they will have different relative
magnitudes depending on the individual DFB laser [69]. Without losing generality,
transient chirp is dominated when the current injecting is around the threshold, while

adiabatic chirp is dominated at higher bias current. In addition to transient chirp and

39



adiabatic chirp, thermal chirp also exists in DML [70]. However, as the thermal chirp

is slow, we ignore it when illustrating the principle of CML.

B Principle of CML operation

A conventional DML is operated to generate large amplitude modulation in which the
laser is biased near threshold and modulated to achieve 8 to 10 dB ER. This will in
term enhance the transient chirp, which causes fast pulse spreading in SSMF because
of the sign of the chirp. Since SMF has anomalous dispersion, the blue shifted rising
edge of the output of a DML travels faster than the red shifted falling edge causing the
pulses to quickly spread. Hence, the chirp of the laser in standard DML degrades the
transmission performance, and is therefore, unwanted. The DML in a CML operates

in a completely different regime, where the chirp is actually used to get advantage.

50 Ghz

10 Gb/s DML
Photodiode PD2

01

BS - l
e Frequency

-
Photodiode PD1 S
OSR Filter
1 0 - 1T 0 4

Low AM e Hig“AMM

Time Time

Fig. 2.1 Principle of operation of chirped manager lasers [71]

Fig. 2.1 shows the schematic of the CML and its principle of operation [72], [73].
The CML comprises a DML and an optical spectrum reshaper (OSR) filter. A
standard high-speed DFB laser is biased high above threshold, typically at
~5xthreshold and directly modulated, this results in a low ER (~1-3 dB) intensity

modulation. This mode of operation of the DML generates frequency-shift keying
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(FSK) modulation. The other benefits of high bias of the DFB are high-output power,
wide modulation bandwidth, stable single-mode operation, low timing jitter, and
importantly suppression of transient chirp. The laser wavelength is tuned to the
transmission edge of the OSR in order to attenuate the red-shifted O bits relative to the
blue-shifted 1 bits. In this way, the OSR increases the ER to > 10 dB and produces a
clean eye and duobinary format is generated. The OSR also forms a wavelength

locker together with two photodiodes and a beam splitter (as shown in Fig. 2.1).
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Fig. 2.2 Performance comparison between CMLs and external modulators [71].

In the duobinary application, the biggest advantage of CML based duobinary is
the dispersion tolerance. Fig. 2.2 shows the required OSNR to reach the FEC
threshold at 10.7 Gbits/sec for CML and LiNbO; MZM transmitters without
dispersion compensation [71]. A CML can reach 250 km (4250 ps/nm) at an OSNR of
16.5 dB/0.1 nm. The performance of a CML is comparable to the best duobinary
transmitters; it can also be used for reaches of 80-120 km and offers a higher optical

power (4-7 dBm) and better dispersion tolerance than MZM based NRZ-OOK format.

2.1.2 Mach-Zehnder modulator

Mach-Zehnder modulator (MZM) is the most popular external electro-optic

modulator for intensity or phase modulation. A typical structure of MZM is shown in
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Fig. 2.3. Input light is split into two braches at position A in Fig. 2.3 and propagate
through the LiNbO; waveguides and combined at position B in Fig. 2.3. The
refractive index of the two LiNbO; waveguide branches will change with the applied
voltages such that the phases of the light propagate through will be changed. At
position B, the light in transmit through the two arms will interfere constructively.
The intensity of the output signal is then controlled the by the applied electrical

signal.

| Electric Field
Output
- Signal
/ 1N =

_
Input
Signal

> S o o
< Electric Field LiNbO3

Fig. 2.3 Schematic of the Mach-Zehnder Modulator

A. Principle of modulation

Assuming the voltages apply on two electrodes are V,and V,, the phase of the signal

after propagate through the waveguides are

@ 0] V 2rn, L V
) =?neﬁL +2—Cn2ﬁ7/3351FL :Tﬁ+ﬁ71 (2.4)
27n L
b, —%neﬁ,L+ ni}f 33%11: /{ﬁ +n% (2.5)

where G is the distance between electrodes, L is the length of electrodes, 7, is the

effective refractive index of the LiNbO; waveguide, I is the confinement factor
which is defined as the ratio of the change in the effective index of refraction of the

waveguide mode to the change in index of refraction of the electro-optic material, @

is the radial frequency of light, ¢ is the vacuum light speed, ¥, is the lightning
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tensor, A is the light wavelength, V| and V, are the voltages applied on two

AG
n;‘f}/ HlL

electrodes, V=

After combined at position B, the field of the output light is

Jo.  i-p, (eXp(M) 0 j NN [Ej
jle_pz \/,0_2 0 6Xp(j¢2) jdl—p1 \/;1 0
= JE,( pl(l—pz)exp(j¢1)+\/p2(l—p1)exp(j¢2))

Eout =(0 1){

(2.6)

where p, and p, are the power splitting ratio of the two couplers at A and B,

1
respectively. Most MZM use 3-dB coupler, which means p, = p, = E . Therefore

By = JE, e A cos Bt

~ 2.7)
- jE, exp(jﬂL)exp(j§M> cos( il
27wn

eff

where [ is the propagation constant and £ = . To achieve chirp free

modulation, input voltages should fulfill the constrain ¥}, =—V,. The output power is

* - TV -V.
Iout = EoutEout = Iin COSZ(¢1 ¢2) = Iin COSZ(_Q) (28)
2 2 V.
2
where [, = ‘Em , the transmission curve of the MZM is squared cosine function and

is shown in Fig. 2.4 (a).

B. Generation of NRZ-OOK signal
As discussed in section 2.1, NRZ-OOK generated by directly modulating a DFB laser

will suffer from large transient chirp and its CD tolerance is very small. Therefore,
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external modulation with a MZM is normally preferred to reduce the residual chirp in

the modulated signal.
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Fig. 2.4 (a) Operation of the MZM for NRZ-OOK modulation, (b) eye diagram, (c)
optical spectrum

The operation of NRZ-OOK modulation with a MZM is depicted in Figure 2.4 (a).
The MZM is biased in the quadrature point and is driven from minimum to maximum
transmittance. The electrical drive signal requires a peak-to-peak amplitude of V.
Note that due to the nonlinear transmission function of the MZM, overshoots and

ripples on the electrical drive signal can be suppressed during modulation.

The eye diagram and optical spectrum of NRZ-OOK signal is shown in Figures
2.4 (b) and (c), respectively. It can be seen from the spectrum that NRZ-OOK has a
strong component at the carrier frequency, which contains half of the optical power
and is referred to as the carrier. The clock tones are spaced at multiples of the symbol
rate, but are strongly reduced as compared with the carrier component. The bandwidth

of the optical spectrum is approximately twice symbol rate.
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C. Generation of Duobinary signal

Duobinary have been introduced into Optical transmission experiments since
mid-90’s [72]. The main characteristic of duobinary modulation is a strong correlation
between consecutive bits, which results in a more compact spectrum. It can either be
generated as a 3-level amplitude signal (’0’, ’0.5°, ’1”) or as a 3-level signal that
combines phase and amplitude signaling (’-1°, ’0°, °+1°), which is referred to as
AM-PSK duobinary [73]. The use of AM-PSK duobinary generation is advantageous
in optical communication as it has ideally the same or an even better OSNR
requirement than OOK modulation [74]. At the same time the narrower optical
spectrum and strong correlation between consecutive bits result in an increased

dispersion tolerance [72].
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Fig. 2.5 Configuration of MZM for optical duobinary modulation
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Fig. 2.6 (a) Operation of the MZM for AM-PSK duobinary modulation, (b) eye
diagram (c) comparison of optical spectra for NRZ-OOK, RZ-OOK, NRZ-DB,
RZ-DB
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The configuration of MZM for optical duobinary modulation depicts in Figure
2.5. To generate proper driving signal for optical duobinary, precoder is needed. The
duobinary precoder consists of a differential encoder and a correlation encoder (Fig.

2.5). They implement logic operation as follows:

b(k) = a(k) ® b(k —1)

c(k=b(k)+b(k-1) .
The PD follows square-law detection achieves the mod2 detection
d(k) = c(k)ymod2 = (b(k) + b(k —1))mod 2
= (a(k) ® b(k —1) + b(k —1))mod 2 .10

= a(k)® b(k —1)® b(k —1)
= a(k)

Fig. 2.6 (a) illustrates the operation condition of the MZM for AM-PSK
duobinary modulation. After precoding, the electrical dubinary driving signal has
three levels “-17, “07, “+1”. The MZM is biased such that “0” is biased at
transmission null while “-1” and “+1” are biased at transmission peak. The
peak-to-peak voltage of the driving signal is 2V, therefore the output optical signal
for “-1” and “+1” have the same intensity but opposite sign (m phase difference). Fig.
2.6 (b) shows the eye diagram of the optical duobinary signal. Fig. 2.6 (c) shows the
measured spectra at 10 Gb/s for RZ- and NRZ-duobinary and OOK for comparison
[75]. As with the NRZ-duobinary, the RZ-duobinary shows a clear spectral
compression compared to its OOK counterpart. This spectral compression results in

better dispersion tolerance for duobinary compared to OOK [76].
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2.2 Transmission Impairments

2.2.1 Noise

There are many sources of noise in optical communication systems. For example,
light source have phase noise and intensity noise. Optical amplifier such as EDFA and
SOA will add amplified spontaneous emission (ASE) noise to the signal. At the
receiver side, shot noise and thermal noise are the two fundamental noises that limit
the receiver sensitivity. In optical communication systems, different noises will be
dominated in different communication systems. Without loss of generality, thermal
noise will be the limitation in system without optical amplification (i.e. PON), and the
optical noise results from ASE or SOA will be dominated in an optically amplified
system. In the later scenario, optical signal to noise ratio (OSNR) is used to describe
signal quality, or more specifically, how well a receiver can recover the
information-carrying signal from its corrupted version. In this section, we describe the

fundament of noises mentioned above.

A. Shot noise

Shot noise is a manifestation of the fact that photon arrivals are discrete and random
in nature, which results in an electric current consists of a stream of electrons that are
generated at random times. The probability of receiving photons in time interval

obeys Poisson distribution. Assuming the average number of photons received in unit

time interval 7 is 7, the mean number of photoelectron generated is m =nn,

where 7] is the quantum efficiency. The mean and variance of photocurrent

2
generated areip =(1)n_1 and Gl.z :(ﬁ) G;. Since both n and m are Poisson
T T

distributed, the noise variance can then be obtained

o’ = 2qi,B (2.11)
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In the presence of dark current #,, of PN junction, the noise variance is modified

o =2q(i, +i,)B (2.12)

B. Thermal noise

At a certain temperature, electrons move randomly in any conductor. This random
thermal motion of electrons in a resistor manifests as a fluctuating current even in the
absence of an applied voltage. The load resistor in the front end of an optical receiver
adds such fluctuations to the current generated by the photodiode. This additional
noise component is referred to as thermal noise. Mathematically, thermal noise is
modeled as a stationary Gaussian random process with a spectral density that is

frequency independent up to 1 THz and is given by [57]:

4k, 1B
ot =2

eq

(2.13)

—23

where Ky is the Boltzmann constant (1.38x10° J/K ), T is the absolute

temperature, and R~ is the load resistor.

In the presence of FET preamplifier,

(2.14)

where [ is the amplifier noise figure.

C. ASE noise

The spontaneous emission in EDFA is a random process and the emitted photons are
in all directions. Some spontaneous emission is captured and amplified as it
propagates along fiber. The ASE appears at the output of the EDFAs. Assume an
optical amplifier with uniform gain G over an optical bandwidth B. The ASE spectral
density in a single polarization is [57]
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Ny=n,hv(G-1) 2.15)

where 71, is the spontaneous emission noise factor and hv is the photon energy.

As the ASE noise can be modeled as additive white Gaussian noise and the ASE noise

is typically unpolarized, the total ASE noise power in bandwidth B is given as:
P =2n,(G-1)B (2.16)

When ASE noise dominates in a transmission system, an important parameter used in

evaluating signal quality is OSNR, which is define as:

P B
OSNR =101g—+101g—= 2.17
& &5 (2.17)

1 r

where P is the signal power in iy channel, B is the resolution (0.1 nm in ITU

standard), B, is the equivalent noise bandwidth, and N, is the noise power within
the equivalent bandwidth.

2.2.2 Chromatic dispersion

When an electromagnetic wave interacts with the bound electrons of a dielectric, the
medium response, in general, depends on the optical frequency @. As a result,

different spectral components of the pulse travel at slightly different group velocities,

which will limit the performance of the optical communication systems by broadening

optical pulses. If we assume a Gaussian pulse with normalized amplitude U (z,7), the

effect of CD can actually be viewed as a linear filter in the frequency domain [77]:
[
U(z,w)=U(0,w) exp(Eﬂza)zz) (2.18)

where f3, is the group velocity dispersion (GVD) parameter.
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CD is usually characterized by the CD parameter D =-27c/f3, / A*. The pulse

broadening (assuming Gaussian pulse) from CD for a fiber length L is given by
AT = DLAA (2.19)

where AA represents the wavelength width. One of them is the use of lasers with a
wavelength in the region around 1310 nm, where chromatic dispersion reaches a
minimum. However, in long-haul and metro links, wavelength in the 1550 nm region,
where the fiber attenuation is minimum and significantly lower than at 1310nm, are
generally preferred. CD can also be compensated by the use of dispersion
compensation fiber [78]. These are fibers where the slope of the delay versus
wavelength curves has an opposite sign compared with normal fibers. Reels of
appropriate lengths of dispersion compensating fiber (DCF) are placed at certain
points in the link to compensate dispersion. Unfortunately, DCFs also cause
significant attenuation, and their length has to be manually adjusted to achieve proper
compensation, so link provisioning become expensive and time consuming. Although
other optical techniques to compensate dispersion exist, in general, they suffer from

the problems of being costly and requiring manual adjustment.

2.2.3 Fiber nonlinearity

Fiber transmission channel will become nonlinear when the input signal’s power
exceeds a certain level, i.e. too high or too many carriers are injected into the same
device at the same time. Non-linear effect in the fiber induces various types of
crosstalk. There are two categories of fiber nonlinearities. The first one is due to the
scattering between the input signal and the phonons in the silica medium. Stimulated
Brillouin scattering (SBS) and stimulated Raman scattering (SRS) belong to this
category [77]. These two effects would cause transfer of power from the original
wavelength to another wavelength and would consequently cause power reduction
and channel crosstalk. The second category is due to the fact that the refractive index

of a fiber depends on the optical power. Four-wave mixing (FWM), self-phase
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modulation (SPM) and cross-phase modulation (XPM) fall to this category. FWM
would generate new frequency components, inducing crosstalk, while SPM and XPM
would cause spectral broadening and therefore increase the chromatic dispersion

penalties.

2.3 Impairment Mitigation Techniques

2.3.1 In-line compensation techniques

The most common in-line compensation technique is regeneration. It is well known
that system transmission limits stem from a combined effect of amplifier noise
accumulation, fiber dispersion, fiber nonlinearity, and inter/intrachannel interactions.
There are two solutions for signal regeneration. The first is to segment the systems
into independent trunks, with electronic transceivers in between, which is regarded as
O-E-O regeneration. The second solution, all-optical regeneration, performs the same
signal-restoring functions as the electronic approach, except doing the signal
processing in optical domain, such that complexity of the regenerator can be reduced
and processing capacity can be improved [79]. In regeneration, the three basic

signal-processing functions are reamplifying, reshaping, and retiming.

A special kind of fiber, dispersion compensating fiber (DCF), has been
developed for dispersion compensation along the transmission line in a periodic
fashion. The use of DCF provides an all-optical technique that is capable of
compensating the fiber GVD completely if the average optical power is kept low
enough that the nonlinear effects are negligible. However, DCFs offers the advantages
at expense of large attenuation, and their length has to be manually adjusted to
achieve proper compensation, which makes the link compensation expensive and time

consuming.
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2.3.2 Post-compensation techniques

Electronic equalization was proposed to mitigate transmission distortion including CD
and PMD for optical communication systems since early 1990s [80-81]. However, it
only becomes reality with the recent development of high speed microelectronics, i.e.
digital signal processors, analog-to-digital and digital to analog converters. 80
GSamples/s, 6-bit D/A has been innovated. In this section we briefly introduce the
receiver-side electronic equalization techniques, which can be classified into

following categories:

® Feed-forward equalizer (FFE). In such filter, the signal is delayed by a taped
delay line. The delayed signal is then weighted by the tap coefficients and summed
together [82]. The FFE is realized by tuning the tap coefficients. However, because a

linear FFE enhances the noise, a pure FFE is less preferable.

® Decision feedback equalizer (DFE). DFE 1is a nonlinear filter which eliminates
post-cursors of distorted signals. It consists of a decision circuit and a feedback path.
The feedback signal from the decision circuit is delayed by one bit period, weighted
and subtracted from the original input signal. This technique does not introduce noise
enhancement but has little capability to reduce the influence of precursors. A
preferred method is to employ DFE to take into account the postcursors while using a

FFE before the DFE to compensate the interference from the precursors.

® Maximum likelihood sequence estimation (MLSE). MLSE is regarded as the most
efficient electronic equalizer and has better performance than DFE and FFE [82]. In
an MLSE receiver, the detected signal is firstly A/D converted. Then MLSE
algorithms with pure digital signal processing are performed in digital signal

processing (DSP). Details about FFE, DFE, and MSLE will be discussed in chapter 5.
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Chapter 3. Optical Multicast and
Re-modulation Based on
Inverse-RZ-duobinary Transmitter

3.1 Introduction

Inverse-return-to-zero (IRZ) format, which is formed by inverting the intensity level
of a conventional return-to-zero (RZ) signal, has found many interesting applications
in optical transmission systems and optical access networks, such as multi-bit per
symbol transmission, optical multicast overlay, optical labeling switching, and
wavelength reused PON, etc [83-93]. Its feature of carrying optical power in both

one” and “zero” bits allows superposition of different data streams, and thus

enabling all the interesting applications.

The purpose of doing multi-bit per symbol transmission is to boost transmission
data rate and increase the spectrum efficiency. Because the intensity of IRZ signal
only changes in first (or second) half of every symbol and left the other half with
constant power, phase information can be superimposed on the second half so that
multi-bit can be transmitted in one symbol. By combining IRZ with DPSK or DQPSK
are superimposed on the “light” half of IRZ signal to achieve 2-bit per symbol and
3-bit per symbol transmissions [83-85]. A later work further push the spectrum
efficiency to 4-bit per symbol by employing a 4-level IRZ (say IRZ-QASK) and
superimpose QPSK on the second half of every symbol [86], which can actually be
viewed as a TDM transmission technique using QASK and QPSK. In additional to
superimposing phase information, polarization property is also exploited to realize a
self-homodyne transmission, which has been demonstrated in [87]. Other than
increasing spectrum efficiency, the idea of superimposing other format on IRZ has
also been found applications in optical label switching and optical multicast in
WDM-PON. Different from multi-bit per symbol transmission, the data source of the
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IRZ signal and the one for superimposing are different, with a purpose to achieve
optical labeling [88-90] or multicast service delivery [55],[91]. The property of finite
power in every bit offers a good solution to the light source for upstream
re-modulation in a wavelength reused WDM-PON. IRZ signal can transmit
information while facilitate upstream re-modulation. This can eliminate the process of
erasing the downstream data from the received optical carrier and can maintain high
extinction ratio of the downstream data. Meanwhile, the downstream IRZ signal does
not require extra demodulation circuit, except a simple inverting post-amplifier after

the photodiode, which makes it a cost-effective solution [92-93].

As we can see from the above discussion, IRZ format is useful in addressing the
research problems in optical access network. However, IRZ signal offers the
advantages at the expense of requiring broader transmitter and receiver bandwidth,
which is double that of the NRZ-OOK signal. Optical bandwidth of the IRZ signals is
also two times that of the NRZ signals. As a result, optical spectral efficiency and
dispersion tolerance of the IRZ signals are degraded. These drawbacks limit its
practical application desired access networks, especially under the trend to increase
the reach of PON. On the other hand, it is well known that optical duobinary
modulation format is effective in narrowing signal optical spectrum [76]. Hence, we
propose bandwidth efficient IRZ-duobinary format to improve the optical spectral

efficiency and dispersion tolerance of IRZ signals [94].

In this chapter, we first study our proposed IRZ-duobinary format in details,
including several feasible approaches and the respective transmitter design to
generating IRZ-duobinary signals. Then, their dispersion tolerances in optical
transmission are also numerically characterized and compared. The application of
IRZ-duobinary in optical multicast overlay and wavelength reused WDM-PON are

discussed in section 3.3 and 3.4.
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3.2 IRZ-duobinary transmitter

3.2.1 Generation of IRZ-duobinary format

A B C
Input Differential o | 1 Lo | 1 1] A
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Data Encoder

H o | 1 1 Lo [ 1 B
Amp.

[ -1 0 +1 +1 +1 0N\l 0 +1 +1
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Fig. 3.1 An IRZ-duobinary transmitter

Fig.3.1 depicts the design of one of the feasible IRZ-duobinary transmitters. It
consists of a differential encoder, a low pass filter (LPF), an electrical amplifier and a
push-pull Mach-Zehnder modulator (MZM) [95]. The input NRZ signal is first
differentially encoded before being passed through a LPF with 3-dB bandwidth of
about half of the bit rate for correlation encoding. After the LPF, the input two-level
electrical signal is transformed into a three-level driving signal, “+1”, “0,” and “-1”.
The original data, the differentially encoded data and the correlation encoded
waveform are illustrated as inset A, B and C in Fig.3.1, respectively. Then the
three-level electric signal is amplified to a peak-to-peak voltage (V) of 2V, so as to
drive the MZM for optical signal generation. To generate optical IRZ-duobinary
signal, the MZM should be controlled, such that level “0” is biased at the null
transmission point while levels “+1” and “-1” are biased at the maximum
transmission points. Under this driving condition, the “+1” and “-1” levels in the
driving signal produce the same intensities but opposite phases in the generated
optical signal. Hence, an optical IRZ-duobinary signal with duty cycle of ~50% is
obtained, as shown in Fig. 3.2. The inset spectrum diagram in Fig. 3.2 compares the
optical spectra of the IRZ-duobinary signal and the conventional IRZ signal. It is
shown that the IRZ-duobinary signal exhibits a more compact optical spectrum than
the conventional IRZ case. At 10-Gbit/s, it is found that the 20-dB down bandwidth of
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the IRZ-duobinary signal is about 16 GHz while that of the conventional IRZ signal is

up to 23 GHz.
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Fig. 3.2 Illustration of the principle of optical IRZ-duobinary modulation.

3.2.2 Comparison of different configurations of

IRZ-duobinary generation

Optical TRZ-duobinary signals can be generated by several different transmitter
configurations. In this section, we compare four different configurations for

IRZ-duobinary modulation.
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Table 3.1 Comparison of different configurations of IRZ-duobinary generation

Configuration for IRZ-duobinary

Type Eye diagram Optical spectrum
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The first configuration (Type 1) is identical to the one discussed in section 3.2.1,

as depicted in Fig. 3.1. Type 2 is similar to Type 1, except the correlation encoding is

realized by adding half-bit period delayed data (ADD) to the present data in order to

transform differential encoded signals into three-level signals. Type 3 employs an

optical phase modulator (PM) followed by a half-bit delay interferometer. The PM is

driven by a differentially pre-encoded electrical NRZ signal. Type 4 employs
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dual-drive MZM, where one arm is driven by the input NRZ signal while the other is
driven by the inverted signal with half-bit delay. A differential encoder is needed in

each of all four configurations.

The eye diagrams in Table 1, obtained by numerical simulations at 10 Gb/s,
show the back-to-back (BtB) eye diagrams (duty cycle 50%) of the four proposed
transmitter configurations. The rise and the fall times of the NRZ signals are set to
one quarter of the symbol duration. The rise and the fall times of the generated optical
IRZ-duobinary signal in Type 1 is slower than that of the other three, as its driving
signal has been shaped by the LPF. In practical applications, the shape of the LPF
should be optimized to ensure optimum performance of the generated optical
IRZ-duobinary signal. Since push-pull MZM is used in both Type 1 and Type 2, the
generated optical IRZ-duobinary signal is not chirped, and its phase changes abruptly
at “space” level. The main spectral lobe of the optical IRZ-duobinary signal generated
by Type 1 is slightly wider than that by Type 2, but its spectral side lobes are more
suppressed. The output signal of Type 3 and Type 4 are intrinsically the same. Their

large side lobes are due to the chirp induced during the rise and the fall times.
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Fig. 3.3 Required OSNR for BER = 107 versus residual dispersion at 10.709 Gb/s for
different modulation formats of pure IRZ (solid line, simulation), RZ (dot line,
simulation), and IRZ-duobinary (dash line, type 1 configuration, simulation).
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We have also investigated and compared the dispersion tolerance in optical
transmission among the IRZ-duobinary format (generated by Type 1 transmitter),
conventional RZ format, and conventional IRZ format through Monte Carlo
simulation. Fig. 3.3 depicts their respective required optical signal-to-noise ratio
(OSNR) at BER=10", for different residual dispersions. It is found that the
conventional IRZ signal with direct detection quickly degrades in performance due to
chromatic dispersion (CD) in fiber. RZ format follows a similar trend, albeit ~5 dB
better initial sensitivity, and slightly better tolerance to CD. IRZ-duobinary format, as
expected, shows ~10 X and ~4 X tolerance to dispersion, as compared with

conventional IRZ and RZ formats at 2-dB OSNR penalty, respectively.
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Fig. 3.4 Required OSNR for BER = 10~ versus residual dispersion at 10.709 Gb/s for
different types of IRZ-duobinary transmitters in table 3.1.

In Fig. 3.4, we have compared the CD tolerance for IRZ-duobinary signal
generated by different transmitter configurations, as discussed in Table 1. Similar to
the transmission performance of conventional duobinary signals [76], the optical
IRZ-duobinary signals generated by Type 1 and Type 2 transmitters actually show
small improvement in performance with some dispersion. At a dispersion value of

1200 ps/nm, Type 2 transmitter comes to -1.3-dB improvement for the required
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OSNR, while Type 1 transmitter reaches -1.2-dB improvement at dispersion of 1600
ps/nm. Ideally, the optical signals generated by Type 3 and Type 4 transmitters are

essentially identical. Thus, their performances show the same trend versus CD.

3.3 IRZ-duobinary format for optical multicast in
WDM-PON

3.3.1 Optical multicast in WDM-PON

One important application of IRZ-duobinary format is to realize flexible and
cost-effective optical multicast. As discussed in the introduction of this chapter,
optical multicast is needed in WDM-PONSs in providing diverse multimedia and data
services available for broadband access. And the most cost-effective way to upgrade
the access network is to overlay such new kinds of services on the existing access
network infrastructure. Therefore, various novel schemes have been proposed to

support broadcast or multicast overlay on the WDM-PON architectures.

The reason of doing multicast in optical layer other than high layer is to ease the
loading the electronic network processors or routers on the networking layer. Because
the mass multicast data, which is usually video, would be limited by the processing
bandwidth of electronic components as well as processing speed. Therefore, optical
multicast realized by establishing one-to-many light paths on the optical layer is very
attractive. An optical multicast design should be able to deal with two problems: 1.
how to overlay the multicast traffic to the existing network infrastructure, which is
carrying the two-way point-to-point traffic. 2. How to do the overlay control. In order

to do so, several schemes have been proposed.

In [96], multicast was realized by means of subcarrier multiplexing. However,
such a technique required high-speed electronic components at both transmitter and
receiver sides. The allowable bit-rate for the PtP signal was also limited. In [54], [91],

optical orthogonal modulation schemes offer large bandwidth for both PtP and
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multicast data. However, at the ONU, a Mach-Zehnder delay interferometer (MZDI)
was needed to demodulate the DPSK multicast signal. The use of MZDI significantly
increased the complexity of the ONU and required stringent requirement for
wavelength stability. The schemes in [55],[91] employed intensity modulation format
to transmit the multicast and PtP data on one symbol, but the receiver sensitivity was
intrinsically low, due to the small eye-opening and three-level detection. In general, a
robust optical multicast scheme without MZDI and having relatively higher sensitivity

at the ONU is highly desirable.

3.3.2 Proposed system architecture

In this section, we demonstrated an optical multicast overlay on a WDM-PON
employing 10-Gb/s IRZ-duobinary signal as the downstream format for both PtP and
multicast data [97]. Multicast control is realized by adjusting the voltage bias of the
PtP modulator at the OLT. The correlation encoding for generating the three-level
electrical IRZ-duobinary driving signal can be generated by delay-and-add (ADD)
circuit or be approximated by a LPF with a 3-dB bandwidth of about 0.5Rb Hz, where
Rb is the data bit rate. By adopting IRZ-duobinary, the system can simultaneously
transmit 10-Gbit/s PtP signal and 10-Gbit/s multicast signal with 3-dB aggregate
bandwidth of about 14 GHz. The dispersion tolerance is enhanced due to the
improved spectral efficiency. At the ONU, a cost-effective photo-detector with two

decision modules is proposed to receive the PtP and the multicast data.
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Fig. 3.5 Schematic diagram of the proposed WDM-PON with proposed optical
multicast overlay.

Fig. 3.5 depicts the architecture of the WDM-PON. At the OLT side, C-band
wavelengths from different downstream transmitters are first modulated with their
respective IRZ-duobinary coded downstream PtP data. The top inset in Fig. 1 depicts
the method of generating the IRZ-duobinary signal. The input NRZ data signal is first
differentially encoded by an electrical logic AND-gate, followed by a toggle flip-flop
circuit (T-FF). Then, correlation encoding is realized by a 5th-order LPF with 3-dB
bandwidth of ~5 GHz, in order to transform the differentially encoded signal into a
three-level signal, with voltage levels “+1”, “0,” and “-1”. The input data,
differentially encoded data, and correlation encoded waveforms are illustrated as
insets A, B and C in Fig. 1, respectively. The generated three-level IRZ-duobinary
driving signal is then amplified to V;=2V, (~10 volts) and modulated onto the
downstream carrier through an optical Mach-Zehnder modulator (MZM1) biased at
V5. All the downstream optical signals are multiplexed, via a cyclic arrayed
waveguide grating (AWG), and are optically amplified before being fed into the
common multicast transmitter (MZM?2), where the multicast data, also encoded in
IRZ-duobinary format, is optically superimposed onto all downstream carriers. Proper

symbol synchronization is required, and could be achieved by employing fixed delay
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line at the OLT. The composite signal is then multiplexed with the L-band CW
carriers, dedicated for upstream transmissions at the ONUs, via a C-band/L-band
multiplexer, before being delivered over a piece of 30-km SSMF feeder to the RN. At
each ONU, the received downstream carrier is detected before being split and fed into
two different paths for the recovery of the PtP and the multicast data, respectively.
Each ONU requires only one photo-detector and all the modules can be potentially
integrated, which saves the cost of the ONU. On the other hand, the received L-band
carrier is used to injection-lock the Fabry-Pérot (FP) laser diode, which is directly
modulated with 2.5-Gb/s upstream data, simultaneously. Thus L-band
carrier-distributed upstream transmission is realized and the upstream signal is sent

back to the OLT, via the RN and the fiber feeder.
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Fig. 3.6 Signal at the output of MZM1 when multicast is enabled/disabled. (a) & (b):
Principles of (a) enabling, and (b) disabling the multicast data transmission

The control of the multicast transmission is performed at the OLT. When
multicast is enabled on a particular downstream transmitter, the respective MZM1 is
biased to a guarantee level “0” at the null transmission point and levels “+1” and “-1”
at the maximum transmission points. Under this driving condition, the “+1” and “-1”
levels will be transformed into the same optical intensities but opposite phases in the
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output optical signal. As a result, an optical IRZ-duobinary signal with duty cycle of
~50% is obtained (as shown in Fig. 3.6 (a)). Since the PtP information is only carried
on the first half of each bit and there is always optical power at the second half of
each bit, the multicast data can be successfully superimposed onto the second half of
the PtP bits, via MZM?2, as illustrated in Fig. 3.6(a). As the multicast data also
introduces m-phase shift at bit “1”, the signal remains duobinary after the optical
multicast overlay. To disable the multicast signal for a certain subscriber, the voltage
bias (level “0” of the multicast data) of the respective MZM1 has to be shifted to the
transmission maximum point. Thus, the levels “+1” and “-1” of the multicast data are
at the null transmission points of MZMI1. The output of PtP modulator becomes an
RZ-like signal. In this case, the second half of each bit is always null. Therefore
multicast signal cannot be superimposed onto the PtP signal, as depicted in Fig. 3.6(b).
The stabilization of the voltage bias of the optical modulators can be realized, via
optical power feedback control. The data logic of the two signal streams can be easily
rectified by simple digital processing. The simulated signal spectra after MZM 1 & 2,
under multicast-enabled and disabled modes are also illustrated in Fig. 3.7 (a) and (b),
respectively, assuming 10-Gb/s PtP and multicast data. The respective measured eye

diagrams are also shown in their insets.
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Fig. 3.7 Simulated signal spectra and experimental eye diagrams at the output of
MZM1 and MZM 2 under (a) multicast-enabled case, and (b) multicast-disabled case.
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At the receiver, the PtP data can be recovered by sampling the first half-bit of
detected signal, while the multicast data can be restored by sampling the second half.
After the clock recover, rising edge triggering and falling edge triggering can be used
to recover PtP and multicast data, respectively. The link loss between the OLT and the
corresponding receiver in an ONU is 12 dB, which consists of 3.6 dB for AWG at
remote node (RN), 6 dB for the 30-km SMF, and 2.6 dB for the insertion losses of

connectors and C/L multiplexer

3.3.3 Experimental demonstration of the proposed optical

multicast system

The feasibility of the proposed system has been experimentally verified on one
particular channel for proof-of-concept demonstration. At the OLT, a continuous
wave (CW) light from a DFB laser at 1550.13 nm was modulated by the 10-Gb/s
IRZ-duobinary driving signal, which was generated from a 10-Gb/s NRZ
pseudorandom binary sequence (PRBS) with a word length of 2*-1, via a MZM with
a V. of 5.3 volts. After superimposing the multicast signal, it was amplified by an
EDFA with 15-dB gain before being multiplexed by an L-band seed wavelength for
upstream modulation. The launched optical power into the fiber feeder was -0.7 dBm.
At the ONU, a C/L band demultiplexer first separated the downstream wavelength
and the upstream seed wavelength. The received 20-Gb/s downstream signal was
detected by a 40-GHz photo-diode (PD) followed by a LPF with a 3-dB bandwidth of
16.7 GHz. The 10-GHz clock extracted by clock recovery module was used to recover
the transmitted signal. The received upstream seed wavelength was also modulated by

the upstream data before being delivered back to the OLT.
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Fig. 3.8 BER measurements of upstream, downstream PtP and multicast signals when
multicast is enabled or disabled.

The measured bit-error-rate (BER) results of PtP, multicast and upstream signals
are shown in Fig. 3.8. When multicast was enabled, the receiver sensitivities (at BER
of 10”°) for PtP data and multicast data were -14.38 dBm and -13.66 dBm, having
0.76-dB and 1.05-dB power penalties after 30-km transmission, respectively. When
multicast was disabled, the back-to-back (BtB) sensitivity at BER of 10" for PtP data
was -20.07 dBm with about 3.41-dB power penalty, after transmission. Besides,
low-penalty upstream transmission was also achieved. The BtB of the upstream signal

was -18.70 dBm, having 0.28-dB penalty, after transmission.
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Fig. 3.10 Receiver sensitivities (at BER=10") of the downstream signals, after 30-km
transmission, under different timing misalignment values.

Fig. 3.9 shows the measured receiver sensitivities (at BER of 10”) and the
respective transmission distance of the downstream signals. Although the BtB

performance of the multicast-disabled PtP signal was much better than that of the
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multicast-enabled PtP signal and the multicast signal, it degraded much faster as the
transmission distance increased, as it became RZ-like format. In the proposed scheme,
synchronization between the PtP and the multicast data are necessary. Fig. 3.10 shows
their receiver sensitivities (at BER of 10™) after 30-km transmission, under various
timing misalignment values. The 1-dB tolerance of timing misalignment for the
multicast-disabled PtP signal was around 18 ps (-8 ps to +10 ps), while that for

multicast-enabled cases was around 15 ps (-7.5 ps to + 7.5 ps).

In conclusion of this section, we have proposed and experimentally demonstrated
an optical multicast overlay scheme for WDM-PONs, using bandwidth-efficient
IRZ-duobinary signals. Optical multicast control can be easily achieved by tuning bias
of the downstream PtP modulator. Satisfactory transmission performances of the PtP
and multicast signals have been achieved, with sufficient system power budget. The

system performances have been further characterized.

3.4 IRZ-duobinary for long-reach PON

Colorless ONU and long-reach are two desired properties of optical access networks.
To realize colorless ONU, one practical and cost-effective approach is to employ
centralized light sources (CLS) at the OLT and directly re-use the downstream light as
the upstream carrier at the ONUSs. Since long-reach optical access networks can help
save further cost, long-reach CLS WDM-PON has aroused much attention. In
realization of CLS WDM-PON, IRZ, Manchester, and DPSK formats are among the
feasible options for the downstream signal format, since they carry power in both “1”
and “0” bits [92-93, 99-101]. However, they may not be suitable for 10-Gb/s

long-reach PON because of their limited uncompensated transmission span.

In this section, we propose an 80-km-Reach WDM-PON utilizing IRZ-duobinary
downstream signal and on-off-keying (OOK) upstream signal was demonstrated.
Compared with IRZ and Manchester formats, IRZ-duobinary signal format has larger

dispersion tolerance and it can be directly reused and re-modulated with the upstream
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data at the ONU, without any synchronization. Compared with DPSK format, it does
not require MZDI to do the demodulation and thereby saving the cost at ONU. In our
studies, two kinds of IRZ-duobinary transmitters are employed as downstream
transmitter. In the first study, type 3 IRZ-duobinary transmitter in section 3.2.2 is
employed. An 80-km-reach WDM PON with 10-Gb/s downstream and 2.5-Gb/s
upstream re-modulated signals is demonstrated [101]. In the second study, a CML
based IRZ-duobinary transmitter is proposed as downstream transmitter, which does
not require pre-coder as other transmitters. The system cost can be further brought

down.

3.4.1 Long-reachn PON using DI based IRZ-duobinary

transmitter

In this work, we propose to generate the IRZ-duobinary downstream signal using an
optical phase modulator (PM) followed by a half-bit DI at the OLT. This method does
not require correlation encoder, as well as high power electrical amplifier to obtain
2V, driving voltage, as required in [101]. Therefore it is more cost-effective and

practical.

A. System architecture
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Fig. 3.11 Architecture of the proposed system.
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Fig. 3.12 Principle of generating IRZ-duobinary signal with PM and MZDI.

Fig. 3.11 illustrates the CLS WDM-PON architecture utilizing IRZ-duobinary as the
downstream signal format. Each transceiver at the OLT generates its downstream
IRZ-duobinary signal and receives its upstream re-modulated signals from its
respective subscriber. At the OLT, differentially pre-coded downstream data is
modulated onto a designated wavelength channel through an optical phase modulator.
All downstream modulated wavelengths are multiplexed, via an AWG, before being
fed into a common half-bit DI, where the DPSK signals on all wavelengths are
converted into IRZ-duobinary signals at the DI’s constructive port. Fig. 3.12
illustrates the operation principle of this format conversion from DPSK to
IRZ-duobinary. In practical application, all laser frequencies should be precisely
aligned to the spectral response of the DI to realize such format conversion. By
proper setting of the time delay between the two arms in the DI, the duty cycle of the
generated RZ signals is set to about 50%. All downstream wavelengths are then
delivered to their destined ONUs, via a piece of 80-km feeder fiber and the individual

distribution fibers.

At each ONU, a 3-dB optical coupler splits a portion of the received downstream
signal power for detection, while the remaining power is fed into a RSOA for
upstream data re-modulation. The finite optical power in each bit of the received

downstream IRZ-duobinary signal provides the light source for the upstream
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transmission. After re-modulation, the upstream NRZ-ASK signal was then
transmitted back to the OLT, via another upstream fiber link. A pair of feeder fibers is
used to avoid the possible Rayleigh backscattering induced performance degradation
on both the downstream and the upstream signals. At the OLT, the upstream signal is
recovered by an electrical LPF after detection. Fig. 3.11 insets show an example
waveform of the received upstream signal and its corresponding electrical waveform

after the LPF.
B. Experimental demonstration

The proposed system was experimentally demonstrated on one particular channel for
proof-of-concept demonstration. A CW light from a DFB laser at 1550.13 nm was
modulated by a 10-Gb/s PRBS downstream data with a length of 2*'~1. The output
IRZ-duobinary downstream signal was amplified by an EDFA to 6 dBm. After 80-km
transmission, a portion of light is fed into the RSOA and re-modulated by 2.5-Gb/s
2°'—1 PRBS upstream data. The modulation condition of RSOA is set to maximize
the ER of the modulated upstream signal. The upstream signal was then sent back to
OLT, via another piece of 80-km fiber. At the OLT, an electrical LPF with 3-dB

bandwidth of 1.87 GHz was used to recover the upstream data.
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Fig. 3.13 Optical spectra of conventional IRZ and IRZ-duobinary signals.
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Fig. 3.14 Eye diagrams of (a) optical BtB IRZ-duobinary, (b) optical IRZ-duobinary
after 80-km transmission, (c) electrical BtB IRZ-duobinary, (d) electrical
IRZ-duobinary after 80-km transmission, (e) electrical BtB remodulated signal, (f)
electrical remodulated signal at OLT.

Fig. 3.13 shows the optical spectrum of the IRZ-duobinary signal generated at the
OLT. It has exhibited relatively more compact spectrum, as compared to that of a
conventional IRZ signal. Thus it has better tolerance against fiber chromatic
dispersion. Figs. 3.14 (a) and (b) show the eye diagrams of the generated
IRZ-duobinary signal, obtained at the constructive output port of the DI, and that after
80-km transmission, respectively. Their corresponding electrical eye diagrams
detected by 10-Gb/s receiver followed by an inverting pre-amplifier are shown in Figs.
3.14 (c¢) and (d), respectively. Figs. 3.14 (e) and (f) show the BtB eye diagram for the
upstream signal before and after a 1.87-GHz electrical LPF, respectively. Fig. 3.15
shows the measured BER performance. Error-free transmissions were achieved for
both the downstream and the upstream signals, after 80.4-km SSMF transmission. The
BtB sensitivity (at BER of 10”) for the 10-Gb/s downstream IRZ-duobinary signal
and the 2.5-Gb/s upstream re-modulated ASK signal were measured to be -16.27 dBm
and -20.45 dBm, respectively. After 80.4-km transmission, their respective power

penalties were measured to be 1.26 dB and 2.95 dB, respectively.
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Fig. 3.17 Measured nonlinear tolerance for Inverse-RZ-Duobinary and conventional
Inverse-RZ signal.

We have also investigated and compared the dispersion tolerance between the
IRZ-duobinary format and the conventional IRZ format. Fig. 3.16 depicts their
respective power penalties (at BER=10") measured at different residual dispersions. It
was found that the 10-Gb/s IRZ-duobinary signal exhibited dispersion tolerance from
-1634 ps/nm to +1626 ps/nm, at 2-dB power penalty. However, under the same
condition, the conventional IRZ signal only exhibited dispersion tolerance from
-460 ps/km to +500 ps/nm. The measurements showed that dispersion tolerance of the
IRZ-duobinary format was more than three times superior to that of the conventional

IRZ signal.

As the power budget is another important issue in long-reach WDM-PON, we
have further investigated the nonlinear tolerance of the IRZ-duobinary signal. The
IRZ-duobinary signal at different optical powers was launched into a piece of 80-km
SSMF so as to evaluate the nonlinear tolerance. The chromatic dispersion of the
SSMF was compensated with dispersion compensate module (DCM). The receiver

sensitivities (at BER of 10”) of both 10-Gb/s IRZ-duobinary signal and 10-Gb/s

74



conventional IRZ signal, at different launched power levels were measured and their
induced power penalties were shown in Fig. 3.17. The results also proved that the
IRZ-duobinary format has much better nonlinear tolerance and it exhibited 1-dB

penalty at 13- dBm launched power.

3.4.2 Long-reach PON using CML based IRZ-duobinary

transmitter

In previous section, we demonstrate an 80-km-Reach WDM-PON utilizing
IRZ-duobinary downstream signal and OOk re-modulation upstream. However, The
DI based IRZ-duobinary transmitter requires the laser wavelengths to be precisely
aligned to the DI, which would increase the cost by adding extra wavelength

monitoring and feedback controlling modules.

In this sessopm, we propose to generate IRZ-duobinary signal by directly
modulating a CML with electrical IRZ signal. Similar as previous work, upstream
re-modulation is realized by RSOA-EAM. The CML-based downstream transmitter
offers many advantages to cost-sensitive metro access applications such as compact,
high emit power, and do not require costly and bulky external modulators [102].
Moreover, unlike the previous schemes that require differential encoder to generate
IRZ-duobinary signal, only IRZ encoder is needed in the CML-based IRZ-duobinary
transmitter. Therefore the cost can be further decreased. The experimental results
show that the IRZ-duobinary signal generated by CML has large dispersion tolerance

and can well support the re-modulation at ONU.
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A. System architecture
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Fig. 3.18 Architecture of the proposed system

Fig. 3.18 illustrates the WDM-PON architecture utilizing IRZ-duobinary as the
downstream signal format. Each transceiver at the OLT generates its downstream
IRZ-duobinary signal and receives its upstream re-modulated signals from its
respective subscriber. At the OLT, IRZ coded electrical downstream data is
modulated onto a designated wavelength channel through a CML. By properly
adjusting the central wavelength of the optical spectrum reshaper (OSR) integrated in
the CML, IRZ-duobinary signal can be obtained. All downstream modulated
wavelengths are multiplexed, via an AWG, before fed into an EDFA for boosting
power. All downstream wavelengths are then delivered to their destined ONUs, via a

piece of 80-km feeder fiber and the individual distribution fibers.

At each ONU, an optical coupler splits a portion of the received downstream
signal power for detection, while the remaining power is fed into a RSOA-EAM for
upstream data re-modulation. The finite optical power in each bit of the received

downstream IRZ-duobinary signal provides the light source for the upstream
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transmission. After re-modulation, the 2.5-Gb/s upstream NRZ-OOK signal is then
transmitted back to the OLT, via another upstream fiber link. A pair of feeder fibers is
used to avoid the possible rayleigh backscattering induced performance degradation
on both the downstream and the upstream signals. At the OLT, the upstream signal is

restored by an optical receiver with 2.5 GHz bandwidth.

B. Generation of IRZ-duobinary signal using CML
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Fig. 3.19 (a) Schematic of CML. (b) Illustration of principle of operation of
IRZ-duobinary modulator using CML.

Fig. 3.19 (a) shows the schematic of the CML-based IRZ-duobinary transmitter,
which comprises an electrical NAND gate and a CML. The CML comprises a
distributed feedback laser (DFB-LD) followed by an in-line OSR filter in a butterfly
package. Fig. 3.19 (b) illustrates the principle of operation using time domain and
frequency domain pictures, as well as a phasor representation. The NAND gate
convert the input NRZ signal into IRZ signal that directly modulate the DFB-LD. As
shown in Fig. 3.19 (b) A, the current swings down from high level to low level by Al
at the first half of bit “1” while remains high level at the second half of “1” and bit
“0”. The drive amplitude is adjusted to generate blue adiabatic chirp of Af = 1/T. The

DFB-LD is biased around 5 times above its threshold to minimize transient chirp

77



while increase the adiabatic chirp. The adiabatic chirp makes the high intensity level

blue shifted relative to the low intensity level by A¢:27ZJ‘OT/2Af (1)dt . When the duty

cycle of bit “1” is 50%, the frequency shift results in phase shift of

Ap=27xxT/2x1/T=x for the low level in bit “1”. However, the extinction ratio (ER)

of the output signal is low due to the high bias. The intensity, chirp and phase of the
optical signal generated by the DML are shown as B, C, and D in Fig. 3.19 (b). As
shown in the inset of Fig. 3.19 (a), the laser wavelength is aligned on the transmission
edge of the OSR filter, so as to pass the blue shifted high intensity level and attenuate
the red low intensity level. The intensity modulated signal accompanied with
frequency modulation is then converted to a two level IRZ signal by the OSR filter
(As shown in Fig. 3.19(b) E), resulting in relatively high ER IRZ-duobinary signal.
Besides, The OSR edge also converts the adiabatic chirp to flat-top chirp with abrupt

phase transitions at the lower level.

C. Experimental demonstration
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Fig. 3.20 Experimental setup.

The feasibility of the proposed system is experimentally assessed on one
particular channel for proof-of-concept demonstration. We also study the BER
performance of the nonlinear cross talk induced by two co-propagating 10Gb/s
NRZ-OOK channels. As illustrated in Fig. 3.20, a standard CML module (Finisar
DMS80-01) is used for experimental setup. The DFB-LD at 1555.63nm is biased at 80

78



mA and modulated by electrical IRZ signal with PRBS with a word length of 2°'-1.
The V,, of the driving signal is 2.23 Volt. The neighboring signals are generated
using two tunable laser sources (TLSs) followed by a Mach-Zehnder Modulator,
which is driven by 10Gb/s PRBS 2°'-1 data. The power per channel is adjust to be
equal. Then the EDFA amplifies the power of each channel to 6 dBm and the
out-of-band noise is suppressed by the following bandwidth tunable flat top filter
(BTF). The spectrum of the signal launched into the fiber is shown in Fig. 3.21 (a). At
the remote node, an AWG (45 GHz at 3-dB bandwidth) demultiplex the
IRZ-duobinary signal into ONU. At the ONU, a 70:30 coupler is used to ensure
enough power budget for downstream receiver. 70% power of the incoming signal is
split to the downstream receiver while the rest is amplified and remodulated by a
RSOA-EAM. The upstream signal is then sent back to OLT, via another piece of
80-km fiber, and recovered by an optical PD followed by an 5™ order electrical LPF
with 3-dB bandwidth of 1.87 GHz.
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Fig. 3.21 (a) The spectra of IRZ-duobinary signal generated by CML. (b) The spectra
of the experiment wavelengths.
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Fig. 3.22 Eye diagrams. (a) Optical eye diagram of back-to-back IRZ-duobinary
signal. (b) Optical eye diagram of IRZ-duobinary signal at ONU. (c¢) Optical diagram
eye of back-to-back upstream signal. (d) Optical eye diagram of back-to-back
upstream signal at OLT. (e) Electrical eye diagram of back-to-back upstream signal. (f)
Electrical eye diagram of back-to-back upstream signal at OLT.

Fig. 3.21 (b) shows the spectrum of the IRZ-duobinary signal generated by CML.
The 20-dB bandwidth of the IRZ-duobinary signal is around 13 GHz. It has exhibited
relatively more compact spectrum, as compared to that of a conventional IRZ signal.
Thus it has better tolerance against fiber chromatic dispersion. Figs. 3.22 (a) and (b)
show the optical eye diagrams of the generated IRZ-duobinary signal, obtained at the
output of CML, and that after 80-km transmission, respectively. The duty cycle of the
IRZ-duobinary signal is ~60%, which is due to the limited modulation bandwidth of
the CML. The ER of the signal at the transmitter is 6.7dB. The relative low ER is
owned to the low slope of the OSR in the used CML (~11GHz@3dB). Low ER will
decrease the BER sensitivity for downstream signal. However, downstream signal
with low ER provides more power for upstream remodulation, which may improve
the upstream sensitivity. Fig. 3.22 (c¢) and (d) are the optical eye diagrams of the
remodulated signal at ONU and OLT, respectively. Each upstream bit contains four
downstream bits. Figs. 3.22 (e) and (f) show the electrical eye diagrams for the
upstream signal after a 1.87-GHz electrical LPF and an inverting amplifier at ONU

and OLT, respectively. Clear eye opening is obtained.
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Fig. 3.23 BER measurements of the 10-Gb/s downstream and the 2.5-Gb/s upstream
signals

Fig. 3.23 shows the measured bit-error-rate (BER) curves. Error-free
transmissions were achieved for both the downstream and the upstream signals, after
80.4-km SSMF transmission. The BtB sensitivity (at BER of 10”) for the 10-Gb/s
downstream IRZ-duobinary signal and the 2.5-Gb/s upstream re-modulated
NRZ-OOK signal were measured to be -13.67 dBm and -20.07 dBm, respectively.
After 80.4-km transmission, their respective sensitivities were measured to be -14.96
dBm and -17.88 dBm, having -1.29 dB and 2.19 dB penalty. Single channel results
are also measured in order to determine the nonlinear penalty induced by
multi-channel transmission. The single channel sensitivity at BER of 10 for
downstream at ONU and upstream at OLT were -15.12 dBm and -18.21. Small

penalties are observed.

3.5 Summary

In this chapter, we have reviewed many applications of IRZ and then proposed an
improved format named IRZ-duobinary. The relatively narrow IRZ-duobinary

spectrum presents much better dispersion tolerance than conventional IRZ or RZ.

81



Methods of generating IRZ-duobinary signal and the performance of the signal

generated by the proposed transmitters are compared.

After review IRZ-duobinary and its properties, we proposed and experimentally
demonstrated a WDM-PON with optical multicast overlay by using the bandwidth
efficient IRZ-duobinary signal. In the proposal, multicast control can be easily
achieved by tuning bias of the downstream PtP modulator. Satisfactory transmission
performances of the PtP and broadcast signals have been achieved, which provide

sufficient power budget for the system.

Another typical application — wavelength reused WDM-PON, have also been
characterized. In the study, we have experimentally demonstrated and characterized
an 80-km-reach CLS WDM-PON. By employing IRZ-Duobinary as downstream
format, 10-Gb/s downstream and 2.5-Gb/s upstream transmission over 80 km is
realized. Error-free transmissions for both the downstream and the upstream signals

have been achieved without dispersion compensation.

82



Chapter 4. Manchester-duobinary
Transmitter for Bi-directional
WDM-PON

4.1 Introduction

Manchester code, which has one transition within every encoded bit period, is an
attractive modulation format for various applications in optical fiber communication
systems. Compared with the conventional NRZ, Manchester code has rich clock
component and enables simple clock recovery and level recovery [103]. Besides, it
has the feature of zero dc content, which makes it highly tolerant to signal intensity
fluctuation when differential detection is used [104]. With these advantages,
Manchester code was extensively studied in high-speed burst mode transmission
systems [105]-[107]. Besides, it has also found application in WDM-PON. Having
equal power in every bit, Manchester code has been employed as the downstream
signal format in WDM-PONs so as to facilitate upstream data transmission, via
re-modulating the downstream optical carrier at the ONUs [108]-[109]. In frequency
domain, the main lobe of the Manchester coded signal is concentrated at the
frequency which equals its data rate. Hence, such intrinsic property could effectively
alleviate the optical beat noise between the optical line terminal (OLT) and the ONUs
in bi-directional WDM-PONs [110]-[111]. In particular, one of its variants, the
phase-shift-keying-Manchester signal [112], has been shown to have much stronger
tolerance to the beat interference noise (BIN), compared with other modulation

formats.

However, Manchester signals offer the above advantages at the expense of
requiring broader transmitter and receiver bandwidth, which is double that of the
nonreturn-to-zero (NRZ) signal. Optical spectrum of the Manchester signals is also

two times that of the NRZ signals. As a result, optical spectral efficiency and
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dispersion tolerance of the Manchester signals are degraded greatly [103]. These

drawbacks affect its application to practical burst mode transmission link.

It has been known that the use of optical duobinary modulation format is an
effective means in achieving narrow signal optical spectrum [113]. Many studies have
shown the effectiveness of this modulation scheme for improving dispersion tolerance
and spectral efficiency in high-speed optical transmission systems [114]-[119]. By
combining the Manchester and duobinary coding together, a format with improved
dispersion tolerance is proposed and demonstrated, namely Manchester-duobinary
[120]. With the advantage of improved dispersion tolerance, Manchester-duobinary
format has been found useful applications than conventional Manchester in optical

access networks.

In this chapter, we discuss the principle of Manchester-duobinary, methods of
generate Manchester-duobinary signal, as well as its application in bi-directional
long-reach WDM-PON. Our contributions include a novel Manchester-dubinary
transmitter using CML, and a Rayleigh noise mitigated 70-km-Reach bi-directional
WDM-PON with our proposed Manchester-duobinary transmitter [121-122].
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4.2 Manchester-duobinary transmitter
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Fig. 4.1 Experimental setup of MZM based Manchester-duobinary transmitter and
corresponding receiver system. CLK: clock signal. FD: frequency doubler. T-FF:
toggle flip-flop. PD: photodetector. Pre-AMP: preamplifier. LA: limiting amplifier.
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Fig. 4.2 Principle illustration of generation of Manchester-duobinary signal based on

MZM. [120]
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Fig. 4.1 shows the experimental setup in [120] for generating and receiving the
Manchester-duobinary signal. The first module in the transmitter is a typical
implementation of the Manchester encoder from NRZ data. In this module, the
Manchester signal is realized by doing XOR operation between NRZ signal and its
clock. The original NRZ data and its corresponding Manchester signal are shown as A
and B in Fig. 4.2. Because of the level transitions of the Manchester signal, bandwidth
of is doubled when it becomes Manchester signal. For example, if the original
bandwidth of NRZ is 10 GHz, the bandwidth of the output Manchester signal is 20
GHz, albeit the data rate is still 10 Gb/s. The Manchester encoding module is
followed by the duobinary encoding module, which consists of a differential encoder,
a correlation encoder, and a LPF. The functionality of the differential encoder can be
established by connecting an inverter and an AND-gate followed by a toggle flip-flop
(TFF) circuit. The two times frequency clock signal for AND-gate is obtained by
using a frequency doubler. Correlation encoding is realized by adding data delayed
half bit period to the present data. In this way, differential encoded signals are
converted to three-level signals, “+1”, “0,” and “-1”. Differential encoded signals and

three-level signals are illustrated as C and D in Fig. 4.2.

Following the correlation encoding, one LPF with a bandwidth of half the bit rate
of electrical Manchester is used to further compress the bandwidth of three-level
signals by trimming its high-frequency components. As a result, the filtered
three-level signals have narrower bandwidth than the Manchester signals. Then the
three-level electric signals are amplified to a Vj,, of about 2V and modulated onto the
optical carrier through a MZM. The MZM is biased in such a way, where level “0” is
at the transmission null point and level “+1” and “-1” are at the transmission
maximum points. Under this driving condition, the “+1” and “-1” levels in the
duobinary signals have the same optical intensity but opposite phase after modulation.

The optical duobinary signals are shown as E in Fig. 4.2.
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Fig. 4.3 Eye diagrams of (a) electrical Manchester-duobinary signals applied to
modulator, (b) optical Manchester-duobinary signals before demodulation, and (c)
electrical Manchester-duobinary signals after balanced detection. [120]

Fig. 4.3 (a) shows the eye diagram of the electrical Manchester-duobinary signal
applied to the modulator, which corresponds to D in Fig. 4. 2. Fig. 3(b) shows the eye
diagrams of the optical Manchester-duobinary signal before demodulation, which
corresponds to E in Fig. 4.2. Fig. 4.3 (c) shows the electrical Manchester-duobinary
signal after balanced detection, which corresponds to F in Fig. 2. It can be found that
the DC component of the Manchester-duobinary signals is removed effectively by
using balance detector. Experiment results in [120] show that the optical spectrum of
Manchester-duobinary coding is more compact than that of the conventional

Manchester signal and therefore has a larger CD tolerance.

4.2.2 Chirp managed laser based Manchester-duobinary

transmitter

In the previous section we discuss the Manchester-duobinary format and a MZM
based Manchester-duobinary transmitter that can help alleviate the problem of
dispersion tolerance for conventional Manchester format. However, the transmitter
proposed in [18] requires high-speed electronic encoders and is quite power
inefficient. In this section, we propose and demonstrate a 10-Gb/s optical
Manchester-duobinary transmitter using a directly modulated CML [123]. By

properly modulating the CML with an electrical Manchester-coded driving signal,
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optical Manchester-duobinary signal can be obtained [121]. This eliminates the need
for complex electronic encoders and the costly and bulky external modulators. Thus,
the complexity and the cost of the Manchester-duobinary transmitter are greatly
reduced. The experimental result has showed that its chromatic dispersion tolerance is
increased by nearly three times compared with that using conventional Manchester
code. In this section, the conventional Manchester signal refers to Manchester signal
without any phase transition. The proposed CML-based Manchester-duobinary

transmitter has also been experimentally characterized.

A. Principle of the CML based Manchester -duobinary transmitter
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Fig. 4.4 (a) Schematic of CML-based Manchester-duobinary transmitter. (b)
[lustration of the generation of the Manchester-duobinary signal.
Fig. 4.4 (a) shows the schematic of the proposed CML-based Manchester-duobinary
transmitter, which comprises an electronic XOR gate and a CML. The CML
comprises a distributed feedback laser (DFB-LD) followed by an in-line OSR filter in
a butterfly package [123]. Fig. 4.4 (b) illustrates the principle of operation in time,

frequency and phase domains. The XOR gate converts the input NRZ signal into
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Manchester format before directly modulating the DFB-LD in the CML. The driving
signal (trace A) is an electrical Manchester signal and its driving amplitude V), is
adjusted to generate blue adiabatic chirp of Af = I/T, where T is the bit period at the

high-intensity level in each bit. Such frequency shift results in a phase shift of

Ap=2rx IOT/2Af (t)dt = =, to the low intensity level, in each bit. The DFB-LD is biased

around five times above the laser threshold current so as to minimize the transient
chirp but results in low ER in the DFB-LD output. The intensity, chirp and phase of
the output optical signal from the DFB-LD are shown schematically as traces B, C,
and D in Fig. 4.4(b), respectively. The laser wavelength is aligned on the transmission
edge of the OSR filter, so as to pass the blue-shifted high intensity level and attenuate
the red-shifted low intensity level. The intensity modulated signal accompanied with
frequency modulation is then converted into a Manchester-duobinary signal with
relatively high ER by the OSR filter (trace E), Besides, the OSR edge also converts
the adiabatic chirp to flat-top chirp with abrupt phase transitions at the lower intensity

level.

B. Experimental demonstration and performance analysis
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Fig. 4.5 Experimental setup for studying the CML based Manchester-duobinary
transmitter

A standard CML module (Finisar DM80-01) was employed in our experimental setup,
shown in Fig. 4.5. The DFB-LD at 1554.60 nm was biased at 75 mA and was
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modulated by an 10-Gb/s electrical Manchester signal with pseudorandom binary
sequence (PRBS) and a word length of 2’11, The V,p of the driving signal was 2.25 V.
Different lengths of dispersion-compensation module or SSMF with ~17 ps/(nm-km)
chromatic dispersion were utilized to study the chromatic dispersion tolerance of the
optical ~ Manchester-duobinary  signals.  The optical power of the
Manchester-duobinary signal was kept below 0 dBm, in order to avoid the impact

from fiber nonlinearity. Single PD was used for signal detection.
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Fig. 4.6 Optical spectra of 10-Gb/s conventional Manchester (dashed line) and
Manchester-duobinary (solid line) signals.

Fig. 4.6 shows the optical spectrum of the generated 10-Gb/s CML-based
Manchester-duobinary signal (solid line) and it was compared with the 10-Gb/s
conventional Manchester signal (dashed line). The tone of CML-based Manchester
duobinary signal was shifted and the carrier was suppressed. The 20-dB bandwidths
of the Manchester-duobinary signal and conventional Manchester signal were
measured to be 18 GHz and 29 GHz, respectively. The Manchester-duobinary signal
exhibited relatively more compact spectrum, as compared with that of a conventional
Manchester signal. Thus it gave better tolerance against fiber chromatic dispersion in
optical fiber transmission. The insets in Fig.4.5 show the eye diagrams of the

electrical driving signal and the output optical signal. The ER of the output optical
90



signal was 8.7 dB. The relative low ER was attributed to the low slope of the OSR in

the CML (~11GHz@3dB).
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Fig. 4.7 BER performance for 10-Gb/s Manchester-duobinary signal and conventional
Manchester signal.

As shown in Fig. 4.7, the back-to-back sensitivities (at the BER of 10”) for
10-Gb/s Manchester-duobinary signal and conventional Manchester signal were
-11.45 dBm and -12.23 dBm, respectively. The 0.78-dB difference was mainly
attributed to relatively low ER and overshoot of the Manchester-duobinary signal. The
relatively low receiver sensitivities were mainly due to the insufficient electrical
preamplifier gain in the photodetector. The power penalty of the
Manchester-duobinary signal after 50-km SSMF transmission was 1.31 dB while that
of the conventional Manchester signal after only 20-km SSMF transmission was 2.80

dB, showing the much longer optical reach for the Manchester-duobinary signal.
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Fig. 4.8 Chromatic dispersion tolerance for 10-Gb/s Manchester-duobinary signal and
conventional Manchester signal.

We have also investigated and compared the chromatic dispersion tolerance
between the Manchester-duobinary format and the conventional Manchester format.
Fig. 4.8 depicts their respective power penalties (at BER=10") measured at different
residual chromatic dispersions. It was found that the 10-Gb/s Manchester-duobinary
signal exhibited dispersion tolerance from -460 ps/nm to +720 ps/nm, at 1-dB power
penalty. However, under the same condition, the 10-Gb/s conventional Manchester
signal only exhibited dispersion tolerance from -190 ps/nm to +200 ps/nm, at 1-dB
power penalty. The measurements showed that dispersion tolerance of the
Manchester-duobinary format was around three times superior to that of the

conventional Manchester signal.
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Fig. 4.9 Optical spectra of the output Manchester-duobinary signal under different
OSR operating points.

The spectral property and transmission performance of CML-based
Manchester-duobinary format varied with the OSR operating point in the CML. The
optical spectra of the output Manchester-duobinary signal under different OSR
operating points were shown in Fig. 4.9. The reference operating point (denoted as
zero misalignment) was obtained by experimentally optimizing the OSR operating
point such that the generated Manchester-duobinary signal gave the largest dispersion
tolerance and exhibited a relatively flat top spectrum. Any small deviation from this
reference operating point, say +2.5-GHz misalignment, shown in Fig. 4.9, led to

tilting of the top portion of the optical spectra.
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Fig. 4.10 Receiver sensitivities as a function of transmission distance for different
OSR operating points.

Fig. 4.10 shows the chromatic dispersion tolerance curves measured under these
three OSR operating points. It was shown that +2.5-GHz OSR misalignment would
lead to quick degradation of the dispersion tolerance, which could be attributed to the
large induced chirp when the mark bit was transmitted. For the case of -2.5GHz
misalignment, it also exhibited similar trend in the dispersion tolerance degradation,
albeit with ~0.6 dB better back-to-back sensitivity, which could be attributed to the

relatively higher ER resulted from the filtering at the OSR.

4.3 Rayleigh noise mitigated bi-directional
WDM-PON based on Manchester-duobinary

transmitter

4.3.1 CLS Bi-directional long-reach WDM-PON.,

We have discussed in chapter 1 that the WDM-PON has long been considered as a
promising solution for the NG access network. Nevertheless, it still has not yet been

massive deployed due to the high cost. Thus, one important mission of current
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research in WDM-PON is to make it more cost-effective and thereby enhance its
competitiveness for commercial success. This business requirement then raises the
technology requirements that has been discussed in section 1.2, including colorless
ONU, bi-directional transmission, long-reach, cost-effective devices, etc. Among all
the colorless ONU solutions, centralized light source (CLS) with reflective ONU
seems most promising. Therefore, the desired system is a CLS bi-directional

long-reach WDM-PON [124-125].

In such single-fiber full-duplex wavelength-reused transmission system, signals
propagating in the opposite directions using the same wavelength in the bidirectional
transmission system suffer from impairment because of unavoidable Rayleigh
backscattering (RB) and Fresnel back reflections [127-128]. Therefore a critical issue
that needs to be addressed is how to mitigate the impairments arisen from optical beat
noise (OBN) induced by possible back-reflections and Rayleigh backscattering (RBS)

for both upstream and downstream signals.

To mitigate the impact of RBS in CLS PONs, different modulation formats have
been considered, so as to reduce the spectral overlap between the signal and the
interferer noise [128-129]. Several methods to mitigate the RB effects by introducing
additional phase modulator at the ONU and optical notch filter at CO [130],
wavelength offset detuning [131], frequency dithering [132], and cross-remodulation
technique [133], etc. have also been proposed. However, these schemes either cannot
completely eliminate the Rayleigh carrier backscattering (CB) and Rayleigh signal
backscattering (SB) or require additional light sources for U.S. carriers or separate
fiber links for DS and US signals. In [134], it has shown that downstream differential
phase shift keyed (DPSK) signal, together with upstream subcarrier (SCM) signal
could achieve 115-km bidirectional transmission. However, it required an expensive
high-bandwidth modulator to facilitate upstream data re-modulation and an optical DI
to demodulate the downstream signal, thus increased the cost of the ONU. A

cost-effective solution was proposed to employ Manchester-coded downstream signal,
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such that the OBN for upstream could be filtered out with a proper LPF [135].
However, as the Manchester-coded signal has twice the bandwidth than the
non-return-to-zero (NRZ) signal, its dispersion tolerance is small. Thus, it cannot

support 10-Gb/s downstream signals in CLS long-reach PONSs.

In this work, we propose and demonstrate a cost-effective CLS 70-km-Reach
full-duplex WDM-PON with downstream 10-Gb/s Manchester-duobinary signal and
upstream 1.25-Gb/s re-modulated NRZ-OOK signal. The downstream pre-chirped
Manchester-duobinary signal is generated by directly modulating a CML with an
electrical Manchester coded signal, at the OLT [123]. Upstream remodulation is
realized via a RSOA, resided at the ONU. The CML-based downstream transmitter
offers many advantages to cost-sensitive metro/access applications, including
compactness, high output power, and no costly and bulky external modulators
required [124]. The reflected OBN in both downstream and upstream paths are
mitigated by the electrical LPF and HPF at the OLT and the ONU, respectively. The
experimental results show that the dispersion-tolerant Manchester-duobinary signal
can well support data re-modulation and OBN suppression in bi-directional

transmission.
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4.3.2 Proposed system architecture
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Fig. 4.11 Architecture of the proposed WDM-PON

Fig. 4.11 illustrates the proposed WDM-PON architecture utilizing
Manchester-duobinary as the downstream signal format. Each transceiver at the OLT
generates its downstream Manchester-duobinary signal and receives its upstream
re-modulated signals from its respective subscriber. At the OLT, Manchester-coded
electrical downstream data is directly modulated onto a designated wavelength
channel through a CML. By properly adjusting the modulation current and the central
wavelength of the OSR integrated in the CML, 10-Gb/s Manchester-duobinary signal
is generated. To achieve optimum performance for the re-modulated upstream signal,
pre-chirping is introduced to the downstream Manchester-duobinary signal by
offsetting the OSR. All downstream modulated wavelengths are multiplexed, via an
AWG, before being fed into an EDFA to boost up the transmitted power. Then the
downstream wavelengths are delivered to their respective destined ONUs, via 50-km

feeder fiber and 20-km distribution fiber.
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Fig. 4.12 Generation of the Manchester-duobinary signal using CML.

At each ONU, part of the received downstream signal power is tapped off for
detection, while the remaining power is fed into a RSOA for upstream data
re-modulation. The finite optical power in each bit of the received downstream signal
provides the light source for the 1.25-Gb/s upstream NRZ-OOK data transmission,
before being transmitted back to the OLT, via the same fiber link. A 15-Gb/s
avalanche photo diode (APD) and a HPF are used to receive the signal and avoid the
Rayleigh backscattering induced performance degradation on the downstream signal.
At the OLT, the upstream signal is restored by a 1.25-Gb/s APD receiver and a LPF.
As the downstream induced RBN spreads in higher frequency, LPF can filter out the

OBN and recover the upstream signal.

The CML-based Manchester-duobinary transmitter, which comprises an
electrical XOR gate and a CML, is schematically shown in Fig. 4.12(a). Standard
Manchester-duobinary exhibited a relatively flat top spectrum. In our experiment, we
have introduced pre-chirping to the CML-based Manchester-duobinary signal, via
blue-shifting the OSR by about 2 GHz. With pre-chirping, the eye diagram obtained
at ONU exhibited the minimal overshoot. This not only increased the downstream
receiver sensitivity but also improved the signal quality for the re-modulated upstream
signal. The optical spectra and the eye diagrams with and without OSR offset were

compared in Fig. 4.12(b).
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4.3.3 Experimental demonstration
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Fig. 4.13 Experimental setup

The feasibility of the proposed system has been experimentally assessed on one
particular channel for proof-of-concept demonstration. As illustrated in Fig. 4.13, a
standard CML module (Finisar DM200-01) was used in our experiment. The CML at
1556.51nm was biased at 75 mA and modulated by the electrical Manchester coded
signal with pseudorandom binary sequence (PRBS) and a word length of 2'°-1. The
V,p of the driving signal was 1.18 volts. The output signal was then fed into the EDFA
and amplified to 2.3 dBm. The transmission link consisted of 50-km feeder fiber and
20-km distribution fiber. An optical bandpass filter (OBPF) with 3-dB bandwidth of
1.28 nm was used to emulate the RN. At the ONU, half of the received optical power
was tapped off for downstream signal reception, while the other half was amplified
and re-modulated by a RSOA. The RSOA was biased at 65 mA and modulated by an
electrical NRZ signal with V), of 4 volts. The downstream optical power input into
the RSOA was -18.6 dBm and the upstream power launched into the fiber link was
0.13 dBm. The re-modulated upstream signal was sent back to OLT, via the same
transmission link, and was restored by a PD, followed by a 5"™-order electrical LPF
with 3-dB bandwidth of 798 MHz. The downstream signal was received by a 20-Gb/s
photodiode, followed by a HPF constructed by a half-bit electrical delay line and a

subtractor. The insets of Fig.4.123 show the eye diagrams at various strategic points.
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The colored eye diagrams were the optical eye diagrams, while the grayed ones were
the electrical ones. Clear eye opening for both downstream and upstream signals were

obtained with the help of the HPF and the LPF.
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Fig. 4.14 BER measurements of (a) the 1.25-Gb/s upstream signal and (b) the 10-Gb/s
downstream signal.
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Fig. 4.15 Comparison of upstream sensitivity for re-modulating CW seeding and
Manchester-duobinary downstream signal.

Figs. 4.14 (a) and (b) show the measured bit-error-rate (BER) curves for both the
downstream and the upstream signals. Error free transmission was achieved after

70-km SSMF transmission without dispersion compensation. The BtB sensitivity (at
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BER of 107) for the 10-Gb/s downstream Manchester-duobinary signal and the
1.25-Gb/s upstream re-modulated NRZ-OOK signal were measured to be -27.05 dBm
and -32.97 dBm, respectively. After 70-km transmission, their respective sensitivities
were measured to be -28.37 dBm and —32.10 dBm, giving -1.05-dB and 0.87-dB
penalty. Without HPF, error free downstream transmission could not be attained. Fig.
4.15 compares the upstream receiver sensitivity for different downstream light
sources, including CW and Manchester-duobinary signal, at different transmission
distances. Manchester-duobinary downstream signal outstood the CW case by
achieving 70-km bi-directional transmission. When CW re-modulation was used,

error-free upstream transmission over 50 km could not be achieved, due to the low

frequency OBN.
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Fig. 4.16 Measured RF spectra for (a) upstream and (b) downstream paths with and
without LPF and HPF. (Res: 10 MHz)

Fig. 4.16 (a) and (b) show the electrical spectrum for both upstream and
downstream signals with and without the electrical filter. As shown in Fig. 4.16 (a),
the spectrum of OBN for upstream signal lied within the high frequency region,
attributed to the Manchester-duobinary format of the backscattered downstream signal.
Therefore the upstream signal could be recovered by using the LPF to suppress the
OBN. Similarly, the downstream signal could be restored by using the HPF, as the

filtering of the low-frequency OBN would not affect the downstream signal.
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4.4 Summary

In this chapter, we realized a modulation format by combining the Manchester coding
and duobinary coding. The dispersion tolerance characteristics of the
Manchester-duobinary signal is investigated and compared with that of Manchester
signal. Two Manchester-duobinary transmitters, the MZM based transmitter and CML
based transmitter, are reviewed and compared. Our proposed CML-based
Manchester-duobinary transmitter has low complexity and is cost-effective in
practical realization. Experiment results indicate that Manchester-duobinary coding
exhibits much more compact optical spectrum compared with that using the
Manchester signal and, thus, demonstrate much larger tolerance against chromatic
dispersion. The dispersion tolerance of the Manchester-duobinary signal is increased
by more than three times compared with that using the Manchester signal. In the
CML-based Manchester-duobinary generation scheme, proper OSR control in the

CML is needed to assure good signal quality and transmission performance.

Based on our proposed Manchester-duobinary transmitter, we have
experimentally demonstrated and characterized a 70-km-reach CLS bi-directional
WDM-PON. After carefully review the problem and progress of bi-directional
WDM-PON. We demonstrate a By employing proper electrical filters and the
dispersion tolerant Manchester-duobinary downstream signal generated by a CML,
10-Gb/s downstream and 1.25-Gb/s upstream transmissions over 70 km have been

realized.
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Chapter 5. Electronic Equalizer for
Manchester Coded Signal

5.1 Introduction

In chapter 4, we have discussed the application as well as the pros and cons of
Manchester coded signal and have introduced a modified version of Manchester
format named Manchester-duobinary, which shows apparent advantage in dispersion
tolerance and spectrum efficiency. By combining Manchester with duobinary, the
dispersion tolerance of Manchester-duobinary format can be increased by three times
than that of conventional Manchester. However, the reported CD tolerance at 2-dB
power penalty is 920 ps/nm, which corresponds to about 50 km for
Manchester-duobinary signal at 10 Gb/s [120]. Still, it could not fulfill the
requirement for modern metro and long-reach access networks, which requires

uncompensated transmission distance of more than 80 km [136.

With the recent advent of low-cost high-speed electronics, electronic dispersion
compensation (EDC) has become a cost-effective technique to dynamically
compensate CD accumulated in optical transmission systems and networks. At the
receiver side, EDC can be realized by employing an analogue feed forward equalizer
(FFE) and/or decision feedback equalizer (DFE) [82], [137]. Compared with digital
maximum-likelihood sequence estimation (MLSE), FFE-DFE is relatively simple and
easy to implement, especially for high bit rate signals. Its CD compensation capability
was demonstrated for various modulation formats [138]-[140]. However, there is yet
no report for EDC with FFE-DFE for Manchester coded signal. Therefore, it is worth

to study the capability of EDC for CD compensation of Manchester signal.

In Chapter 2, we have discussed the commonly used transmission impairment as
well as technologies for impairment compensation. It is true that dispersion can be

perfectly compensated in optical domain by using in-line compensation techniques
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such as dispersion compensation fiber (DCF) or dispersion compensation module
(DCM). However, compare with optical compensations, electronic compensation
techniques has several crucial advantages that make it an irresistible trend. We have

concluded its advantages as follows:

1. Reduce costs by eliminating the need for optical DCMs. The removal of DCMs will
reduce the first-installed cost including the cost of DCMs and the associated cost for
compensating the loss from the DCMs, simplify the deployment and configuration,

and reduce the linear impairments caused by optical filtering.

2. Offer flexibility and adaptive compensation which will be required in future

dynamic optical networks.
3. Easy to integrated in transmitter and receiver

In this chapter we will first review the basics of CD mitigation techniques using
electronic equalizer, including analog equalizer (FFE, DFE) and digital equalizer
(MLSE). The performance and limitation of FFE-DFE and MLSE for CD

compensation of Manchester signal are studied in details.

5.2 Electronic equalizer for CD compensation

5.2.1 Channel model

Optical
Transmitter |SIchannel Amplifier PD Equalizer Decision
I, rt) . v(t) .
— 4 g(t) Clw) {6 A \T@ A A(w) F— T 1,
h(t) AWGN e(t)

n(t)
Fig. 5.1 Direct detected optical fiber communication OOK system with electronic
equalizer
Fig. 5.1 depicts the model for IM-DD optical fiber communication system using

equalizer at the receiver [141]. The EDFA is characterized by an optical field
104



amplifier with power gain G and an additive Gaussian white noise (AWGN) source
n(t), which corresponds to the spontaneous emission. Only linear distortion (CD,
PDM) is assumed in the single-mode fiber. Therefore, the output can be obtained by
convolving the data stream with the convolution of the pulse shape (generated by

transmitter) with the impulse response of the fiber channel.
N
y(t)=>1,h(t—nT)+n(t) (5.1)
n=0

where h(t) is the convolution product between the transmitter response and the
channel impulse response, T is the bit period, I, is the bit sequence, and N is the
number of interfering components for each bit. We assume the channel an ISI
dominated channel as h(t) extends beyond T after a few tens of kilometers due to

dispersion.

In IM-DD systems, the photodiode implements a square-law operation and the

received electrical signal is represent as

r(t)=|y(0)] +e(t) (5.2)

where e(t) is the receiver additive white noise, which is assumed to be a zero mean,

T : . 2
Gaussian distribution with variance O, .

Then, an equalizer follows the PD to mitigate the distorted signal. The equalizer only
mitigates the ISI. The channel state is defined by using the noise free version of r(t),

1e.,

2

c(t)=

(5.3)

N
D1, h(t—nT)
n=0

In an optically amplified system the conditional probability density function (PDF) is

noncentral chi square [149] and the SNR is given by
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SNR = E(c(1))
2No* +406°E(c(t)) (5.4)

where the term in the denominator is the variance of noncentral chi-square
distribution, N = 2BT + 1 is the noncentral chisquare degrees of freedom, B is the

ASE noise bandwidth, and T is the bit period.

5.2.2 FFE-DFE

FFE-DFE is a suboptimum channel equalization approach to compensate for the
inter-symbol-interference (ISI). It employs a linear transversal filter that has a

computational complexity that is a linear function of the channel dispersion.

Transversal Filter (TF)
A

Feedback TF
Fig. 5.2 Structure of FFE-DFE

Fig. 5.2 illustrates the structure of an FFE-DFE equalizer, which is a cascaded
structure of FFE and DFE [143]. FFE consists of a linear transversal filter (TF)
followed by a nearest neighbor quantizer (decision circuit). Its taps can be

symbol-spaced (tap delay=T, T is the symbol duration) or fractionally spaced (tap

delay=T/M). Its input sequence V, is obtained by sampling the electrical signal v(t)

in Fig. 5.1 and its output is the estimated information sequence / .- The estimate of

the kth symbol can be expressed as
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K
I, = Z av; (5.5)
j=—K

where @; are the the 2K+1 valued tap weight coefficients of the filter. The estimate

~ ~

1 ¢ 1s quantized to the nearest information symbol to form the decision. If 1 ¢ 1snot
identical to the transmitted information symbol /,, an error has been made for

feedback tap weight update. DFE is constructed by another feedback TF except the

feedback control is done by using the detected bit.

The combination of FFE and DFE takes advantages of the two equalizers and has
better performance [144]-[145]. FFE+DFE can also adaptively compensate the
impairments. Adaptive electronic equalizer with control feedback by using both eye

monitoring and pseudo-error count have been proposed.

Considerable research has been performed on the criterion for optimizing the
filter coefficients. Since the most meaningful measure of performance for a digital
communication system is the average probability of error, it is desirable to choose the
coefficients to minimize it. Two criteria have found widespread use in optimizing the
equalizer coefficients. One is the peak distortion criterion and the other is the least

mean-square-error criterion (LMS) [143].

5.2.3 MLSE

The MLSE is a DSP equalizer proposed [146]. It achieves optimum detection by
looking for the most likely bit sequence formed by the distorted bits. Mathematically,

the criterion of MLSE can be expressed as

d =argmax{p(r|s)} (5.6)

seS

where d is the decided symbol sequence, S is one of the possible transmitted symbol

sequence, S is the set of all the possible transmitted symbol sequences, r is the
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received signal after sampling and ADC, and p(r|s) is the probability density function

of the received signal conditioned on the transmitted symbol sequence S.

The decision criterion implies that the MLSE is not tailored to a specific distortion but
is optimum for any kind of optically distorted signal detected by the photodiode,
provided the ISI does not exceed N+1 symbol each with a period, where N is the

maximum number of state considered in MLSE.

The implementation using the Viterbi algorithm is an efficient realization of the
MLSE scheme [147]. The Viterbi algorithm models the transmitted symbol sequence

as a state sequence in which

+ the state at time n is (an-L, an-L+1, ..., an-1), L is the channel memory

* not all the transition between any two state pair is possible

Therefore, we cannot decide which state sequence corresponds to the maximum
probability (or has the maximum metric) until all the symbols are received. However,
when applying the algorithm, we can discard the state sequences beginning with
certain state sequences which, based on already received (but not all the) symbols,

surely does not contain the state sequence with the maximum metric.
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Fig. 5.3 Architecture of MLSE receiver

The principle architecture of an MLSE receiver is shown in Fig. 5.3. It consists

of an analog to digital converter (ADC), a clock recovery (CR), and a digital signal
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processing (DSP) that performs Veterbi algorithms. The software module in DSP

contains a Viterbi detector, a channel model (CM) and a channel observer (CO).

The CO uses decision directed channel output observations to determine the metrics
(CM) used in the Viterbi processor and comes in two flavors: a parametric CO
estimates the parameters of closed-form approximations to the metrics-relevant
data-dependent amplitude distributions, whereas a non-parametric CO uses empirical

conditional amplitude histograms.

The choice of the architecture is influenced by the trade-off among performance
improvement, complexity and cost. The most important choice regarding the
allowable channel memory (ISI) is the number of trellis states in the Viterbi detector.
Beyond that, clock recovery as well as ADC resolution and numerical resolution must

be considered.

5.3 FFE-DFE for Manchester signal

In this section, we experimentally investigate the performance of FFE-DFE for
mitigating CD accumulated in Manchester signal, for both cases of single-end
detection (SD) and balanced detection (BD). According to Nyquist criterion, a
sampling rate of four samples per bit is needed to fully reconstruct the waveform of
the Manchester signal, which means the best performance of FFE-DFE can be
achieved when the FFE takes four samples from each bit. To compromise between
complexity and performance, we also show and compare the results for FFE-DFE at a

sampling rate reduced to 2 samples per bit.
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5.3.1 Experimental setup for CD compensation of

Manchester signal using FFE-DFE

10.709Gb/s
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Fig. 5.4 Experimental setup for CD compensation of Manchester signal using
FFE-DFE. PPG: pattern generator, XOR: exclusive-OR, OSA: optical spectrum
analyzer, OBPF: optical bandpass filter.
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Fig. 5.5 Receivers for Manchester signal and the structure of FFE-DFE

Fig. 5.4 shows the experimental setup to evaluate the CD compensation capability of
FFE-DFE for optical Manchester signal. In the transmitter, the electrical Manchester
signal is generated by a typical Manchester encoder, which takes the exclusive OR
(XOR) of two input signals, one of which is a 10.709-Gb/s NRZ signal carrying 2'°-1
PRBS, and the other is its clock signal. The signal bandwidth is doubled through
Manchester encoding. Then the electrical Manchester signal is amplified by a 22-GHz
electrical amplifier to drive a quadrature-biased Mach-Zehnder modulator, which
takes a continuous wave input light at 1550.12 nm. The peak-to-peak amplitude (7))

of the amplified electrical Manchester signal equals the V; (~6V) of the MZM.
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Different lengths of standard single-mode fiber (SSMF) with a dispersion
coefficient of about 17 ps/nm-km at 1550 nm are utilized to study the CD tolerance of
the FFE-DFE for the optical Manchester signal. In order to avoid any significant fiber
nonlinearity, the power of the optical Manchester signal is kept below 0 dBm. After
transmission over the SSMF, the optical signal-to-noise ratio (OSNR) of the optical
signal is adjusted by injecting filtered ASE noise from an EDFA. The signal is then
further boosted by another EDFA before being filtered by a 0.8-nm optical bandpass
filter (OBPF) to remove the out-of-band ASE noise. The filtered signal is finally
detected, via a PIN photodiode. The detected electrical signal is then sampled by a
Tektronix DSA72004 digital serial analyzer (DSA), operating at 50 GS/s. For each
combination of CD and OSNR values, the duration of the sampling time is 100 ps,
which corresponds to more than 1 million bits of the signal. Equalization with
FFE-DFE is realized by off-line digital signal processing on a personal computer. For
performance comparison, we also performed similar measurements using optical
balanced detection. According to Nyquist criterion for signal sampling, at least four
samples for each Manchester bit are needed to fully reconstruct the waveform.
Therefore, it is expected that the CD compensation capability of FFE-DFE can be
fully exploited when its FFE stage takes four samples from each Manchester bit (i.e. 4
spb). At this sampling rate, we assume the four samples are taken at 0, 1/4T, 1/2T,
and 3/4T of each symbol, where T is the bit period, as shown in Fig. 5.6(a). We have
also investigated the CD compensation performance of FFE-DFE when the sampling
rate is reduced to two samples per bit (i.e. 2 spb). In this case, the samples are taken at
1/4T and 3/4T, as shown in Fig. 5.6(b). The equivalent FFE-DFEs employed are the
same as the one shown in Fig. 5.5 with M=4 (4 spb) and M=2 (2 spb). The tap weights
of the FFE-DFE are adapted with the least mean square (LMS) algorithm, using the

first 5000 bits for training before entering the decision-directed mode.
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Fig. 5.6 Optical eye diagrams of Manchester signal and corresponding sampling
schemes for equalization. (a) 4 spb sampling. (b) 2 spb sampling.

5.3.2 Results and discussion

A. FFE-DFE at 4spb

FFE-DFEs with different number of taps were used to evaluate their CD
compensation capability for the optical Manchester signals. At the sampling rate of 4
spb, a minimum number of 9 FFE taps have been considered, which utilized the
information from pre- and post-half symbol for equalization. Figs. 5.7 (a) & (b) show
the required OSNR for the 10-Gb/s optical Manchester signal to achieve a
bit-error-rate (BER) of 10, under various residual CD values when different kinds of
FFE-DFEs and single-ended detection were employed. From both figures, it is
shown that, without equalization, the required OSNR increased from 12.16 dB to
15.88 dB when the residual CD was raised from 0 to 338.06 ps/nm and the required
OSNR increased drastically afterwards. When FFE-DFE was applied, about 2-dB
improvement in the required OSNR was observed at zero CD value. Such
improvement could be attributed to the emulation of balanced detection, via the
FFE-DFE, by constraining the corresponding FFE-DFE coefficients for the first half

bit and the second half bit to be of opposite numbers.
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Fig. 5.7 Required OSNR vs. Residual CD for 10.709-Gb/s Manchester signal with
different number of FFE/DFE taps using single-ended detection. (a) FFE with
different number of taps followed by DFE(2). (b): FFE(17) followed by DFE with
different number of taps.

Fig. 5.7 (a) shows the required OSNR curves when the number of DFE taps was fixed
to 2. For all the FFE-DFEs with the number of FFE taps ranging from 9 to 21, the
required OSNR curves first rose rapidly when the residual CD increased from 350
ps/nm to 500 ps/nm, then became leveled off at around 14 dB when the residual CD
continued to increase from 500 ps/nm to 1533 ps/nm. At the residual CD value of
1673-ps/nm, in all cases, the measured BER was larger than l><10'3, even when the
OSNR was increased to 24 dB. Thus, it was expected that the required OSNR curves
would rise abruptly at the residual CD values beyond 1533-ps/nm. On the other hand,
when the number of FFE taps was increased from 9 to 17, the performance of the
FFE-DFE was enhanced, though any further increase in the number of taps did not
give significant performance enhancement. Hence, it could be deduced that 17 taps
were sufficiently optimal for the FFE stage. At a residual CD value of 1533 ps/nm,
which corresponded to 90-km SSMF transmission, the required OSNR values for FFE
tap number of 9, 13, 17 and 21 were 17.07 dB, 16.02 dB, 14.66 dB, and 14.57 dB,
respectively. With the number of FFE taps being fixed to 17, the number of DFE taps

was then varied between 0 and 3, and their required OSNR curves were shown in Fig.
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5.7 (b). All the required OSNR curves coincided when the residual CD ranged from 0
to 440 ps/nm. However, they began to diverge when the transmission distance was
further increased. The sudden rise in the required OSNR curve with FFE (17) - DFE
(0) implied that DFE was indispensable for the CD compensation, and significant
performance enhancement was observed when the number of DFE taps was
increased from 0 to 3, though the performances of FFE(17)-DFE(2) and
FFE(17)-DFE(3) were rather close to each other. Hence, it could be deduced that any
further increase in the number of DFE taps would not give any further significant
performance enhancement in CD compensation, thus FFE(17)-DFE(2) would be an
optimal design for the electronic equalizer for the optical Manchester signals under

single-ended detection.
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Fig. 5.8 Required OSNR vs. Residual dispersion for 10.709-Gb/s Manchester signal
with different number of FFE/DFE taps using balanced detection. (a) FFE with
different number of taps followed by DFE (2). (b): FFE (17) followed by DFE with
different number of taps.

In view of the typical ~2-dB improvement in the required OSNR and larger
tolerance to signal level fluctuation, balanced detection has also been widely
considered for Manchester signal [141], [147-148]. Figs. 5.8 (a) and (b) show the
required OSNR of the 10-Gb/s optical Manchester signal to achieve a bit-error-rate

(BER) of 107, under various residual CD values when different kinds of FFE-DFEs
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and balanced detection were employed. Fig. 5.8 (a) shows the performance with the
FFE-DFE having different number of FFE taps and fixed 2 DFE taps. At zero CD
value, the FFE-DFE could no longer enhance the performance as balanced detection
has already been employed. Without equalization, the CD tolerance was still quite
poor. When the FFE-DFE was applied, the required OSNR curves exhibited similar
trend as those under single-ended detection, as in Fig. 5.7 (a). Hence, it could be
deduced that 17 FFE taps were optimal to guarantee the performance of FFE-DFE,
under balanced detection. From Fig. 5.8 (b), it was shown that the performances of
FFE-DFE without DFE taps or with only one DFE tap were significantly inferior to
that with two DFE taps. Hence, at least 2 DFE taps should be used for systems using

balanced detection.

From the above results using single-ended or balanced detections schemes, it
could be concluded that there was no benefit of using balanced detection for optical
Manchester signal when FFE-DFE is used for CD compensation. In fact, adaptive
filter like FFE-DFE can emulate balanced detection by properly constraining the
coefficients of the FFE taps, for instance, by setting the weights of first two taps in the
FFE with opposite polarity to that for the latter two taps for each bit. The performance
was satisfactory when the FFE-DFE had 17 FFE taps and 2 DFE taps. From our
results, any further increase in the number of FFE or DFE taps would not significantly

further improve the CD tolerance.
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B. FFE-DFE at 2spb
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Fig. 5.9. Required OSNR vs. Residual dispersion for 10.709-Gb/s Manchester
signal using different detector and 2 samples per symbol scheme with different
number of FFE/DFE taps. (a): Single-end detector (b): Balanced detector
We have also investigated the CD compensation capability of FFE-DFE when its
sampling rate was reduced by half to 2 spb. Similar to the case with FFE-DFE at 4 spb,
both single-ended and balanced detection schemes were considered for FFE-DFE at 2
spb. As shown in Fig. 5.6(a), a minimum number of four FFE taps were required to
utilize samples from the pre- and post- half symbols. Fig. 5.9(a) depicts the required
OSNR curves for the 10-Gb/s optical Manchester signal with FFE-DFE having
different number of DFE taps and FFE taps. As the signal was sampled at the
maximum eye opening points in the first and the second half of each bit, the 2-dB
improvement in the required OSNR at zero CD could still be achieved with FFE-DFE.
When the number of DFE taps was 1, increasing the number of FFE taps showed
remarkable improvement in the required OSNR. Nevertheless, when the number of
DFE taps was 2, increasing the number of FFE taps from 4 to 8 would still reduce the
required OSNR, but the benefit was less than 2 dB. The results implied that at least
two DFE taps were needed in FFE-DFE at 2 spb, for optimal performance, and much
fewer taps for FFE were required as compared to FFE-DFE at 4 spb. Besides, when

the CD value ranged from 508 to 676 ps/nm, the required OSNR was quite large, thus
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prohibited the use of FFE-DFE at 2 spb in such transmission distance. However, the
required OSNR was well maintained at around 16 dB when the residual CD was
between 845 and 997 ps/nm. Therefore, FFE-DFE at 2 spb offered a cost-effective
solution to relax the requirement of OSNR in long-reach optical access network,
which has typical transmission distances around 80 km (equivalent to a residual CD
value of 1356 ps/nm). Fig. 5.9 (b) depicts the results when FFE-DFE at 2 spb was
considered under balanced detection. It was shown that only FFE(6)-DFE(2) and
FFE(8)-DFE(2) were capable of improving the CD tolerance while BER of 107
cannot be achieved using other FFE-DFE for CD values beyond 508 ps/nm.
Compared with single-ended detection, balanced detection was less robust when
FFE-DFE at 2 spb was used to electronically compensate the CD for optical

Manchester signals.
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Fig. 5.10 Required OSNR vs. sampling phase error for 2-spb scheme at back-to-back.

As the 2 spb scheme required sampling at the 1/4T and 3/4T (maximum eye
opening) points, the phase error tolerance has been studied. Fig. 5.10 shows the
relationship between the sampling phase error and the required OSNR at BER of 10~.
The phase error was defined as the ratio of the sampling time misalignment (47) and
the symbol duration (7). To maintain good performance (< 2-dB penalty in required
OSNR), the phase error should be less than 0.1. The asymmetry of the phase error

induced penalty was attributed to the asymmetric rising and falling edges of our
117



generated optical Manchester signal.

C. Further Discussions
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Fig. 5.11 Comparison of 2-spb scheme and 4-spb scheme for equalizer with different
number of FFE taps.

The CD compensation ability of FFE-DFE has been verified by both numerical
simulation and experiment. As shown in Fig. 5.11, using different FFE-DFEs and
under either 2 spb or 4 spb schemes, the experimental results agreed with the
numerical results very well. For most of the CD values, the increase in required
OSNR of using FFE-DFE at 2 spb, compared with the 4-spb case, were less than 2 dB.
At the CD values between 845 and 1172 ps/nm, such increase in required OSNR was
less than 1 dB. However, such penalties were relatively large when the CD value was
between 508 and 676 ps/nm, which prohibited the application of FFE-DFE at 2 spb in
this range. In general, the results confirmed that FFE-DFE at 2 spb could reduce the
number of FFE taps at the expense of the higher required OSNR (difference less than
2 dB). The simulated results have also showed that the required OSNR increased
drastically in the presence of residual dispersion beyond 1533 ps/nm, regardless of the
type of FFE-DFE and the sampling scheme utilized. This could be a fundamentally

limitation caused by CD.
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As shown in Fig. 5.11, there was a surge of the penalty in required OSNR for
10.709-Gb/s Manchester signal between CD values of 500 ps/nm and 600 ps/nm. In
our numerical simulation, the maximum penalty point appeared at a CD value of 580
ps/nm. Such penalty surge in required OSNR could be explained by analyzing the eye
diagrams and the FFE tap coefficients, as illustrated in Fig. 5.12. Fig. 5.12 (a), (b), (¢),
and (d) depicts the simulated eye diagrams at CD values of 380 ps/nm, 480 ps/nm,
580 ps/nm, and 680 ps/nm, respectively. Their corresponding FFE tap coefficients are
shown in Fig. 5.12 (e), (), (g), and (h), respectively, assuming FFE(9)-DFE(2) was
adopted. The shaded areas in the eye diagrams were the eye opening areas of the
transmitted symbol. FFE utilized both the first and the second half of the symbol for
equalization. Therefore the corresponding coefficients for the samples of the first and
the second half of each bit were opposite, which were indicated by the closed circles
in the lower figures in Fig. 5.12. With the increase in the CD value, the eye opening
was reduced and the eye became completely closed at the CD value of 580 ps/nm, and
the FFE could hardly differentiate the two traces. This corresponded to the local
maximum of the required OSNR, as in Fig. 5.11. However, any further increase in the
CD value would lead to effective eye opening in the neighboring bits (see Fig. 5.12
(d)), and the FFE could then differentiate the two traces again. Therefore, the CD
could be better compensated. Besides, similar to Figs. 5.7-5.9, the penalty curves in
required OSNR exhibited surge at moderate residual CD and this could be attributed

to the noise enhancement characteristics of the equalizer, as discussed in [82].
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Fig. 5.13 Comparison of Manchester and NRZ for equalizer with different number of
FFE taps.

Fig. 5.13 depicts the performance comparison between Manchester and
NRZ-OOK formats with different number of FFE taps, via simulation. 4-spb
FFE(13)-DFE(2) and 2-spb FFE(7)-DFE(2) were selected for Manchester signal and
NRZ-OOK signal, respectively. The lower sampling rate of 2-spb was sufficient for
the NRZ-OOK signal, due to its narrower bandwidth. The time spans within which
the samples were utilized for both types of signals, were the same. As shown in
Fig.5.13, although the performance of the Manchester signal with FFE-DFE was still

worse than that of NRZ-OOK without equalization, except the residual CD ranges

120



between 1260 and 1417 ps/nm, the FFE-DFE did improve the dispersion tolerance of
the Manchester signal significantly. For instance, at the required OSNR of 15 dB, the
FFE-DFE increased the CD tolerance by about three times, while the improvement for
NRZ-OOK was about 60%. Such drastic improvement for the Manchester signal

would greatly enlighten its practical applications in optical access networks.

5.4 MLSE equalizer for Manchester signal

As discussed in chapter 2, EDC can be realized by an analogue FFE and/or DFE or by
digital MLSE. In this section, we experimentally investigate the capability of EDC for
Manchester signal. The performance of FFE/DFE and MLSE is demonstrated and

compared with both single-end detection and balanced detection.

5.4.1 Experimental setup for CD compensation of

Manchester format using MLSE

10.709-Gbls Offline Processing

2'51PRBS
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Fig. 5.14 Experimental setup for CD compensation of Manchester format using
MLSE

Fig. 5.14 shows the experimental setup for evaluation the capability of EDC. The
10.709-Gb/s Manchester signal with an ER of 18 dB was generated by taking the
exclusive OR (XOR) of NRZ signal with 2'>-1 PRBS and its clock. Continuous wave
at 1550.12 nm was used as optical carrier for modulation. Different lengths of SSMFs
with ~17 ps/nm-km dispersion coefficient are utilized to introduce different amount of
CD. In order to avoid significant fiber nonlinear effect the launch power of the optical

Manchester signal is kept below 0 dBm. After transmission, noise loading for
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adjusting the OSNR of the signal is realized by combining the optical signal with
filtered ASE noise from an EDFA. With part of power tapped for OSNR measurement,
the signal boosted by another EDFA is filtered by a 0.8-nm OBPF to remove out-band
ASE noise. The filtered optical signal is converted to electrical signal by a PIN
photodiode and sampled by a Tektronix DSA72004 digital serial analyzer (DSA)
operating at 50GS/s. For each combination of CD and OSNR, the duration of the

sampling time is 100 ps, which corresponds to more than 1 million bits of the signal.

Balanced detection and equalization with FFE-DFE and MLSE are realized by
off-line digital signal processing. According to the Nyquist criterion, at least 4
samples for each bit are needed to fully reconstruct the waveform. At this rate we take

the four samples from each bit at 0, 1/4T, 1/2T, and 3/4T of the symbol, respectively.

5.4.1 Results and discussion
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Fig. 5.15 Required OSNR vs. Residual dispersion for 10.709-Gb/s Manchester signal
with/without equalization using (a) single-end detection and (b) balanced detection.

Fig. 5.15 (a) shows the required OSNR for a BER of 10-3 as a function of CD for
single-end detected Manchester signal. Memory length of 2, 4, and 6 (L=2, 4, 6) are
chosen to exploit the CD compensation capability. For FFE-DFE the tap weight is

adapted with least mean square (LMS) algorithm. We assume the Inter-channel
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Interference (ISI) comes from adjacent bits. Thus FFE (13)-DFE (2) (13-delay tap
FFE and 2-delay tap DFE) is used for comparison. Without equalization, the required
OSNR increases from 12.16 dB to 15.88 dB after merely 20-km transmission and
further increases dramatically afterwards. When equalization is applied, about 2-dB
required OSNR improvement can be obtained at zero CD, regardless of the equalizer
we use. As the accumulated CD increases, the required OSNR with MLSE
equalization increases slowly and at 90 km the required OSNR is still smaller than 15
dB. When the transmission distance ranges from 0 km to 50 km, MLSE with different
states shows similar performance. However, at the transmission distance between 50
km and 90 km, MLSE (4) and MLSE (6) achieve ~2 dB lower required OSNR than
MLSE (2). MLSE (6) can further increase the transmission distance to 100 km at
merely 3.09-dB penalty, while MLSE (2) and MLSE (4) reach their limit at 90 km.
Compared that with FFE/DFE, the required OSNR with MLSE does not have the
sudden penalty rise at around 30-km SSMF distance and attains at least 2-dB lower
required OSNR afterwards. With MLSE, the transmission distance of Manchester
signal can be increased to 100 km, which fulfills the requirement of long-reach access

network.

Characterized by ~2dB required OSNR improvement and large tolerance to
signal level fluctuation, balanced detection is also widely used for Manchester signal
[120]. The required OSNR curves for balanced detected Manchester signal
with/without equalizer are shown in Fig. 5.15 (b). Without equalization, the CD
tolerance is still not satisfactory, although there exits ~2 dB required OSNR
improvement at zero dispersion. When equalizer is applied, the required OSNR
curves follow similar trend as those for single-end detection with equalization.
However, their required OSNR at certain CD value are higher than that when single
detector is used. It is because only first half bits carry information when balanced

receiver is used all four samples are used in single-end receiver.
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5.5 Summary

In this chapter, we first review the principle of electronic equalization. Particularly,
we review the principle of FFE-DFE and MLSE in details. Then, we studied the
capability of CD compensation using FFE-DFE for Manchester coded signal, under
both single-ended and balanced detection schemes. Two fractional spaced FFE
structure at both 4 spb and 2 spb have been further investigated and compared. With
such electrical equalizer, the transmission distance of Manchester signal could be
tripled. Our results have also showed that balanced detection did not effectively
improve the receiver sensitivity in 4-spb based equalizer and was much less robust in
2-spb based equalizer. Two DFE taps were needed to ensure good CD tolerance. By
taking two samples at the maximum eye opening points in the first and the second
half symbol for equalization, the number of FFE taps could be remarkably reduced, at
the expense of a certain penalty in required OSNR (< 2 dB), which was induced by
the possible frequency overlapping due to sub-sampling. For applications that such
required OSNR penalty is tolerable, tradeoff could be made between the CD tolerance

and the number of FFE taps.

In another study, the CD compensation capability of MLSE is experimentally
investigated with 10.709 Gbit/s Manchester coded signal. MLSE equalizer with
different number of states is used. The results show that MLSE improves the CD
tolerance for Manchester signal by ~4 times. By comparing the performance of
equalizer with balanced detection with that with single-end detection, we can draw the
conclusion that there is no benefit of using balanced detection for Manchester signal

when equalizer is used.
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Chapter 6. Conclusion

6.1 Summary of this thesis

This thesis has investigated binary optical modulation formats and their applications
in optical access networks. In this thesis, we have proposed and studied
IRZ-duobinary, Manchester-duobinary, and Manchester formats, with focus on the
format properties, transmitter and receiver design, and their system applications in
optical access networks. We have proposed and studied these formats with a
motivation of fulfilling various kinds of requirements for next-generation access
networks. In each chapter that describing our original work, we have first explained
the modulation format proposed, and then we have studied the properties of the
proposed format, following by transmitter and receiver design, and have demonstrated

system application in the end.

In chapter 1, we have introduced the basic concept and research thrust on optical
access networks. In chapter 2, we have reviewed the basic concepts of optical
modulation technologies, transmission impairments as well as common techniques for
combating theses impairments. These concepts are critical in understanding the
whole thesis work. Particularly, we have reviewed the principle and some practical
issues of the chirp managed laser (CML), which plays an important role in our

innovations.

In chapter 3, we have explained the principle and applications of our proposed
IRZ-duobinary format and compare them with conventional IRZ format. The
relatively narrow IRZ-duobinary spectrum presents much better dispersion tolerance
than conventional IRZ or RZ. Different configurations of generating IRZ-duobinary
signal and the performance of the signal generated by the proposed transmitters are
compared. After review IRZ-duobinary and its properties, we have proposed and
experimentally demonstrated a WDM-PON with optical multicast overlay by using

the bandwidth efficient IRZ-duobinary signal. In the proposal, multicast control can
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be easily achieved by tuning bias of the downstream PtP modulator. Satisfactory
transmission performances of the PtP and broadcast signals have been achieved,
which provide sufficient power budget for the system. Another important application
— wavelength reused WDM-PON, have also been characterized. In that work, an

80-km-reach CLS WDM-PON is experimentally demonstrated and characterized.

In chapter 4, we have proposed a novel and simple Manchester-duobinary
transmitter. The dispersion tolerance characteristics of the Manchester-duobinary
signal has been investigated and compared with that of Manchester signal. Two
Manchester-duobinary transmitters, the MZM based transmitter and CML based
transmitter, are proposed and compared. Experiment results indicate that
Manchester-duobinary coding exhibits much more compact optical spectrum
compared with that using the Manchester signal and, thus, demonstrate much larger
tolerance against chromatic dispersion. The dispersion tolerance of the
Manchester-duobinary signal is increased by more than three times compared with
that using the Manchester signal. Based on our proposed Manchester-duobinary
transmitter, a 70-km-reach CLS bi-directional WDM-PON is experimentally

demonstrated and characterized.

In chapter 5, we have first reviewed the principle of different electronic
equalizers, including FFE-DFE and MLSE. Then we have studied the capability of
CD compensation for optical Manchester signal, with both FFE-DFE and MLSE. Two
typical Manchester receivers, single-end receiver and balanced receiver, are used
together with electronic equalizer to characterize the performance. In both studies,
balanced detection with equalizer show worse performance than that of its single-end
counterpart. Thus, we have drawn the conclusion that there is no benefit of using

balanced detection for Manchester signal when equalizer is used.
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6.2 Future work

In Chapter 4, we discussed a Rayleigh noise mitigated 70-km-reach bi-directional
transmission WDM-PON, in which the downstream format is 10-Gb/s directly
modulated Manchester-duobinary and the upstream format is realized by directly
modulating a RSOA with 1.25-Gb/s NRZ-OOK single. Though the system
performance is good, the upstream data rate is very limited. In practice, it is desired to
increase the upstream transmission data rate to 2.5 Gb/s. However, this is not an easy
task, because the broaden bandwidth of Rayleigh noise and the modulating chirp
induced by directly modulating a RSOA may deteriorate signal quality and results in
poor BER performance. To do so, the filters at both upstream receiver and
downstream receiver need to be optimized, in both filter shape and bandwidth. A
proper LPF is needed at the upstream receiver to filter out the Rayleigh noise induced
by downstream signal. Similarly, A proper HPF or BPF is needed at the downstream
receiver to recover the downstream data. The RSOA modulating chirp may lower
down the transmission distance, the dispersion tolerance for 2.5-Gb/s upstream signal

need to be evaluated.

In Chapter 5, we have shown the capability of dispersion compensation using EDC,
including both FFE-DFE and MLSE, for Manchester signal. However, as we have
discussed in Chapter 4, Manchester-duobinary format offer larger dispersion tolerance
without using any compensation. It would be interesting to evaluate the performance

of Manchester-duobinary under different electrical equalizers.
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Appendix:

A. List of abbreviations
ADC: analog to digital converter
ADD: delay-and-add ADD

AGC: automatic gain control

AMI: alternate mark inversion

ASE: amplified spontaneous emission
ATC: automatic threshold control
AWG: arrayed waveguide grating
AWGN: additive white Gaussian noise
BtB: back-to-back

BER: bit error rate

BPON: Broadband PON

CATV: community antenna television
CD: chromatic dispersion

CDR: clock and data recovery

CLS: centralized light source

CO: central office

CR: clock recovery

CM: channel model
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CML: chirp managed laser

CW: continuous-wave

DCEF: dispersion compensation fiber
DCM: dispersion compensation module
DD: direct detection

DFB: distributed feedback

DFE: decision feedback equalizer

DI: delay-interferometer

DL: delay line

DQPSK: Differential Quaternary Phase Shift Keying
DPSK: differential phase-shift keying
DSF: dispersion-shifted fiber

DSL: digital subscriber line

DSP: digital signal processing

EAM: electroabsorption modulator

EDC: electronic dispersion compensation
EDFA: erbium-doped fiber amplifier
EPON: ethenet PON

ER: extinction ratio

FFE: feed forward equalizer
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FP-LD: Fabry-Perot laser diode

FSK: frequency-shift keying

FWM: Four-wave mixing

FTTC: fiber to the curb

FTTH: fiber to the home

FTTP: fiber to the premises

FTTx: fiber to the x

GPON: Gigabit PON

HDTYV: high-definition television

HPF: high-pass filter

IM: intensity modulator

IPTV: Internet protocol TV

IRZ: inverse-return-to-zero

ISI: inter-symbol-interference

LPF: low pass filter

MLLD: mode-locked laser diode

MLSE: Maximum likelihood estimation

MZDI: Mach-Zehnder delay interferometer

MZM: Mach—Zehnder modulator

NG: next generation
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NRZ: non-return-to-zero

OBPF: optical bandpass filter

OLT: optical line terminal

ONU: optical network unit

OOK: on-off keying

OSNR: optical signal to noise ratio

SSMF: standard single mode fiber

SPM: self-phase modulation

OTDM: optical time-division multiplexing
PC: polarization controller

PLC: planar lightwave circuit

PM: phase modulator

PON: passive optical network

PRBS: pseudorandom binary sequence
PtP: point-to-point

RBS: Rayleigh backscattering

RN: remote node

RSOA: reflective semiconductor optical amplifier
RZ: return-to-zero

SBS: stimulated brillouin scattering
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SRS: stimulated Raman scattering

SMF: single mode fiber

SCM: Subcarrier multiplexing

SOA: semiconductor optical amplifier

TDM: time-division multiplexed

TDM-PON: time-division-multiplexed passive optical network
TF: transversal filter

VCSEL: vertical-cavity surface-emitting laser

VOA: variable optical attenuator

VolIP: voice over Internet Protocol

WDM-PON: wavelength-division-multiplexed passive optical network

XPM: cross-phase modulation
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