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Abstract

To meet the explosive demand of high-speed Internet access, future-proofing
infrastructure for access networks which are capable of being fully scalable in capacity to
each subscriber is vital. Wavelength-division-multiplexed passive optical network
(WDM-PON) is considered as the ultimate solution for next-generation access networks
thanks to the unlimited bandwidth guaranteed by a dedicated wavelength (or a pair of
wavelength) for each subscriber. However, some challenging issues are still blocking the
way of mass deployment of WDM-PON systems. This dissertation is devoted to
developing some enabling solutions for these challenging issues in WDM-PON
technologies, including 1) implementation of cost-effective colorless optical network

units (ONUs) and 2) delivery of broadcast service over WDM-PON architectures.

The primary concern in WDM-PON implementation is the cost-efficiency of ONUs.
Self-seeding of reflective semiconductor optical amplifiers (RSOAs) has been
demonstrated as a cost-effective method to realize colorless ONUs in WDM-PONSs. This
dissertation first provides an in-depth study of the transmission performance of self-
seeded RSOA-based WDM-PONs. The impact of various system parameters on the
system performance are investigated through experiments. The bit rate of a self-seeded
RSOA is increased by boosting the seeding power as well as employing electronic
equalization. A low-cost colorless WDM-PON system is proposed where 5-Gb/s
downstream transmission is enabled using self-seeded RSOAs and 1.25-Gb/s upstream

transmission is achieved using remote-seeded RSOAs.



Another work dedicated to develop low-cost colorless ONUs is to utilize a
multimode-injected Fabry-Perot laser diode (FP-LD) as the remote seeding light in
carrier-distributed WDM-PON architectures. The feasibility of the proposed scheme is
demonstrated by the improved transmission performance when compared to the system in

which an amplified spontaneous emission source is adopted as the remote seeding light.

The latter part of the dissertation discusses two new techniques to enable broadcast
service over WDM-PON architectures. One of the broadcast-capable WDM-PONSs is
based on polarization multiplexing technique. The downstream unicast and broadcast
data are carried by two orthogonally polarized optical beams. Not only does this
technique support broadcast services without allocating additional wavelength channels
and using high-frequency subcarrier multiplexing, but it also depolarizes the seeding light
to FP-LDs for upstream transmission. However, active polarization tracking is required to
demultiplex the two polarization-multiplexed signals at each ONU, which may hinder the

real deployment of such a system.

To improve the cost-effectiveness, another broadcast-capable WDM-PON based on
offset polarization multiplexing is proposed and demonstrated. In this WDM-PON
architecture, the downstream differential phase-shift keying (DPSK)-formatted unicast
and broadcast signals are offset polarization-multiplexed at the central office and
demultiplexed and detected at the ONUs without resorting to any polarization tracking.
Meanwhile, the offset polarization-multiplexed downstream signals could also facilitate
the external injection of polarization-sensitive FP-LDs for colorless operation. Successful

transmissions of 10-Gb/s downstream unicast and broadcast DPSK signals as well as 2.5-

i



Gb/s upstream signal over a 20-km standard single-mode fiber are experimentally

demonstrated.
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CHAPTER 1

Introduction

The purpose of this dissertation is to provide potential solutions for addressing two
technical issues in wavelength-division-multiplexed passive optical network (WDM-PON)
systems, including 1) the implementation of cost-effective colorless optical network units
(ONUs) and 2) broadcast service delivery over WDM-PON architectures. This chapter
introduces the background and motivation for the studies elaborated in this dissertation. It

also includes the research contributions and the organization of this dissertation.

1.1 Background and motivation

This section introduces bandwidth drivers in access networks and the corresponding
evolution of access network solutions. It explains why WDM-PON is regarded as the
ultimate solution for next-generation access networks and summarizes the ongoing

research aspects in WDM-PON technologies.

1.1.1 Bandwidth drivers in access networks

The access network, also known as the “first-mile network”, connects the service
provider central offices (COs) to businesses and residential subscribers. The bandwidth
demand in the access network has been increasing rapidly over the past several years [1].
Communication and Internet services being offered to residential homes have undergone
rapid expansion in the last two decades. Customers are no longer only interested in voice

telephony, broadcast television, and radio; they are also increasingly asking for always-
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on fast Internet communication, video-based multimedia, fast peer-to-peer file transfer,
high definition multimedia on-line gaming, etc. Service providers have been facing an
increased bandwidth demand not only for their Internet protocol television (IPTV), high-
definition TV, video on demand (VoD) and mobile broadband services, but also due to
the growing success of Over-The-Top Internet applications like YouTube [2, 3].With the
advent of these bandwidth-consuming applications, the bandwidth demand has been
growing at roughly 50-60% annually and is expected to reach several gigabits per second
per subscriber by the year of 2020 [4]. Fig. 1.1 illustrates the downstream and upstream
bandwidth requirements of several killer applications and the transmission capacities of

some access solutions.

Video phones
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Fig. 1.1. Downstream and upstream bandwidth requirements and capabilities of different (near-future)
services and solutions [5].

The predominant broadband access solutions deployed today are the community
antenna television (CATV) and digital subscriber line (DSL) based networks [1, 2].
However, both of these technologies have limitations because they are based on
infrastructure that was originally built for carrying analog TV and voice signals,
respectively. The coaxial cable CATV networks are having a hard time to keep up with
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the traffic demands. DSL techniques and cable modem techniques are evolving into

higher speeds but at the cost of a shorter reach.

The unique properties of optical fibers, low loss and extremely wide bandwidth,
make it the ideal candidate to meet the capacity challenges for now and the foreseeable
future. Single-mode fiber has already been adopted in the core and metropolitan networks,
and is increasingly penetrating the access domain as well. There is a common
understanding that the various Fiber-to-the-X (FTTX, where X can mean home, curb,
cabinet, or building) will overcome the bandwidth limitation of today’s copper-based and
hybrid fiber access solutions [6]. FTTH is seen as the ultimate and most future-proof

access solution leading to the next generation optical access network.

Basically, three architectures can be deployed for fiber access networks. They are
point-to-point architecture, active star architecture, and passive star architecture, also
known as passive optical network (PON). A PON is a point-to-multipoint optical network,
where an optical line terminal (OLT) at the central office is connected to many ONUs
through remote nodes by one or multiple 1xN optical power splitters or wavelength
multiplexer/demultiplexers. The network between the OLT and the ONUs is passive

because no power supply is required.

1.1.2 PON evolution: from TDM-PON to WDM-PON

Since a common feeder fiber is shared among all ONUs in a PON architecture, accurate
multiple access techniques are needed to avoid collisions among the traffic streams
generated by different ONUs. The most traditional multiple access technology is time
division multiple access (TDMA) and TDMA-based optical access networks have been
deployed widely. In a typical time-division-multiplexed (TDM) PON, all ONUs use the
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same wavelength for downstream or upstream transmission. A passive power splitter
resides at the remote node to divide or combine the downstream or upstream signals. For
the downlink, the downstream data from the OLT is broadcast to all ONUs but each ONU
is only allowed to access the data intended for itself, as illustrated in Fig. 1.2. For the

uplink, ONUs are dynamically assigned to time slots to transmit individual data.

m_EIHEEJ abc | b

Fig. 1.2. Downstream operation of a TDM-PON.

The three major TDM-PON standards are asynchronous transfer mode (ATM)
PON (also termed as APON or BPON), Ethernet PON (EPON), and Gigabit PON
(GPON) [2, 7-9]. Table 1.1 summaries the commercial deployments for major phases in
the TDM-PON evolution. The corresponding downstream and upstream line rates are

also listed here.

» APON/BPON (ITU-T G.983 [10])
e The first PON standard and established in the early 90’s of last century
e Based on ATM
e Mainly developed in Germany

e Typical data rate: 155 or 622 Mb/s in downstream direction and 155 Mb/s in upstream
direction

» EPON (IEEE 802.3ah [11])
e Completed in 2004 and broadly deployed in Japan and Korea



e Based on Ethernet protocol

e Typical data rate: 1.25 Gb/s in both downstream and upstream direction

» GPON (ITU-T G.984 [12])
e  Widely deployed in parts of the U.S. and Europe
e Can carry ATM as well as Ethernet traffic in any mixed mode

e  Typical data rate: 2.5 Gb/s in downstream direction and 1.25 Gb/s in upstream direction

> 10G-EPON (IEEE 802.3av [13])
e Ratified in 2009

e Support two configurations: symmetric, 10 Gb/s in both direction; asymmetric, 10 Gb/s in
downstream direction and 1 Gb/s in upstream direction

» XG-PON (10G-PON, ITU-T G.987 [14])
e Completed part of the standard in 2010

e Support two configurations: symmetric (XG-PON2), 10 Gb/s in both direction; asymmetric
(XG-PON1), 10 Gb/s in downstream direction and 2.5 Gb/s in upstream direction

Table 1.1. Commercial deployments of TDM-PON [15].

Line rate (Mb/s)
PON type Commercial Deployment | Year

Down Up
Narrowband Deutsche Telekom OPAL | 1995 29 2
Narrowband NTT Pi PON 1997 49 49
ATM PON NTT 2001 155 155
BPON NTT West 2003 622 155
EPON NTT East 2004 1000, 1000
GPON Verizon FiOS 2007 2488 1244
10G PON (IEEE) |t.b.d 2012 | 10000| 1000
10G PON (ITU-T) t.b.d 2013 9953| 2468

Although the 10G-EPON and XG-PON guarantee 10 Gb/s transmission capacity
for both the downlink and uplink, most agree that TDM-PONs cannot cope with the
requirements of future network evolution with respect to the aggregated bandwidth and
the allowable power budget. The power budget limits both the PON splitting ratio and the
distance between OLT and ONUs. Then what is the succeeding technology? An installed
fiber plant can be efficiently upgraded to higher capacity by introducing multiple
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wavelength channels in the same fiber infrastructure. Given this, one of the most
attractive candidates for future optical access next to 10G-EPON and XG-PON is WDM-

PON.

As shown in Fig. 1.3, a WDM-PON is a physically shared system, but a logically
unshared system, in which each ONU is connected to the OLT by a specific wavelength
(or a pair of wavelength) in a point-to-point fashion. Fig. 1.4 summarizes the data rate for
each subscriber supported by various PON technologies. The exclusive ownership of a
pair of wavelength channels for each ONU enables incomparable transmission capacity

for subscribers in a WDM-PON system.

A Ay A A A

Fig. 1.3. Schematic of a WDM-PON system.
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Fig. 1.4. History of PON development [16].
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Although various architectures for WDM-PONSs have been proposed as early as the
mid-1990s, WDM-PONSs have not been widely deployed throughout the world. To the
knowledge of the author, only Korea Telecom has deployed an early implementation of a
WDM-PON which delivers 100 Mb/s symmetric bandwidth to each subscriber in 2005
[17].The lack of further installations is mostly attributed to low cost-efficiency and lack
of international standardization. This situation is expected to change once the
International Telecommunication Union (ITU) or IEEE provides relevant standards.
Increased deployment enabled by standardization will in turn lead to decreased WDM-
PON cost. Recently the Full Service Access Network (FSAN) is working on white paper
for NG-PON2 where various kinds of WDM-PON technologies including external

seeding, tunable laser, and wavelength reuse are considered as candidate technologies.

Current TDM-PON architectures are economically feasible and are being deployed
rapidly around the world [7, 15]. However, they are bandwidth-limited and cannot meet
the continuously increasing bandwidth demands of subscribers. WDM-PONs can be
combined with additional TDMA techniques, in particular those already used by the
EPON and GPON standards [18, 19]. This leads to hybrid WDM/TDM PONs (TWDM-
PON) which provide a smooth migration from current TDM-PONs to future WDM-

PONS.

A TWDM-PON combines the flexibility of TDM-PON with the increased overall
capacity of WDM technology. The advantages of a TWDM-PON over a pure WDM-
PON are its high fan out, easy migration from the existing network deployment, and
ability to provide higher peak data rates [20, 21]. The TWDM-PON variants can be

generally classified into three categories: 1) wavelength selected TWDM-PON with



power splitters at the remote node; 2) wavelength split TWDM-PON with an arrayed
waveguide grating (AWGQG) at the remote node; and 3) wavelength switched TWDM-PON

with wavelength selective switches at the remote node.

The wavelength selected TWDM-PON offers the highest flexibility in terms of
bandwidth utilization but has a high insertion loss and poor security since the power
splitter broadcasts all wavelengths to all users. The poor power budget restricts its overall
reach. The wavelength split TWDM-PON combines wavelength splitters and power
splitters in the remote node. It has a fixed wavelength allocation and thus reduced
flexibility. The advantages of this architecture are the improved data security and power
budget. The wavelength switched TWDM-PON employs wavelength selective switches
in the remote node. One wavelength selective switch feeds wavelengths to multiple
AWGs so that the architecture has a higher fan out. Due to the switching functionality, it

improves the data security without compromising flexibility.

1.1.3 WDM-PON research and road ahead

WDM-PONSs have received tremendous attention from research groups all over the world.
Fig. 1.5 shows the statistic data about the number of publications with the topic of WDM-
PONs in each year from the Web of Knowledge [22]. The concept of WDM-PON
architecture first appeared in the mid-1990s [23]. The relevant research works have
increased remarkably from the beginning of the 21" century and hit the peak between
2008 and 2011. They cover a wide range of aspects in WDM-PON technologies

including devices, architectures, services, and protocols.
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Fig. 1.5. Research development in WDM-PON technologies (statistics from the Web of Knowledge).

The benefits of WDM-PONs are manifold. Besides the incomparable bandwidth
guaranteed for each subscriber, WDM-PONSs also feature the following advantages over
TDM-PONs thanks to the logical point-to-point connection through dedicated
wavelength channels:

» High security and privacy

» Protocol and line-rate transparency (enabling separate services and/or
separate service providers)

» Flexible upgradability

» Easy management and reduced complexity (no point-to-multi-point access

control)

However, many challenges and technical issues are still blocking the way to wide
real deployment of WDM-PON systems [8, 24]. Some argue that the bandwidth provided
by a WDM-PON is too large for a single user and there is a lack of an available market
requiring high bandwidth. However, the ever-increasing bandwidth demand resulted from

the emergence of various bandwidth-consuming applications and services would



eventually prove the necessity of WDM-PON technology. A lack of suitable network
protocols and software to support the architecture would be no longer a problem as long
as WDM-PON gets standardized. It is predicted that the standardization of WDM-PON
will eventually come up around 2020 when the bandwidth demand per subscriber is

expected to reach 1 Gb/s [25].

The key bottleneck in developing practical WDM-PON systems is the costs of
upgrading existing access networks to support WDM-PON technologies. These costs not
only include the obvious capital expenditure including land and buildings, network
infrastructure, installation, software, customer premise equipment and project
management cost, but also the hidden operational expenditure including renting, energy
consumption, failure reparation, network operation, marketing, pricing, billing and

service provisioning cost [26].

The point-to-point connection through dedicated wavelengths in WDM-PON
systems requires that each ONU operates on a specific wavelength, which is in turn
decided by the particular port of the wavelength multiplexer (located in the remote node)
the ONU is connected to. An obvious solution is to use wavelength-specific light sources,
e.g. DFB lasers, in ONUs. The laser diode usually comes with a thermo-electric cooler
for stable operation as a WDM source. In addition, a wavelength locker, which helps the
laser diode to lock exactly to its assigned wavelength, is needed [27]. Although a
wavelength-specific DFB laser can support high-speed modulation, it is regarded as a
costly way to implement a WDM-PON because a number of DFB laser diodes would be
required and moreover each of them should be managed separately. To keep in the

inventory all different wavelength lasers needed for each channel of a WDM-PON and to
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install ONUs with different wavelength lasers at different homes is costly and not easy to
maintain. End users would welcome unlimited bandwidth but they would be reluctant to
pay much more than what they are paying for current DSL and TDM-PON technologies.
An important factor that will reduce the cost of WDM-PON to meet the needs of FTTH

as well as those of the enterprise will be the introduction of standard and colorless ONUs.

Colorless (also termed as color-free or wavelength-independent) operation of
ONUs in WDM-PONs is considered to be the key to reduce the installation and
maintenance cost significantly since in a colorless WDM-PON identical light sources are
adopted in ONUs and the wavelength assignment can be controlled by the OLT or the
remote node (RN). A colorless ONU can be realized by employing light sources which
could cover a wide spectrum range. Tunable lasers have superior performance in terms of
data rate and transmission distance but are too expensive to be adopted in cost-sensitive
ONUs. Low-cost broadband light sources such as light-emitting diodes (LEDs), amplified
spontaneous emission (ASE) from erbium-doped fiber amplifiers (EDFAs) are

economically feasible to be utilized as the light sources at ONUs of WDM-PONSs [28-30].

A more advanced scheme for colorless operation is carrier distribution in which the
upstream carriers are generated in the OLT and distributed to corresponding ONUs
through the logical point-to-point architecture [31-33]. Fabry-Perot laser diodes (FP-LDs)
and reflective semiconductor optical amplifiers (RSOAs) are considered as promising
candidates employed at ONUs of the carrier-distributed WDM-PONSs. The fact that a FP-
LD and a RSOA can act as an optical amplifier and at the same time as a modulator

makes them a cost-effective solution. In addition to external seeding/injection, the RSOA
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and FP-LD could also be self-seeded/injected [34, 35]. This scheme further reduces the

cost by eliminating the remote seeding light.

The use of standard colorless ONUs will result in higher production volumes that
will translate into significant cost reduction for manufacturers. More importantly, it
reduces the inventory management cost [36, 37]. This standardization will also reduce the
complexity and cost of deployment, maintenance, and sparing, helping further decrease

operation expenditure [38].

Another challenging issue in WDM-PON is the delivery of broadcast/multicast
services. Unlike the point-to-multi-point TDM-PON in which downstream data is
broadcast to all attached ONUs, the logical point-to-point WDM-PON architecture is not
well suited for broadcast service delivery. Special techniques are needed to enable

broadcast/multicast service delivery over conventional WDM-PON architectures.

Other research aspects in WDM-PON technologies include WDM radio-over-fiber
(RoF) PON in which wired and wireless services are converged in WDM-PON systems,
long-reach WDM-PON which merges the access and metro networks, fiber fault
protection with the capacity of detecting and localizing the fiber failures without delay,

and energy-saving issue in WDM-PONS.

1.2 Research contributions

The research work presented in this dissertation puts an effort in making WDM-PON a
viable technology for the next-generation access network by addressing two major
technical issues in WDM-PON systems, low-cost colorless ONUs and broadcast service

delivery. The major contributions include:
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» In-depth experimental investigation and analysis on transmission performance of
a colorless WDM-PON based on directly modulated self-seeded RSOAs are
carried out. The impact of several important system parameters on upstream
transmission performance are characterized and investigated through experiments.
The findings in this work provide a better understanding of the mechanism and
limitations of the directly modulated self-seeded RSOAs. Hence, they serve as a

guide on designing WDM-PON systems using self-seeded RSOAs. (Chapter 3)

» The transmission capacity of a directly modulated self-seeded RSOA, which is
primarily limited by the modulation bandwidth of the RSOA itself, is enhanced by
increasing the seeding power through inserting an optical amplifier in the self-
seeding cavity. And it is further increased by electronic equalization after
detection. A low-cost colorless WDM-PON system based on self-seeded RSOAs
for downstream transmission and remote-seeded RSOAs for upstream
transmission is demonstrated and its transmission performance is investigated.
This scheme serves as an alternative solution for future low-cost WDM-PON

systems. (Chapter 3)

» A multimode-injected FP-LD is proposed as the remote seeding light in carrier-
distributed WDM-PON systems. By feeding ASE spectrum slices into a common
FP-LD used as a noise suppressor in the OLT instead of seeding them into FP-
LDs in corresponding ONUs directly, the noise of the remote seeding light is

suppressed. Improved transmission performance of a WDM-PON based on FP-
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LDs injection-locked by a spectrum-sliced multimode-injected FP-LD is observed.

(Chapter 4)

Polarization multiplexing technique is exploited to enable broadcast service
delivery over WDM-PON architectures. Although automatic polarization tracking
is required in each ONU to demultiplex the downstream unicast and broadcast
data, the polarization-multiplexed downstream signals facilitate the external
injection of polarization-sensitive FP-LDs for upstream remodulation.
Transmission performance of the proposed WDM-PON system is investigated in
detail. The work provides an alternative solution for broadcast-capable WDM-

PONSs. (Chapter 5)

Another broadcast-enabling scheme for WDM-PON systems based on offset
polarization multiplexing is proposed and demonstrated. This new scheme not
only preserves the advantages of the previous proposed broadcast-enabling
scheme based on polarization multiplexing but also brings improved cost-
efficiency. More specifically, the technique eliminates the necessity of automatic
polarization tracking in each ONU by employing two separate differential phase
shift keying (DPSK) receivers for downstream unicast and broadcast signals
detection. Meanwhile, the offset polarization-multiplexed downstream signals
could also facilitate the external injection of polarization-sensitive FP-LDs for

colorless upstream transmission. (Chapter 6)
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1.3 Thesis organization

The rest of this dissertation consists of six chapters.

Chapter 2 reviews the progress of several research aspects in WDM-PON
technologies. Various proposed schemes for colorless operation of ONUs and broadcast
service delivery over WDM-PON architectures are reviewed in detail. Development in
other research directions including WDM-RoF-PONs, long reach WDM-PONSs, fiber

fault protection, and energy saving in WDM-PONSs are briefly discussed.

Chapter 3 focuses on low-cost colorless WDM-PONs based on self-seeded RSOAs.
Firstly, the impact of various system parameters on the transmission performance is
experimentally investigated. Secondly, the data rate of a directly modulated self-seeded
RSOA is enhanced by increasing the seeding power and electronic equalization. Lastly, a
low-cost full-duplex bidirectional colorless WDM-PON based on bit-rate-enhanced self-

seeded and remote-seeded RSOASs is demonstrated.

Chapter 4 explores another type of prevalent low-cost light sources, FP-LDs, for
colorless WDM-PONSs. A theoretical mode of injection-locked FP-LDs is introduced,
based on which the steady and dynamic characteristics of the free-running and injection-
locked FP-LDs are simulated. A multimode-injected FP-LD is proposed as the remote
seeding light in carrier-distributed WDM-PONSs. The feasibility is demonstrated by
comparing its transmission performance to that based on a spectrum-sliced ASE through

simulation.

Chapter 5 introduces a broadcast-capable WDM-PON system using polarization
multiplexing technique. Experimental demonstration of successful transmission of 10

Gb/s downstream unicast and broadcast signals with low extinction ratio as well as 2.5
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Gb/s upstream signal with forward error correction (FEC) confirms the feasibility of the
proposed architecture. The impact of polarization dependence, injection-locking range,

and signal extinction ratio on the transmission performance are investigated detailedly.

Chapter 6 discusses another WDM-PON architecture with broadcast capability
utilizing offset polarization multiplexing technique. Successful transmissions of 10-Gb/s
downstream unicast and broadcast DPSK signals as well as 2.5-Gb/s upstream on-off
keying (OOK) signal over a 20-km standard single-mode fiber are experimentally
demonstrated. The robustness of the proposed scheme against polarization fluctuation
along the link, relative bit delay between the unicast and broadcast signals, frequency
deviation of the downstream signals from the delay interferometer (DI), and imperfection

of the DI is investigated.

Chapter 7 draws conclusions on the research work presented in this dissertation and

also discusses some future research work in the area of WDM-PON technologies.

16



CHAPTER 2
A Review on the Development of WDM-PON Technologies

As a promising candidate for the next-generation optical access network, WDM-PON has
attracted remarkable research attention for more than ten years. Researchers around the
world have made significant efforts to develop viable WDM-PON technologies in
various aspects. This chapter gives a detailed review on those topics which are related to
the author’s work, including colorless light sources for ONU and broadcast/multicast
service delivery over WDM-PON architectures. Other topics in WDM-PON technologies

are also briefly summarized in this chapter.

2.1 Colorless operation of ONUs

In the WDM-PON system, each ONU is virtually point-to-point connected to the OLT by
assigning a specific wavelength for downstream/upstream transmission. This could be
realized by adopting wavelength-specific optical light sources, e.g. an array of distributed
feedback (DFB) lasers in the OLT and one wavelength-specific DFB laser in each ONU.
However, this brings about the cost issue. Firstly, the cost of the wavelength-specific
DFB lasers is still high; secondly, such WDM-PON management induces high operating
and inventory costs. In order to reduce cost and complexity, service providers would
strongly prefer all ONUs to be identical, so that any ONU can be connected to any port of

the arrayed waveguide grating (AWG) in the remote node. In other words, there should
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be one light source that can be operated over the entire wavelength range covering all

ONUs. Finally, the ONU light source must be inexpensive [39].

Colorless operation of ONUs in WDM-PONs will significantly reduce the high
costs of installation, operation and maintenance of WDM-PON systems. Hence,
developing reliable wavelength-independent light sources used as colorless transmitters
in ONUs is the prerequisite of the wide deployment of WDM-PON systems. Tunable
lasers followed by external modulators are considered to provide the best performance in
terms of data rate and transmission reach but are regarded to be too expensive to be used
for cost-sensitive optical access networks [40]. Several techniques are proposed and
investigated to achieve colorless operation of ONUs with low-cost light sources such as
RSOAs and FP-LDs. Each of them is introduced and discussed in detail in this section. A

summative evaluation of the techniques enabling colorless ONUs is given in Table 3.2.

2.1.1 Spectrum-sliced broadband light sources

Spectrum-slicing of broadband light sources (BLS) has been proposed as a potential
technique which could meet the requirement of cost-effective colorless light sources for
WDM-PON systems. The broadband light sources could be LEDs, superluminescent
diodes (SLD), FP-LDs, and ASE sources such as EDFA or SOA/RSOA [28, 39, 41, 42].
As Fig. 2.1 shows, with a BLS such as an LED, some fraction of the emitted light will
match the optical passbands of the AWG in the RN. The exact wavelengths that pass
through the AWG will depend on the AWG port to which the LED is attached. Identical
LEDs could be applied to all ONUs and hence colorless operation is achieved. Spectrum
slicing is attractive because LEDs are simple sources compared to widely tunable single

frequency lasers.

18



............... .
co RN SUBSCRIBER #1
FEC encoder [ —1
1 = o FEC decoder
155 Mbls 4
SMF
FEC decoder 20 km LED [+{FEC encoder
- 1xN ( E ) 1xN =
. Cyclic Cyclic H
AWG AWG
[FEC encoder{ DPcc M sLD | S
L JL Il | SUDSURIDCR #iv
622 Mbls e N N o FEC decoder
e | Sl LED [+ FEC encoder

Fig. 2.1. LEDs used as colorless light sources in ONUs [28].

The broadband light sources used in spectrum-sliced WDM-PON applications need
to fulfill the following requirements. First, it shall have broad bandwidth to accommodate
more end users; secondly, it has high power spectral density to relax the power budget of
the spectrum-sliced signal [29]. The power margin could be increased by employing
high-power BLS. Reference [29] demonstrated a ~130 nm broadband erbium fiber ASE-
based continuous-wave (CW) supercontinuum source with 500 mW output power. Error-
free transmission of 622-Mb/s spectrum-sliced signals over 25-km single-mode fiber

(SMF) was achieved.

The spectrum-sliced ASE sources suffer from the spontaneous-spontaneous beat
noise due to the inherent incoherence. The signal-to-noise ratio (SNR) of an ASE source

at the receiver is given by (2.1) when the electrical noise is neglected.

B
SNR~—= 2.1
2 2.1)

e

where B is the optical bandwidth of the spectrum-sliced source and B, is the electrical

bandwidth of the signal. It is necessary to increase the optical bandwidth and/or decrease

the electrical bandwidth, i.e., the bit rate, to improve the SNR, which in turn determines
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the transmission capacity of the WDM-PON system using the proposed light source [42].
Transmission of up to 1.7-Gb/s data was demonstrated when the 3-dB bandwidth of the

spectrum slice equaled to 1.3 nm. However, large B, makes high-speed optical signals

vulnerable to fiber dispersion. The maximum dispersion-uncompensated transmission

distance is inversely proportional to the square of the data rate if B, increases with B, to

keep the SNR unchanged. Moreover, this approach also makes the incoherent light signal

sensitive to optical filtering [43].

Recently, H. Kim et al. reported a 10-Gb/s WDM-PON using an ultranarrow
spectrum-sliced incoherent light source. A wideband ASE generated by an EDFA was
spectrum-sliced by an ultranarrow fiber Fabry-Perot filter with a 3-dB bandwidth of
0.006 nm. The spectrum-sliced light was intensity-smoothed by using a gain-saturated
RSOA. Due to the ultranarrow linewidth of the source, an uncorrected bit-error rate (BER)
better than 3x107 after transmission over 20-km SSMF was achieved. Fig. 2.2 shows the
experimental setup in which the proposed ultranarrow spectrum-sliced source was

externally modulated with downstream data through an electro-absorption modulator

(EAM).
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Fig. 2.2. Schematic of a downstream WDM-PON system based on the ultranarrow spectrum-sliced
incoherent light source [43].
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As shown in Fig. 2.2, the broadband light source could replace an array of DFB
lasers in the OLT as the downstream carriers since its broad spectrum could cover many
transmission channels. The cost induced by the special techniques to improve the data
rate and power margin for each channel would be justified since it is shared among all the
end users. However, if it is employed as a colorless light source for upstream
transmission, a BLS is required in each ONU and any cost induced by improving the BLS
performance shall be covered by one end user, which makes the spectrum-sliced BLS
technique less attractive to upstream operation than it is to downstream operation. In fact,
researchers have already come up with solutions in which the BLS could be shared
among end users for upstream transmission and meanwhile the colorless operation of
ONUs could be satisfied. In the next subsection, this technique—carrier distribution—is

discussed.

2.1.2 Carrier distribution

Colorless ONUs mean that all the ONUs connected to one WDM-PON are identical and
they can be operated over the entire wavelength range of this network. Inventory cost is
significantly reduced since each ONU can be connected to any port of the wavelength
MUX/DEMUX in the RN. No record about the operating wavelength of each specific
ONU needs to be made, and the end user would not need to concern about the operation
wavelength of their installed ONUs. The wavelength assignment for uplink should be
decided by the OLT in the central office or the RN. Like all the downstream transmitters
are allocated in the OLT uniformly, if the upstream optical carriers could be also placed
in the central office and distributed to the corresponding ONUs by the wavelength

multiplexer in the RN, then the ONUs would be color-free.
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2.1.2.1 System structure

Fig. 2.3 illustrates the schematic of a carrier-distributed WDM-PON system. The
upstream carrier module located in the OLT could be an array of DFB lasers, a multi-
wavelength light source, or an incoherent BLS. If DFB lasers or a multi-wavelength light
source is employed, the wavelength and channel spacing should match the AWG in the
RN. When the upstream optical carriers are transmitted to the RN, they will be routed to
different ports according to the AWG and distributed to the corresponding ONUs
attached to the AWG. If the upstream carrier module is a BLS, some fractions of the
emitted light which match the optical passbands of the AWG in the RN are routed to the

attached ONUs.

Upstream
Carrier
Module ?

@ Fee(t(j((g(r)fiber . ‘
@ ONU

Fig. 2.3. Schematic of a carrier-distributed WDM-PON.
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In the ONU, a loopback configuration is needed for upstream transmission. Several
configurations for the ONUs in a carrier-distributed WDM-PON are shown in Fig. 2.4.
The upstream optical carrier will be first encoded by an external modulator driven by
upstream data and then looped back through a circulator as Fig. 2.4 (a) shows. The
transmission reach is limited by the power of the upstream optical carrier since it would

undergo twice of the link loss from the OLT to ONUs. The power insufficiency could be
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alleviated by providing optical gain in the ONU [31]. As shown in Fig. 2.4 (b), the SOA
after the modulator would boost the power of the upstream signal. Transmission capacity
will be limited if a BLS is employed as the upstream optical carriers as discussed in
Section 2.1.1. Coherent CW lasers are usually employed as the distributed upstream
carriers for high-speed operation. For data modulation, a polarization-insensitive optical
modulator such as an electro-absorption modulator is preferred [32]. Moreover, a
monolithic integrated device consisting of an EAM and a SOA could support data rate as

high as 40 Gb/s with relative low cost and high compactness [33].

Since the functions of an ONU in a carrier-distributed WDM-PON system include
modulation and amplification, the most cost-effective choice for such an ONU would be
RSOAs. The front facet of the RSOA is anti-reflection coated. The upstream optical
carrier could be fed into the RSOA with negligible power loss. This seeding light is
amplified while traveling in the RSOA until it hits the rear facet of the RSOA. Most of
the seeding light is reflected since the rear facet is high-reflection coated. At the same
time, the amplified optical carrier is encoded with upstream data by electrically driving
the bias current of the RSOA, as shown in Fig. 2.4 (c¢). RSOAs would be promising
candidates for wavelength-independent ONUs in WDM-PONs as long as its main

drawback, limited electrical bandwidth, is overcome.

Upstream Upstream Upstream
data data B data

Mod Mod — SOA _ T RSOAI
; -

(a) (b) (c)

Fig. 2.4. Different configurations of ONUs in a carrier-distributed WDM-PON system.
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2.1.2.2 High-speed operation of RSOAs

The typical 1~2-GHz electrical bandwidth has become the primary drawback of a RSOA
and hinders its deployment in high-speed WDM-PON applications. Exhaustive studies
have been carried out to demonstrate 10-Gb/s or higher operation of RSOAs for WDM-
PON system. Various proposed techniques will be summarized in this part. Some works

employ more than one technique to achieve high-speed operation of RSOAs.

A fundamental method is to increase the modulation bandwidth of a RSOA by
improving the device and/or package design. The modulation speed of a RSOA is limited
by carrier lifetime. By increasing the RSOA length to 850 pum, 3-GHz modulation
bandwidth was obtained. Transmission over a 2-km SMF at 10 Gb/s below the FEC limit
without any electronic processing was demonstrated in [44]. The chirp generated by high-
speed direct modulation of the RSOA becomes a limiting factor. However, chirp
reduction in RSOASs has been demonstrated using multi-electrode devices [45]. In [46], a
butterfly-packaged RSOA was developed to minimize the electrical parasitics. As a result,
the modulation bandwidth of RSOA was improved from 2.2 to 3.2 GHz. Error-free
transmission of 25.78-Gb/s signal obtained from a directly modulated RSOA was
demonstrated by electrical equalization in conjunction with the use of FEC. A
compressively strained multi-quantum-well RSOA was designed and an electro/optical
(E/O) bandwidth of approximately 4 GHz was achieved. Up to 10.7-Gb/s data rate was

demonstrated [47].

Another attractive method to increase the data rate supported by directly modulated

RSOAs would be electronic equalization. The frequency response of a RSOA has a
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smooth roll-off with no relaxation oscillation peak while its modulation has a good
linearity. These properties are almost ideal for the electronic equalization using the
decision feedback equalizer (DFE) that consists of feedforward and feedback filters. A
RSOA with 2.2-GHz modulation bandwidth was operated at 10 Gb/s by using the
electronic equalizer consisting of half-symbol-spaced DFE (17, 3), ie., 17-tap
feedforward equalizer (FFE) and 3-tap DFE. The maximum reach could be extended to
greater than 20 km with the help of FEC code [48]. The same authors extended their
study by increasing the data rate to 25.78 Gb/s with a butterfly-packaged RSOA whose
modulation bandwidth was around 3.2 GHz [49]. In [50], error-free transmission of 20-
Gb/s over 20 km SMF was achieved for a WDM-PON based on a 1-GHz RSOA by using
partial-response maximum likelihood equalizer together with optical filter detuning and
FEC. Ref. [51] demonstrated a 10-Gb/s extended-reach WDM-PON with low-bandwidth
RSOA using a conventional maximum-likelihood sequence estimation (MLSE) receiver.
The MLSE helped to recover from the inter-symbol interference (ISI) and Rayleigh
backscattering (RBS) allowing the signal from a directly modulated RSOA to reach up to
19-km bidirectional fiber and 125-km unidirectional fiber with a BER = 10™. In addition
to post-equalization, pre-equalization was also demonstrated for improving the data rate

of directly modulated RSOAs [52].

Besides equalization in electrical domain, the signal distortion due to chirp
generated by direct modulation and chromatic dispersion can also be smoothed in the
optical domain by detuned optical filtering. The positive chirp factor of RSOAs varies the
frequency of the signal during direct modulation. The frequency is blue-shifted at the

leading edge and red-shifted at the trailing edge. Thus reducing (blue-shifting) the center
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wavelength of the optical bandpass filter (BPF) placed before the photodiode causes more
attenuation for the trailing edge than the leading edge. The phase modulation generated
by the chirp of the RSOA would be transformed into constructive amplitude modulation
[53-56]. Detuned optical filtering is usually applied together with electrical equalization
for high-speed operation of RSOAs. Error-free symmetrical 10-Gb/s full-duplex
bidirectional transmission over 25-km SMF by modulating a strongly bandwidth-limited
RSOA was experimentally demonstrated. The optimal filter position was 0.16 nm blue-
shifted with respect to the central wavelength of the transmitted signal and the detected
signal was post-processed with DFE (5, 2) [53, 54]. By using duobinary partial response
equalization and detuned optical filtering techniques, a WDM-PON system operating at
10 Gb/s with only 1-GHz-bandwidth RSOA over 10-km transmission was achieved [55].
Ref. [56] proposed an improved detuned filtering approach based on the use of a single
narrow-bandwidth AWG detuned in respect to the WDM grid. The narrow-bandwidth
AWG acted both as a WDM demultiplexer and a detuned optical filter. 10-Gb/s operation
of a RSOA with < 1 GHz bandwidth was investigated and error-free transmission was

obtained after a 20-km SMF without the use of electronic equalization.

H. Kim proposed and demonstrated 10-Gb/s operation of the RSOA using an
optical delay interferometer (DI) [57-59], where the DI acts as an optical equalizer as
well as a vestigial sideband filter. As shown in Fig. 2.5, a DI having a 25-GHz free-
spectral range (FSR) was employed before the photodetector. The transmission null of
the DI was red-shifted by 3 GHz to the central frequency of the RSOA output.
Transmission of 10-Gb/s directly modulated RSOA signals over 20-km SSMF in a

carrier-distributed WDM-PON system was demonstrated [58]. The use of the 25-GHz DI
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could be shared among multiple WDM channels. The author further improved the

receiver sensitivity and lowered the error floor by adopting a dual-detector receiver [59].
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Fig. 2.5. 10-Gb/s operation of a RSOA using an optical delay interferometer [58].

Bandwidth-efficient modulation formats such as duobinary, 4-ary pulse amplitude
modulation (PAM), and quadrature phase shift keying (QPSK) are adopted to achieve
high-speed operation of direct modulation of bandwidth-limited RSOAs [52, 60-64].
Duobinary has been demonstrated as an alternative to non-return-to-zero (NRZ) due to its
reduced bandwidth requirement with external modulators as well as directly modulated
sources. A passive microstrip RLC pre-equalizer was optimized for the combination of
the RSOA and the electrical filter to match the required frequency response to generate
duobinary signal. 10-Gb/s transmission by direct modulation of a RSOA has been
achieved with duobinary encoding [52]. The 11-Gb/s 4-ary PAM signal generated by an
arbitrary waveform generator was directly modulated onto a 2.2-GHz RSOA and error-
free transmission over 20-km SMF was fulfilled with electronic equalization at the
receiver [60]. Since both the amplitude and phase of the RSOA output vary with the
modulation current, QPSK signal can be generated by directly modulating the RSOA
with a proper 4-level electrical signal. Ref. [61] has successfully demonstrated the

transmission of 10-Gb/s optical QPSK signal over 80-km long link in the WDM-PON
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implemented by using directly modulated RSOAs and digital coherent receivers together
with the electronic phase equalization techniques. The data rate was further increased to
40-Gb/s by utilizing the QPSK format and the offset polarization division multiplexing
technique in which two RSOAs was directly modulated with two 20-Gb/s QPSK signals
separately [62]. 8-phase shift keying (PSK) optical signal generation technique by
directly modulating RSOA using sophisticated optimization process of the instantaneous
injection/depletion current was proposed in [63]. By compensating the patterning effect
through optimizing the instantaneous injection/depleting current according to all the
symbol patterns, 10.5-Gb/s 8-PSK signal by directly modulating a RSOA with a
bandwidth of only 0.9 GHz was demonstrated. Discrete Multi-Tone (DMT) modulation
allows maximizing the capacity of a communication system by measuring the available
SNR of the link and then performing optimal bit and power loading on each subcarrier.
This technique results in advantages in systems where the transmitter is bandwidth-
limited. In case of RSOAs, DMT could significantly increase the transmission capacity
compared to the NRZ modulation format. 25-Gb/s transmission by using a DMT
modulated 1-GHz RSOA in combination with optical detuned filtering was demonstrated

[64].

2.1.2.3 Backreflection in carrier-distributed WDM-PONs

The major technical issue for a single-fiber carrier-distributed (or loopback) WDM-PON
which supports bidirectional transmission of the same wavelength is SNR degradation by
the backreflection-induced crosstalk in the fiber link. The backreflection would include
RBS and discrete Fresnel reflection induced by reflection points such as splices and

connectors. The discrete Fresnel reflection could be minimized by using angled
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connectors and splices. However, RBS is inevitable as it is the intrinsic property of
optical fibers. Numerous research studies have been carried out to reduce the RBS-

induced performance degradation in carrier-distributed systems.

Fig. 2.6 illustrates the two types of Rayleigh backscattering in a carrier-distributed
system. Reflection-I, defined as carrier-generated RB (Carrier-RB), is the backreflection
of the upstream carrier sent from CO to ONU. It causes intensity noise as it interferes
with the upstream signal. Reflection-1I, defined as signal-generated RB (Signal-RB), is
the backreflection of the modulated upstream signal sent from ONU to CO. After
reflection, Signal-RB proceeds toward ONU together with the distributed upstream
carrier. It is modulated again at the ONU and sent to the OLT where it interferes with the

upstream signal [65].
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Fig. 2.6. Two types of reflections in carrier-distributed system [65].

The intraband crosstalk induced by backreflection noise is dominated by the signal-
crosstalk beat noise. It has been demonstrated that incoherent spectrum-sliced light
sources used as the distributed carriers are less sensitive to intraband crosstalk than the
laser sources with higher coherency. This is mainly because the optical bandwidth of the
spectrum-sliced light sources is much broader than the receiver’s electrical bandwidth
which blocks a large portion of beat components [66]. However, the data rate is limited

when a spectrum-sliced BLS is adopted as the distributed upstream carriers.
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For coherent CW distributed carriers, the interferometric crosstalk could be reduced
by broadening the optical spectrum, i.e., decreasing the coherent time, of the CW carrier
or the modulated upstream signal. This can be done by external phase modulation of the
CW carrier or by bias dithering of RSOA in the ONU [67, 68]. Single-tone bias dithering
of a RSOA with a frequency outside the data bandwidth will move the noise from
baseband to higher harmonics out of the receiver bandwidth. Reduction of reflection-
induced crosstalk in a link employing RSOAs achieved by applying bias dithering at
RSOAs and phase modulation at the carrier source gave 6 dB and 7 dB improvement in

power penalty, respectively [69].

The interferometric crosstalk could be also mitigated by reducing the spectra
overlap between the modulated signal and the backreflection noise so that most of the
electrical beat frequency will fall outside the receiver bandwidth. This could be realized
by employing techniques such as line coding and subcarrier multiplexing (SCM). The
purpose of line coding applied to the upstream transmitter, e.g. RSOAs, is to spectrum-
shape the power spectral density and up-shift the signal spectrum compared with the
NRZ signal. A system demonstration of 6-dB enhanced tolerance to backreflection for
WDM-PON based on 8B10B coding and high-pass electrical filtering was reported in
[70]. Two correlative level codes, dicode and modified duobinary, were implemented to
reduce the RB-induced interferometric crosstalk. At 10 Gb/s, the minimal allowable
optical signal-to-RB ratio at the BER of 10™ was reduced t016.5 dB by dicode coding,
which was 4.3 dB better than the uncoded transmission. Experiments also demonstrated
that 10 Gb/s and 20 Gb/s uplink could reach up to 70 km and 35 km using dicode and

modified duobinary signaling, respectively [71].
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By applying SCM, the upstream signal would be shifted away from the
backreflection noise and therefore the RB-induced power penalty could be eliminated.
The SCM could be applied at ONU or RN where the distributed carrier was externally
modulated with a subcarrier frequency. The upstream data was encoded onto the resulted
subcarrier and transmitted back to the OLT. Since there was no overlap between the
upstream signal and the backreflection noise, the high-frequency beat noise could be

removed by the low-pass filter (LPF) at the receiver [72, 73].

2.1.3 Injection-locked FP-LDs

To achieve colorless operation of ONUs in WDM-PONSs, another cost-effective method
is based on injection-locked FP-LDs. External seeding light required for injection-locking
the FP-LDs in ONUs are distributed from the OLT. Compared to the carrier-distributed
WDM-PONSs introduced in the previous subsection, in which the ONU based on a RSOA
or an EAM-SOA acts simply as a modulator and an amplifier, the ONU based on a FP-

LD will work as a directly-modulated laser subject to the injection-locking mechanism.

A free-running FP-LD exhibits multiple longitudinal modes decided by the length
of the Fabry-Perot (FP) cavity and the refractive index of the gain media. Strong mode
partition noise (MPN) will be exhibited if any longitudinal mode is filtered out. The large
relative intensity noise (RIN) makes the spectrum-sliced free-running FP-LD unsuitable
to be transmission carrier [74]. However, if an external light source is fed into a free-
running FP-LD, the cavity mode located near the injection wavelength can be injection-
locked and enhanced in intensity while other cavity modes are suppressed. When the
side-mode suppression ratio (SMSR) is greater than 30 dB, the FP-LD is supposed to lead

quasi-single-mode operation.
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2.1.3.1 External seeding sources

The external seeding light can be incoherent spectrum-sliced ASE sources or coherent
CW lasers. The advantages of incoherent spectrum-sliced ASE sources are low cost and
more importantly it is unpolarized which is a desirable feature when working with
polarization-dependent devices, e.g. polarization-dependent FP-LDs. However, the data
rate of a spectrum-sliced ASE injection-locked FP-LD is limited by the RIN of the
spectrum-sliced ASE seeding source. Although the total power of an ASE source is
relatively stable, the RIN of any spectrum-sliced narrow-band spectrum is quite large.
This intensity noise will be transferred to the injection-locked mode of the FP-LD and
degrade the output performance of the injection-locked FP-LD [75]. The SNR of the
directly modulated spectrum-sliced ASE injection-locked FP-LD would be determined by
the ratio of optical bandwidth to electrical bandwidth, which is similar to a spectrum-
sliced ASE source used as a carrier as described by (2.1). The self-filtering effect and the
additional phase noise of an injection-locked FP-LD would limit the system performance
for high-capacity (beyond 1.25 Gb/s) long-reach WDM-PONSs [76, 77]. Return-to-zero
(RZ) modulation was utilized to improve the system dispersion tolerance and 1.25-Gb/s
signal over 45 km of SSMF based on incoherent light injection-locked FP-LD was
demonstrated [78]. With a noise suppressor after the external seeding light, the data rate

of a spectrum-sliced ASE injection-locked FP-LD was increased up to 2.5 Gb/s in [79].

To improve the transmission capacity of injection-locked FP-LDs, coherent CW
light is used as the external seeding source. For coherent seeding light, the required
seeding power is smaller than that of incoherent seeding light. Thanks to the low RIN in

the coherent seeding light, the data rate of directly-modulated coherent light injection-
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locked FP-LD has been increased to 10 Gb/s [80]. However, the injection-locking range
to achieve 10-Gb/s operation was very tight. The detuning ranges between the CW
seeding light and the targeted longitudinal mode was about 0.029 nm (3.6 GHz) to
guarantee the BER smaller than 10°. Moreover, the fact that low-cost FP-LDs are
polarization-sensitive makes the polarized laser source unsuitable for the role of external

seeding source [81].

An external seeding source whose performance is between the incoherent
spectrum-sliced ASE and the coherent CW laser would be a spectrum-sliced FP-LD.
Although the large MPN exhibited in a spectrum-sliced FP-LD makes it unsuitable for
being an optical carrier, a spectrum-sliced FP-LD (master FP-LD) could be used as the
external seeding source to injection-locked another FP-LD (slave FP-LD). Simultaneous
transmission of four channel 2.5-Gb/s over 25 km SMF was demonstrated with injection-

locked FP-LDs by another spectrum-sliced FP-LD [82].

A multimode-injected FP-LD is proposed and used as the external seeding light for
a carrier-distributed WDM-PON [83]. The multimode-injected FP-LD performs as a
noise suppressor to reduce the RIN of the injected ASE spectrum slices. It is verified by
simulation that based on the proposed remote seeding light the transmission performance
of the injection-locked FP-LD for upstream transmission is improved. The details of the

simulation architecture and results will be introduced in Section 4.4.

2.1.3.2 Technical issues in injection-locked FP-LDs
Since the external seeding sources are distributed from the OLT, a colorless WDM-PON
based on injection-locked FP-LDs would also suffer RBS-induced performance

degradation. Similar to external-seeded RSOAs, the RBS-induced penalty could be
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reduced as the linewidth of the seeding light increases. A FP-LD injection-locked by a
spectrum-sliced ASE source would show high robustness on the backreflection, while a
coherent seeding light results in high backreflection-induced penalty [84]. Some
techniques reviewed in Section 2.1.2.3, which are applied to mitigate the backreflection-
induced penalty in carrier-distributed WDM-PONs with RSOAs, are also applicable to

injection-locked FP-LDs.

In practical systems, the wavelengths of both the seeding light source and the FP-
LD fluctuate with the temperature and bias current. Even with a temperature controller,
the central wavelength may still fluctuate slightly and randomly. So a large injection-
locking range would be desirable for real implementation. By reducing the reflectivity of
the front facet to a relative low value, e.g. 1%, the FP-LD would exhibit weak resonance
and hence weak-mode lasing. The weak-resonant-cavity (WRC) FP-LD has a wider
injection-locking range compared to conventional FP-LDs [85]. The WRC FP-LD could
enable a nearly uncooled operation of injection-locking, i.e., the external seeding light
would no longer need to be carefully aligned to the longitudinal mode. Even the external
seeding light aligned with the valleys of a free-running FP-LD could injection-lock the
corresponding WRC FP-LD. This operation is similar to an external-seeded RSOA in

which no wavelength alignment is required [86, 87].

For a conventional polarization-sensitive FP-LD, injection-locking by a coherent
source strongly depends on the polarization state of the injected light. For example, if the
FP-LD favors the transverse-electric (TE) mode, the FP-LD makes light by lasing on the
TE mode when the FP-LD is driven over a threshold current. On the other hand, the

transverse-magnetic (TM) mode in the FP-LD shows only absorption nulls instead of
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lasing, due to the very small TM gain inside the FP resonator [88]. When the seeding
light is linear-polarized and it is aligned to the TE mode of the FP-LD, the FP-LD will be
injection-locked at the longitudinal mode located closest to the seeding light at the shorter
wavelength side; when the seeding light is aligned to the TM mode of the FP-LD, it is
absorbed by the FP-LD instead of injection-locking the FP-LD. To tackle this, a two
section FP-LD was designed by using a polarization-insensitive gain material as the
active section and a strained InGaAsP material as the birefringence compensating section.
As a result, the optical emission spectrum shows superimposed TE and TM modes after
the proper amount of electrical currents are injected into both sections. In this case, TE

and/or TM mode will be locked to the incoming signal whatever its polarization state [89].

2.1.4 Wavelength remodulation

All the schemes discussed so far for fulfilling colorless operation of ONUs require
separate wavelength channels for upstream and downstream transmission. To increase
spectral efficiency, carrier reuse or downstream wavelength remodulation, has been
proposed. In such a scheme, the downstream signal is divided into two portions in the
ONU. One portion is detected by the downstream receiver and the other portion is fed
into a RSOA or a FP-LD where it is encoded with upstream data and transmitted back to
the OLT. Fig. 2.7 depicts the typical configuration of the ONU in a wavelength-
remodulated WDM-PON. Since each ONU requires only one wavelength channel for
simultaneous upstream and downstream transmission, the number of end users served by
one WDM-PON can be doubled and the implementation cost can be shared by more end

users.
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Fig. 2.7. The typical configuration of ONUs in a wavelength-remodulated WDM-PON.

Similar to carrier-distributed WDM-PONSs, bidirectional WDM-PONs with
remodulation scheme suffer backreflection-induced performance degradation. Moreover,
the performance of wavelength-remodulated WDM-PONs is also degraded by
remodulation crosstalk, i.e., the residue downstream modulation on the upstream signal.
Some techniques proposed to mitigate the remodulation crosstalk-induce penalty are

reviewed here.

The NRZ format is preferred for both downstream and upstream transmission due
to its simple implementation. However, the extinction ratio (ER) of downstream signal
shall be compromised to facilitate upstream remodulation. In the case of using a FP-LD
for upstream remodulation, the downstream ER should be carefully controlled to
guarantee the power at spaces (binary “0”s) is well above the injection-locking threshold.
The data rate of downlink is usually higher than that of uplink and the injection-locked
FP-LD would function as a high-pass filter to remove most of the downstream
modulation in the low-frequency region [90]. If an RSOA is employed as the upstream
transmitter, it should be operated in the saturation region to suppress the power
fluctuation resulted from downstream modulation in the seeding light. If the RSOA is

operated in the unsaturated region, the performance of the upstream signal could be
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seriously degraded by the thick ‘I-level’ induced by power fluctuation in the seeding
light [91]. Similarly, the downstream ER should be optimized to keep some residual
power during its space bits for remodulation with upstream data. A too low downstream
ER results in an unacceptable high penalty for its detection, while a too high downstream

ER degrades the upstream performance.

To alleviate the constraint on the downstream ER, several modulation schemes for
downlink were proposed, including inverse-return-to-zero (IRZ) and spectrum-shaping
coding such as Manchester coding, miller coding, and dicode [92-95]. The Manchester-
encoded signal had a negligible amount of low-frequency components. Thus, the residual
downstream signal superimposed on the upstream signal could be washed out by the
limited bandwidth of the upstream receiver. However, Manchester coding needs to
double electrical receiver bandwidth which increases the cost of ONUs [93]. The Miller
signal follows the similar scheme as Manchester signal since they both belong to 1B/2B
coding. The frequency spectrum of this signal contains less energy in low frequency than
a conventional NRZ signal and less energy in high frequency than Manchester signal. It
not only preserves the advantages of Manchester coding but also features an added
advantage of reduced bandwidth as most of the power resides within the range of 0.5
times the bit rate [95]. An alternative modulation format for downstream signal in
wavelength-remodulated WDM-PONSs is DPSK due to its constant-intensity nature. The
DPSK-formatted downstream signal can be appropriately controlled to substantially
suppress the crosstalk between the upstream and the downstream data [96]. However, the

phase-to-intensity conversion would still introduce crosstalk to upstream signal.
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Subcarrier modulation technique is also applied to wavelength-remodulated WDM-
PONs to reduce remodulation crosstalk [97, 98]. In [97], the downstream data was
transmitted at the subcarrier frequency and detected at baseband. In the upstream, the
optical signal was remodulated at baseband. There was no significant penalty due to the
crosstalk from the downstream signal. Since the downstream and upstream data are
modulated and transmitted at subcarriers frequency and baseband respectively, the
crosstalk in this scheme is expected to be lower than the scheme where both downlink

and uplink data are modulated on the baseband.

The remodulation crosstalk could be also cancelled by employing feed-forward
cancellation circuitry adapted to the RSOA or FP-LD in the ONU [99]. As Fig. 2.8 shows,
a 50/50 coupler split detection and remodulation branch, whereby the latter held a fiber
delay line to cope for the slower propagation of the electronic cancellation signal that
originates at the avalanche photodiode (APD). The relation between gain and bias current
required an inverted data signal for the cancellation. The cancellation circuit itself
consisted of an electrical delay for fine tuning of the path lengths, a derivative filter, and
RF amplifiers. A passive combiner was taken to add the upstream data to the cancellation

signal.
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Fig. 2.8. Schematic of a wavelength-remodulated WDM-PON with feed-forward downstream cancellation
circuitry [99].
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2.1.5 Self-seeding of FP-LDs or RSOAs

The carrier-distributed WDM-PONs and wavelength-remodulated WDM-PONs suffer
from backreflection-induced power penalty. The backreflection noise could be reduced or
eliminated by allocating the distributed carrier sources at the RN, however the RN would
be no long passive. Self-seeding technique can remove the need of remote seeding light
and therefore avoid the crosstalk induced by backreflection noise and at the same time
achieve colorless operation of ONUs. Fig. 2.9 illustrates the schematic of a WDM-PON
architecture with self-seeding technique and two feasible configurations of the reflection

module (RM) located at the RN.
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Fig. 2.9. Schematic of a colorless WDM-PON architecture based on self-seeding technique.

The self-seeding cavity is formed by the rear facet of the FP-LD or RSOA and the
RM in the RN. The downstream and upstream wavelength channels for each ONU are
located at different wavebands which are separated by one or multiple FSRs of the cyclic
AWG. They could be separated by the coarse wavelength division multiplexers (CWDMs)
in each ONU and the OLT. Not only does the AWG in the RN multiplex the upstream

wavelength channels and demultiplex the downstream wavelength channels, but each
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channel of the AWG is also utilized as a filter in the self-seeding cavity to determine the
lasing wavelength. The output of the upstream transmitter, i.e., FP-LD or RSOA, is
spectrum-sliced by one AWG channel within the cavity and then looped back to feed the
same transmitter. The light is reflected back and forth between the RM in the RN and the

FP-LD or RSOA in the corresponding ONU.

2.1.5.1 Self-injected FP-LDs

Self-injection of FP-LDs has been widely studied as a method to generate tunable single-
frequency fiber Fabry-Perot lasers [100-102]. When a FP-LD is utilized as the upstream
transmitter in a self-seeded WDM-PON, one of the free-running longitudinal modes of
the FP-LD should be aligned with the central wavelength of the AWG channel to which

the ONU is attached.

In [34], the self-injected FP-LD was directly modulated at 2.5 Gb/s and error-free
transmission over 85-km SMF was achieved. Due to the large polarization dependent
gain (PDQG) of FP-LDs, the polarization of the seeding light should be carefully adjusted
to align with the favored polarization mode of the FP-LD. Ref. [103] proposed stable
1.25-Gb/s self-seeding operation of a directly modulated FP-LD without polarization
control. The polarization independence of the self-seeding operation was fulfilled by
adopting a 90° Faraday rotator mirror (FRM) as the RM and placing an in-line non-
reciprocal 45° Faraday rotator (FR) at the output of the FP-LD. In a later work, the same
authors demonstrated uncooled and polarization independent operation of self-seeded FP-
LDs [104]. The uncooled operation in the temperature range of 0-60 °C was realized by
utilizing an automatic power control circuit which would keep the FP-LD output power

constant over temperature variations. However, about 2-dB periodic oscillation of the
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receiver sensitivity was observed and this was attributed to the fact that the wavelength
offset between the FP-LD longitudinal mode and the central wavelength of the AWG

channel changes with temperature.

2.1.5.2 Self-seeded RSOAs

Compared to a self-seeded RSOA, a self-injected FP-LD shows narrower emission
linewidth, resulting in improved resilience to chromatic dispersion. However, a self-
seeded FP-LD could not tolerate a large wavelength offset between the longitudinal mode
of the FP-LD and the AWG channel whereas a self-seeded RSOA does not require

wavelength alignment.

Self-seeded RSOAs directly modulated at 1.25 Gb/s with a reflection module same
to RM-1 in Fig. 2.9 was demonstrated with negligible transmission and crosstalk
penalties after traversing 21-km SMF [35]. The polarization-independent RSOAs are
preferred since the need for controlling the polarization of the seeding light could be
eliminated. For a RSOA with a small PDG of 1~2 dB, the system instability induced by
the polarization dependence of self-seeding operation could be overcome by employing a
90° FRM as the RM in the RN [105, 106]. In [107], stable performance of a self-seeded
RSOA was observed when the operating wavelength was tuned from 1530 nm to 1595
nm. The signal sensitivities were similar and almost no power penalty was induced. The
data rate of self-seeded RSOA was increased to 2.5 Gb/s by using a low-PDG RSOA
with the E/O bandwidth > 2 GHz [108]. A similar self-seeding configuration applied to
polarization-sensitive FP-LDs was exploited to work with high-PDG RSOAs. With the
proposed technique, the polarization at the RSOA input was stable and aligned with the

high gain transverse mode of the RSOA. Since the RSOA had a large E/O bandwidth of
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approximately 4 GHz, the bit rate of the directly modulated self-seeded RSOA was
enhanced to 10 Gb/s. The FEC threshold was met with the help of post-electronic

equalization [45].

Although these research works provide valuable knowledge of the feasibility of
utilizing self-seeded RSOAs as colorless transmitters in WDM-PON systems, these
investigations are not comprehensive enough to give an in-depth understanding of the
characteristics of the directly modulated self-seeded RSOA-based transmission systems.
The influences of several system parameters on the transmission performance remain
unexplored, including the signal extinction ratio, the stable seeding power to the self-
seeded RSOA, the pattern length dependency, the bandwidth and shape factor of the
wavelength multiplexer within the self-seeding cavity, and the length of the self-seeding

cavity. These issues will be addressed in detail in Section 3.1.

2.2 Broadcast/multicast delivery over WDM-PONs

Along with the growing bandwidth requirement of each end user, the demand for the
flexibility and variety of services over a certain network is ever-increasing. Therefore,
providing both unicast and broadcast/multicast services simultaneously is highly
desirable for viable access network architectures. Fig. 2.10 illustrates the concepts of
unicast, broadcast, and multicast deliveries over a WDM-PON architecture. Unicast in a
WDM-PON refers to a point-to-point transmission through a dedicated wavelength
channel. Broadcast is the term used to describe communication where a piece of
information is sent from one point to all connected points. Multicast is the term used to
describe communication where a piece of information is sent from one or more points to
a set of other points. Compared to broadcast, multicast is more attractive as it allows
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flexible control of the multicast traffic for individual subscribers [109].The multicast

service is delivered to a subset of subscribers and can be selectively enabled or disabled

by the OLT.
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Fig. 2.10. (a) Unicast, (b) broadcast, and (c) multicast delivery over a WDM-PON architecture.

It is straightforward to deliver broadcast service over TDM-PONSs due to its point-
to-multipoint topology. However, the logical point-to-point topology of WDM-PONs
hinders direct and simple delivery of broadcast/multicast services. In order to meet the
ever-increasing demand of broadcast/multicast services, e.g. video-on-demand and high-
definition television distribution services, several approaches have been proposed to

deliver broadcast or multicast services over WDM-PON architectures.
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One obvious method would be employing additional light source to deliver
broadcast/multicast services [110-113]. In [110], a broadband incoherent light source was
modulated with broadcast data and distributed to individual ONU after being spectrum-
sliced by the wavelength demultiplexer at the remote node. However, the incoherent light
source suffered low SNR due to large RIN. An ASE-injected FP-LD and mutually-
injected FP-LDs have been proposed to act as the BLS for broadcast delivery [111, 112].
By ASE injection, the noise characteristic of FP-LD was improved and the bit rate
supported by spectrum-sliced ASE-injected FP-LD was increased to 622 Mb/s. By
reducing the external cavity length between the two mutually-injected FP-LDs, the FSR
was increased to 6.1 GHz. A Manchester modulation format was used to locate signal
spectrum within the low-noise region between two noise peaks. 10-Gb/s NRZ broadcast
signal transmission with the FEC was demonstrated. The drawback of employing a BLS
or multi-wavelength light source for broadcast delivery is that it requires a dedicated
wavelength channel for transmitting broadcast data to each ONU. In [113], only one
wavelength channel was employed to deliver broadcast signal to all end users by utilizing
an AWG and a power splitter in the RN. However, a high-power broadcast signal is

required to compensate for power loss induced by the large splitting ratio.

Subcarrier multiplexing technique was utilized to support broadcast/multicast
capability, whereby an optical carrier is modulated with unicast or multicast baseband
data while subcarriers operating far beyond the frequency range of the baseband data
carry multicast or unicast data. In [114], the 1.25-Gb/s unicast data was modulated at the
baseband while the 155-Mb/s broadcast digital video signal was modulated at 2.5-GHz

RF carrier. The selective broadcasting was fulfilled by controlling the DFB laser bias.
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When the laser is set below the threshold current, the video signal is badly distorted and
cannot be recovered by the ONU. In [115], a dual-drive Mach-Zehnder modulator (MZM)
is used to generate a sub-carrier double-sideband (DSB) DPSK signal in the OLT for
each WDM channel. All central carriers are separated and subsequently modulated to
deliver the multicast data, while the remaining sub-carrier DPSK signals carry the
downstream unicast traffic. The presence of multicast services was controlled by
switching the modulation format of unicast signal between DSB-DPSK and optical
carrier suppressed (OCS) DPSK. In such schemes, high-speed optoelectronic components

are needed in both OLT and ONUs.

Another method exploited to enable broadcast/multicast service would be
orthogonal modulation [116-120]. The frequently-used combination of two modulation
formats are phase shift keying (PSK) and amplitude shift keying (ASK). The DPSK-
formatted multicast signal could be overlaid on the NRZ on-off keying (OOK) or IRZ-
OOK unicast signal. The availability of the multicast service was controlled by adjusting
the extinction ratio of the NRZ-OOK unicast data [116] or by switching the modulation
format of the unicast signal between IRZ and NRZ [117]. Inversely, the unicast data
could be in DPSK format while the multicast data was NRZ-OOK-modulated [118].
Optical orthogonal frequency division multiplexing (OFDM) was adopted for multicast
overlay services with different rate requirement. A total 40-Gb/s frequency shift keying
(FSK) point-to-point signal and 6.3-Gb/s OFDM overlay with three kinds of variable-rate
multicast services were experimentally demonstrated [119]. In [120], the 2.5-Gb/s
broadcast data was encoded on the 10-Gb/s 16 quadrature amplitude modulation (QAM)-

OFDM unicast signal by polarization shift keying. In general, a trade-off between the
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downlink unicast data and multicast data exists in these overlay schemes. The downlink

unicast data would suffer from system penalty in order to enable the multicast service.

Time-interleaving the unicast and broadcast data was proposed in [121]. The
broadcast and unicast DPSK signals with the same bit rate were temporally offset by 772,
with 7 being the bit period. Error-free transmission of 5-Gb/s bidirectional unicast data
and 5-Gb/s broadcast data was experimentally demonstrated at the same carrier
wavelength over a 20-km SMF. Besides all the methods discussed above, the nonlinear
effect-cross gain modulation (XGM)-in a SOA was utilized to generate multiple

wavelength signals for broadcast delivery [122].

We have proposed and demonstrated two new schemes to enable broadcast
capability over WDM-PONs based on polarization multiplexing and offset polarization
multiplexing, respectively. The proposed WDM-PON architectures and the experiment

results will be discussed in detail in Chapters 5 and 6.

2.3 Other research aspects in WDM-PON technologies

Besides colorless ONUs and broadcast/multicast delivery for WDM-PON systems, other
technical issues, including integration of wired and wireless signal in WDM-PON:Ss,
extension of WDM-PON reach, and protection and fault management, have been

intensively studied. This section gives a brief summary of existing research work in these

fields.

2.3.1 Convergence of wired and wireless: WDM-RoF-PONs
There is an increasing demand from broadband telecommunication end-users to have

instant access to high-capacity information services, whether from a fixed or a mobile
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terminal. Recently, radio-over-fiber technology has attracted more and more attention to
provide wireless connectivity due to its advantages of low transmission loss and high
bandwidth of optical fibers. Therefore, the consolidation of RoF and high-speed baseband
signals been delivered over a common optical infrastructure is foreseen to pave the way

for a seamless broadband experience for the end-users [123].

RoF refers to a technology where light is modulated by a radio signal and
transmitted over an optical fiber link to facilitate wireless access. RoF system operating at
60-GHz has gained much attention for the huge bandwidth availability over 7-GHz
unlicensed millimeter-wave (MMW) band set aside by the Federal Communications
Commission in 2001. The radio signals in MMW band, especially in 60-GHz region, are
extremely prone to atmospheric attenuation, making them of very little use over longer
wireless distances. Thus, numerous antenna base stations (BS) are needed to cover a
larger service area. In this respect, integrating MMW RoF system with WDM-PON (i.e.,
WDM-RoF-PON) is a very attractive solution to significantly increase the overall
capacity and coverage area of the RoF access networks [124]. Nonetheless, the successful
implementation of such WDM-RoF-PON systems considerably depends on the
spectrally-efficient multiplexing and demultiplexing of the optical channels carrying
MMW radio signals. The generation and detection of the MMW is the key issue in RoF

systems.

The MMW can be generated through an external intensity or phase modulator
driven by the required radio frequency (RF) [125, 126]. By controlling the bias voltage
and modulation index, several modulation formats can be realized such as double

sideband modulation with/without suppressed carrier, single sideband (SSB) modulation
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with/without suppressed carrier. Nonlinear effects, e.g. cross gain modulation, four-wave
mixing, and nonlinear polarization rotation, are introduced to perform all-optical up-
conversion of radio signal. These techniques, based on nonlinear effects in SOAs or
highly nonlinear fibers, exhibit low conversion efficiency and need very high optical
input power [127-130]. Other techniques to generate MMW signals include two-mode
locked FP slave lasers [131], dual parallel injection-locked FP laser [132] and an optical

heterodyne technique using two single mode lasers [133].

The MMW signal can be recovered by direct detection with a high-speed
photodiode. The detected radio frequency is sent into the air by an antenna located at BS.
Another horn antenna placed at several meters away receives the signal which is down-
converted to baseband data by self-mixing and low-pass filtering in the RF receiver. Fig.
2.11 shows the schematic of a converged wired and wireless access network. The MMW
was generated by driving a phase modulator with 30-GHz RF in the central office. At the
base station, the wired data was detected by a low-bandwidth receiver while the wireless
data was received by a 60-GHz PIN photodetector. The 10-Gb/s wireless data carried by
a 60-GHz RF was transmitted into the air by a horn antenna and received by the
subscribers several meters away. The signal was down-converted by mixing with a 60-

GHz clock.
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Fig. 2.11. Schematic of a converged wired and wireless access network [126].
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2.3.2 Long-reach WDM-PONs

Network operators are currently looking for valid solutions to deploy long-reach PONS.
The access and metro networks can be merged into one by extending the back-haul fiber
possibly to 100 km in length to incorporate protection path and mechanisms [134]. The
overall network would be simplified due to the reducing of the amount of equipment,
network elements, and central offices. However, for the prevalent colorless WDM-PONs
based on external-seeded RSOAs or external-injected FP-LDs, extending the link would
pose power budget issue, especially for upstream transmission since the seeding power

may not be sufficient to injection-lock FP-LDs or drive RSOAs into saturation region.

The link loss could be compensated by adding a bidirectional EDFA in the RN.
While the traditional way of electrically powering the EDFA violates the rule of being
fully passive in the RN, a remote pumping scheme is proposed [135]. Distributed Raman
amplification is also employed to boost the power in long-reach WDM-PONSs [136]. The
fiber link could be extended by adopting coherent detection. For example, error-free
transmission of the 5-Gbps QPSK signal over 100-km long fiber link without using any
optical amplifiers and electronic equalizers was demonstrated in [137]. A novel line
coding combination (IRZ for downlink and RZ for uplink) was proved to extend the
reach of WDM-PON to 80 km [138]. Self-seeding of FP-LDs or RSOAs removes the
need of remote seeding light and therefore partially alleviates the insufficient power
budget induced by extending the transmission link. Directly modulation of self-injected

FP-LDs at 2.5 Gb/s and transmission of 85-km SMF was demonstrated in [34].
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2.3.3 Fiber fault protection in WDM-PONs

Fault management is a crucial aspect in network management to enhance the network
reliability. In conventional PONSs, tree topology is commonly employed. Whenever there
is a fiber link break from the RN to one of the ONUs, the affected ONU will become
unreachable from the OLT which leads to enormous data and business loss [139].
Common practice to achieve network protection is to implement duplicated network
resources such as fiber links or ONUs to provide network resource redundancy.
Automatic protection switching shall be used to reroute the affected data traffic into those
alternate protection paths [140-143]. Fig. 2.12 shows several protection schemes
applicable to WDM-PON systems. With the structures in Fig. 2.12 (a) and (b), the fault in
the feeder fiber can be protected and restored; with the structures in Fig. 2.12 (c) and (d),

the failure in both feeder fiber and distribution fibers can be recovered.

ONU=1 ONU=1

OLT

ONU#1

Fig. 2.12. Protection architectures for WDM-PONSs using the similar approaches suggested
by ITU-T G.983 [144].

In [140], the affected ONU could communicate with the OLT by rerouting the

wavelength channels via the adjacent ONU in case of a fiber cut in the distribution fiber.
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By utilizing the routing characteristics of an NXN AWG, automatic protection against
any fiber cut between central office and ONUs was guaranteed in [145]. Beside tree
topology, a dual-ring architecture was proposed to protect and restore any fiber fault in a

ring-based WDM-PON [146].

2.3.4 Energy-saving in WDM-PONs

Environmental sustainability has become an important social and business movement in
the past years. Energy consumption of the information and communication technologies
(ICT) is increasing at a high rate since more computers, networks, and communication
equipment are being deployed every year. It is estimated that ICT consumes around 8%
of total electricity all over the world [147]. Telecom networks constitute a significant part
of ICT. It is estimated that access network consumes around 70% of overall telecom
network energy consumption due to the presence of huge number of active devices [148].
In addition, estimation shows that access networking equipment are less than 15%
utilized and a large portion of energy is therefore consumed by the idle devices, as the
networks are engineered for satisfying the peak traffic load requirement. Hence, reducing
energy consumption in access networks can lead to major saving in Internet energy

consumption.

A monitoring technique with the modulation of the ASE generated by free-running
RSOA by the pilot-tone monitoring signal at the ONU was demonstrated to achieve
power saving in RSOA-based WDM-PONs [149]. In [150], a polling scheme of a
supervisor transceiver in a WDM-PON was proposed to build a power saving structure. It
is suitable for the PON system in which traffic is relatively concentrated during certain

times. An efficient energy-saving scheme incorporating dozing and sleep modes for
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WDM-PONSs with centralized light sources was proposed in [151]. The scheme was
based on simple power detection and local transmission request. Two logic control units
were designed to switch the operation modes of the respective ONUs and their associated

transceivers in the OLT.

2.4 Summary

In this chapter, the existing technologies enabling colorless operation of ONUs in WDM-
PONs have been thoroughly summarized. Their characteristics, advantages, and
corresponding technical issues are briefly introduced. These schemes will be evaluated
and compared in terms of cost-effectiveness, transmission capacity, and operation
complexity in Section 3.3. Various existing broadcast/multicast-enabling schemes are
also discussed in this chapter. Together with our two proposed broadcast-enabling
schemes, they will be evaluated in terms of cost-effectiveness, spectral efficiency,
operation complexity, and system transparency in Section 6.5. Other related research
aspects are briefly mentioned in order to give a comprehensive understanding of the
current development of WDM-PON technologies. Our investigation on self-seeded
RSOAs, multimode-injected FP-LDs, and the two proposed broadcast-enabling

techniques will be presented and discussed individually in the following chapters.
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CHAPTER 3

Self-Seeded RSOAs—Low-Cost Colorless Light Sources for
WDM-PONs

The self-seeding technique provides a cost-efficient solution for colorless operation of
ONUs in WDM-PONSs. Colorless WDM-PONSs based on self-seeding scheme could avoid
the backreflection-induced performance degradation, which is the primary drawback for
the prevalent carrier-distributed or wavelength-remodulated WDM-PONs. As discussed
in Section 2.1.5, several studies have been contributed to investigate the technical issues
in self-seeded RSOAs such as polarization dependence [105], operating wavelength
range [107], and multi-channel operation [152]. However, the influences of several
crucial system parameters on the transmission performance of WDM-PONs based on
self-seeded RSOAs remain unexplored. Furthermore, except for [47], no effort is made to
increase the bit rate of self-seeded RSOAs which is primarily limited by the RSOA

modulation bandwidth.

This chapter first investigates the effects of several system parameters on the
transmission performance of a WDM-PON based on self-seeded RSOAs. Then, some
feasible techniques to increase the bit rate of self-seeded RSOAs are proposed and
studied. Finally, various schemes for colorless operation of ONUs in WDM-PONSs are

compared.
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3.1 Characterization of self-seeded RSOAs in WDM-PONs

In this section, the influences of several system parameters including the signal extinction
ratio, the stable seeding power to the self-seeded RSOA, the pattern length dependency,
the bandwidth and shape factor of the wavelength multiplexer within the self-seeding
cavity, and the length of the self-seeding cavity, on the transmission performance of a
colorless WDM-PON based on directly modulated self-seeded RSOAs are investigated
through experiments. Besides, the polarization evolution of the light circulated in the self-
seeding cavity with a low- or high-PDG RSOA is analyzed intuitively. The power
evolution in the establishment of the self-seeding operation is also discussed through

simulation.

3.1.1 System architecture and experimental setup

The WDM-PON architecture with directly modulated self-seeded RSOAs as the colorless
upstream transmitters is shown in Fig. 3.1. The downstream and upstream wavelength
channels for each ONU are separated by one or multiple FSRs of the cyclic AWG. They
could be separated by CWDMSs in each ONU and the OLT. The output of a RSOA is
spectrum-sliced by the AWG channel which the RSOA is connected to and the resultant
spectrum slice is reflected back and forth between the RM in the RN and the RSOA in

the corresponding ONU.

The RM is composed of an FRM providing 90° rotation of polarization at 1550 nm
to the reflected signal with respect to the coming signal. The RM based on an FRM
instead of a circulator has been proved to successfully stabilize the system performance
of the directly modulated self-seeded RSOA by addressing the system polarization

dependence [105]. A bandpass filter with a pass band comparable to the FSR of the AWG
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within the self-seeding cavity is added in the RM to ensure that only one spectrum slice
from each AWG channel could circulate in the self-seeding cavity. Stable self-seeding is
established when the gain of the RSOA equals the loss of the self-seeding cavity after the

light circulates in the self-seeding cavity for several roundtrips.
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Fig. 3.1. Schematic of a colorless WDM-PON system based on the directly modulated self-seeded RSOAs.

In a RSOA structure, a usual SOA chip has a rear facet with a high-reflectivity (HR)
coating and a front facet with an anti-reflectivity coating. Light incident onto the front
facet is amplified while progressing in an active waveguide, is then reflected from the HR
rear facet on the backside, and is then output through the front facet [153].

The RSOA used in the experiments is housed in a pigtailed coaxial package based
on a TO56 can with a FC/APC fiber connector. It utilizes InP-based buried
heterostructure design with a ~1.2 um wide InGaAsP tensile bulk active region. The
active region of the RSOA may have a length of 200-600 um. In order to facilitate the
application as a WDM-PON transmitter, it is designed with a low front facet reflectivity
of <10 and a high reflectivity coating for the rear facet [154]. It has a small signal gain
of 23 dB, a low PDG of 1 dB, and a saturated output power of 5 dBm when it is biased at
80 mA. The electrical bandwidth of the RSOA is around 1.1 GHz. The free-running

optical spectrum and gain characteristic of the RSOA when it is biased at 80 mA are
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shown in Fig. 3.2 and 3.3, respectively. The ripples exhibited in the free-running
spectrum are induced by Fresnel reflection occurred during the measurement. The 3-dB
bandwidth of ASE generated by the free-running RSOA is about 55 nm. The output
power of the RSOA would still slightly increase with the seeding power in the saturation
regime.
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Fig. 3.2. The free-running optical spectrum of the RSOA biased at 80 mA.
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Fig. 3.3. The gain characteristic of the RSOA biased at 80 mA.
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Since we focus on the performance characterization of the directly modulated self-
seeded RSOAs, only the upstream transmission performance of the WDM-PON system is
investigated and the experimental setup is shown in Fig. 3.4. The RSOA is directly
modulated with a 1.25-Gb/s NRZ pseudo-random binary sequence (PRBS). The output
signal of the self-seeded RSOA is fed to an optical coupler after passing through the
distribution fiber and the wavelength multiplexer. As shown in Fig. 3.4, the incident
power of the optical coupler is split into two portions. One portion, P,, is reflected by the
FRM to continuously feed the directly modulated RSOA while the other portion, P, is
transmitted over a 20-km SSMF and detected by a 1.25-Gb/s APD receiver in the OLT.

The coupling ratio of the optical coupler is defined as P,/P:.

A RN y
Channel-n 20 km RM
M| SSMF \| DE_[onus
Py
ve—u- D LeX QD w0
By
1.25-GHz | X VOAB X o
o NRZ data
= FRM
4 \

Fig. 3.4. Experimental setup for investigating the transmission performance of the directly modulated self-
seeded RSOA. DF: Distribution Fiber; MUX: Multiplexer.

Two 1x4 flat-top wavelength multiplexers (3-dB bandwidth is 0.6 nm and insertion
loss is 4 dB) are employed in the experiments. Since the wavelength multiplexer used in
our experiments are not cyclic, a variable optical attenuator (VOA) is inserted inside the
cavity to emulate the loss of the BPF in Fig. 3.1. The loss of the self-seeding cavity and
the seeding power to the RSOA can be adjusted by tuning the VOA. The seeding power

is defined as the optical power fed into the RSOA. Therefore, we can estimate the stable
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seeding power, which is the seeding power to the RSOA when the stable lasing is
established, by measuring the optical power at point ‘B’, the coupling ratio of the optical
coupler, and the insertion losses of the multiplexer and distribution fiber. The power of

the transmitted signal from the RN to the OLT, P, could be measured at point ‘A”’.

3.1.2 Analysis of polarization evolution in self-seeding scheme

The nonzero PDG of RSOAs results in instability of the self-seeding operation. In [105],
the authors demonstrated that the system performance of a self-seeded RSOA with a low
PDG could be stabilized by employing a 90° FRM as the RM in the RN. In this
subsection, the polarization evolution in the self-seeding cavity is analyzed and illustrated
graphically. It explains how a 90° FRM could help to stabilize the system performance of

a self-seeded RSOA with a low (1~2 dB) or much higher (20 dB) PDG.

Fig 3.5 shows the experimental setup to investigate the polarization evolution in the
self-seeding scheme. An inline polarimeter is inserted in the self-seeding cavity to
measure the state of polarization (SOP) and degree of polarization (DOP) of the self-
seeded RSOA output. A 90° FRM is employed as the reflection module. A bandpass
filter is used to simulate the AWG in the RN. Besides, a 1-km SMF and a polarization

controller (PC) are inserted in the self-seeding cavity.

1.25-Gb/s

NRZ data
oC f\ @) OO0 [ Polari-
I-km PC [ meter

SMF

FRM

Fig. 3.5. Experimental setup to measure the SOP and DOP of the self-seeded RSOA output.
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Fig. 3.6 illustrates the polarization evolution in the self-seeding cavity with a self-
seeded low-PDG RSOA. For the RSOA with a low PDG, the output of the self-seeded
RSOA always consists of two orthogonal polarization beams with comparable powers.
Due to the small nonzero PDG of the RSOA, one polarization mode (e.g. TE mode) is a
bit stronger than the other (TM mode). The FRM simply provides 90° rotation of

polarization to the reflected light (2)) with respect to the incoming light (D). As a result,

the incoming TE becomes TM and the incoming TM becomes TE after reflection.
Therefore, the resultant TM is now a bit stronger than the resultant TE. When the light
travel from ‘P’ to ‘Q’, the two polarizations experience same cavity loss (including the
insertion losses of various components in the self-seeding cavity) but the RSOA provides

slightly larger gain for the TE mode, therefore TE and TM become comparable in power

(®).

fr ;
PENO)E) | o )
I ® RSOA! P(;l;rlzatlon mode:
FRM Foss I-Gain 1:
—® ™ €=
l—@> |

@: % TE is a bit stronger than TM

®: % After 90 degree rotation, TM is a bit stronger than TE

®: % Same losses for TE and TM but a larger gain for TE, therefore TE and TM now have
similar power

@: $ Rotated by 90 degree; TE and TM are similar

®: % Same to @; TE is a bit stronger than TM since TE and TM endure same loss but TE has a
larger gain

Fig. 3.6. Analysis of polarization evolution in the self-seeding cavity with a low-PDG RSOA.
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Because of the coexistence of the two orthogonal polarizations, the DOP measured
by the inline polarimeter is small (~10%). Self-seeding could be established in both
polarizations. In fact, no matter whether a FRM or a simple fiber mirror is used, self-

seeding operation could always be built due to the considerable gain in both TE and TM.

Fig. 3.7 illustrates the polarization evolution in the self-seeding cavity with a self-
seeded high-PDG RSOA. For a RSOA with high PDG, the output is dominated by one
polarization, e.g. TE (). The DOP measured by the inline polarimeter is near 100%.
After being reflected by the FRM, the polarization direction is changed to TM (®)).
When the light travels to ‘Q’, it is simply reflected back by the RSOA without being
amplified since it is perpendicular to the polarization direction which the RSOA favors.
Therefore, the power is reduced significantly when it arrives at ‘P’ () due to the cavity
loss. The light is again reflected by the FRM with 90° polarization rotation and turns to
TE-polarized (@). When it travels to ‘Q’, it obtains a large gain provided by the RSOA.
In short, the light could only be amplified by the RSOA once after it is circulated in the

cavity twice. That is to say, the self-seeding operation could be established when the gain

provided by the RSOA is larger than twice of the cavity loss.
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Fig. 3.7. Analysis of polarization evolution in the self-seeding cavity with a high-PDG RSOA.

One method enabling stable self-seeding operation with a high-PDG RSOA is to
insert a 45° Faraday rotator before the RSOA, as proposed in [155]. The light would be
rotated by a 90° in total through propagating the FR in the forward and reserve direction
in one loop. By inserting an additional FR in the self-seeding cavity, the light would
acquire gain in each loop. Self-seeding operation could be established as long as the

RSOA gain is larger than the cavity loss.

For RSOAs with a low PDG, a Faraday rotator mirror and a simple fiber mirror
bring little difference in establishing the self-seeding operation. However, when a fiber
mirror is adopted, the BER would change dramatically by rotating the PC, which
emulating the possible polarization perturbation in the cavity. Instead, a FRM would

bring a more stable BER performance.

For RSOAs with a high PDG, as long as the RSOA gain is larger than twice of the

cavity loss, self-seeding operation could be established. An open eye could be observed
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when a FRM is adopted no matter how to rotate the PC in the cavity. However, the open
eye would become completely close by rotating the PC to some positions when a FM is
adopted. This demonstrates that employing a FRM as the reflection module can make a
self-seeding scheme insensitive to the polarization perturbation for both low- and high-

PDG RSOAs.

3.1.3 Simulation of the self-seeding establishment

The gain characteristic of the RSOA used in the experiment could be extracted by fitting
the discrete measured values at different seeding powers, as shown in Fig. 3.8. The
insertion losses of all the components in the self-seeding cavity including the wavelength
multiplexer, the optical coupler (90/10), and the FRM are measured individually.

Therefore, the cavity loss could be estimated.

20r

Gain (dB)

O measured
curve fitting

-30 -25 -20 -15 -10 -5 0 5 10
Seeding power (dBm)

Fig. 3.8. Curve fitting of the gain characteristic of the RSOA.

The establishing of the self-seeding operation could be simulated with the known
RSOA gain characteristic and the cavity loss. The initial seeding power could be

measured in an open self-seeding cavity as illustrated in Fig. 3.9. An optical circulator is
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inserted before the RSOA and disrupts the closed cavity. The initial seeding power could
be measured at point ‘C’ shown in Fig. 3.9. When the RSOA is biased at 80 mA, the

initial seeding power is measured to be -22.1 dBm.

A 0OC [\

FRM

Fig. 3.9. Measurement of the initial seeding power.

Fig. 3.10 gives the simulated power evolution in the establishment of self-seeding
operation. It shows that self-seeding operation becomes stable only after the light
circulates in the cavity for five loops. At the beginning, the initial seeding power is low
and the gain provided by the RSOA is high. Consequently, the gain is larger than the
cavity loss and therefore the seeding power is increased in the next loop. As a result, the
RSOA gain is dropped due to the increased seeding power. After around five loops, the
RSOA output power and the seeding power become stable when the gain provided by the
RSOA equals to the cavity loss. As shown in Fig. 3.10, the stable seeding power is about
-3.5 dBm which could drive the RSOA into the deep gain saturation region. Since stable
self-seeding operation could be established after the light is circulated in the cavity for a
few loops, the establishment of stable self-seeding operation would take up to one

microsecond considering that the cavity length is usually several kilometers long.
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Fig. 3.10. Power evolution in the self-seeding establishment.

3.1.4 Analyses of transmission performances

The influences of several system parameters on the transmission performance of the
directly modulated self-seeded RSOAs are investigated and analyzed. In each of the
following subsections, the impact of one parameter is studied while other parameters are

kept unchanged to exclude their influences. To make the description succinct, the values

—D—e e o
" =
ok
c - . i -
_» i o
_5.
D
-10F
—15‘
e o - & &
—8— RSOA output power
-201 —e— Transmitted power
~o— Seeding power
—e— RSOA gain
. s L L 1 L 1 L
251 2 3 5 6 7 8 9 10

of related system parameters in each subsection are summarized in Table 3.1.

Table 3.1. Related experimental parameters in each subsection.

. Stal?le Coupling Mux type Cavity | Attenuation | Transmission
Subsection | seeding . & 5
ratio . length of VOA distance
power bandwidth
-10.0 oo/10 | Flattop & 1y 3dB 20 km
3141 dBm 0.6 nm
varied | 90/10 | TREOP& |l Varied 20 km
0.6 nm
3.14.2 varied varied | Flattop& |y, 3dB 20 km
0.6 nm
3.1.4.3 -10.7 90/10 varied 1 km 3dB varied
dBm
3.1.4.4 100 ggy | Flattop& | ped | varied 20 km
dBm 0.6 nm
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3.1.4.1 Impact of ER, seeding power, and pattern length

Since the RSOA is directly modulated with the upstream data, the reflected seeding light
that continuously feeds the RSOA is also modulated. However, thanks to the high-pass
characteristic of the RSOA operating in the saturation region [35], the modulation on the
seeding light, especially the low-frequency components, could be suppressed to some
degree and therefore error-free transmission (defined as bit error rate (BER) < 10”) of the
directly modulated self-seeded RSOAs could be achieved. Nevertheless, the transmission
performance of the directly modulated self-seeded RSOAs is sensitive to the ER of the
RSOA output signal. This is because a low ER will degrade the upstream receiver
sensitivity and may fail the error-free transmission, whereas a high ER will increase the
remodulation crosstalk and jeopardize the self-seeding operation due to the inadequate
seeding power during the spaces (binary “0”’s) of the modulated seeding light. Therefore,

there exists an optimal ER which results in the best transmission performance.

The attenuation of the VOA is tuned to be 3.0 dB to simulate the insertion loss of
the BPF in the RM in Fig. 3.1. Fig. 3.11 (a) shows the upstream receiver sensitivities at a
BER of 10” under different ERs of the upstream signal. The best upstream receiver
sensitivity is measured to be -31.5 dBm when the ER is 5.8 dB. Based on the power
measured at point ‘B’ in Fig. 3.4, the stable seeding power is calculated to be -10.0 dBm,
which could drive the RSOA into the saturation region. The inset in Fig. 3.11 (a) shows
the eye diagram with the optimal ER. When the ER is larger than 7.5 dB, a BER of 107

could not be achieved due to the unacceptable remodulation crosstalk.
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Fig. 3.11. (a) The upstream receiver sensitivity at a BER of 10™ as a function of the signal extinction ratio;
(b) the optimal extinction ratio and the corresponding receiver sensitivity as a function of the stable seeding
power.

The seeding power determines to what extent the modulation on the seeding light
can be suppressed by the RSOA. This is because as the seeding power increases, the
RSOA will be driven into deeper saturation region. The impact of the stable seeding
power on the optimal ER is investigated. The loss of the self-seeding cavity could be
varied by tuning the VOA. Since the gain of the RSOA should equal to the cavity loss
when the stable self-seeding is established, a higher cavity loss corresponds to a higher

RSOA gain which implies a lower stable seeding power.

In the experiments, the attenuation of the VOA is varied from 0 to 6 dB. The
corresponding stable seeding power is reduced from -3.3 to -16.6 dBm. Fig. 3.11 (b)
illustrates how the optimal ER and the corresponding receiver sensitivity are affected by
the stable seeding power. The optimal ER increases with the stable seeding power and

meanwhile the corresponding receiver sensitivity is improved from -28.8 to -32.5 dBm. It
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could be explained that the increase in the stable seeding power would drive the RSOA
into deeper saturation which in turn suppresses stronger modulation on the seeding light.
Further increase in the attenuation of the VOA would fail the error-free transmission
resulting from the increased remodulation crosstalk and would eventually lead to the

failure of initiating the self-seeding operation.

For the transmission system employing the remodulation technique in which the
upstream OOK data are overlaid onto the downstream OOK data, the upstream
transmission performance will be affected by the downstream ER as well as the
downstream pattern length [87, 116]. The transmission system based on the directly
modulated self-seeded RSOAs may also suffer the same problems since the output of the
directly modulated RSOA self-seeds itself and the modulated seeding light is

remodulated with the subsequent upstream data.

Next, the pattern dependence of the directly modulated self-seeded RSOAs is
studied by increasing the PRBS pattern length from 27-1 to 2°'-1 and the ER is readjusted
to optimize the transmission performance. As shown in Fig. 3.12, the receiver sensitivity
at a BER of 10 is degraded by 1.2 dB when the pattern length is increased from 2’-1 to
2°1-1. The corresponding optimal ER is reduced from 6.0 to 4.9 dB. To demonstrate that
the pattern dependence observed in the directly modulated self-seeded RSOA is not
induced by device imperfection, the transmission performances of the CW-seeded RSOA
are also plotted in Fig. 3.12. Negligible power penalties are observed when the pattern
length is increased. Hence, the pattern dependence is an intrinsic characteristic of the
directly modulated self-seeded RSOA-based systems and the signal ER should be

decreased to accommodate a long PRBS.
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Fig. 3.12. Pattern dependences of the directly modulated self-seeded RSOAs and continuous-wave-seeded
RSOAs.

Pattern dependence originates from remodulation crosstalk as it is also observed in
wavelength-remodulated WDM-PONs in which the downstream signal adopts intensity
modulation. A longer PRBS pattern contains longer continuous marks (bit “1”’) or spaces
(bit “0”), which corresponds to more frequency components existing within the same
frequency range. The high-pass characteristic of a saturated RSOA will remove the low
frequency components in the seeding light to some degree but for a longer pattern the
remaining low frequency components would be definitely stronger than that of a shorter
pattern. Therefore, more residual remodulation crosstalk is induced by a longer PRBS
pattern and the BER performance of the self-seeded RSOA is degraded. The signal ER is
a critical parameter considering the trade-off between the remodulation crosstalk and
signal detection. The ER is adjusted to optimize the BER of the self-seeded RSOA when
the pattern length is increased. In order to compensate for the increased remodulation
crosstalk, the ER can be decreased but a smaller ER is negative for signal detection. And

it is found that the optimal ER drops for a longer PRBS pattern. This means that the
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overall effect of a reduced ER can alleviate the BER degradation induced by a longer

PRBS pattern.

3.1.4.2 Impact of the coupling ratio

The coupling ratio of the optical coupler in the RM determines the loss of the self-
seeding cavity and the link loss for upstream transmission. In this subsection, the 90/10
optical coupler is replaced by a variable-ratio optical coupler. The attenuation of the
VOA is fixed at 3.0 dB. The losses of the self-seeding cavity and upstream transmission
link are varied by tuning the coupling ratio. The dependences of the upstream receiver
sensitivity and the transmitted power from the RN, P;, on the coupling ratio P,/P; are
depicted in Fig. 3.13. The power budget shown in Fig. 3.13 is the power difference

between the transmitted power from the RN, P;, and the upstream receiver sensitivity.
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Fig. 3.13. The upstream receiver sensitivity and the transmitted power from the RN as a function of the
coupling ratio of the optical coupler.

Since the cavity loss decreases with the increase in the coupling ratio and hence the

stable seeding power increases with the coupling ratio, the upstream receiver sensitivity

69



is improved as the coupling ratio increases considering the enhanced suppression of the
modulation on the seeding light by the saturated RSOA. However, as shown in Fig. 3.13,
the improvement of the receiver sensitivity slows down when the coupling ratio reaches
80/20. Further increase in the coupling ratio does not bring a significant improvement of
the upstream receiver sensitivity since the RSOA has been already in deep saturation, but
it reduces the transmitted power P; remarkably as the loss of the upstream transmission
link is increased significantly. Meanwhile, error-free transmission cannot be achieved

when the coupling ratio is smaller than 50/50 due to the high cavity loss.

The experimental results show that the power budget for upstream transmission
reaches its maximum value, i.e., 26.6 dB, when the coupling ratio is around 63/37.
Considering the link loss after the RN, including the insertion losses of the 20-km SSMF
feeder fiber, the CWDM, and the AWG in the OLT, a considerable power margin is
guaranteed. The optimal coupling ratio shall be determined by both the gain properties of
the RSOA and the insertion losses of other passive components within the self-seeding

cavity.

3.1.4.3 Impact of the wavelength multiplexer

The wavelength multiplexer located in the RN acts as a filter for each upstream
wavelength channel. It spectrum-slices the output of the RSOAs and determines the
shape and bandwidth of the seeding light. The influences of the filter characteristics,
including the 3-dB bandwidth and the shape factor, on the upstream receiver sensitivity
are studied in this subsection. A programmable optical processor (Finisar WaveShaper)
whose bandwidth and shape factor could be varied flexibly was utilized to simulate one

channel of the wavelength multiplexer [156]. The insertion loss at the central wavelength
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of the programmable filter remains unchanged when its bandwidth or shape factor is
varied. Hence, the cavity loss or the stable seeding power stays almost the same and its
impact on the receiver sensitivity could be excluded. The stable seeding power is

calculated to be about -10.7 dBm.

Two most common passbands, flat-top and Gaussian-shaped, are studied and their
3-dB bandwidths are varied. The various spectra of the filter passbands and the
corresponding output spectra of the directly modulated self-seeded RSOAs measured at
point ‘A’ are depicted in Fig. 3.14. As shown, the 3-dB spectral width of the directly
modulated self-seeded RSOA is much narrower than the 3-dB bandwidth of the
corresponding filter. The most notable feature of the spectra is that the peak of the RSOA
output is shifted to a longer wavelength with respect to the center wavelength of the
corresponding filter. This is because of the self-phase modulation caused by the carrier-
induced index change in the RSOA [107, 157]. The self-phase modulation results in
frequency chirp which is imposed on the seeding light. Since the frequency chirp is

negative, the center frequency of the seeding light is downshifted (the red shift).
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Fig. 3.14. Optical spectra of the directly modulated self-seeded RSOAs and the corresponding filters with
(a) a flat-top passband and (b) a Gaussian-shaped passband.

For the case of the flat-top passband, the peak of the output spectrum is drifted
closely to the upper cut-off wavelength of the filter passband due to the even attenuation
within the passband; for the case of the Gaussian-shaped passband, the peak of the output
spectrum stays closely to the central wavelength of the filter since the incremental
attenuation from the central wavelength to the cut-off wavelength within the passband
prohibits farther drifting. The peak of the RSOA output is locked to the longer
wavelength at which the attenuation of the corresponding filter is increased by 0.1~0.3
dB compared to the filter center.

The back-to-back receiver sensitivities at a BER of 10” of the directly modulated
self-seeded RSOA are plotted in Fig. 3.15 when the 3-dB bandwidth of the flat-top or
Gaussian-shaped filter is varied from 0.2 to 1.5 nm. Since the WaveShaper is utilized as
the wavelength multiplexer in the RN, there is no matched wavelength demultiplexer in

the OLT. Hence, the back-to-back receiver sensitivity is measured at the point “4” in Fig.
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3.4 without considering the potential power penalty induced by the filtering effect of the
wavelength demultiplexer in the OLT. This power penalty would be similar to the value
obtained in Subsection 3.1.2.1 where it is measured to be 0.5 dB when two 1x4

wavelength multiplexers are employed.
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Fig. 3.15. The back-to-back receiver sensitivity as a function of the 3-dB bandwidth of the flat-top and
Gaussian-shaped filters.

As shown in Fig. 3.15, the 3-dB bandwidth of the flat-top and Gaussian-shaped
filters has a significant effect on the upstream receiver sensitivity. The BER
performances are degraded as the filter bandwidths decrease. The two filter shapes bring
comparable performance when the 3-dB bandwidth is larger than 1.0 nm. As the filter
bandwidth decrease, the flat-top filter outperforms the Gaussian-shaped filter. The self-
seeding operation could not be initiated when the 3-dB bandwidths of the filters are
smaller than certain values due to the low initial seeding powers, e.g. for the flat-top filter,
a BER of 10” could not be achieved when the bandwidth is smaller than 0.3 nm whereas
it is measured to be 0.5 nm for the Gaussian-shaped filter. As demonstrated by the optical

spectra in Fig. 3.14, a reduced filter bandwidth causes an increase in the 3-dB bandwidth
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of the self-seeded RSOA output and hence an increased dispersion effect of the upstream
signal after transmission. Therefore, the BER performance is degraded when the filter

bandwidth is reduced.

Fig. 3.16 shows how the transmission performance of the directly modulated self-
seeded RSOA is degraded as the transmission distance is extended. When the flat-top
filter with a 3-dB bandwidth of 0.6 nm is adopted, the receiver sensitivities are -32.1 dBm
and -31.0 dBm after 20 and 50-km transmission, respectively. Compared to the back-to-
back performance, the respective dispersion-induced power penalties are around 0.5 dB
and 1.6 dB. When the Gaussian-shaped filter with a 3-dB bandwidth of 0.6 nm is adopted,

9. ..
an error floor at 10™ is observed after transmission over 50 km.
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Fig. 3.16. The transmission performances with different transmission distances. The inset shows the
measured optical spectra of the self-seeded RSOA when either the flat-top or Gaussian-shaped filter with a
3-dB bandwidth of 0.6 nm is employed.

The inset in Fig. 3.16 depicts the optical spectra of the RSOA output when the flat-
top and Gaussian-shaped filters with a 3-dB bandwidth of 0.6 nm are employed. The

narrower 3-dB bandwidth of the RSOA output when the flat-top filter is adopted might
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explain the better transmission performance compared to the one with the Gaussian-
shaped filter. Based on these observations, we can conclude that a flat-top passband is a
desirable feature for the AWG used in the self-seeding scheme. The inferior performance
of the Gaussian-shaped filter might be attributed to the contradiction between the red-
shifted peak of the self-seeding RSOA output and the incremental attenuation from the

filter center to longer wavelength.

3.1.4.4 Impact of the length of self-seeding cavity

Since the reflection module is located in the RN, the length of the self-seeding cavity,
defined as the distance between the reflection module in the RN and the rear facet of the
RSOA, could be several kilometers long considering the length of the distribution fiber
connecting the RN and ONUs in typical WDM-PONSs. In the following analysis, the
cavity length is varied from meters to kilometers by adopting different lengths of the
distribution fibers and its impact on the transmission performance of the directly

modulated self-seeded RSOAs is studied.

The VOA is tuned to keep the cavity loss unchanged when the length of the
distribution fiber is varied. The stable seeding power is kept at around -10.0 dBm. The
ER is readjusted to optimize the transmission performance after the length of the
distribution fiber is changed. Fig. 3.17 shows the upstream transmission performances
with various lengths of the distribution fiber. The experiment results indicate that the
transmission performance of the directly modulated self-seeded RSOA is deteriorated by
extending the length of the self-seeding cavity. The receiver sensitivity is -31.5 dBm at a

BER of 10” when the length of the distribution fiber is 1 km. It is degraded by 1.8 dB
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when the distribution fiber is increased to 2 km. An error floor at a BER of 107 is

observed when the distribution fiber is extended to more than 4 km.
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Fig. 3.17. The transmission performances with different distribution fiber lengths.

The reason of the performance degradation induced by extending the cavity length
is investigated by measuring the electrical spectrum of the self-seeded RSOA output. Fig.
3.18 shows the electrical spectra of the self-seeded RSOA output over a frequency span
of 10 MHz. The high peak at 9.84 MHz is the first spectral line resulting from the direct
modulation with a 2’-1 PRBS (spectral line spacing = (bit rate) / (pattern length) = 9.84
MHz) [158]. Besides the spectral lines resulted from direct modulation, the beat

frequency between the longitudinal modes associated with the length of the self-seeding

cavity is also observed. The longitudinal mode spacing can be calculated asAv =i,
n

where 7 is the fiber refractive index and L is the distance between the two mirrors (i.e.,

the FRM and the rear facet of RSOA).
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When there is no additional distribution fiber in the self-seeding cavity, the mode
spacing is measured to be around 6.202 MHz. The cavity length is therefore 16.6 m
approximately, which is composed of fiber pigtails of various components in the cavity.
When a 50-m distribution fiber is added, the mode spacing is reduced to 1.552 MHz. And

it is further decrease to 0.096 MHz when the distribution fiber is about 1-km long.
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Fig. 3.18. Electrical spectra of the self-seeded RSOA with different lengths of distribution fibers.

The longer the cavity length, the smaller the frequency spacing between two
adjacent longitudinal modes. As a result, more beating noise falls in the baseband after
the detection. As mentioned in [107], the degradation of the transmission performance
could be attributed to the increased beating noise generated by the multiple longitudinal

modes associated with the length of the self-seeding cavity.

Another interesting fact observed from measuring the electrical spectrum is that the
beating noise generated by the longitudinal modes could be suppressed by imposing
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direct modulation on the self-seeded RSOA. For example, Fig. 3.19 shows the measured
electrical spectra of the self-seeded RSOA output with and without direct modulation
when the distribution fiber is 1-km long. The magnitudes of the beating frequencies are

obviously suppressed with direct modulation.
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Fig. 3.19. Electrical spectra of the self-seeded RSOA (a) without and (b) with direct modulation.

The external pressure or temperature fluctuations will slightly change the cavity
length and therefore induce phase perturbation to the light propagating in the self-seeding
cavity. To investigate whether the system performance is sensitive to the phase
perturbation induced by the imperceptible change in the cavity length, a tunable optical
delay line (ODL) is inserted between the RSOA and the distribution fiber. The VOA is
varied to keep the cavity loss unchanged. The ODL is tuned manually by a rotary knob
with a resolution of 318 micrometers per turn. In the experiment, the received power is
fixed at -31.0 dBm and the BER is recorded for each 10° rotation of the ODL knob,

which approximately corresponds to a change of 8.83 micrometers in the cavity length.
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As shown in Fig. 3.20, the BER fluctuates slightly around the BER of 10°, which
indicates that the transmission performance of the directly modulated self-seeded RSOAs

is robust against the phase perturbation to the light circulated in the self-seeding cavity.
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Fig. 3.20. The measured BER at a fixed received power of -31 dBm as a function of the minute variation in
the cavity length.

3.2 A low-cost WDM-PON based on self- and remote-seeded RSOAs

with enhanced bit rate

Similar to other RSOA-based transmission systems, the data rate that can be supported by
the directly modulated self-seeded RSOAs 1is restricted by the limited electrical
bandwidth of the RSOAs. As summarized in Section 2.1.2.2, several techniques including
electronics equalization, detuned optical filtering, and high-order modulation formats
have been demonstrated to enhance the data rate of directly modulated CW-seeded
RSOA-based systems. Some of these techniques are only applicable to coherent signals
and therefore ineffective to increase the bit rate of self-seeded RSOA whose output has a

low degree of coherence. In this section, the bit rate of a directly modulated self-seeded
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RSOA is increased by boosting the seeding power as well as employing off-line
electronic equalization. A low-cost WDM-PON system whose downlink is based on self-
seeded RSOAs with enhanced bit rate and uplink is based on remote-seeded RSOAs is

investigated and experimentally demonstrated.

3.2.1 Bit rate enhancement by increasing the seeding power

The modulation bandwidth of a RSOA could be enhanced by external seeding and it
increases with the external seeding power. As shown in Fig. 3.21, the 3-dB bandwidth of
a free-running RSOA is 0.57 GHz. When it is fed by an external seeding light with a
power of -15 dBm, the 3-dB bandwidth is increased to 0.63 GHz. The 3-dB bandwidth is

further enhanced to 0.95 GHz when the seeding power is -10 dBm.
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Fig. 3.21. Frequency response of the RSOA with and without external seeding.

This feature is not exploited to increase the bit rate of the remote-seeded RSOAs
since increasing the remote seeding light power would inevitably enhance the RBS-

induced crosstalk. As a result, the transmission performance would be degraded.
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However, this feature can be utilized in the self-seeding scheme in which RBS is avoided

by removing the remote seeding light.

The self-seeding schemes with two different refection modules are shown in Fig.
3.22. The RSOA is biased at 80 mA and directly modulated with 2.5-Gb/s NRZ PRBS.
The filter inside the cavity for selecting the circulated wavelength spectrum is a 1x4
wavelength multiplexer with 0.6-nm 3-dB-bandwidth flat-top passbands. The coupling
ratio of the optical coupler is 90/10 where 90% of the light entered into the coupler is
reflected by reflection modules. In order to boost the stable seeding power to the RSOA,
the FRM is replaced by a reflection module composed of an optical circulator and an

EDFA, as shown in Fig. 3.22 (b).

B 2.5-Gb/s
NRZ data

EDFA ®)

Fig. 3.22. Self-seeding with two different reflection modules; (a) Structure I based on a FRM and (b)
Structure II based on a circulator.

When stable self-seeding is established, the gain and loss in the cavity become

equal. For Structure 1, it has/oss, = gain***; while for Structure II, the equation becomes

RSOA

— i D,
loss, = gain,

+gaint”™ . Since the cavity losses of the two structures are similar, the

fact that the gain is partially contributed by the EDFA in Structure II would result in
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gaini® < gain/*°* . That is to say, the stable seeding power in Structure 1I is larger than

that in Structure I. This can be also demonstrated by measuring the power at point ‘B’ in
Fig. 3.22. After self-seeding is established, the power at point ‘B’ is measured to be -7.5
dBm in Structure I while it is -3.0 dBm in Structure II when the pumping current of the
EDFA is 120 mA. Therefore, the seeding power is approximately 4 dB higher with the

presence of an additional EDFA in the cavity.

The BER measurement is carried out when the data rate is 2.5 Gb/s. For Structure
11, the receiver sensitivity at a BER of 10" without transmission is -29.2 dBm as shown in
Fig. 3.23. After 20-km transmission, the BER performance is degraded by the chromatic
dispersion and the receiver sensitivity at a BER of 10 is reduced to -24.9 dBm. However,
with Structure T a BER < 10 cannot be achieved even at the back-to-back condition. An

6 -
error floor at around 107 is observed.
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Fig. 3.23. The BER performances of the self-seeded RSOA in Structure I and II.

Based on the above results, we can conclude that increase of the seeding power by
employing an additional optical amplifier in the self-seeding cavity can improve the
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modulation bandwidth of the corresponding RSOA and therefore enable direct
modulation of the self-seeded RSOA with a higher bit rate. This scheme may not be
suitable for uplink which is based on self-seeded RSOAs in ONUs since the remote node
is no longer passive due to the presence of an active optical amplifier in the reflection

module. However, this scheme could be applied in the OLT for downstream transmission.

3.2.2 Bit rate enhancement by electronic equalization

It has been widely demonstrated that electronic equalization could compensate the
limited bandwidth of RSOAs so that the bit rate of RSOAs seeded by coherent CW light
can achieve 10 Gb/s or even higher [48, 50, 51]. The frequency response of a RSOA
exhibits a smooth roll-off without a relaxation oscillation peak while its modulation has a
good linearity. These properties are ideal for the electronic equalization using the

decision feedback equalizer consisting of feed-forward and feedback filters.

The idea behind equalization is to use the voltage levels of the other bits to correct
the voltage level of a given bit [159]. A feed-forward equalizer is the simplest structure
and the most cost-effective solution, which is shown in Fig. 3.24. It is given by the sum
of the voltage levels of the bits received prior to the bit of interest multiplied by
correction factors. It is linear and only uses information from previously received bits.
The limitation of a FFE can be improved by introducing a delay so that both previous and

current bits can be used in the correction.
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Fig. 3.24. The structure of a (N-1)-tap feed-forward equalizer [159].

A DFE uses a feedback loop of the digital signal after it has been decoded from the
output of a FFE. The DFE introduces M additional taps that are applied to the decoded
digital signal and usually includes a delay between the FFE and the feedback loop. A
diagram of a FFE-DFE is given in Fig. 3.25. The received signal enters the FFE. The
output of the FFE is added to the feedback loop resulting in the equalized signal. The
equalized signal is fed back through a symbol detector and delayed. The M-tap feedback
filter is applied to the decoded symbols. The output of the feedback filter is added to the
output of the FFE to yield the equalized signal. With a FFE-DFE the total number of
filter coefficients is much less compared to the linear FFE for the same amount of ISI

mitigation [160].
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Fig. 3.25. The structure of a (N, M)-tap FFE-DFE [159].

The tap values are derived by using optimization techniques for either a FFE or a
DFE. The standard methods are called least mean square error and minimum mean square
error. The ability to set taps can also be dynamic. Adaptive equalization means a system

can optimize its own taps as conditions evolve.

Based on the setup shown in Fig. 3.22 (b), the bit rate of a self-seeded RSOA is
further increased to 5 Gb/s with offline electronic equalization. The received electrical
signal is sampled by a real-time oscilloscope and the samples are post-processed by a
Matlab program functioning as a feed-forward-decision feedback equalizer (FFE-DFE).
Measurements have been repeated with different received power at the PIN photodetector.
The resultant BER performance of the self-seeded RSOA directly modulated by a 5-Gb/s

PRBS with electronic equalization is shown in next section.
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3.2.3 A low-cost bidirectional WDM-PON system based on RSOAs

Fig. 3.26 shows a cost-effective bidirectional 5/1.25-Gb/s WDM-PON based on self-
seeded RSOAs for downlink and remote-seeded RSOAs for uplink. The self-seeding
scheme with an optical amplifier in the reflection module is adopted for downstream
transmission and located in the OLT. The optical amplifier can be shared among all the
downstream channels. The downstream signal distributed to the corresponding ONU is
divided into two portions. One is for downstream detection and the other is fed into the

RSOA at the ONU for upstream remodulation.

(WD Al . ONU-1
Feeder W ¢
Fiber G| -

(1),
Distribution
Fiber

Fig. 3.26. A cost-effective bidirectional WDM-PON based on self- and remote-seeded RSOAs.

Unlike conventional WDM-PONSs in which an arrays of DFB lasers are employed
for high-speed downstream transmission (e.g. 10 Gb/s), the proposed WDM-PON
architecture simply based on RSOAs has a limited downstream data rate (e.g. 5 Gb/s with
electronic equalization). However, its high cost-effectiveness makes it a potential solution
for access networks with end users having moderate bandwidth requirement. Fig. 3.27

shows the experimental setup to investigate the system transmission performance.
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Fig. 3.27. Experimental setup. Insets: (i) optical spectrum measured at point ‘A’ and the shape of BPF1; (ii)
optical spectrum measured at point ‘C’; (iii) eye diagram measured at point ‘C’.

3.2.3.1 Downstream transmission

The downstream transmission in this WDM-PON system is based on self-seeded RSOAs
which are directly modulated by 5-Gb/s PRBS with a pattern length of 2'°-1.The RSOA
used in the experiments has a small signal gain of 23 dB, a low PDG of 1 dB, and a
saturated output power of 5 dBm when it is biased at 80 mA. A 1x4 flat-top wavelength
multiplexers (BPF1 with 3-dB bandwidth = 0.6 nm and insertion loss = 4 dB) is
employed in the self-seeding cavity. Since the RSOA has a small non-zero PDG, a
polarization controller is added before the RSOA to adjust the polarization state and
optimize the BER performance. The coupling ratio (P,/P;) of the optical coupler in the
reflection module is chosen to be 50/50 instead of 90/10 to ensure that the transmitted

power P; meets the power budget for both downstream detection and upstream

87



remodulation. Although the cavity loss is increased due to the reduced coupling ratio, the

stable seeding power could be maintained by increasing the pump current of the EDFA.

When the pump current of the EDFA is 120 mA, the transmitted power P; is
measured to be -0.8 dBm. The downstream signal is transmitted over 20-km SMF feeder
fiber. BPF2 is another 1x4 wavelength multiplexer having the same parameters as BPF1.
The downstream signal distributed to the corresponding ONU is divided by a 50/50
optical coupler. One portion is detected by a 12.5-GHz PIN photodetector. Then the
received electrical signal is sampled by a 6-GHz real-time oscilloscope at 10 GSamples/s
giving 2 samples/bit. 2x10° samples stored by the oscilloscope are post-processed by a
Matlab program functioning as a decision feedback equalizer consisting of half-symbol-
spaced 11-tap FFE and 3-tap DFE. After changing the number of taps for FFE and DFE,
a (11, 3) FFE-DFE is found to be the optimal choice. The adaptive tap coefficients are
determined according to the least mean square algorithm. Fig. 3.28 shows the BER
curves of 5-Gb/s self-seeded RSOA with electronic equalization before and after
transmission over a 20-km SMF. Assuming a proper FEC code (e.g. the second
generation FEC—concatenated RS(239,223)+RS(255,239)) is adopted, a coded BER of

1x107"2 could be achieved [161].
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Fig. 3.28. BER performance of the self-seeded RSOA at 5-Gb/s with electronic equalization.

The 3-dB bandwidth of the wavelength multiplexer within the self-seeding cavity is
a critical parameter. As discussed in [162], a larger bandwidth would improve the back-
to-back BER performance due to the reduced relative intensity noise. However, the
accumulated chromatic dispersion becomes the limiting factor when downstream signal
at 5 Gb/s or even higher data rate is transmitted over a 20-km SMF. Therefore, the 3-dB
bandwidth of the wavelength multiplexer should be carefully chosen considering the

trade-off between the RIN-reduced and chromatic dispersion-induced penalties.

3.2.3.2 Upstream transmission

The upstream transmission reuses the downstream carrier by utilizing directly modulated
remote-seeded RSOAs. The RSOA used for upstream transmission in the experiment has
a small signal gain of 15 dB, a low PDG of 1 dB, and a saturated output power of 0 dBm
when it is biased at 40 mA. Since the transmitted power P; of the downstream signal is
measured to be 0.8 dBm, the attainable seeding power to the upstream RSOA is around -

12 dBm considering the insertion losses of the feeder fiber (4.2 dB), the wavelength
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multiplexer in remote node (4.0 dB), the 50/50 coupler in ONU (3.3 dB) and others losses
including the circulator and distribution fiber. The seeding power of -12 dBm could drive
the upstream RSOA into saturation region and the downstream modulation on the seeding

light could be suppressed to some degree.

Although the upstream RSOA has a small non-zero PDG (1 dB), polarization
control of the external seeding light is not required since the seeding light, i.e., the output
of the self-seeded RSOA, is incoherent to a great extent. The upstream RSOA is directly
driven by a 1.25-Gb/s PRBS with a pattern length of 2°'-1. The driving voltage of the
NRZ signal is set to be 2.0 V,,. The upstream signal is detected by a 1.25-Gb/s APD
receiver in the OLT. The upstream transmission performances of three different setups
depicted in Fig. 3.29 (a) are shown in Fig. 3.29 (b). The seeding power to the upstream

RSOA is kept the same in the three setups.
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Fig. 3.29. (a) Experiment setups to investigate the RB-induced and remodulation crosstalk; (b)the
corresponding BER performances.
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The back-to-back BER performance of the upstream external-seeded RSOA can be
measured with Setup 1. The receiver sensitivity at a BER of 10” is -36.3 dBm for the
back-to-back case. In Setup 2, the upstream signal is transmitted over a 20-km SMF and
the receiver sensitivity at a BER of 10™ is measured to be -32.9 dBm. Therefore, the
power penalty induced by the chromatic dispersion is 3.4 dB. Setup 3 corresponds to the
practical implementation in which the seeding light is delivered from the central office
and the remodulated upstream signal is transmitted back to the OLT through the same
feeder fiber. Due to the bidirectional loopback configuration, the upstream signal would
be degraded by RBS-induced crosstalk. The receiver sensitivity at a BER of 107 is -32.2
dBm. Compared to the BER measurement of Setup 2, the power penalty induced by RBS

1s 0.7 dB.

The power penalty induced by the remodulation crosstalk is also investigated by
turning off the downstream modulation. The CW light generated by the self-seeded
RSOA is externally fed into the upstream RSOA. As Fig. 3.29 (b) shows, the receiver
sensitivity at a BER of 10” is -34.0 dBm when the downstream modulation is turned off.
Compared to the BER measured when the downstream modulation is turned on, the
remodulation crosstalk induces a power penalty of 1.8 dB. When the remodulation
scheme is involved, the downstream ER is a critical value which should be determined by
considering the trade-off between downstream and upstream transmission performances.
Usually the downstream ER is set to be within a range of 3-6 dB [87, 163]. A lower or
higher ER would result in unacceptable power penalty in downstream or upstream
transmission, respectively. In the WDM-PON architecture discussed here, the

downstream signal comes from the directly modulated self-seeded RSOA and therefore it
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naturally has an appropriate ER for upstream remodulation. For downstream transmission
based on self-seeded RSOA, a higher ER will not improve but degrade the downstream
performance, as discussed in Section 3.1.4.1. Reference [162] has studied the effect of
downstream ER on both self-seeded RSOA-based downstream and remote-seeded

RSOA-based upstream transmission performances.

3.3 Comparison of schemes for colorless ONUs in WDM-PONs

Various proposed schemes for colorless operation of ONUs, including broadband light
sources, incoherent remote-seeded RSOAs or injection-locked FP-LDs, coherent remote-
seeded RSOAs or injection-locked FP-LDs, and self-seeded RSOAs or FP-LDs, are
compared in terms of their cost-effectiveness, bit-rate capacity, and operation complexity.
The technical issues in implementing each of the schemes are also listed in the table. A
reasonable choice could be made only by considering the requirements and constraints in

real deployment in conjunction with the pros and cons of each scheme.

Table 3.2. Comparison of schemes for colorless operation of ONUs

Cost- . . Operation complexity
* *

ok kK

@ Broadband

Suffer from spontaneous-

Simple operation;

light sources SL?)Lir(I]::EDIID:}%) spontaneous beat noise, transmission distance [2 8[]:‘ ﬁ 1],
(BLS) n ea::h ONU bit rate limited to 1.25 limited by the BLS output
’ Gb/s. power.

®I h ¢ 2.0, 0. ¢ * ok ok k

ConEren A RSOA ateach  Suffer from spontaneous-  Suffer from
UL ONU and a BLS spontaneous beat noise, backreflection-induced [164]
RSOAs in OLT. typical bit rate 1.25 Gb/s.  crosstalk.

%ok Kk ok
®Incoherent Sk Suffer ﬁorrT:T)ntaneous— Suffer from
injection- A FP-LD at each P . backreflection-induced
spontaneous beat noise, . [75-77]
locked FP- ONU and a BLS . . crosstalk; wavelength
) typical bit rate 1.25/2.5 .
LDs in OLT. Gb/s alignment between FP-
: LD and AWG needed.
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Sk kok

*k Bit rate limited by RSOA ko
@ Coherent A RSOA ateach  modulation bandwidth More sensitive to
remote-seeded ONU and an (typlcally 1-2 GHZ), 10 backreflection-induced [44], [46]
RSOAs array of DFB Gb/s or ever higher data crosstalk than @):
lasers in OLT. rate achieved by utilizing ’
other techniques.
kA Ak 2.8.2.8.8.¢
ok More sensitive to
.®'Col.1erent A FP-LD at each iﬁgnls(t)rg% Swith . backreflection-induced
O ONU and an crosstalk than 3); [80], [87]
locked FP- butterfly-packaged FP-
array of DFB : q accurate wavelength
LDs lasers in OLT D) hav1pg high . alignment needed for
: modulation bandwidth. e .
high-speed operation.
* ok
Ak 1.25 Gb/s typically; bit o
© Self-seeded A RSOA at each ;igiihi: ‘[1;[31(11 EZn};S(i)d/t\h as Suffer from remodulation [35]1’ [105]
RSOAs ONU v W crosstalk; [107]
well as self-seeding
characteristics.
Tk * Kk k
.®. Self- Kk ok kk Up to 2.5 Gbrs; bit rate Suffer fr(‘)m remodulation
injected FP- A FP-LD ateach . '. . : crosstalk; wavelength [34], [103]
limited by self-seeding .
LDs ONU characteristics alignment between FP-
’ LD and AWG needed.

3.4 Summary

* %%k kindicates the highest grade of cost-effectiveness, bit rate, and operation complexity.

Performance characterization of self-seeded RSOAs utilized as the colorless light sources
for WDM-PONSs was carried out. An optimal ER existed for each fixed cavity loss since
remodulation is involved in the self-seeding operation. Either by tuning the attenuation of
the VOA or by varying the coupling ratio of the optical coupler in the reflection module,
the cavity loss and the resultant stable seeding power could be modified. The results
showed that low cavity loss or the resultant high stable seeding power brought better
transmission performances. Considering the trade-off between the upstream link loss and
the self-seeding cavity loss, the power budget for upstream transmission could be

optimized with a certain coupling ratio of the optical coupler.
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The RSOA with a high signal gain, high saturated output power, and a low PDG
was preferred for the self-seeding application. For other passive components in the self-
seeding cavity, e.g. the AWG, low insertion loss was a desirable feature. The experiment
results also showed that the AWG with flat-top passband outperformed the one with
Gaussian-shaped passband in terms of transmission performance and the minimum 3-dB
bandwidth. Therefore, a low-loss flat-top AWG met all the requirements on the
wavelength multiplexer for the WDM-PON system based on the directly modulated self-
seeded RSOAs. The system transmission performance was robust against the phase
perturbation but degraded by extending the length of the self-seeding cavity. Nonetheless,
error-free transmission was guaranteed for the typical WDM-PON system with the length

of the distribution fiber up to 4 km.

The performances of the systems based on the directly modulated self-seeded
RSOAs are strongly dependent on the intrinsic characteristics of the RSOA, e.g. gain
dynamics and saturation property. The quantitative results presented in Section 3.1 may
only be applied to the RSOA used in our experiments but the qualitative analyses
extracted from the experiment data are applicable to all RSOAs with variant

characteristics.

Bidirectional transmission of the upstream signal based on a self-seeded RSOA and
the downstream signal based on an externally modulated laser source has been
investigated and the crosstalk-induced power penalty is negligible [106]. The wavelength
operating range of a self-seeded RSOA is decided by the gain profile of the RSOA.
RSOAs with flat and high gain spectra are desirable for self-seeding application to cover

a wide wavelength range. For example in [107], experiment results show the wavelength
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of the self-seeded RSOA output could be tuned from 1530 to 1595 nm. The fluctuation of
the receiver sensitivity at a BER of 10” is around 1 dB. Simultaneous upstream
transmission of 16 or 32 channels of self-seeded RSOAs has been demonstrated in [152].
After 20 km transmission, the power penalty is only 0.5 dB and 0.3 dB at a BER of 10"°

for the 32- and 16-channel systems, respectively.

Self-seeded RSOA is a promising solution for low-cost colorless WDM-PONSs.
When it is applied to upstream transmission, remote seeding sources are not required and
therefore the RBS-induced crosstalk is avoided. When it is applied to downstream
transmission, it is more cost-efficient than an array of DFB lasers in conventional WDM-
PONs. The data rate of self-seeded RSOAs is not only limited by the modulation
bandwidth of RSOAs but also by the remodulation crosstalk and incoherent characteristic
involved in the self-seeding scheme. In Section 3.2, we demonstrated a cost-effective
bidirectional 5/1.25-Gb/s WDM-PON based on self-seeded RSOAs for downlink and
remote-seeded RSOAs for uplink. The bit rate of a directly modulated self-seeded RSOA
with a modulation bandwidth < 1GHz could be enhanced to 5 Gb/s by increasing the
seeding power and employing offline electronic equalization. So far, 10.7-Gb/s self-
seeded RSOA was demonstrated with a RSOA having 4-GHz E/O bandwidth and the
help of electronic equalization [47]. All the above have shown that self-seeded and
external-seeded RSOAs are very promising for the future deployment of low-cost

colorless WDM-PON:ss.
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CHAPTER 4

A Multimode-Injected FP-LD—a Common Noise Suppressor
for Multiple Injected ASE Spectrum Slices

In addition to RSOAs, FP-LDs are considered as low-cost light sources for wavelength-
independent ONUs in WDM-PONSs. FP-LDs located at ONUs are injection-locked by
remote seeding light sent from the central office. The seeding light can be a coherent CW
laser, whereby a free-running multi-wavelength FP-LD is converted to a quasi-single-
wavelength light source. However, this may not be cost-effective as an array of CW
lasers is required for uplink. Spectrum-sliced ASE source has been proposed as a low-
cost seeding light but its noise characteristic severely limits the modulation bandwidth of
injection-locked FP-LDs. To improve the transmission performance of incoherent light
injection-locked FP-LDs, we propose a new remote seeding light scheme and verify it by
simulations. Instead of a spectrum-sliced ASE source, we use a spectrum-sliced

multimode-injected FP-LD as the remote seeding light.

In this chapter, a theoretical model of injection-locked FP-LDs is first introduced.
Based on this model, the transient response and the steady-state longitudinal-mode
spectrum of a FP-LD before and after external injection are examined by simulation.
Then the characteristics of free-running and injection-locked FP-LDs are explored
through experiments. A multimode-injected (MI) FP-LD is proposed as a broadband light

source. After being spectrum-sliced (SS), the resultant SS-MI FP-LD is employed as an
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optical carrier and its performance is compared with a spectrum-sliced ASE source. At
last, the SS-MI FP-LD is proposed as a seeding light to injection-lock another FP-LD
located at the ONU. The corresponding transmission performance is investigated through

simulations.

4.1 Theoretical analysis of injection-locked FP-LDs

The theoretical models to describe the dynamic behaviors of injection-locked lasers have
been developed in [165, 166]. In-depth investigations have been carried out to analyze
the significant benefits of injection-locking technique, including relative intensity noise
reduction [167], suppression of nonlinear effects [168], and modulation bandwidth
enhancement [169]. In the free-running state, a FP-LD will generate multiple longitudinal
modes. The theoretical model of injection-locked lasers is further developed to describe

an injection-locked FP-LD.

4.1.1 Rate equations of injection-locked FP-LDs
The differential rate equation governing a free-running laser, neglecting spontaneous
emission, is [170]:

dE (1)
dt

— AN (1+ ja) E(1) (4.1)

where E(?) is the complex electric field, g is the linear gain coefficient, AN is the carrier

number above threshold, and a is the linewidth enhancement factor. AN = N (t)—Nth ,

where N is the carrier number and Ny, is the threshold carrier number.

A theoretical model of the injection-locked FP-LD based on the rate equations for

semiconductor laser diodes was proposed in [171]. The dynamics of a FP-LD with the

97



external injection can be described with the following rate equations for carrier density

inside the active region N and the electric field of the active region E which is

normalized, such that ‘E (t)‘2 corresponds to the photon density:

% :%(H'ja)(Go —7)Ey (1) + FL(£)+k.E,, exp(j278f) (4.2)
dE, 1, . ,~
— =5 (14ja)(G =) E (1) + F (1) (4.3)
dN _ I
&y N XGRS (4.4)
with
Tv,a(N-N,)
G, — (4.5)
NS
I [’Af;;: J (1+eX)ES)
y=v,(ay+a,) (4.6)
1 1
a, = Z ln(RbeJ (4.7)
7, =4, +BN+CN? (4.8)
N = foy =1 (4.9)
_00=R) (YR R (- R R, o
©2LJR, 1 '
o] |

where Eis the complex amplitude of the i" mode, £ the frequency of the zero™ mode

at the threshold, f,; the frequency of the external injection light, G;the gain of the i"

mode, y the loss of the cavity, a the linewidth enhancement factor, k. the coupling
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efficiency, 4f the frequency offset between the free-running longitudinal mode and the

injection light, a,, the facet loss, and y. is the carrier recombination rate. The gain of the
i" mode G; is approximated by the Lorentzian function with the gain compression effect.
F; (¢)is the spontaneous emission noise coupled into the i" mode. The values of various
physical parameters adopted in the simulation are summarized in Table 4.1.

Table 4.1. Physical parameters used in simulation of injection-locked FP-LDs [171, 172]

A Peak wavelength (main mode) 1550 nm

L Cavity length 250 pym

w Width of the active region 2.0 pm

d Depth of the active region 0.2 um

7, Carrier lifetime 2.2 ns

7, Photon lifetime 1.6e-3 ns

T Confinement factor 0.3

n, Group index 4.0

k Coupling efficiency 100ns™

a Linewidth enhancement factor 5

ﬂsp Spontaneous emission factor le-4

(07 Internal loss 30 cm’

O Facet loss 45 cm'’!

a Gain constant 2.5e-16 cm’
N, Transparent carrier density lel8 cm™
Anr Non-radiative recombination rate le§ s

B Radiative recombination coefficient le-10cm’/s
Cc Auger recombination coefficient 4e-29 cm/s
& Gain compression factor 6e-19 cm’
h Planck constant 6.626¢-25]ns
c Speed of light 30 cm/ns
Aw Mode spacing of FP-LD 0.8 nm

mod
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4.1.2 Simulation results

An approximate physical description of the FP-LD threshold and the resultant light-
current (L-I) curve can be obtained based on the single-mode rate equations. Fig 4.1
shows the calculated L-I curve of a FP-LD with the physical parameters listed in Table

4.1. As the L-I curve indicates, the threshold current is around 15 mA.

Photon number
h
T
1

SDI 0ms 002 0025
Bias current (A)

Fig. 4.1. The calculated L-I curve.

Then the dynamic characteristics of a free-running and injection-locked FP-LD
biased at 20 mA are investigated by calculating the rate equations (4.2)-(4.4). Fig. 4.2
shows the free-running spectrum of a FP-LD in the steady state with 19 longitudinal
modes are calculated. The mode spacing is set to be 0.8 nm. The SMSR, which is defined
as the power ratio between the mode with the highest power (the main mode “0”’) and the

mode with the second highest power (the side mode “+1”), is around 2.5 dB.
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Fig. 4.2. The simulated optical spectrum of a free-running FP-LD.

When a semiconductor laser is turned on by changing the bias current, a relative
long time (~10 ns) elapses before the steady state is reached [172]. In the transient regime,
the power distribution among various longitudinal modes varies periodically as the laser
goes through relaxation oscillations. Fig. 4.3 shows the transient responses of the carrier
number and photon numbers in different modes when the FP-LD is turned on. After
about 10 ns, the oscillations of the carrier and photon numbers vanish and the laser is in
steady state. The main mode (the “0” mode) contains the most photons which contribute

to the highest power as shown in Fig. 4.2.
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Fig. 4.3. Time evolution of (a) the carrier and (b) photon numbers when the laser is turned on.
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Fig. 4.4 and 4.5 show the optical spectrum and transient responses of a FP-LD
injection-locked by a coherent CW light at the main mode. The injection power is around
-6.7 dBm. The side modes are significantly suppressed and the resultant SMSR is 22.9
dB. Fig. 4.4 shows how the carrier and photon populations in different modes are
changed when a CW external light is injected into the FP-LD. The external injection is
introduced after the FP-LD has been turned on for 20 ns when it has already been
operated in the steady state. Before the external injection, the behavior of carrier and
photon numbers are exactly same with those shown in Fig. 4.3. The external injection
results in a strong instantaneous surge of the photon number in the main mode. After the
FP-LD returns to steady state with external injection, the photon number in the injection-
locked mode (the “0” mode) is increased whereas the photon numbers in other modes are
reduced. Consequently, the injection-locked mode is amplified and the other modes are

suppressed. The SMSR is therefore increased.
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Fig. 4.4. The simulated optical spectrum of a FP-LD injection-locked at the main mode.
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Fig. 4.5. Time evolution of (a) the carrier and (b) photon numbers in the FP-LD switched from free-
running to injection-locking (the main mode is injection-locked).

The same investigation is carried out for the case when a side mode (the “-4” mode)
is injection-locked by the external coherent CW light. Fig. 4.6 shows the corresponding
optical spectrum. The injection power is -5.2 dBm. The SMSR after injection-locking is
30.8 dB. Fig. 4.7 shows similar behavior as Fig. 4.5. The difference lies in that the
injection-locked mode now is the “-4” mode. After injection-locking, the “-4” mode is
amplified while the other modes are suppressed. The carrier number drops a bit after

external injection.
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Fig. 4.6. The simulated optical spectrum of a FP-LD injection-locked at the “-4”” mode.
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Fig. 4.7. Time evolution of (a) the carrier and (b) photon numbers in the FP-LD switched from free-
running to injection-locking (the side mode “-4” is injection-locked).

4.2 Experimental characterization of FP-LDs

A Fabry-Perot laser diode is an oscillator in which two mirrors separated by an
amplifying medium with an inverted population make a FP cavity. FP-LDs are the most
common type of diode laser and are the most economical, but they are generally slower
and noisier than DFB lasers. The two FP-LDs used in our experiments are a conventional
FP-LD housed in a butterfly package and a weak-resonant-cavity (WRC) FP-LD housed
in a transistor outlook (TO)-can package. In general, butterfly-packaged FP-LDs exhibit
high modulation bandwidth compared to TO-can-packaged FP-LDs; WRC FP-LDs have
a larger locking range than conventional FP-LDs. In the following experimental

demonstration, the two FP-LDs are selected according to their characteristics.

4.2.1 Free-running FP-LDs

The free-running FP-LD exhibits many longitudinal modes. The spacing Av, between the

longitudinal modes is constant if the frequency dependence of refractive index n is

ignored. The mode spacing is calculated by Av, =c/2nL, where L is the cavity length.

104



The free-running spectra of a FP-LD (butterfly-packaged conventional FP-LD) with
mode spacing of 0.8 nm under different bias currents are depicted in Fig. 4.8. As the bias
current increases, the main mode which has the highest power among all the longitudinal

modes shifts towards the longer wavelength side.
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Fig. 4.8. Free-running spectra of a FP-LD under different bias currents.

Although the free-running spectrum observed from an optical spectrum analyzer
(OSA) looks stable and the total optical power measured by power meter (PM) is almost
invariable, the power of each longitudinal mode fluctuates dramatically due to mode
partition noise. Mode partitioning in semiconductor lasers describes how the intensities of
all longitudinal modes fluctuate as they compete with each other for a common injected-
carrier population [173]. The mode partition noise (MPN) cannot be captured by an OSA

or a PM since the intensity fluctuation is much faster than the responding speed of these
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instruments. Therefore, if one longitudinal mode is filtered out, the optical spectrum still
looks stable by an OSA and its power seldom changes when observed by a PM. However,
due to the existence of MPN, a single longitudinal mode selected from a free-running FP-

LD could hardly be used as an optical carrier.

The modulation bandwidth of a FP-LD increases with the bias current. Fig. 4.9
shows the frequency response of the free-running butterfly-packaged FP-LD under
different bias currents measured by a vector network analyzer. The 3-dB bandwidths are
6.0 GHz, 8.0 GHz, 9.6 GHz, and 10.7 GHz when the bias currents are 30 mA, 40 mA, 50

mA, and 60 mA, respectively.
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Fig. 4.9. Frequency response of a free-running FP-LD under different bias currents.

The free-running spectrum drifts with the changing temperature. It moves to the
longer wavelength side when the temperature increases. The output spectra of the FP-
LDs used in our experiments shifts 0.1 nm/°C approximately. The main mode also shifts

to a longer-wavelength longitudinal mode. Due to the temperature sensitivity, a
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thermoelectric cooling (TEC) module may be required to control the operating

temperature of the FP-LD in some applications.

4.2.2 Injection-locked FP-LDs

When a semiconductor laser is strongly injection-locked in a stable locking state, the
benefits of a significantly enhanced modulation bandwidth, a broadband noise reduction,
and a large modulation dynamic range can be attained [174]. Although a free-running FP-
LD is not a suitable light source for high-speed data transmission, injection-locked FP-

LDs play an important role in colorless WDM-PON systems.

The mode frequencies will shift to the longer wavelength side after injection-
locking due to the carrier-induced refractive index change [175]. Therefore, stable
injection-locking can be achieved by tuning the wavelength of seeding light slightly
longer than that of the target longitudinal mode of free-running FP-LD. A FP-LD will not
be injection-locked beyond certain detuning range (locking range) between the seeding
light and the target longitudinal mode exists. A larger locking range is observed for a
lower bias current [176]. The injection-locking threshold is also affected by bias current.
A higher seeding power is needed when the bias current of the FP-LD is increased. The
reason for the increase of the required seeding power with an increase of the bias current
is related to the ratio of number of photons in the free-running regime and the number of
injected photons. The injected photons can prevail and sustain stimulated emission at a
certain mode much easier if the number of existing free-running photons is smaller,

which means the bias current is lower [177].
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Fig. 4.10 illustrates a free-running FP-LD (TO-can-packaged WRC FP-LD)
injection-locked by coherent seeding light. The threshold current of the FP-LD is 20 mA
and it is biased at 30 mA. It is directly modulated with 2.5-Gb/s 1.5 V,,, 2**-1 PRBS data.
The wavelength of the seeding light is 1554.23 nm and the target free-running

longitudinal mode locates at 1554.11 nm.
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Fig. 4.10. Optical spectra of the free-running FP-LD, coherent injection light, and coherent light injection-
locked FP-LD.
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Fig. 4.11 shows the same FP-LD injection-locked by incoherent seeding light. The
incoherent seeding light is obtained by spectrum-slicing a broadband ASE source with a
0.6-nm 3-dB bandwidth bandpass filter. The seeding power is around -9 dBm. The red-
shift of the longitudinal modes could be observed in both the coherent and incoherent

injection-locking.
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Fig. 4.11. Optical spectra of the free-running FP-LD, incoherent injection light (a spectrum-sliced ASE),
and incoherent light injection-locked FP-LD.

The polarization dependence of injection-locking a polarization-sensitive FP-LD
(butterfly-packaged conventional FP-LD) is demonstrated next. The polarization
direction of the linearly polarized coherent injection light is altered by passing through a
half-wave plate before it is injected into the FP-LD. By rotating the half-wave plate, the
polarization direction of the seeding light could be changed from parallel to the TE mode
of the FP-LD to parallel to the TM mode of the FP-LD. When the seeding light is aligned
to the TE mode of the FP-LD, the FP-LD will be injection-locked; when the seeding light

is aligned to the TM mode of the FP-LD, it is absorbed by the FP-LD and fails injection
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locking. Fig. 4.12 depicts the FP-LD injection-locked by linear-polarized seeding light

with different polarization directions, from TE-polarized to TM-polarized.
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Fig. 4.12. Optical spectral of a FP-LD injection-locked by linearly polarized seeding light with different
polarization directions. The SMSR is given in each case.

We have proposed a multimode-injected FP-LD (MI FP-LD) which could be used
as the seeding light source for multiple FP-LDs or RSOAs. The scheme of a WDM-PON
employing a multimode-injected FP-LD as the remote seeding light will be introduced in
Section 4.4 in detail. Some optical spectra of the MI FP-LD are given here. Fig. 4.13
shows the optical spectra of a FP-LD (butterfly-packaged conventional FP-LD) injected
by two and three coherent CW seeding lights aligned to its longitudinal modes. Coherent

multimode injection-locking is difficult to implement since the wavelength of each
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seeding light has to be controlled precisely within the locking range. It is difficult to

obtain high SMSR.
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Fig. 4.13. Optical spectra of coherent (a) two-mode IL FP-LD and (b) three-mode IL FP-LD.

Fig. 4.14 shows the optical spectra of a FP-LD (TO-can-packaged WRC FP-LD)
injected by multiple incoherent spectrum slices aligned to its longitudinal modes. The
injected spectrum slices depicted in Fig. 4.14 (b) have a spacing of 0.57 nm which equals
to the longitudinal mode spacing of the FP-LD. The 3-dB bandwidth of each spectrum
slice is 80 GHz (~0.64 nm) which is larger than the longitudinal mode spacing. Hence,
the four spectrum slices are overlapped. The total seeding power is -7 dBm. The spacing
between the injected spectrum slices depicted in Fig. 4.14 (d) is twice of the mode
spacing and the 3-dB bandwidth is 50 GHz which is smaller than the longitudinal mode
spacing. The total seeding power is -13 dBm. Fig. 4.14 (c¢) and (e) show the
corresponding optical spectra of multimode-injected FP-LDs. As shown in the figures,
the shape of the injection-locked spectrum is primarily decided by the external seeding

light. The SMSRs achieved in these two cases are both around 30 dB.
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Fig. 4.14. Optical spectra of (a) the free-running FP-LD, (b) injected light containing four overlapped
spectrum slices, (¢) FP-LD injection-locked by the injected light shown in (b), (d) injected light containing
four separate spectrum slices, and (e) FP-LD injection-locked by the injected light shown in (d).

4.3 A multimode-injected FP-LD used as optical carriers

The characteristics of an injection-locked FP-LD strongly depend on the characteristics
of the injected light. The spectrum of the injection-locked mode is primarily determined
by the spectrum of the injected light. However, the RIN of the incoherent seeding light,
e.g. a spectrum-sliced ASE, could be suppressed by feeding it to a free-running FP-LD
[175, 178]. Enlightened by this fact, we propose a MI FP-LD as a common noise

suppressor for multiple ASE spectrum slices.

The configuration to obtain a MI FP-LD is introduced in this section firstly. To
demonstrate the proposed MI FP-LD has better noise characteristic than an ASE source,
it is spectrum-sliced and externally modulated with 622-Mb/s data for transmission. The
transmission performance is compared with that based on the externally modulated

spectrum-sliced ASE source.
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4.3.1 Configuration of a multimode-injected FP-LD

As shown in Fig. 4.15, an ASE source is firstly spectrum-sliced by a wavelength
demultiplexer (DEMUX 1) and then the spectrum slices coming out from different
channels are combined by a wavelength multiplexer (MUX 1). The combined spectrum
slices are injected into a FP-LD which is used as the common noise suppressor for all
injected spectrum slices. The channel spacing of DEMUX 1 and MUX 1 should be same
as the longitudinal mode spacing of the FP-LD. More importantly, the longitudinal modes

of the free-running FP-LD should be aligned to the center frequencies of the spectrum

slices.
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Fig. 4.15. Configuration of a multimode-injected FP-LD.
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The simulations are carried out with VPItransmissionMaker 7.6 and the simulated
spectra of the multimode-injected FP-LD are shown in Fig. 4.16. For comparison, the
spectra of a free-running and single-mode injection-locked FP-LD are given in Fig. 4.16
(a). Cavity resonance shift can be observed in Fig. 4.16 (a) by comparing the optical
spectra of the free-running and injection-locked FP-LD. The cavity modes are shifted to
the longer wavelength side after injection-locking. The injection-locked mode becomes
broader than when it is in the free-running state simply because the seeding light which is
a spectrum-sliced ASE source is much wider than the longitudinal mode of the free-
running FP-LD. The 3-dB bandwidth of MUX 1 and DEMUX 1 is 0.48 nm. The seeding
power of one channel (i.e., the power of each spectrum slice) is around -8 dBm. Thus, the
total seeding power in Fig. 4.16 (b) is around 1 dBm which is made up of eight ASE

spectrum slices. The spectrum of the multimode-injected FP-LD is shown in Fig. 4.16 (c).
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Fig. 4.16. The simulated optical spectra of (a) the free-running FP-LD, one ASE slice used as the seeding
light, and single-mode injection-locked FP-LD; (b) the seeding light consisting of eight ASE spectrum
slices; (c) the corresponding multimode-injected FP-LD.
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4.3.2 Transmission performance of the multimode-injected FP-LLD

To demonstrate that the RIN of the ASE spectrum slices is suppressed after being fed into
a FP-LD (i.e. the RIN of a spectrum-sliced multimode-injected FP-LD is smaller than
that of a spectrum-sliced ASE), we investigate the transmission performance of the
system shown in Fig. 4.17. The broadband ASE source is a two-stage EDFA, whereas the
multimode-injected FP-LD is obtained by the configuration shown in Fig. 4.15. The 3-dB
bandwidth of the filter is 0.48 nm. The optical power after the filter is kept the same for
the two types of sources. After spectrum-slicing, the optical carrier is externally
modulated by a polarization-insensitive MZM with 622-Mb/s data. The signal is detected
by a PIN receiver after being transmitted over a 20-km SMF followed by a 4-km
dispersion compensation fiber (DCF). The dispersion-induced intensity noise might
diminish the benefit of the noise suppression offered by the multimode-injected FP-LD
when the output of the multimode-injected FP-LD was transmitted over a 20-km SMF
[179]. Thus, a 4-km DCF is added in the feeder fiber to reduce the dispersion-induced

intensity noise of the signal and improve the BER performance.

622Mb/s
Data

source L
ASE or \ j\ zm @ O Rx

Multimode-injectey N / SMF DCF

FP-LD Spectrum- 20km 4km

Slicing Filter

Fig. 4.17. Setup to investigate the transmission performance of a spectrum-sliced ASE and a spectrum-
sliced multimode-injected FP-LD used as the optical carrier.
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Fig. 4.18 shows the BER performances with the two different light sources.
Compared to an ASE source, the receiver sensitivity is improved by 3.6 dB at BER of 10
? with the multimode-injected FP-LD. Since the only difference between these two cases
is the light source, we can conclude that the sensitivity improvement is brought by the
multimode-injected FP-LD and the RIN of a spectrum-sliced ASE is suppressed after

being fed into a FP-LD.
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Fig. 4.18. BER performances of a spectrum-sliced ASE and a spectrum-sliced multimode-injected FP-LD
used as the optical carrier.

4.4 A multimode-injected FP-LD utilized as the remote seeding source

in a colorless carrier-distributed WDM-PON

It has been demonstrated that a spectrum-sliced multimode-injected FP-LD exhibits
better noise performance than a spectrum-sliced ASE source. Based on this observation,
the spectrum-sliced multimode-injected FP-LD is utilized as the remote seeding source to
injection-lock the FP-LDs at ONUs in a colorless carrier-distributed WDM-PON system.
Its transmission performance is compared with that of a colorless carrier-distributed

WDM-PON with a spectrum-sliced ASE as the remote seeding source.
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4.4.1 Proposed WDM-PON structure

The schematic of the proposed WDM-PON architecture is shown in Fig. 4.19. Since the
proposed scheme is intended to improve the upstream transmission performance, the
downlink is not included in Fig. 4.19. The downstream transmission scheme should be

same with any conventional WDM-PONSs.

A multimode-injected FP-LD is employed in the OLT as the remote seeding light
for colorless upstream operation. The output of the multimode-injected FP-LD is
delivered to the RN where the injected-locked modes from the FP-LD are separated by an
AWG. The spectrum of the multimode-injected FP-LD and the AWG channels should be
aligned with each other. This ensures that each of the injection-locked modes of the MI
FP-LD could pass the AWG with minimum insertion loss. After being separated by the
AWG, each spectrum slice is distributed to the attached ONU to injection-lock the FP-LD

(FP-LD_B) resided there.
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Fig. 4.19. Proposed WDM-PON architecture with the multimode-injected FP-LD as the remote seeding
light (upstream transmission only).
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4.4.2 Transmission performance analysis

In order to demonstrate the feasibility of using the spectrum-sliced multimode-injected
FP-LD as the seeding light, the transmission performances of upstream signals generated
by the directly-modulated injection-locked FP-LD with different seeding light sources are
analyzed and compared. The simulation is based on the architecture shown in Fig. 4.19.
Eight consecutive longitudinal modes of FP-LD A are injection-locked by eight
spectrum slices of an ASE source, which is given in Fig. 4.16 (b). The output of
multimode-injected FP-LD is shown in Fig. 4.16 (c). For comparison, the transmission
performance of the spectrum-sliced ASE injection-locked FP-LD is also examined by
simply replacing the multimode-injected FP-LD with an ASE source. The FP-LD B is
injection-locked by a spectrum-sliced ASE or a spectrum-sliced multimode-injected FP-
LD and directly modulated with 1.25 Gb/s 2°'-1 PRBS. The upstream signal is
transmitted back to the OLT and detected by a PIN receiver after being demultiplexed by

a wavelength multiplexer (DEMUX 2).

Fig. 4.20 shows the BER performance of the upstream signal. At the BER of 107,
the receiver sensitivity is -17.3 dBm when an ASE source is used as the remote seeding
light, but this is improved to -21.2 dBm when the remote seeding light is a multimode-
injected FP-LD. Thus, a 3.9-dB sensitivity improvement is achieved by using the
proposed seeding light. Error floor at BER < 107 is observed for both cases, which is
mainly attributed to the unsuppressed relative intensity noise originated from the ASE

source and the back-reflection noise.
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Fig. 4.20. BER performances of the injection-locked FP-LD with different remote seeding light sources.

4.5 Summary

The injection-locking of a FP-LD was theoretically analyzed and simulated. Some basic
properties of FP-LDs including frequency response and polarization sensitivity were
experimentally characterized. A multimode-injected FP-LD was proposed as a low-cost
remote seeding source for carrier-distributed WDM-PONs. The improvement of the
transmission performance of the carrier-distributed WDM-PON utilizing a spectrum-
sliced multimode-injected FP-LD as the seeding source was mainly due to the fact that
the RIN of a spectrum-sliced ASE could be suppressed by injected into an additional FP-

LD which acts as a common noise suppressor shared by all the injected spectrum slices.

The feeder fiber was composed of 20-km SMF followed by 4-km DCF which were
employed to reduce the dispersion-induced intensity noise of the seeding light.
Furthermore, the filtering effect would also increase the RIN of the seeding light when it
is demultiplexed by the AWG at the remote node. The intensity noise induced by filtering

is inversely proportional to the bandwidth of the filter [180]. Therefore, the bandwidth of
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AWG located at the RN should be a bit larger than that of the wavelength

multiplexer/demultiplexer used to generate the multimode-injected FP-LD.

120



CHAPTER 5
Broadcast Service Delivery over a WDM-PON Based on

Polarization Multiplexing

Chapters 3 and 4 focus on developing low-cost colorless light sources for WDM-PON
systems. Another important research aspect is to improve the viability of WDM-PON
systems by addressing issues like delivery of broadcast/multicast service. Chapters 5 and
6 are devoted to introduce two feasible techniques that enable broadcast delivery over

WDM-PON architectures.

The capability of delivering broadcast/multicast services over a WDM-PON system
is a desirable feature for next-generation optical access network. In this chapter, a
colorless WDM-PON with broadcast capability based on polarization multiplexing
(PoIMUX) technique is proposed and experimentally demonstrated. The downstream
unicast and broadcast data are respectively carried by two orthogonally polarized optical
beams from a single light source. At each ONU, the downstream signals are injected into
a FP-LD for the uplink remodulation. Unlike the scheme in [80] where the CW seeding
light had to be depolarized before being injected into a polarization-sensitive FP-LD, the
seeding light in our scheme consists of two uncorrelated orthogonally polarized beams
which acts as a depolarized light source and hence it can constantly injection-lock the FP-
LD without any polarization control. Simultaneous transmissions of 10-Gb/s downstream

unicast and broadcast signals as well as the 2.5-Gb/s upstream signal are demonstrated
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through experiment. Detailed analyses of injection polarization dependence, injection-

locking range, and power budget are provided.

5.1 Polarization multiplexing and demultiplexing

PoIMUX technique has been employed to double the capacity of long-haul transmission
systems [181]. Two independent data streams could be polarization-multiplexed into the
same wavelength channel by two orthogonally polarized optical beams. Due to the
doubled spectral efficiency and the convenience to separate different data services,
PoIMUX is a potential and attractive candidate for dual-service fiber-based access
networks [182]. Although polarization-mode dispersion and polarization-dependent loss
(PDL) during propagation may induce the loss of orthogonality of the polarization-
multiplexed signals, the signal crosstalk for a short-haul distance (e.g. 20 km) would be

insignificant if optical components are carefully chosen to have low PDL.

In practical implementations, automatic polarization demultiplexing is required to
separate the two polarization-multiplexed data streams at the receiver side. Automatic
polarization demultiplexing is generally realized by a feedback control system, which
analyzes the SOP of the incoming optical signal and generates a control signal
accordingly for an electronically driven polarization controller to track the SOP of the

incoming optical signal and achieve desired polarization transformation.

Recently, several potentially cost-effective automatic polarization demultiplexing
schemes have been proposed and demonstrated, including (i) utilizing the radio frequency
power of the detected incoming signal from a low frequency RF power detector as the
control signal [183], and (i) employing the power imbalance between the two

polarization-multiplexed channels as the feedback signal [184]. These schemes simplify
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the structure of the feedback systems and reduce the implementation cost by avoiding
using high-speed photodetectors and electronics. A relatively low-cost electronically
driven PC with response time of tens of microseconds would be enough to track the
fastest polarization perturbation which is on the order of milliseconds in installed buried

or aerial fibers [185-188].

Furthermore, polarization-multiplexing is a modulation format and line-rate
transparent technique compared to other broadcast/multicast-enabling techniques
introduced in Section 2.2. Therefore, it is a potential and attractive solution to provide
broadcast services in access networks considering the doubled spectral efficiency and the
flexible upgradability in both the line-rate and the modulation format of the unicast or

broadcast signals.

o 1 )
a0 = SMF m

PBC PBS

Fig. 5.1. Polarization multiplexing and demultiplexing

Fig. 5.1 illustrates the optical polarization multiplexing and demultiplexing concept.

The electrical field emitted by TX1 and TX2 can be expressed as [189]:

E =A% (5.1)

_

E, = 4,¢”"5 (5.2)

where the parameters A; and A4, are the time varying amplitudes and are different from

each other, i.e., they represent different data sequences. The parameters ¢; and ¢, are the
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time-varying phases of the two signals, respectively. Since the two signals are
orthogonally polarized to each other, the output signal after transmission over a short

distance can be expressed as (the attenuation is neglected):
E=A4e"%+ 4,65 (5.3)

The transmission functions of the two output ports of the polarization beam splitter

(PBS) are:

T, =cos X +sin Oy (5.4)

T, =sinfx —cos Oy (5.5)

where the angle 6 is the relative angle between the polarization of the incoming light and
the polarization direction of the PBS. The output powers at the two output arms of the

PBS can be expressed as:

Y . . 2
})1 _ EYI :‘(Alez‘/’l(t))’e_i_A2€1‘/’2(l))’>).(0050)%+Sinej})‘ (5 6)
= 4’ cos’ @+ A,” sin’> O+ A4 A, sin 2«9COS((/71 (1), (f))
p - Eiz :‘(Aleiwl(t))%+Azeiwz(t));)-(siné’fc—cosef/)r (5.7)

= 4’ sin’ O+ A, cos’ 0 — A A, sin 26’cos(go1 (1)-e, (t))

When 6 = OO, Pr=A/ and P, = A22; when 6 = 900, P; = A" and P, = A% The two
cases correspond to the scenario when the polarizations of the orthogonally polarized
signals are exactly aligned to the polarization directions of the PBS. The only difference

is the two signals are switched between the two output ports.
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However, 6 is not always perfectly controlled to be 0" or 90 in real implementation.
A slightly deviation from the perfect alignment would induce crosstalk to the
demultiplexed signals from one another. Furthermore, when sin 26 # 0, the output
powers P;and P, will fluctuate significantly if the phases of the two electrical fields, ¢,
and ¢,, are correlated. The crosstalk induced by imperfect polarization demultiplexing
could be tolerated since it is usually small when compared to the signal power. However,
the severe power fluctuation resulted from the correlation between the two signals is
devastating for signal detection. Therefore, it is necessary to decorrelate the two electrical
fields in polarization multiplexing applications. In another word, the optical phases of the

two beams should be independent from each other without a fixed phase relationship.

Decorrelation is naturally satisfied when two different light sources are adopted. If
the two beams are extracted from the same laser source, the phase of one beam should be
scrambled relative to the other beam. Alternatively, one of the beams should be delayed
with respect to the other with a relative delay larger than the coherence length of the laser.

When the two beams are uncorrelated, ¢; and ¢, have no phase relationship. The term

cos((pl(t)—(p2 (t)) varies rapidly and averages to zero in a slow photodetector.

Consequently, the powers in the two arms are:
P = A’ cos’ 0+ A, sin’ (5.8)

P, = A’sin’ @+ A,” cos’ 0 (5.9)

5.2 Proposed WDM-PON architecture
This subsection describes how the polarization multiplexing technique can be applied to
WDM-PON systems to enable the broadcast capability. Fig 5.2 shows the schematic of
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the proposed WDM-PON architecture. At the OLT, the output of each DFB laser is first
split into two equal portions by a 50/50 optical coupler. One portion is modulated by the
downstream unicast data through a Mach-Zehnder modulator (MZM) and then combined
with other downstream unicast signals by a wavelength multiplexer. The other portion is
first combined with other channel carriers by another wavelength multiplexer and then
modulated with broadcast data through another MZM. A piece of SSMF is added into
one of the two branches to decorrelate the phase of the two optical beams from a single
light source. The downstream unicast signals are then polarization-multiplexed with the

broadcast signals by a polarization beam combiner (PBC).

The polarization-multiplexed signals are transmitted through a feeder fiber to the
remote node where they are demultiplexed by a wavelength demultiplexer. At each ONU,
a small portion of the downstream unicast and broadcast signals are polarization-
demultiplexed by a PBS and detected separately. The remaining is fed into a FP-LD
which is directly modulated with the upstream data. After being multiplexed, the
respective upstream signals are transmitted back to the OLT through the same feeder

fiber and detected by upstream receivers.

b Broadcast
Distribution
— Downstream fiber
Pt-P Unicast & Broadbast
Downlink T
data
J
N J \
= : <
=

oLT RN ONUs

Fig. 5.2. Proposed WDM-PON architecture providing broadcast service based on polarization multiplexing
technique.
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It is noted that in this architecture the FP-LD is injection-locked by the
polarization-multiplexed depolarized light rather than by the polarization-demultiplexed
polarized light from one of the PBS outputs. A question may be raised that why not
utilize the polarized light from one of the two PBS outputs as the external injection light.
Although the FP-LD is polarization-sensitive, the polarization of the light coming out
from the PBS could be controlled with the existence of the automatic polarization

demultiplexing device in the ONU.

The reason of adopting the polarization-multiplexed depolarized light as the
injection light is to decouple the upstream operation from the downstream operation and
also to avoid the power loss induced by automatic polarization demultiplexing. As will be
discussed later, the power budget of the proposed scheme is limited by the minimum
required seeding power of the FP-LD and thus the proposed scheme is designed to
maximize the injection power into the FP-LD. Another reason lies in that the proposed
scheme allows us to utilize FP-LDs pigtailed with conventional SSMF instead of
polarization-maintaining fiber (PMF). Since the use of PMF always involves complicated
alignment procedure during device packaging, the proposed scheme will help to lower

the implementation costs of FP-LDs.

5.3 Experimental setup and results

The feasibility of the proposed scheme is demonstrated by the experimental setup shown
in Fig. 5.3. A CW light from a DFB laser at 1545.1 nm is split into two equal portions by
a 50/50 optical coupler. The two beams are modulated with 10-Gb/s PRBS data streams
with a pattern length of 2°'-1, representing the respective unicast and broadcast data,
through two separate MZMs. A polarization controller (denoted as PC1 or PC2 in Fig.
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5.3) is inserted in each branch to align the SOP of the optical beam to one of the principal

axes of the PBC independently.

A 1-km optical fiber is added into one of the branches. The length is long enough to
effectively decorrelate the phase of the two optical beams coming from the 5-MHz
linewidth DFB laser. A variable attenuator is employed in one branch to equalize the
powers of the two optical beams before the PBC. This would minimize the degree of
polarization of the combined downstream signals. The polarization-multiplexed signals

are transmitted through a 20-km SSMF feeder fiber.

10-Gb/s NRZ
data (unicast) Unicast
data

Coupler
< 50/50

Circulator n

20 km
SSMF

SSMF
10-Gb/s NRZ

data (broadcast)

2.5-Gb/s NRZ
data (uplink)

Fig. 5.3. Experimental setup

At the ONU, the downstream signals are divided into two portions by a 90/10
optical coupler. The small portion is polarization-demultiplexed by a PBS. The PC (i.e.,
PC3) before the PBS is adjusted to ensure at least 30 dB polarization extinction ratio for
each polarization component. The downstream unicast and broadcast signals are detected
and recovered by 10-Gb/s APD receivers separately. The large portion is fed into a FP-
LD which is directly-modulated with a 2.5-Gb/s NRZ PRBS with a pattern length of 2°'-

1. The FP-LD with a threshold current of 17 mA is biased at 30 mA. The seeding power
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is -13 dBm from each polarization component and therefore the total injection power is

-10 dBm.

After injection, the upstream signal is transmitted back to the OLT through the
same feeder fiber and detected by a 2.5-Gb/s APD receiver. The depolarized seeding light
helps to reduce the Rayleigh backscattering-induced crosstalk in the single-fiber loopback
configured network since the beating between the signal and the Rayleigh backscattering
is polarization-sensitive. An optical filter with a flat-top passband whose 3-dB bandwidth
is 0.4 nm is used before the receiver to emulate an AWG in the OLT. The insertion loss

of the BPF is around 1.5 dB.

5.3.1 Analysis of polarization dependence

When an external light is injected into a polarization-sensitive FP-LD, the output of the
FP-LD is dependent on the SOP of the seeding light [88]. Thus, the seeding light should
be depolarized before entering the FP-LD to achieve stable injection-locking. A
polarimeter is employed to measure the DOP of various light sources. The DOP of the
DFB laser is around 100%; whereas the DOP of an ASE source generated by an EDFA

fluctuates between 2-5%.

The setup shown in Fig. 5.4 is used to measure the DOP of the seeding light in our
proposed scheme. When the 1-km optical fiber delay line is removed, the two input light
of the PBC are still correlated and therefore the DOP of the combined light is nearly 100%
and the SOP changes dramatically. When the 1-km optical fiber delay line is present,
since it decorrelates the two polarization-multiplexed optical beams, the DOP of the

combined light is reduced to ~4%.
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Fig. 5.4. Setup for DOP measurement.

A spectral comparison of the FP-LD injection-locked by different seeding sources
is carried out. The corresponding optical spectra are shown in Fig. 5.5. Fig. 5.5 (a) is the
optical spectrum of the free-running FP-LD and Fig. 5.5 (b) shows the optical spectra of
the polarized (solid line) and depolarized (dash line) seeding light, respectively. Fig. 5.5
(c) and (d) show the measured optical spectra of the FP-LD output when the SOP of the
seeding light is changed from TE-aligned to TM-aligned, confirming high polarization
dependence when a polarized light is used as the seeding source. When the linearly
polarized seeding light is aligned to the TE mode of the FP-LD, it would injection-lock
the FP-LD. The injection-locked mode is amplified and the others are suppressed as
shown in Fig. 5.5 (c); when the linearly polarized seeding light is aligned to the TM mode

of the FP-LD, it is absorbed by the FP-LD, as shown in Fig. 5.5 (d).
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Fig. 5.5. Measured optical spectra of (a) free-running FP-LD, (b) the polarized (solid line) and depolarized
(dash line) seeding light sources, (¢) FP-LD injected by TE-mode-aligned polarized seeding light, (d) FP-
LD injected by TM-mode-aligned polarized seeding light, (e) FP-LD injected by depolarized seeding light
with the best polarization alignment, (f) FP-LD injected by depolarized seeding light with the worst
polarization alignment, (g) and (h) are close look of the spectra in the dotted rectangles of (d) and (f),
respectively (the arrows indicate where the seeding light sources are located).

A quantitative investigation of the polarization dependence of injection-locking the
FP-LD is carried out and the results are given in Fig. 5.6. In this experiment, the
polarization direction of the linearly polarized seeding light is rotated from the TE to the
TM mode of the FP-LD while the seeding power is maintained at -13 dBm. € denotes the
angle between the polarization direction of the seeding light and the TE mode of the FP-
LD. Thus, 8= 0° means the seeding light is TE-mode-aligned whereas the seeding light
is TM-mode aligned when €= 90°. The gain of the seeding light provided by the FP-LD

and the corresponding SMSR are measured at the output of the FP-LD with different

angles 6.

Here, the SMSR is defined as the power ratio between the main mode, i.e., the
injection-locked mode, and the highest longitudinal side mode at the output of the FP-LD

with external injection. The results clearly exhibit high polarization dependence of the
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FP-LD. For example, the polarization dependence gain of the device, a gain difference
between 8= 0° and 8= 90°, is measured to be 19.2 dB. The SMSR is also degraded as
the polarization of the seeding light is changed from the TE-aligned to TM-aligned. As

shown in Fig. 5.6, the angle @ should be smaller than 50° to keep the SMSR greater than

30 dB.
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Fig. 5.6. Charaterization of the polarization dependence of the FP-LD when linearly polarized light is used
as the seeding source.

In contrast, the seeding light in our proposed scheme, consisting of two
uncorrelated orthogonally linearly polarized optical beams, could injection-lock the FP-
LD constantly. Fig. 5.5 (e) and (f) depict the spectra of the FP-LD externally injected by
the proposed seeding light with the best and the worst polarization alignment in terms of
SMSR, respectively. Note that a small polarization dependence could still be observed
due to the non-zero DOP of the seeding source. For example, the SMSRs are 39.7 dB
with the best polarization alignment (also referred to as the best case) and 27.4 dB with

the worst polarization alignment (also referred to as the worst case). This SMSR
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degradation induced by polarization dependence could deteriorate the signal’s

performance since the relative intensity noise is inversely proportional to the SMSR [190].

To investigate how much the SMSR degradation affects the bit-error rate
performance of the upstream signal, we have measured the BERs under these two cases
and plotted them in Fig. 5.7. After transmission over 20-km SMF, the receiver sensitivity
at the BER of 10” is -30.4 dBm in the best case. An error floor at ~10is observed in the
worst case but error-free transmission could still be achieved by using forward error
correction. The receiver sensitivities (at BER of 10™) are -36.1 dBm for the best case and
-34.0 dBm for the worst case, which implies that only 2.1 dB power penalty is induced by

the polarization dependence.
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Fig. 5.7. The best and worst BER performance of the upstream signal when the wavelength offset is 0.21
nm (The dash-dot line shows the FEC threshold).

5.3.2 Analysis of wavelength offset

The FP-LD used in the experiment has a weak-resonant cavity. The front-facet and rear-
facet reflectivity are 1% and 99%, respectively. The highly asymmetric coating design
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increases the seeding efficiency and reduces the power leakage at the rear-facet [191].
The weak-resonant-cavity FP-LD exhibits wider injection-locking range compared to

conventional FP-LDs.

The longitudinal mode spacing of the free-running FP-LD is 0.56 nm. The
wavelength off'set()iSE — A ), where A is the wavelength of the seeding light and A,
is the wavelength of the reference longitudinal mode of free-running FP-LD, is tuned
from 0 to 0.56 nm in our experiment. Fig. 5.8 includes a series of the optical spectra of

the injection-locked FP-LD at the best polarization alignment with different wavelength

offsets.
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Fig. 5.8. Optical spectra of the injection-locked FP-LD with different wavelength offsets (dotted line: free-
running FP-LDs; solid line: injection-locked FP-LDs).
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As each subplot demonstrated, the wavelength spectrum would shift to the longer
wavelength side after injection-locking. A relative larger SMSR is obtained when the
wavelength offset is between 0.2-0.4 nm approximately and thus results in a better BER
performance. When the seeding light locates close to one of the free-running longitudinal
modes, i.e., the wavelength offset is smaller than 0.2 nm or larger than 0.4 nm, the SMSR

becomes smaller and the BER performance is degraded.

The power penalties of the upstream signal at BER of 10™ as a function of
wavelength offset are measured with best and worst polarization alignment, respectively.
As illustrated in Fig. 5.9, the best receiver sensitivity is obtained when the wavelength
offset is 0.21 nm whereas the largest sensitivity penalty is observed at a wavelength
offset of 0.52 nm. Nevertheless, the power penalties are less than 3.5 dB throughout the
whole detuning range regardless of the polarization alignment. Note that the worst
polarization alignment has a receiver sensitivity 2.1 dB poorer than the best polarization
alignment. Therefore, the worst case (i.e., a wavelength offset of 0.52 nm with the worst
polarization alignment) gives rise to a maximum power penalty of 5.6 dB, which still
makes the uncooled operation of the FP-LD feasible since the upstream power margin at

BER of 10 is more than 20 dB as discussed later.
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Fig. 5.9. Power penalty of the upstream signal at BER of 10™* versus the wavelength offset.

5.3.3 Trade-off between downlink and uplink

In the proposed WDM-PON architecture, a trade-off exists between the downstream and
the upstream receiver sensitivities. The crosstalk induced by the unsuppressed injected
downstream data reduces the SNR of the upstream signal [85]. The power penalties of
both the downstream and upstream (with best polarization alignment) receiver
sensitivities at the BER of 10 with different downstream extinction ratios are measured
and depicted in Fig. 5.10. For upstream measurement, the optical power of the

depolarized seeding light is kept at -10 dBm and the wavelength offset is 0.21 nm.

Better downstream BER performance requires higher downstream ER whereas the
power penalty for the upstream increases with the downstream ER. In our experiment,
when the ER of the downstream signal is about 6 dB, an error floor at ~10” is observed
for the upstream signal; when the ER is increased to 10 dB, the FP-LD could not be

injection-locked by the seeding light due to the inadequate seeding power during the
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spaces (bit “0”s). Therefore, the ER of the downlink signal has to be sacrificed to

constantly injection-lock the FP-LD and achieve error-free upstream transmission.
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Fig. 5.10. Receiver power penalties at BER of 10 of the downstream and upstream signals with different
downstream ERs.

Fig. 5.11 and Fig. 5.7 show the BER performance of the downstream and upstream
signals, respectively, when the ER of the downstream signal is 5 dB, at which the power
penalties of the downlink and uplink signal are both around 3 dB as shown in Fig. 5.10.
The receiver sensitivities at the BER of 10” are -21.4 dBm for the downstream unicast
signal and -21.5 dBm for the downstream broadcast signal. Compared to the back-to-back
BER performance, the power penalty induced by 20-km SSMF transmission is measured
to be 0.7 dB. By comparing the transmission performances of the downstream unicast
signal with and without the broadcast service (i.e., cutting off the lower arm of the PBC

in Fig. 5.3), the power penalty induced by polarization multiplexing is 0.2 dB.
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Fig. 5.11. BER performances of the downstream unicast and broadcast signals.

5.3.4 Effect of bit alignment

Lastly, the effects of the relative bit delay between the downstream unicast and broadcast
data on the downstream and upstream performance are investigated. Since the power
penalty of the downstream unicast signal induced by the polarization multiplexing
technique is measured to be 0.2 dB, as long as the high polarization extinction ratio is
satisfied when the downstream unicast and broadcast signals are polarization
demultiplexed by a PBS, the crosstalk from the other polarization beam is insignificant
regardless of the value of the relative bit delay. However, the relative bit delay affects
how fast the seeding power fluctuates, which originates from the unsuppressed downlink
modulation. Therefore, the upstream performance might be affected by the relative bit

delay between the downstream unicast and broadcast data.

Fig. 5.12 shows the upstream receiver sensitivity (with best polarization alignment)
at BER of 107 versus the relative bit delay. In this measurement, a tunable optical delay

line is inserted between the 1-km SSMF and PC2 to adjust the relative bit delay. The
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result shows that the upstream transmission performance is hardly influenced by the
relative bit delay. Therefore, the proposed scheme is very robust against the bit alignment

between the two downstream data.

Receiver sensitivity (dBm)
&
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Fig. 5.12. Upstream receiver sensitivity at BER of 10” with best polarization alignment versus the relative
bit delay.

5.3.5 Power budget

The power budget analysis for the proposed WDM-PON architecture is given in Table
5.1. For downlink, the receiver sensitivity of the unicast or broadcast signal is around -21
dBm but the required seeding power from the downstream unicast or broadcast signal is
-13 dBm. Therefore, the downstream power budget is primarily limited by the minimum
required seeding power of the FP-LD. The power of the downstream unicast or broadcast
signal reaching the ONU should be at least -10 dBm to meet the power requirement of
both the downstream detection and the external seeding for upstream remodulation
simultaneously, considering the power loss induced by the 90/10 optical coupler, PC3

and PBS in the ONU. Thus, the minimum launch power of the downstream unicast or
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broadcast signal from the OLT should be around -0.8 dBm considering the 9.2 dB link

loss, including the wavelength multiplexer, the feeder fiber, and others.

For uplink, the launch power of injection-locked FP-LD is measured to be 2.4 dBm
(with worst polarization alignment) and the link loss is around 16 dB. We could obtain
20.4-dB power margin for upstream transmission when the worst case of upstream BER

performance at the FEC threshold (10™) is considered.

Table 5.1. Power budget analysis of the proposed WDM-PON scheme

Downstream (unicast or broadcast signal) Upstream
Minimum required power reaching ONU | -10 dBm
Recol — 1 dB Socdi Receiver sensitivity
eceiver sensitivity (- m) | See ing power per (worst case at BER of | -34.0 dBm
90/10 coupler (10 dB) polarization  (-13 dBm) 10%)
PC & PBS (1dB) 90/10 coupler (0.5 dB)
Total link loss 9.2 dB f;(;:;{)czglc}l power 2.4 dBm
luding loss in OLT ’
(excluding loss in OLT and ONU) Total loss 16 dB
Mux/Demux (in remote node) 4 Mux/DeMux 4X2
Fiber 4.2 Fiber 4.2
Connectors and others 1 Circulator 0.6 X3
Minimum launch power of unicast or T Connectors and others 2
broadcast signal from the OLT ) Power Margin 20.4 dB

5.4 Summary

This chapter introduced a full-duplex WDM-PON architecture providing both unicast and
broadcast services by employing polarization multiplexing technique. The downlink
signals consisting of two uncorrelated, orthogonally polarized beams were used as the
seeding light to injection-lock a polarization-sensitive FP-LD for upstream remodulation
without any polarization control. Experimental demonstration of successful transmission
of 10-Gb/s downstream unicast and broadcast signals with low ER as well as 2.5-Gb/s
upstream signal with FEC confirmed the feasibility of the proposed architecture. Several

technical issues including injection-locking polarization dependence, wavelength offset,
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and performance tradeoff between downlink and uplink were investigated. The power
budget might be constrained by the required seeding power of FP-LDs. This could be
overcome by using an optical amplifier to amplify the downstream signals or improving
the seeding efficiency of FP-LDs. It was also experimentally verified that the weak-
resonant-cavity FP-LD possessed a wide injection-locking range which enabled uncooled

operation of ONU .
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CHAPTER 6

A Broadcast-Capable WDM-PON Based on Offset Polarization
Multiplexing with Improved Cost-Effectiveness

We have introduced a WDM-PON architecture providing broadcast overlay by exploiting
polarization multiplexing technique in Chapter 5 [87]. In this WDM-PON architecture,
the downlink unicast and broadcast data are carried by two orthogonally polarized optical
beams from a single light source, respectively. Not only does this technique support
broadcast services without allocating additional wavelength channels and using high-
frequency SCM modulation, but it also depolarizes the seeding light which can constantly
injection-lock the FP-LD in the ONU for upstream transmission. Therefore, the proposed
scheme can be applied to low-cost polarization-sensitive colorless upstream optical
transmitters. However, active polarization tracking is required to demultiplex the two
polarization-multiplexed signals at each ONU, which may hinder the real deployment of

such a system.

To eliminate the need for active polarization tracking, a new WDM-PON
architecture in which offset polarization multiplexing is exploited to support broadcast
capability has been proposed. This chapter gives a thorough introduction to the proposed
scheme. The DPSK-formatted downstream unicast and broadcast signals whose
wavelengths are slightly different from each other are combined through polarization

multiplexing. At each ONU, the downstream DPSK-formatted unicast and broadcast
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signals are demultiplexed and demodulated by two DPSK demodulators without any need
of active polarization tracking. The scheme also completely depolarizes the seeding light
for the upstream FP-LDs, which enables constant injection-locking of the polarization-

sensitive FP-LDs.

Simultaneous transmissions of 10-Gb/s downstream unicast and broadcast DPSK
signals as well as 2.5-Gb/s upstream OOK signal are experimentally demonstrated. The
effects of Rayleigh backscattering, remodulation crosstalk, polarization fluctuation along
the link, relative bit delay between the unicast and broadcast signals, frequency deviation
of the downstream signals from the delay interferometer (DI), and imperfection of the DI
on the transmission performances of the downstream and upstream signals are

investigated in detail by both experiments and simulations.

6.1 Offset polarization multiplexing and demultiplexing

In the offset polarization multiplexing scheme, two DPSK-formatted optical signals
separated by a frequency offset, f,e, are polarization-multiplexed at the transmitter. At
the receiver, they are demultiplexed and demodulated by two delay interferometers
preceded by an optical coupler, without using any active polarization tracking and

polarization beam splitters [192].

In DPSK reception, a sensitivity penalty arises when the laser frequency deviates
from the DI frequency (i.e., the frequency at a transmission peak or transmission null).
The frequency deviation (Jf) between the input signal and the DI is related to the phase
deviation through 6¢=2mn-0fTp;, where Tp; is the time delay within the DI [193]. Penalty-

free detection of DPSK signal is achieved when the phase deviation is a integer multiple
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of m, whereas phase deviation of an odd multiple of ©/2 completely closes eye opening of

the detected signal, leading to infinite power penalty, as depicted in Fig. 6.1.

Therefore, if two offset polarization-multiplexed DPSK-formatted signals are
separated by odd multiples of 1/(4Tp;) in frequency (i.e., fope: = (2N-1)/(4Tps), where N is
an integer) and one of the optical DPSK signals is aligned to a DI having a FSR of 1/7py,
then this optical DPSK signal can be demodulated by the DI with zero power penalty
induced by frequency deviation, whereas the other optical DPSK signal, whose phase
deviation from the DI equals to an odd multiples of ©/2, would experience infinite power

penalty and a complete eye closure is observed at the DI output consequently.

As illustrated in Fig. 6.1, the optical signal with phase deviation of zero
(represented by the solid arrow) can be detected with minimum crosstalk from the other
optical signal located 1/(47p;) away (represented by the dot-dashed arrow). It is noted
that the orthogonality between the two optical signals resulted from the polarization
multiplexing technique helps to make the crosstalk added in power rather than in E-field.
This substantially reduces the deleterious effects of crosstalk. For the detection of the
other optical signal, we need another DI which is aligned to this optical signal with a zero

phase deviation.
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Fig. 6.1. Operation principle of demultiplexing/demodulation of the offset polarization-multiplexed DPSK
signals. In this figure, the x-polarized signal is to be detected and thus the y-polarized signal becomes
crosstalk to the x-polarized signal. To detect the y-polarized signal, we need another DI whose peak or null
is aligned to the center wavelength of the y-polarized signal.

6.2 Proposed WDM-PON architecture

The schematic of the proposed WDM-PON architecture using offset polarization
multiplexing is shown in Fig. 6.2. In the OLT, two DFB lasers separated by odd multiples
of 1/(4Tp;) in frequency are assigned to deliver the unicast and broadcast services,
respectively, for each ONU. Each downstream unicast carrier is encoded with the unicast
data in DPSK format through a dedicated MZM. After that, they are combined by a
wavelength multiplexer. The downstream broadcast carriers are first combined by
another wavelength multiplexer and then modulated with a common MZM driven by the
broadcast data in DPSK format simultaneously. The downstream unicast signals are

polarization-multiplexed with the broadcast signals using a polarization beam combiner.

The offset polarization-multiplexed signals are transmitted through a feeder fiber to
the RN where they are wavelength-demultiplexed by an AWG. At each ONU, a portion
of the downstream signals is divided into two equal parts for respective downstream

unicast and broadcast detections. The other portion is injected into a FP-LD to enable the
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upstream transmission. The upstream signal is wavelength-multiplexed at the RN and
transmitted back to the OLT through the same feeder fiber and detected by the upstream

receivers at the OLT.
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Fig. 6.2. Schematic of the proposed WDM-PON architecture using offset polarization multiplexing.

In the proposed broadcast-enabled WDM-PON architecture shown in Fig. 6.2, two
sets of DFB lasers separated by f,.; are employed for unicast and broadcast deliveries,
respectively. An alternative approach, which can reduce the complexity and
implementation cost, is to simultaneously generate the broadcast carriers by frequency-
shifting a portion of each of the unicast carriers by an amount of f,z., through subcarrier

modulation using one optical single-sideband modulator (OSSBM) [194].

As shown in Fig. 6.3, the OSSBM is driven by an electrical sinusoidal signal with a
frequency of fope, resulting in single-sideband carrier-suppressed signals whose
frequencies differ from their respective original carriers by an amount of fose. These
resultant single-sideband carrier-suppressed signals serving as the broadcast carriers are
then fed into another MZM and modulated with broadcast data in DPSK format. In this

way, only one set of DFB lasers are required in the OLT.
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Fig. 6.3. An alternative structure of the OLT for the proposed WDM-PON scheme.

Two DIs in each ONU would increase the cost at customer premises. However, the
additional cost incurred by two DIs in each ONU could be justified by the increased
capacity brought by the proposed scheme. It doubles the spectral efficiency without
doubling the line rate, or employing complicated higher-order modulation formats, or
using active polarization tracking for polarization demultiplexing. It accommodates more
end users than the scheme which assigns additional wavelengths to deliver broadcast
services [110]. It eliminates the performance tradeoff between the downstream and
upstream signals and the need of bit synchronization between the unicast and multicast
data existed in the systems employing two orthogonal modulation formats [116].
Moreover, the DPSK receivers could be implemented in compact and cost-effective

manners, e.g. using silicon semiconductor manufacturing technology [195, 196].

6.3 Experimental setup and transmission performance analyses

The experimental setup to demonstrate the proposed scheme and to characterize the
transmission performances is depicted in Fig. 6.4. A DFB laser (LD1) and a tunable laser
(LD2) are separately modulated through two MZMs. The frequency offset (f,..) between

the two lasers is set to be (2N-1)/(4Tp;), where Tp;= 100 ps in the experiment, by tuning
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the wavelength of the tunable laser. The modulators are biased at their transmission nulls
for phase modulation and driven by two 10-Gb/s 2°'-1 NRZ decorrelated pseudo-random
binary sequences representing the downstream unicast and broadcast data, respectively. A
differential encoder is not employed in the experiment since differentially coded PRBS is

simply a time-delayed replica of the PRBS [193].

10-Gb/s NRZ data .
(unicast) Unicast/
broadcast data

10-GHz
APD

20-km SSMF | 50%

10-Gb/s NRZ
data (broadcast) |wpr—J\I———/= — — — — — —

@ I 2.5-Gb/s NRZ

data (upstream)
ArD | 20-km SSMF |
| © J,

Fig. 6.4. Experimental setup in (I) single-feeder-fiber bidirectional configuration and (II) two-feeder-fiber
unidirectional configuration (only used for investigating the RB-induced power penalty).

A tunable optical delay line is added to one of the signal paths before the PBC to
study the effect of the relative bit delay between the two downstream data on the system
performance. One PC is employed on each of the two PBC arms and it is adjusted to
align the SOP of the optical signal to the principal axis of the PBC. As explained before,
the reason for combining the downstream unicast and broadcast signals by a PBC instead
of an optical coupler is that the orthogonality between the two signals is essential in this
scheme to minimize the crosstalk from one another generated during demodulation.
Meanwhile, the orthogonality could also minimize the DOP of the combined signal

which would be utilized as the seeding light.
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The powers of the two signals are equalized at the output of the PBC by a variable
optical attenuator. It would balance the BER performance of the downstream unicast and
broadcast signals and also help to minimize the DOP of the offset polarization-
multiplexed downstream signals to facilitate the external seeding of the polarization-

sensitive FP-LD used for upstream transmission.

The offset polarization-multiplexed downstream signals are transmitted through a
20-km SSMF. At the ONU, the downstream signals are divided into two portions by a
50/50 optical coupler, one for downstream detection and the other for upstream
remodulation. The DPSK receiver is composed of a DI with a 10-GHz FSR and al10-Gb/s
APD single-ended receiver. A single DPSK receiver is used to detect either the unicast or
broadcast data. In a real implementation, two DPSK receivers are needed for each ONU

to detect the unicast and broadcast signals simultaneously.

The other portion of the downstream signal is fed into a polarization-sensitive FP-
LD which is directly-modulated by a 2.5-Gb/s NRZ PRBS with a pattern length of 2°'-1.
The FP-LD is an uncooled device housed in a transistor-outlook-can package. The
seeding power is -10 dBm and there is no polarization controller inserted between the
optical coupler and the FP-LD. After injection, the upstream signal is transmitted back to
the OLT through the same feeder fiber and detected by a 2.5-Gb/s APD receiver. An
optical BPF having a 3-dB bandwidth of 40 GHz is utilized before the upstream receiver

to emulate an AWG at the OLT.

6.3.1 Effect of the frequency offset
In our single-ended detection, we utilize the destructive port of the DI. This is because

the return-to-zero-like waveform from the destructive port exhibits better receiver

149



sensitivity than the signal from the constructive port [197]. Fig. 6.5 shows the BER

performance of the downstream unicast and broadcast signals.

—e&— unicast w/o broadcast
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—&— broadcast w/ unicast (2.5 GHz)
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Fig. 6.5. BER performances of the downstream signals. The number inside the parenthesis in the legend
indicates the frequency offset, f, ;.

When the broadcast service is disabled (i.e., LD2 is turned OFF), the receiver
sensitivity of downstream unicast signal is measured to be -27.5 dBm at a BER of 107,
when the broadcast service is enabled and the frequency offset between the two
downstream carriers is 2.5 GHz (= % FSR of the DI), the BER performance of the unicast
signal is degraded by the crosstalk from the broadcast signal and an error floor is
observed at a BER of ~10°. Although error-free transmission could be achieved by

adopting forward error correction, it raises the cost of both OLTs and ONUs.

To avoid the necessity of employing FEC, the frequency offset is increased to 7.5
GHz (= % FSR of the DI), which helps to mitigate the crosstalk-induced performance
degradation. During this measurement, the relative bit delay between the two downstream

data is adjusted to achieve the best BER performance. In this case, we could achieve a
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BER of less than 10” and the receiver sensitivities are measured to be -19.4 and -18.6
dBm for the downstream unicast and broadcast signals, respectively. The slight
difference between the unicast and broadcast BER performance is mainly due to the

different characteristics of the two Mach-Zehnder modulators used in the experiment.

A power penalty of ~8 dB is incurred in the presence of the offset polarization-
multiplexed signals. Experiment and simulation results show the orthogonality between
the unicast and broadcast signals is crucial for downstream detection. The eye opening of
the detected unicast (broadcast) signal would be completely closed due to the crosstalk
from the broadcast (unicast) signal if the two parallelly polarized downstream signals

were combined by an optical coupler instead of a PBC.

It is interesting to note that further increasing the frequency offset will reduce the
power penalty; however, it will lower the spectral efficiency. The downstream unicast
and broadcast carriers for each ONU should be symmetric about the ITU grid frequency
and stay within one DWDM channel. This avoids allocating additional wavelength
channels for broadcast services in DWDM system with channel spacing of 50 GHz or

even 25 GHz.
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Fig. 6.6 shows the measured optical spectra of the offset polarization-multiplexed
downstream signals with different frequency offsets. The resolution of the optical
spectrum analyzer used in this measurement is 0.02 nm. The results clearly show that the
signal linewidth increased with the frequency offset. Considering the tradeoff between
the downstream performance and the spectral efficiency as well as the filtering effect of
the AWG in the proposed architecture, we choose 7.5 GHz as the frequency offset

between the two downstream signals in the following analyses.
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Fig. 6.6. Measured optical spectra of (a) a 10-Gb/s NRZ-DPSK signal, (b)-(d) the polarization-multiplexed
10-Gb/s NRZ-DPSK signals with frequency offset of 2.5, 7.5, and 12.5 GHz, respectively.

It is also worth noting that the receiver sensitivities of the downstream unicast
(broadcast) signal can be improved if a balanced receiver is adopted since the broadcast
(unicast) signal experiencing incoherent summation of two neighboring bits on both the

constructive and destructive ports will be mostly canceled out by the balanced receiver.
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6.3.2 Effect of Rayleigh backscattering and remodulation crosstalk

For uplink, polarization dependence of the FP-LD requires a depolarized seeding source
if no polarization control is provided at the ONU. The polarization-multiplexed
downstream signals with a frequency offset of 7.5 GHz naturally meet this requirement
and are reused as the seeding light to injection-lock the FP-LD for upstream transmission.

The DOP of the seeding source is measured to be 2~4%.

The depolarized seeding light also helps to reduce the RBS-induced crosstalk in the
single-fiber loopback configured network since the beating between the signal and the
RBS is polarization sensitive [198]. Furthermore, the linewidth of the seeding light is
widened due to the frequency offset between the two polarization beams, as shown in Fig.
6.6. This also helps to reduce the RBS-induced penalty. As demonstrated in [81], the
backreflection-induced penalty is reduced as the linewidth of the seeding light is
increased. Therefore, the proposed scheme exhibits an improved robustness against the

Rayleigh backscattering compared to the CW-injected FP-LDs.

The signal-to-backscattering-power ratio in our experimental demonstration is
measured to be around 29.5 dB. The upstream BER performance is shown in Fig. 6.7.
The receiver sensitivity at a BER of 10” is -30.5 dBm in the single-fiber loopback
configuration and -31.7 dBm in the unidirectional configuration with two feeder fibers
(refer to Fig. 6.4 for the experimental setup). Therefore, the power penalty induced by the

RBSis 1.2 dB.

Another advantage of the seeding source composed of NRZ-DPSK signals is the
relative constant intensity of phase modulation except for the transition-induced intensity

dips from MZM-based DPSK transmitters when compared to OOK modulation [199].
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There is no need to sacrifice the ER of the downstream signals to constantly injection-
lock the FP-LD. The impact of the downstream modulation on the upstream performance
is also investigated through BER measurement. As shown in Fig. 6.7, the receiver
sensitivity of the upstream signal is -32.3 dBm when the downstream modulation is
turned OFF but the seeding power is kept the same. Thus, the remodulation-induced
power penalty is 1.8 dB. This should be ascribed to the transition-induced intensity dip of

the downstream signals and can be reduced by using phase modulators for downstream

DPSK modulation.
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Fig. 6.7. BER performance of the upstream signal.

6.3.3 Analysis of polarization dependence and wavelength offset

To demonstrate that the seeding light in our scheme could constantly injection-lock the
FP-LD without any polarization control, we deliberately add an electronically driven PC
before the FP-LD. The seeding light is randomly rotated every ten seconds before being
fed into the FP-LD and the upstream BER is recorded. Fig. 6.8 shows the measured BERs

at a received optical power of -30.5 dBm. The results show a relative stable BER over 10
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minutes. That is to say, the seeding light composed of two offset polarization-multiplexed
signals can constantly injection-lock the FP-LD with no need of polarization control of

the seeding light regardless of polarization perturbations.
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Fig. 6.8. Measured upstream BERs versus time when the seeding light is randomly rotated every ten
seconds.

The weak-resonant-cavity FP-LD, whose front-facet and rear-facet reflectivities are
1% and 99% respectively, exhibits wider injection-locking range when compared to
conventional FP-LDs. The BER performance of the upstream signal is measured when
the wavelength offset, Agown—Arp, Where Az, 1s the center wavelength of the offset
polarization-multiplexed downstream signals and Agp is the wavelength of one of the
longitudinal modes of the free-running FP-LD nearby Agown, 1s tuned from 0 to 0.56 nm,

which is the longitudinal mode spacing of the free-running FP-LD.
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Fig. 6.9 shows a series of optical spectra of the injection-locked FP-LD with

different wavelength offsets. Similar to Fig. 5.8 discussed before, the SMSR is reduced

when the seeding light is located close to one of the free-running longitudinal modes and

the resultant BER performance is degraded.
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Fig. 6.9. The optical spectra of the injection-locked FP-LD with different wavelength offsets (dotted lines:
free-running FP-LDs; solid lines: injection-locked FP-LDs).

The best receiver sensitivity of -30.5 dBm at a BER of 10 is obtained when the
wavelength offset is 0.29 nm and this value is used as a reference in Fig. 6.10. The results
show that a BER of <10” is achieved over the wavelength offset ranged from 0.10 to 0.41

nm despite that maximum power penalty is 4.8 dB at the upper bound of this range.
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Fig. 6.10. Power penalties at BER of 10 of the upstream signal versus wavelength offset.

6.3.4 Power budget

For downlink, the seeding power for the FP-LD used in the experiment is kept at -10
dBm and the receiver sensitivity of the unicast or broadcast signal is about -19 dBm.
Thus, the downstream power budget is primarily limited by the required seeding power of
the FP-LD. The total link loss is 19 dB, including two AWGs (5.0 dB x 2), 20-km SSMF
(4.0 dB), one 3-dB optical coupler, and other components (2.0 dB) such as PBC,
circulator, and connectors. Thus, the launch power of the offset polarization-multiplexed
downstream signals should be at least 9.0 dBm, i.e., 6.0 dBm from each polarization
beam, to meet the power requirement of both downstream detection and upstream
remodulation. For uplink, the launch power of the injection-locked FP-LD is measured to
be 2.5 dBm. A power margin of 14.0 dB is obtained since the upstream receiver

sensitivity is -30.5 dBm at a BER of 107, as shown in Fig. 6.7.
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6.4 Simulation results

The robustness of the proposed scheme against the relative bit delay between the two
downstream data, the frequency deviation of the downstream signals from the DI, and the
mismatched interferometer delay is investigated through simulation in which the
downstream DPSK signals are detected by a balanced receiver. In the following analyses,
the balanced receiver is tuned to detect one of the offset polarization-multiplexed signals,
the unicast signal. Thus, the broadcast signal, which is 7.5 GHz away in frequency, is
regarded as crosstalk. The same analyses and conclusions made in this section also apply
to the detection of the broadcast signal. The simulation is implemented by the

commercial software OptiSystem 9.0 [200].

6.4.1 Effect of the relative bit delay

Although the two offset polarization-multiplexed signals are independent and orthogonal
to each other in polarization, the detection of one signal would still experience the
crosstalk from the other signal. The crosstalk suppression of the DI could not be perfect
throughout the entire bit duration and thus the relative bit delay between the unicast and
broadcast data affects the transmission performance of the downstream unicast and

broadcast signals.

By tuning the relative bit delay between the two signals, the peak of the crosstalk
can be located to different positions of the eye diagram of the detected signal. The
deleterious effect of the crosstalk becomes largest when the peak of the crosstalk falls on
the sampling instance of the detected signal. Fig. 6.11 shows the receiver power penalty

versus the relative bit delay between the two offset polarization-multiplexed signals.
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Fig. 6.11. Power penalty (at a BER of 10) of the downstream unicast signal as a function of the relative
bit delay between the unicast and broadcast data.

It shows that the relative bit delay has a marginal effect on the downstream
performance. The penalties are always less than 1.3 dB, which can eliminate the necessity
of controlling the relative bit delay. Nevertheless, the worst performance occurs when the
two data are bit-aligned (i.e., delay = 0 or 100 ps). The best performance is obtained at
the relative bit delays of 30 and 70 ps. At these bit delays, we have slightly better
performance than when the two data are half-bit delayed. We ascribe this to the small
asymmetry of signal eyes, which is caused by the electrical filter at the receiver. The
corresponding eye diagrams with different relative bit delays are included in the inset in

Fig. 6.11.

6.4.2 Effect of the frequency deviation
In DPSK reception, the deviation of the laser frequency from the DI leads to performance
degradation [193]. The feasibility of the offset polarization multiplexing technique is

based on this fact, as graphically illustrated by Fig. 6.1. However, due to the frequency
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drift of both the laser sources and the DI, the unicast signal may not have an exact zero
phase deviation with the DI in the unicast DPSK receiver and at the same time the
broadcast signal may not have an exact phase deviation from the DI equaled to an odd
multiples of m/2. Such misalignments are inevitable in real implementation and

consequently induce power penalty.

Fig. 6.12 depicts the frequency deviation-induced power penalties. The dash curve
represents the case when the unicast signal is exactly aligned to the penalty-free
frequency (i.e. 0¢9= N-m) but the broadcast signal deviates from the infinite-penalty
frequency (i.e. 0p = (2N-1)-1/2); the solid curve represents the case when the broadcast
signal is exactly aligned to the infinite-penalty frequency but the unicast signal deviates

from the penalty-free frequency.
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Fig. 6.12. Power penalty (at a BER of 10®) of the downstream unicast signal versus the frequency
deviation of the downstream signals from the DI.

It shows that the performance of the unicast signal is much more sensitive to the
deviation of the broadcast signal. For a penalty of less than 1.0 dB, the frequency
deviation of the broadcast signal should be kept below 250 MHz. This frequency offset
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tolerance could be achieved by using temperature-stabilized DIs. A feedback servo loop

would be required to stabilize the DI and track the laser wavelength drift.

Another aspect closely related to the frequency deviation is the polarization
dependence of the DI, which can be characterized by polarization-dependent wavelength
shift (PDA). PDA is the wavelength shift of the DI wavelength response depending upon
the state of polarization of the input signal. Although the offset polarization-multiplexed
downstream signals may remain orthogonally polarized during transmission, the SOP of
each signal is generally unknown and changes over time. Since no polarization control is
provided at the receiver side in our scheme, the power penalty induced by polarization

dependence of the DI is inevitable.

As discussed before, the deviation of the broadcast signal has a stronger effect on
the detection of the unicast signal, so the worst performance of the unicast signal
detection which could be caused by polarization dependence of the DI is that the
broadcast signal deviates from the infinite-penalty frequency for an amount of PDA. For a
penalty of less than 1.0 dB, the polarization-dependent frequency shift of the DI should
be kept below 250 MHz and therefore, the PDA should be smaller than 2 picometers.

Most commercially available 10-GHz DIs could satisfy this requirement [201, 202].

6.4.3 Effect of interferometer delay-to-bit rate mismatch

The mismatch between the interferometer delay and the data rate of the downstream
signals would induce the receiver sensitivity degradation. The mismatch is denoted by the
ratio between the interferometer delay and the data rate. As shown in Fig. 6.13, when the

broadcast service is disabled (i.e., LD2 is turned OFF), a 5% mismatch leads to less than
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0.1-dB power penalty. However, when the broadcast service is enabled, the power

penalty induced by the interferometer delay-to-bit-rate mismatch increases dramatically.

In fact, the interferometer delay-to-bit-rate mismatch is closely related to the
frequency deviation between the broadcast signal and the infinite-penalty frequency. A
5% mismatch could lead to a 375 MHz deviation of the broadcast signal at maximum,
which would give rise to around 4.0-dB power penalty as shown in Fig. 6.12. To control
the power penalty within 1.0 dB, the interferometer delay-to-bit-rate mismatch should
stay within 3%. Imperfection in DI manufacturing may cause such a mismatch; however,

the error of the interferometer delay of commercial DIs is usually smaller than 1% [201].
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Fig. 6.13. Power penalty (at BER of 10”) of the downstream unicast signal versus the interferometer delay-
to-bit-rate mismatch.
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6.5 Comparison of broadcast/multicast-enabling schemes for WDM-

PONs

Various schemes for enabling broadcast/multicast service in WDM-PON systems are
listed in Table 6.1, including those introduced in Section 2.2 and the two schemes
demonstrated and analyzed in Chapters 5 and 6. They are compared in terms of cost-
effectiveness-the primary concern in WDM-PON technologies, spectral efficiency,

operation complexity as well as the line-rate and modulation format transparency.

Table 6.1. Comparison of different schemes for enabling broadcast/multicast delivery over WDM-
PON architectures

Line-rate &
Cost- Spectral Operation modulation

effectiveness efficiency complexity format Rel e

transparency

Kk *k
ek ko ke . Simple; assign
.. ) Low; dedicated . i
Additional Additional light w(;:/veleﬁg}:fla ¢ different Ves H 1(1)%,
light sources PEUILES0: ‘ channel for quebands for o 13],
broadcast service broadcast service E;l;z?iita:?d
* k
g 0. 8.8 ¢
ﬂféllilsftii(si to Relative high; ok ke k
T — Unicast and Two sets of feeder
S . gubcarrierS' broadcast and distribution
uli:‘a line.r devices to ’ confined in one fibers needed to Yes [114], [115]
multipiexing . wavelength deliver carrier and
separate carriers channel but the subcarrier
and subcarriers ey
in optical or occupy dedicated separately
electrical domain frequency bands
ok ok ok
>k ke Performance
Different . ***.'** tradeoff between
5 High; unicast .
Orthogonal  REEEAC IR and broadcast unicast and s [116], [117]
modulation OOIE;E gf(());:;zvo occupy same zz(c)z?:tzsgit [120]
formats IS L alignment might
needed
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Kok Kok

Time Devic:*és*g):time LA, (i Timing:(;ltrol
interleaving control in OLT and broadoast needed in both Yes [121]
and ONUs oceupy same OLT and ONUs
frequency band
ok ke
*k Fek Ak ok Automatic
. . Automatic High; unicast polarization
POlal: 1zat1Pn polarization and broadcast tracking needed to Yes [87]
mulGplexing tracking needed  occupy same demultiplex
at each ONU frequency band unicast and
broadcast signals
ok k
* ok k . _**.** Wavelength
Offsef . Two DPSK LS5 T alignment
pOIal:lzatl?n receivers needed ] Ergmdteass between signals No [203]
multiplexing - SNSRI NIG) oceupy same and DPSK
frequency band

receivers needed

ok kK kindicates the highest grade of cost-effectiveness, spectral efficiency and operation complexity.

6.6 Summary

In this chapter, a WDM-PON system with a downstream broadcast overlay using the
offset polarization multiplexing technique was introduced. The downstream DPSK-
formatted unicast and broadcast signals, which were separated by a quarter or three
quarters of the data rate in frequency, were polarization-multiplexed at the transmitter.
The offset polarization-multiplexed signals were demultiplexed and demodulated by a

pair of delay interferometers without any polarization tracking at the receiver.

The offset polarization-multiplexed downstream signals were also exploited to
facilitate the constant injection-locking of polarization-sensitive Fabry-Perot laser diodes
for upstream transmission. Therefore, no polarization control or tracking was needed for
both downstream and upstream transmissions. Based on the proposed scheme,
bidirectional transmissions of 10-Gb/s unicast and 10-Gb/s broadcast signals for

downlink and 2.5-Gb/s signal for uplink were successfully demonstrated.
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The experimental results and simulation studies showed that the proposed scheme
was very robust against the polarization fluctuation on the link and the relative bit delay
between the downstream unicast and broadcast signals. The simulation study also
revealed that the downstream performance was sensitive to the frequency deviation of the
downstream signals from the DI. However, the frequency deviation could be controlled
within an acceptable range with commercially available DIs and wavelength-stabilized
laser sources. A feedback servo loop would be needed to stabilize the DIs and track the

laser wavelength drift at the ONU.

Due to the device and equipment constraint, investigation on transmission
performance of multiple wavelength channels and the effect of interchannel crosstalk
cannot be conducted. However, such studies have been reported by other research works
which employ the injection-locked FP-LDs as the colorless transmitters. In [204], it is
demonstrated that colorless operation by an injection-locked FP-LD could be achieved
over the wavelength range of 1530-1560 nm, which implies 32 channels can be
accommodated in the WDM-PON system based on injection-locked FP-LDs. A 3-
channel and 12-channel WDM transmission using injection-locked FP-LDs are studied in
[205, 206]. Both of them have shown a negligible crosstalk induced by WDM
transmission. Therefore, it can be concluded that the power penalty induced by
interchannel crosstalk in WDM transmission systems is negligible thanks to the channel

1solation of standard wavelength multiplexer/demultiplexer.
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CHAPTER 7

Conclusions and Future Work

7.1 Conclusions

Wavelength-division-multiplexed passive optical network has been considered as a
promising technology for access networks to meet the ever-increasing bandwidth
demand. However, mass deployment of WDM-PONs 1is hindered by the higher
installation and maintenance cost compared to the TDM-based technologies. It will take
time for WDM-PONSs to mature and progress down the cost curve. The time will come
when the access network needs to support high-capacity symmetric traffic and cost
reduction enables WDM-PONs to become commercially viable in the cost-sensitive
access network market. While this dissertation is devoted to developing and investigating
enabling techniques for cost-effective and viable WDM-PON systems, two major
research aspects in WDM-PON technologies are addressed, includingl) implementation
of cost-effective colorless ONUs and 2) delivery of broadcast service over WDM-PON

architectures.

In Chapter 3, in-depth analyses of directly modulated self-seeded RSOAs which are
used as the colorless light sources at ONUs in a WDM-PON system are carried out. The
impact of various system parameters on the transmission performance is investigated.
Because of the inevitable remodulation crosstalk existing in the self-seeding operation,

the signal extinction ratio of the self-seeded RSOA should be carefully adjusted to
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optimize the transmission performance. Since low cavity loss (or high seeding power) is
desirable, a RSOA with high gain, high saturated output power, and low PDG is preferred
for the self-seeding application. It also shows that self-seeded RSOAs favor a flat-top
instead of Gaussian-shaped filter (i.e., the AWGQG) located within the self-seeding cavity.
The system transmission performance is robust against the phase perturbation but
degraded by extending the length of the self-seeding cavity. Based on the characterization
results, a cost-effective bidirectional 5/1.25-Gb/s WDM-PON based on self-seeded
RSOAs for downlink and remote-seeded RSOAs for uplink is demonstrated. Despite the
RSOA has a limited E/O bandwidth < 1 GHz, the data rate of the self-seeded RSOA is
enhanced to 5 Gb/s by increasing the seeding power and employing offline electronic
equalization. The study provides a better understanding of the mechanism of the directly
modulated self-seeded RSOAs and also guidance on designing the WDM-PON systems

using the self-seeded RSOAs.

In Chapter 4, another type of prevalent colorless light sources, FP-LDs, for WDM-
PON systems is investigated in detail. The injection-locking of a FP-LD is theoretically
analyzed and simulated. Some basic properties of FP-LDs including frequency response
and polarization dependency are experimentally characterized. Based on the fact that the
RIN of a spectrum-sliced ASE could be suppressed by being injected into a FP-LD, a
multimode-injected FP-LD is proposed where the FP-LD acts as a common noise
suppressor for multiple injected ASE spectrum slices. Simulation results show that the
receiver sensitivities at a BER of 10” are improved by 3.6 dB and 3.9 dB, respectively,

when the spectrum-sliced multimode-injected FP-LD is employed as an optical carrier
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and a remote seeding light source for carrier-distributed WDM-PONs, compared to a

spectrum-sliced ASE source.

Chapters 5 and 6 discuss two feasible techniques to enable broadcast service
delivery over WDM-PON architectures. In Chapter 5, polarization multiplexing
technique is exploited to achieve simultaneous delivery of downstream unicast and
broadcast signals without allocating additional wavelength channels and using high-
frequency SCM modulation. The downstream signals consisting of two uncorrelated,
orthogonally polarized beams are used as the seeding light to injection-lock a
polarization-sensitive FP-LD for upstream remodulation without any polarization control.
Experimental demonstration of successful transmission of 10-Gb/s downstream unicast
and broadcast signals with low ER as well as 2.5-Gb/s upstream signal with FEC
confirmed the feasibility of the proposed architecture. Several technical issues including
injection-locking polarization dependence, wavelength offset, and performance tradeoff
between downlink and uplink are investigated. It is demonstrated that the weak-resonant-
cavity FP-LD possesses a wide injection-locking range which could enable uncooled
operation of ONUs. For practical implementations, active polarization tracking is
required to demultiplex the downstream unicast and broadcast signals at each ONU.
Therefore, mass deployment of the proposed WDM-PON would count on cost-effective

automatic polarization demultiplexing techniques.

Chapter 6 introduces another broadcast-capable WDM-PON system developed
based on the method discussed in Chapter 5. It not only preserves the advantages of the
former scheme but also improves the cost-efficiency by eliminating the need of automatic

polarization tracking at ONUs. This broadcast-capable WDM-PON system utilizes offset
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polarization multiplexing technique. The offset polarization-multiplexed downstream
unicast and broadcast DPSK signals are demultiplexed and demodulated by a pair of
delay interferometers without resorting to polarization tracking. The offset polarization-
multiplexed downstream signals also facilitate the constant injection-locking of
polarization-sensitive Fabry-Perot laser diodes for upstream transmission. Moreover, the
constant intensity of the downstream DPSK signals avoids the performance trade-off
between downlink and uplink in a wavelength-remodulated WDM-PON system.
Bidirectional transmissions of 10-Gb/s unicast and 10-Gb/s broadcast signals for
downlink and 2.5-Gb/s signal for uplink are successfully demonstrated. The proposed
scheme is very robust against the polarization fluctuation on the link and the relative bit
delay between the downstream unicast and broadcast signals. However, the downstream
performance is sensitive to the frequency deviation of the downstream signals from the

DI

7.2 Future work

Self-seeding of RSOAs is an attractive solution for colorless operation of ONUs in
WDM-PON systems but it is less explored compared to external-seeding of RSOAs.
Similar to an external-seeded RSOA, the data rate of a directly modulated self-seeded
RSOA is primarily limited by the modulation bandwidth of the RSOA itself. Therefore,
the techniques used to achieve high-speed operation of external-seeded RSOAs, e.g.
electronic equalization, detuned optical filtering, and bandwidth-efficient modulation
format, might be also applicable to enhance the data rate of self-seeded RSOAs. Unlike
external-seeded RSOAs, self-seeded RSOAs inevitably suffer from remodulation

crosstalk. The output of a self-seeded RSOA has a low degree of coherence. These
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characteristics also limit the bit rate supported by self-seeded RSOAs. Special techniques
should be developed to suppress the remodulation crosstalk and improve the degree of
coherence. All in all, high-speed operation of self-seeded RSOAs is a research direction

worthy of further exploration.

With the deepening penetration of DSP into conventional optical communication,
complex spectrally-efficient modulation formats such as M-ary PSK and quadrature
amplitude modulation (QAM) have been introduced into PON applications. Moreover,
optical orthogonal frequency division multiplexing (OFDM), due to its high spectral
efficiency and adaptability to various advanced modulation formats, is considered as a
powerful technique to achieve high capacity symmetric WDM-PONs in which the
upstream transmission rate is limited by the modulation bandwidth of the colorless light
sources, i.e., RSOAs and FP-LDs. Optical coherent detection has also been applied to
PON applications to enable supporting of advanced modulation formats. In short,
symmetric high-speed operation of WDM-PONs with cost-effective bandwidth-limited

colorless light sources is a promising research topic.

Another significant research aspect is to establish models for analyzing the
economic feasibility of implementing WDM-PON systems in areas with different density
of population. With the availability of various WDM-PON technologies in future, the
model could help to determine which specific WDM-PON system including the colorless
light sources, downstream and upstream data rate and transmission reach should be
implemented according to the bandwidth demand and geographic distribution of end
users. It is also worthwhile to develop reliable techniques to reduce the energy

consumption of the WDM-PON system, especially ONUs for end users. For example, the
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ONUs could be switched to sleep mode automatically when there is data to transmit or
receive and be recovered to active mode without losing data when there is a transmission

request.

After more than ten years’ extensive studies on WDM-PON technologies, almost
every technical issue in WDM-PON systems has been or is being addressed. WDM-PON
has become a ready-to-use technology which would be possibly deployed massively in
the next ten or twenty years. While preparing for real implementation, efforts should be
made to tailor the characteristics of devices, especially colorless light sources, to meet the

exact requirements and needs in the future WDM-PON systems.
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