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Abstract

Foreseeing the rapidly growing demand for multimedia services and the trend of
service convergence, the penetration of optical fiber in access network is an ultimate
solution to break the last-mile bottleneck imposed by the 100-year-old copper network.
One of the most promising solutions to realize optical access is the passive optical
network (PON), in which the network infrastructure is shared by many subscribers and
has no active elements between the central office and the customer. Thus a PON
requires neither electrical power nor active management, leading to effective reduction
in operational expenses. Time-division-multiplexed passive optical networks
(TDM-PONSs) such as Ethemet PON (EPON) and Gigabit PON (GPON) are being
widely deployed in current fiber-based access networks for providing broadband
access, offering triple-play services including video, data and voice. In the near future,
wavelength-division-multiplexed passive optical network (WDM-PON) can be the
enabler of the next-generation optical broadband access that requires large dedicated
and symmetric bandwidth, data privacy, and upgrade flexibility. TDM-PONS also can

benefit from WDM technologies for capacity upgrade.

Centralized light source (CLS) at the central office is an attractive solution for
low-cost implementation of WDM-PON, as it eliminates the need of
wavelength-specific transmitters and wavelength management at the optical network
units (ONU). CLS can be realized by either a carrier-distributed scheme or a
remodulation scheme. In both schemes, however, the upstream signal is susceptible to
the interferometric crosstalk induced by the beating between the upstream signal and

the back-reflected light due to the intrinsic Rayleigh Backscattering (RB), both of
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which are of the same wavelength. We propose and demonstrate a simple and novel
scheme to suppress the RB noise in the carrier-distributed WDM-PON. Differential
phase-shift keying (DPSK) is used as the upstream modulation format and the
destructive port of the delay-interferometer (DI) is employed to demodulate the
upstream DPSK signal. As the spectrum of RB towards the OLT is narrow due to the
very narrow spectrum of the distributed carrier, the RB noise can be considerably
rejected by the notch filter-like destructive port of the DI at the OLT, which is used
simultaneously to demodulate the upstream DPSK signal. The scheme can also be
extended to the application in the remodulation-based WDM-PON, as long as the
downstream signal has a narrow spectrum (i.e. via reducing downstream modulation
depth). A unique feature of the DPSK signal with reduced modulation depth
(RMD-DPSK) is that it can be demodulated by DI’s destructive port without extinction
ratio (ER) degradation, whereas the demodulated signal from DI’s destructive port has
a very low ER and can be used as the source for upstream remodulation. We also
proposed a novel offset-Manchester coding to suppress Rayleigh noise in electrical

domain via a postdetection high-pass filter.

With more diverse multimedia and data services available for broadband access,
the access network has to be flexible enough to cope with various data or video
delivery such as broadcast/multicast services, in addition to the point-to-point traffic,
Multicast is more attractive, compared to broadcast, as it allows selective control of
the connection for each subscriber individually, Multicast can be easily realized in
TDM-PONs as it employs power-splitting at the remote node (RN). However, it is
more challenging in WDM-PONSs, due to the dedicated connection between the optical
line terminal (OLT) and each ONU. Many studies have been carried out to solve this

problem. The prior schemes either need relatively complicated multicast control

iv



and/or cannot support future proof 10-Gb/s symmetric point-to-point (PtP)
transmission. We proposed a novel multicast control scheme for a WDM-PON with
10-Gb/s symmetric bit rate. The multicast data encoded in DPSK format is
superimposed onto all PtP channels modulated in inverse return-to-zero format. With
an athermal DI being used at the ONU to demodulate the DPSK signal, the multicast
data can be effectively disabled by slight detuning the laser wavelength at OLT, which
has negligible effect on the PtP data. The proposed scheme differs from all the
previous schemes in that, the multicast control is realized via the inherent wavelength
management of WDM systems, rather than via any other additional adjustment such as

ER, synchronization, and polarization.
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Chapter 1 Introduction

1.1.Introduction to WDM-PON

The worldwide high-speed wired access network nowadays is still mainly based on
Digital Subscriber Line (DSL) technology. However, the limited bandwidth-distance
product of the copper based network will be the bottleneck for future
bandwidth-intensive multimedia-services, such as super-high-definition TV and even
3D TV. For example, the typical bandwidth provided by DSL is 1.5 Mbps and 128
kbps in downstream and upstream, respectively, when subscribers distribute within
18,000 ft from the central office (CO). Foreseeing the rapidly growing demand for
bandwidth, 1t is obvious that fiber-based access networl will be the ultimate solution.
At the same time, wireless communication is also entering a new phase, shifting the
focus from conventional voice service to the emerging multimedia communications.
In this scenario optical access network is an attractive solution to provide higher

capacity for base station back-haul communications.

One of the most promising optical access architectures is the passive optical
network (PON), in which the network infrastructure is shared by many subscribers and
has no active elements between the central office and the customer. The outside
passive plant consists of only optical fibers and optical passive components, and thus
requires neither electrical power nor active management, leading to effective reduction
in operational expenses. Time-division-multiplexed passive optical network
(TDM-PON) systems such as Ethemet PON (EPON) and Gigabit PON (GPON) are

being widely deployed in current fiber-based access networks for providing broadband



access, offering triple-play services including video, data and voice. In the near future,
wavelength-division-multiplexed passive optical network (WDM-PON) can be the
enabler of the next-generation optical broadband access that requires large dedicated
and symmetric bandwidth, data privacy, and upgrade flexibility. TDM-PONs also can

benefit from WDM technologies for capacity upgrade.

1.1.1. Increasing Bandwidth Demand in Access network

Moore’s Law tells us that computing power (the number of transistors on a processor,
to be precise) will double every two years. While Moore saw such a pace of
development in  computer processing power, Nielsen postulated its
telecommunications’ equivalent in 1998: Nielsen’s Law of Internet Bandwidth.
Nielsen’s Law states that a high-end user’s connection speed grows by 50% per year
[1]. Fig. 1.1 shows that Nielsen’s prediction agrees well with actual data points of
bandwidth availability [2]. The Fiber to the Home Council has been testing out

Nielsen’s law in a sample of European countries, including Poland, Spain, Sweden,
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the UK and France. The results indicate that a decade after it was first postulated,
Nielsen’s Law is still working well as a guide to the trend in broadband access
bandwidth, as the predicted growth rate of 50% per year held true as an average

across the European countries evaluated [3].

In the near future, the access bandwidth is expected to be consumed by emerging
subscriber services such as Internet protocol TV (IPTV), video-on-demand (VoD),
video file swapping, peer-to-peer applications, teleworking, network storage, and
real-time on-line games [4]. Take IPTV as an example, a standard-definition television
signal requires a bandwidth of about 2 Mbps, a High-definition television (HDTV)
signal requires a bandwidth of 4-8 Mbps with new compression technology, and 3D
HDTV will further require 100 to 300 Mbps when it is widely sold to individual
consumers, a few years from now [5]. Besides the aforementioned foreseeable
applications, certain entirely new and unforeseen bandwidth-hungry services may
suddenly appear and consequently frustrate end users whose network is not
future-proof. YouTube, after appearing in February 2005, quickly became one of the
five largest users of bandwidth on earth, and the largest single user of Internet
bandwidth [5]. In addition to the rapid bandwidth increase as predicted by Nielsen’s
Law, symmetric bandwidth is also commonly required by some emerging
applications [6]. Both DSL and CATV technologies, with limited and asymmetric
capacity, cannot satisfy the explosive demand for bandwidth in emerging
applications. This surging bandwidth demand can only be met by the deeper

penetration of optical fiber in access networks.

Although very promising, fiber-based broadband access is still at its initial stage.

As shown in Fig. 1.2, only seven economies around the world will realize fiber to the
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households connected with FTTH will reach around 130 million. [7]

1.1.2.  PON Systems Overview

The deployment of optical fiber in access networks can be achieved in different ways,
resulting in multiple FTTX models for optical access network -- FTTH, Fiber to the
Curb (FTTC), Fiber to the Premises (FTTP), etc. These models are simply derived
from different combinations of optical fiber and twisted pair or coaxial cable networks

with variations in the penetration degree of optical fiber in the subscriber’s side.

The optical access network is commonly deployed in two specific
configurations. In the first one dedicated fiber runs from the central office (CO) to
each subscriber. Although this point-to-point (PtP) network is the simplest design of
optical access network, in most cases it 1s cost-prohibitive due to the extremely large
amount of fibers deployed in the outside. To realize fiber gain, the other
point-to-multipoint (PtMP) configuration can be adopted, with a remote node (RN)
being placed close to the subscribers. In the PtMP network, one common feeder fiber
is used to connect the CO and the RN, whereas dedicated distribution fiber is used
for the connection between the RN and each subscriber. Bandwidth is split at the RN
among all subscribers. The amount of fibers deployed in the outside plant can be
substantially reduced in the PtMP configuration, thanks to the sharing of one
common feeder fiber among all the subscribers. A consequent advantage of PtMP
configuration over PtP configuration is that the mean-time-lo-repair is significant

reduced in case of fiber break.

Optical access networks using the PtMP configuration fall into two categories,
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depending on whether active components are used at the RN or not. The optical
access network is referred to as active optical network (AON) when an active switch
together with transceiver pairs is placed at the RN, whereas it is referred to as PON
when the RN consists of only passive components. The key advantage of PON over
AON is that no electrical power is required in the outside plant, as the provisioning and
maintaining of electrical power in the local loop are very costly and manpower
intensive. For example, the backup batteries have life spans of 5-10 years and hence
must be replaced regularly. While electrical power may seem like a mundane topic in
the glamorous world of lasers, fiber, and high-speed data access, it is actually a
substantial problem with no easy solution [8]. As PON is characterized by the
attractive feature of fully passive outside plant, it is the most promising candidate for

optical access network.

Time-division multiple access (TDMA) is currently the most popular method to
share a single PON architecture among all its subscribers, and TDM-PON has been
supported by a set of mature standards, such as two major state-of-the-art PON
standards ITEEE 802.3ah EPON and ITU-T G984 GPON. Dynamic Bandwidth
Allocation (DBA) algorithms are used in TDM-PON to share an aggregated
bandwidth among all subscribers. This time-based separation of subscribers within
fixed aggregated bandwidth has made TDM-PON difficult to keep pace with the
rapidly changing bandwidth landscape predicted by Nielsen’s Law. Today, bandwidth
in the range of 10 Mbit/s may seem generous for a residential user. However, 100
Mbit/s is currently used by most operators as a more future-proof assumption in their
Return on Investment (Rol) calculations, with future upgradability to 1 Gbit/s
mandated for both residential communities and business users [9]. It is difficult for a

TDM-PON to deliver 1-Gbit/s Committed Information Rate (CIR) to each subscriber,
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as all transceivers at the end-points would need to operate at the aggregate bitrate, i.e.,
at 32 Gbit/s if the TDM-PON is shared by 32 subscriber. Standards bodies, equipment
vendors and service providers have been struggling to keep pace with the increasing
bandwidth demand, evolving from ATM PON (APON), Broadband PON (BPON), to

current EPON and GPON, and now searching for future-proof alternatives.

Most challenging issues in TDM-PON can be avoided in WDM-PON, such as
limited CIR and reach, poor security and inflexible migration. For this reason,
WDM-PON has attracted extensive research interest from academia and industry
[9-14]. Fig.1.4 shows the evolution path of PON, in which WDM-PON is regarded as
a promising candidate for the next generation access network (NGA) [9]. In contrast to
TDM-PON where a single pair of wavelengths is shared among all subscribers, in
WDM-PON each subscriber is assigned a pair of dedicated wavelengths (or only one
dedicated wavelength when the upstream signal is remodulated on part of the

downstream signal). Thus, a WDM-PON actually provides a physical point-to-point

| LN
/

[CAZ ]

/st (epory |

) 100 EPOHL

P EPON | WDM

CrOIl | NGA

| | ! I | |
PG Saty Junt 2110 015 a0 205

Fig. 1.4 PON timeline [9].



wavelength connection over a PtMP fiber plant, leading to much higher CIR than
TDM-PON. Compared with TDM-PON, the only difference in the outside plant is that
the power splitter at RN in a TDM-PON is replaced with an athermal arrayed
waveguide grating (AWG) to demultiplex the downstream wavelengths and multiplex
the upstream wavelengths. As the insertion loss of the AWG is much lower than a
power splitter, WDM-PON can future-proof network operators’ investment by
delivering more bandwidth to more endpoints from fewer COs that sit farther back in

the network.

Residential and business customers have traditionally been served from two
separate networking platforms, due to their different requirements on bandwidth and
service quality. When introducing WDM in the access and backhaul part of the
network, two parallel purpose-built platforms are not necessary any longer, as different
customer groups can be served on different wavelengths for which the bandwidth and
service quality can be set independently. Thus, one common WDM-PON
infrastructure can serve different customer groups, from residential communities to
business customers and ultimately even wholesale carrier customers, yielding obvious
and substantial savings [9]. The hardware-based traffic separation also makes it

possible for WDM-PON to meet stringent requirements for data privacy.

1.2.Research challenges of WDM-PON

At first glance, the idea of WDM technology is somewhat simple. However, it has
certainly been one of the greatest bandwidth enablers for modern optical
communications. It is the WDM technology together with optical amplification that

has paved the way to a new era of high speed optical communications. As WDM
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technology matured, its footprint has moved from the core network toward the
metropolitan network, eventually reaching the edge of access. However, the extension
of WDM technology to cost-sensitive access network is not straightforward. Although
WDM-PON has many technical advantages, several challenging issues have to be

tackled before making it more attractive for practical deployment.

1.2.1. Colorless ONU

Athermal AWGs, once being a challenging issue for the practical deployment of
WDM-PON, have been recently commercialized and can potentially be manufactured
as cheap as power splitters using planar lightwave circuit (PLC) technology [15].
However, cost-effective light source at ONU remains the most challenging issue in
WDM-PON. If wavelength-specific sources such as distributed fiber bragg (DFB)
lasers were used at different ONUs, thermo-electric coolers (TEC) would be required
to stabilize their wavelengths, resulting in expensive packaging as well as large power
consumption. Furthermore, in this scheme different or “colored” transmitters would be
required for different users, leading to high costs for inventory management and
maintenance [16]. Spectrum-sliced incoherent light sources such as light-emitting
diodes (LEDs) and amplified spontaneous emission sources have been proposed to use
as low-cost and colorless ONU transmitters [17][18]. However, the bit rate of this
scheme is limited to hundreds of Mb/s. Wavelength-tunable lasers can also be used as
ONU transmitters to realize color-free operation [19], [20], enabling bit rates of >1
Gb/s and reach in excess of 50 km. Nevertheless, more technology advances are

necessary to make tunable lasers cheap enough for the application in access network.

Meanwhile, color-free operation of ONU can also be realized by eliminating any
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light source at ONU. Thus, to facilitate the wavelength management and maintenance,
the WDM-PON architecture with centralized light sources (CLS) at OLT has emerged
as an attractive solution [21]-[29]. The CLS architecture can be realized by either a
carrier-distributed scheme or a remodulation scheme. In the carrier-distributed scheme,
in addition to the downstream laser sources, extra laser diodes are installed at the OLT
to remotely provide optical carrier to each ONU for the upstream data modulation. In
the remodulation scheme, part of the downstream light is directly reused as the
upstream carrier at the ONU. In the CLS architecture, only a wavelength-independent
modulator is needed at each ONU. The ONU modulator can be either external
modulator, Fabry-Perot laser diode (FP-LD) or reflective semiconductor optical
amplifier (RSOA), depending on the required bit ratc and power budget. With no
wavelength registered light source incorporated at the ONU, wavelength provisioning,
monitoring and stabilization at every ONU are unnecessary. As the ONU in the CLS
architecture is colorless, identical modules can be used in all ONUs, and it would
greatly facilitate mass production and the operation, administration, and maintenance

(OA&M) functions.

1.2.2. Rayleigh noise in WDM-PON

Rayleigh scattering (named after the British physicist Lord Rayleigh) arises [rom
small-scale (small compared with the light wavelength) inhomogeneities that are
produced during fiber manufacture. Examples of inhomogeneities are compositional
fluctuations (which results in minute refractive index change) and microscopic
variations in the material density (fundamental and not improvable) [30], [31]. As light
travels in the core, some scattered light is reflected back toward the light source and is
named as Rayleigh backscattering (RB). For a input power of P ., the mean

m
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backscattered power P, is given by [32], [33],
Py =PaS(l-e ")/ 2a,

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

P2

fiber attenuation coefficient, recapture factor, and fiber length, respectively.

The design of CLS architecture is a key technical issue for low-cost
implementation of WDM-PON. However, in both aforementioned CLS schemes,
when the optical carrier for upstream transmission is distributed from the OLT to the
ONU, the back-reflected light generated by RB and Fresnel back-reflections will
transmit to the upstream receiver together with the upstream signal. Due to the loss of
the round-trip propagation between the OLT and the ONU, the received upstream
signal normally has a relatively small power, and will be susceptible to the
interferometric crosstalk induced by the beating between the upstream signal and the
back-reflected light, in the case of bidirectional transmission over single fiber.
Whereas Fresnel back-reflections could be prevented by using specially designed
connectors, RB arising from the intrinsic refractive index inhomogeneities in the fiber

is unavoidable.

The RB problem can be avoided via dual-fiber transmission. However, it will
increase the network cost, as fiber deployment is manpower intensive and fiber links
are very precious resource for network operators. In addition, a bandwidth provider
seldom has direct fiber access to an area of subscribers, but rather must provide
services over one or more networks owned by others, leasing the access on a per-fiber
basis [9]. In this case, doubling the number of transmission fibers would directly

double the operational cost of fiber leasing. Thus bidirectional transmission over
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single fiber is highly desirable in the practical deployment of WDM-PON. For this
reason, RB noise suppression, the enabler of bidirectional transmission over single

fiber in CLS-based WDM-PON, is a major research challenge.

1.2.3. Broadcast/ Multicast service in WDM-PON

As the bandwidth-hungry video streams such as high-definition (HD) television are
more and more pervasive in the access network, broadcast service is a very important
issue in PON systems. Compared to broadcast service, multicast service can offer
exclusive service to premium subscribers, thus generating more revenue. Broadcast
can be easily realized in TDM-PON by power-splitting at the RN. However, it is
more challenging for WDM-PON, due to the dedicated connection between the OLT
and the ONU. Thus, broadcast or even multicast transmission is also a valuable

research topic in WDM-PON [34]-[40].

1.3.Major contributions of this thesis

This research makes three important contributions to the realization of Rayleigh noise
suppression and multicast transmission in WDM-PON. We then briefly elaborate on

these contributions in the following sections.

1.3.1. Using DI’s destructive port to suppress Rayleigh

noise

We propose and demonstrate a novel scheme to effectively suppress the carrier RB in
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carrier-distributed WDM-PONSs. By replacing the upstream modulation format of
conventional on-off keying (OOK) with DPSK, the system tolerance to carrier RB is
substantially enhanced by 19 dB, as the carrier RB can be considerably rejected by the
notch filter-like destructive port of the delay-interferometer (DI) at the OLT, which is
used simultaneously to demodulate the upstream DPSK signal. To my best knowledge,
this scheme is the first proposal of using DI’s destructive port to suppress Rayleigh
noise. As no deliberate spectral up-shifting is required in this scheme, neither
additional modulator nor complicated modulation/demodulation circuit is needed at
ONU/OLT. Theoretical models related to Rayleigh noise suppression are also built in
this work. They can predict well the system performance and are expected to serve as a

design tool for optimizing the overall performance of a WDM-PON.,

1.3.2. Unique features of RMD-DPSK signal

Intuitively, the extinction ratio (ER) of the demodulated signal should be degraded for
the differential phase-shift keying (DPSK) signal with a reduced modulation depth
(RMD-DPSK). Actually, I discover that the ER degradation depends on which port of
the DI is used to demodulate the RMD-DPSK signal. The ER of the demodulated
RMD-DPSK signal from the destructive port is independent of the phase modulation
depth and is always infinite, theoretically. On the contrary, the ER of the output signal
from the constructive port is substantially reduced and can be readily used as the
source for upstream remodulation. Therefore, the RMD-DPSK signal can be used in
the downstream in a WDM-PON, to simultaneously generate the downstream signal

and the upstream carrier from DI’s two output ports at ONU.



1.3.3. Flexible multicast control in WDM-PONs with

symmetric point-to-point bit rate

Although many studies have been carried out on this topic, the prior schemes either
need relatively complicated multicast control and/or cannot support {uture-proof
10-Gb/s symmetric point-to-point transmission. We propose a delay-based multicast
overlay scheme to supcrimpose a multicast DPSK-modulated signal on a
point-to-point downstream inverse-return-to-zero (IRZ)-modulated signal in a
WDM-PON. By adjusting the synchronization of the DPSK and the IRZ modulation
on the downstream carrier, simple and flexible multicast control could be realized.
We have successfully demonstrated the proposed scheme for three different traffics,
namely 10-Gb/s IRZ downstream point-to-point data, 10-Gb/s DPSK downstream
multicast data, and 10-Gb/s non-return-to-zero (NRZ) upstream re-modulated data,
respectively. To the best of my knowledge, this is world’s first demonstration of
30-Gb/s transmission of three different traffics over one wavelength channel in a
WDM-PON. This scheme further evolves to a simpler wavelength detuning-based
multicast control scheme that is realized via the inherent wavelength management of

WDM systems.

1.4.Outline of this thesis

The remaining chapters of this thesis are organized as the following:

Chapter 2 introduces the basic concept and recent research thrust on CLS-based

WDM-PON, followed by two proposed remodulation schemes with enhanced
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tolerance to wavelength offset, and to chromatic dispersion and re-modulation

misalignment, respectively.

Chapter 3 proposes to use DI’s destructive port to suppress Rayleigh noise in
CLS-based WDM-PON. Its application in both carrier-distributed and remodulation
structures will be investigated respectively. The unique property of the proposed

optical phase remodulation will also be explored.

Chapter 4 proposes a novel offset Manchester coding for electrical-domain
Rayleigh-noise suppression in a carrier-distributed WDM-PON. We also propose an

interesting chirp-free optical Manchester signal transmitter with a simple structure.

Chapter 5 deals with the broadcast/multicast issue in WDM-PON., Two broadcast

schemes and two multicast schemes are proposed, respectively.

Chapter 6 gives the summary of this thesis and suggests the possible future work,
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Centralized Light Sources

2.1.Carrier-distributed scheme

In this scheme centralized optical carriers are distributed from the OLT to each ONU,
modulated, and sent back to the OLT. The centralized optical carrier can be either
incoherent broadband amplified spontaneous emission (ASE) light or coherent light.
There are three major advantages in using incoherent light: no stringent wavelength
control is necded for broadband ASE sources; the Rayleigh backscattering (RB) of
broadband ASE light will induce smaller beating noise in the upstream signal; and
broadband ASE light does not require the upstream transmitter to be
polarization-insensitive [1]-[3]. However, its main shortcoming is the limited bit-rate

that can be supported by an incoherent optical carrier.

For broadband (10 Gbit/s or above) operation coherent light sources are
necessary [4]. In this scheme, however, the upstream signal is susceptible to the
interferometric crosstalk induced by the beating between the upstream signal and the
RB of the distributed carrier in downstream, both of which are of the same wavelength

[5]. This challenging issue will be tackled in chapter 3.

2.2.Remodulation scheme

In the carrier-distributed scheme, in addition to the downstream light sources, extra
light sources are installed at the OLT to remotely provide optical carrier to each ONU

for the upstream data, thus higher system cost is incurred. In the remodulation scheme,
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part of the downstream light is directly reused as the upstream carrier at the ONU
[6]-[11]. Therefore, remodulation of downstream signal to generate upstream signal
can further save the wavelengths and light sources by wavelength reuse. However, as a
tradeoff, the remodulation scheme normally has a smaller power budget than the

carrier-distributed scheme,

The key challenging issue of the remodulation scheme is how to alleviate the
upstream signal degradation caused by the residual downstream data, One
straightforward approach is to reserve certain optical power in the downstream signal,
by using on-off keying with reduced modulation depth (RMD-OOK), inverse
return-to-zero (IRZ) OOK or Manchester coding as the downstream modulation
format [12] ,{13]. However, the downstream receiver sensitivity will be degraded by
the reserved constant optical power that carries no signal, A more elegant approach has
been proposed by using downstream differential phase shift keying (DPSK) and
upstream OOK with full modulation depth (FMD-OOK) [7] [14]. As the modulation
format in downstream is of constant amplitude, it can be reused for upstream OOK
remodulation. In addition, the constant-intensity nature of the DPSK modulation
format reduces various nonlinear phenomena during transmission, thus improving the

system power budget.

In most of the prior remodulation schemes using DPSK in downstream, a power
splitter is needed at ONU for the separation of the downstream signal and the signal for
re-modulation. Meanwhile only one output port of the delay interferometer (DI) is
used since balance detector is expensive to be used at the customer’s side. The power
from the other output port of the DI is wasted, and proper termination is also required

for the unused output port. In the following part of this chapter, two novel schemes are
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proposed to solve this problem. And more importantly, the proposed schemes also
have enhanced tolerance to wavelength offset, or to chromatic dispersion and

re-modulation misalignment.

2.3.Demodulation of downstream DPSK signals by a

partial-bit delay interferometer

In this work, we propose the use of the destructive port of a DI with partial-bit delay to
demodulate the 10-Gb/s downstream DPSK signal with enhanced tolerance to
wavelength offset between the laser source and the DI, whereas the constructive port
output is used as the source for upstream re-modulation. Thus, the ONU structure is
also simplified, as one power splitter is saved. The DI is used for both downstream
signal demodulation and the separation of the downstream signal and the upstream

source.

2.3.1. System architecture and operation principle

Fig. 2.1 illustrates the architecture of a WDM PON using downstream DPSK and
upstream OOK with our proposed ONU structure. For each downstream wavelength at
the OLT, differentially precoded data are used to drive an optical phase modulator (PM)
to generate the downstream DPSK signal. After transmission, the downstream signal
from the OLT is wavelength routed toward different ONUs, by an arrayed waveguide

grating (AWG) at the remote node (RN). At an ONU, the downstream DPSK signal is
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demodulated by the destructive port of the DI with partial-bit delay between two arms
before direct detection, while light from the constructive port is fed into an optical

intensity modulator (IM) for upstream data re-modulation.

Assume the delay between two arms of the DI is k7, where 0<k<1 and 7 is the
bit-period. As the relative delay of the DI used at ONU is shorter than one bit period,
the leading part of any bit will interfere with the trailing part of the previous bit at the
DI output port within the overlap duration of k7. In the remaining (1-k)7 part, the two
signals on the two arms of DI are from the same bit, thus leading to a constant 1 and 0
for the constructive and destructive ports, respectively. Thus, the output from the
destructive port of the DI should be return-to-zero (RZ) shaped, whereas the output
from the constructive port should be inverse-return-to-zero (IRZ) shaped. The IRZ
shaped output from the constructive port of the DI, which always has optical power in
each bit, can be readily re-modulated by the upstream data. As the phase error within
DI, caused by the wavelength offset between the laser source and the DI, is
proportional to the relative delay of the DI [15], using partial-bit DI to demodulate the

downstream DPSK signal is more robust to wavelength offset.
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For a smaller K, the downstream DPSK demodulation will be more robust to
wavelength offset between the laser source and the DI. The insertion loss of DI'’s
constructive port as well as the ER of the IRZ signal from DI’s constructive port will
also become smaller, resulting in improved upstream power budget. However, the
tradeoff is that a smaller K will induce larger insertion loss to DI’s and the RZ-shaped

signal is less robust to dispersion.

2.3.2. Experimental demonstration

We have experimentally demonstrated the proposed ONU structure based on the
architecture shown in Fig. 2.1. At the OLT, continuous-wave (CW) lights at 15493
and 1550.1 nm were coupled into a PM driven by a 10-Gb/s 2*'-1 pseudorandom
binary sequence (PRBS). The phase modulated output was then amplified to 4 dBm
per channel and was coupled into a 20-km dispersion-shifted fiber (DSF) to emulate
the dispersion-compensated transmission between the OLT and the RN. At the RN, an
AWG with a channel spacing of 0.8 nm and a 3-dB bandwidth of 0.35 nm was used to
separate the two channels. The 1549.3-nm channel was input into a DI with 25-ps
relative delay (40-Gb/s DI). The demodulated downstream data from the destructive
port of the DI was then directly detected by a 10-Gb/s p-i-n receiver. Light from the
constructive port was combined with the 1550.1-nm channel from the AWG viaa 3-dB
coupler and then fed into an optical IM, driven by a 10-Gb/s 2°'-1 PRBS as the
upstream data, before being transmitted back to the OLT via another piece of 20-km
dispersion-shifted fiber. The two channels were modulated by the same IM at the ONU

and the same PM at the OLT due to equipment availability.

As the two WDM channels had very similar performance, only the eye diagrams

26



and bit error rate (BER) measurements for the 1549.3-nm channel are shown. Fig.
2.2(a) shows the clearly open RZ-shaped eye diagram of the demodulated downstream
DPSK signal from the destructive port of DI. Fig 2.2(b) shows the IRZ-shaped output
from the constructive port. As there is constant optical power in each bit for upstream
re-modulation, as denoted by the area of the dashed trapezoid in Fig. 2.2(b), the

detected upstream signal shows wide-open eye diagram in Fig. 2.2(c). By using the
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Fig. 2.2 Eye diagrams of (a) the demodulated downstream 10-Gb/s DPSK
signal from the destructive port of the 0.25-bit DI, (b) IRZ-shaped output from
the constructive port of the 0.25-bit DI, (¢) the detected upstream OOK signal.
Time scale: 20 ps/div. (d) BER degradation (from 10”%) caused by wavelength

offset between the laser source and the DI.

proposed ONU structure, the DPSK signal demodulation is less sensitive to
wavelength offset between the laser source and the DI, as shown by the smaller slope
in Fig. 2.2(d). It was measured that for less than 1-dB power penalty at BER of 107,
the DPSK signal can tolerate 25% larger wavelength offset, by using the proposed
ONU structure than the conventional one. The BER measurement results are shown 1n
Fig 23 After 20-km transmission in DSF fiber, around 0.5-dB and 1-dB power

penalty at BER of 107 are observed for the downstream and the upstream data,
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respectively.

For comparison, we also measured the BER curve using the conventional ONU
structure as 1n [7], where the downstream DPSK signal was demodulated by a DI with
one-bit delay, and a power splitter was used to tap part of the downstream DPSK signal

as the source for upstream re-modulation. Around 0.8-dB and 1.2-dB power penalty at
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Fig. 2.3 BER measurement results for both down- and up-stream signals.

BER of 10™ were observed for the downstream and the upstream data, tespectively,
using the proposed ONU structure. Note that the major power penalty of the upstream
data can be compensated by the reduced insertion loss of the proposed ONU. In the
experiment, measured msertion loss of the constructive port for the 0.25-bit DI was 2.4
dB. As the 3.5-dB insertion loss of the power splitter is eliminated in the proposed
ONU structure, power budge for the proposed ONU structure was only reduced by

around 0.1 dB for the upstream transmission.
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In conclusion, we have demonstrated the novel use of a partial-bit DI’s
destructive port to demodulate the 10-Gb/s downstream DPSK signal with enhanced
tolerance to wavelength offset. Meanwhile, the IRZ-shaped output from the
constructive port can be readily used for 10-Gb/s upstream re-modulation to simplify
the ONU structure. Note that as the 40-Gb/s DI’s destructive port is used for 10-Gb/s
downstream data demodulation, dispersion tolerance of the downstream data is

compromised. The dispersion issue will be addressed in the next section.

2.4.Reducing the modulation depth of downstream

DPSK signal

As discussed above, several re-modulation schemes that support 10-Gb/s operation
have been proposed, including downstream DPSK and upstream on-off keying (OOK),
downstream frequency shift keying and upstream OOK, downstream inverse
return-to-zero and upstream OOK, and downstream DPSK and upstream DPSK.
However, these schemes have the disadvantages of either poor chromatic dispersion
(CD) tolerance for 10-Gbit/s upstream transmission or the need of synchronization for
re-modulation. In practice, it is highly desirable to operate a robust WDM-PON
without CD compensation and re-modulation synchronization at each ONU, thus
reducing the implementation complexity and system cost. For this purpose, one
scheme using low- extinction-ratio (ER) OOK downstream and DPSK upstream has
been proposed [11]. However, the ER reduction of the downstream OOK signal will

degrade the downstream receiver sensitivity.

In this part, we propose a novel re-modulation scheme using downstream DPSK,
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with a reduced modulation depth (RMD), and upstream OOK to enhance the tolerance
to CD for upstream signal and the tolerance to re-modulation timing misalignment.
Despite the use of RMD-DPSK for downstream transmission, in each ONU the
demodulated RMD-DPSK signal from the destructive port of the delay-interferometer
(D]) can still achieve a high ER, whereas the constructive port output has a very low
ER and can be employed as the source for upstream re-modulation. Compared to
prior re-modulation schemes, the ONU structure is further simplified, as the power
splitter is eliminated and the DI is used for both downstream signal demodulation and
the separation of the downstream/upstream signals. As RMD-DPSK requires a smaller

driving voltage, a lower cost driver for the phase modulation can be used.

2.4.1. Operation principle and system architecture

For the conventional scheme using downstream DPSK with full modulation depth
(FMD) and upstream OOK, the inferior tolerance to CD and re-modulation
misalignment might not be intuitive. The constant-intensity nature of the DPSK
modulation format reduces various nonlinear phenomena during transmission and
greatly facilitates the re-modulation by the upstream OOK signal. However, such
constant intensity is distorted during transmission due to CD. Fig. 2.4(a) shows the
severe intensity fluctuation of a traditional 10-Gb/s DPSK signal with FMD after
20-km transmission in single mode fiber (SMF) without demodulation by DI. Due to

such periodic intensity variation, rigorous timing alignment at the ONU is required for
OOK re-modulation. The upstream OOK signal also suffers substantial power penalty
[11]. By reducing the modulation depth of the downstream DPSK signal, the optical
power will be shifted from sidebands to the central carrier tone, as shown in Fig. 2.4 (b)
by simulation. Here we propose to use the DI’s destructive port to demodulate the

downstream RMD-DPSK signal, whereas the DI’s constructive port is used to filter
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Fig. 2.4 (a) Eye diagram of the 10-Gb/s FMD-DPSK signal after transmission
in 20-km SMF without demodulation by DI. Time scale: 20ps/div. (b)
Spectrum comparison between two DPSK signals with different driving

voltages (Raised-cosine driving signal is assumed).

out the carrier tone as the source for re-modulation. Thus, the tolerance to CD and
remodulation misalignment for upstream signal can be significantly enhanced,
compared with prior schemes using part of the FMD-DPSK signal as the source for

re-modulation [11].

One issue is the possible ER degradation of the demodulated signal caused by the
modulation depth reduction. The ER degradation actually depends on which port of
the DI is used for the DPSK demodulation. For the destructive port, the demodulated
‘0’ is the same as that in the case of FMD, as ‘0’ denotes that the adjacent bits have the
same phase, disregarding the specific phase values of the adjacent bits. Thus, the ER of
the demodulated RMD-DPSK signal from the destructive port, theoretically, is
independent of the phase modulation depth and is always infinite, as the demodulated
‘0’ of the RMD-DPSK signal is perfectly null. On the contrary, the ER of the output
signal from the constructive port is substantially reduced, which greatly facilitates

upstream remodulation,



The other issue is that the insertion loss is larger if the destructive port is used for
RMD-DPSK demodulation, due to the reduced ‘1’ level. However, the reduced optical
power actually appears at the constructive port, from the principle of conservation of
energy. Here we propose to use the constructive port output as the source for phase
remodulation, thus its power increase by downstream modulation depth reduction will

benefit the upstream power budget that generally is more crucial.

Fig. 2.5 illustrates the proposed re-modulation architecture for a WDM PON
using downstream RMD-DPSK and upstream OOK. For each downstream
wavelength at the OLT, differentially precoded data with low driving voltage is used to
drive an optical PM {o generate the downstream RMD-DPSK signal. After
transmission, at the ONU the downstream RMD-DPSK signal is demodulated from
the destructive port of the DI before direct detection, while light from the constructive

port is fed into an optical intensity modulator (IM) for upstream data re-modulation.
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Fig. 2.5 Proposed re-modulation architecture using downstream RMD-DPSK and
upstream OOK. Tx/R: transceiver.

2.4.2. Experimental demonstration

We have experimentally demonstrated the proposed re-modulation scheme based on
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the architecture shown in Fig. 2.5. At the OLT, continuous-wave (CW) lights at 1549.3
and 1550.1 nm were coupled into a PM driven by a 10-Gb/s 2°'-1 pseudorandom
binary sequence (PRBS) with the driving voltage of ~0.4 Vx. The partially phase
modulated output was then amplified to 6 dBm per channel and was coupled into a
20-km SMF. At the remote node (RN), an AWG with a channel spacing of 0.8 nm and
a 3-dB bandwidth of 0.35 nm was used to separate the two channels. The 1549.3-nm
channel was input into a DI with 94-ps relative delay. The demodulated downstream
data from the destructive port of the DI was then directly detected by a 10-Gb/s
p-intrinsic-n (PIN) receiver. Light from the constructive port was combined with the
1550.1-nm channel from the AWG via a 3-dB coupler and then fed into an optical IM,
driven by a 10-Gb/s 2°'-1 PRBS as the upstream data. The two channels were
modulated by the same IM at the ONU and the same PM at the OLT due to equipment
availability. To investigate the enhanced tolerance of the proposed re-modulation
scheme to chromatic dispersion and re-modulation timing misalignment, first the
effect from Rayleigh backscattering was isolated by using another piece of 20-km
SMF for upstream transmission, At the OLT, another AWG with the same parameter
was used to route the upstream channel at 1549.3 nm to a 10-Gb/s PIN receiver for
direct detection and performance measurement. Then the 1550.1-nm channel was
evaluated similarly.

As the two WDM channels had very similar performance, only the eye diagrams
and BER measurements for the 1549.3-nm channel are shown. Although the driving
voltage of the PM was as low as 0.4 Vr, the eye of the demodulated DPSK signal from
the destructive port of the DI is still wide-open, with a measured ER of 13.6 dB, as
shown in the inset of Fig. 2.6. Meanwhile, the constructive port output had an ER as
low as 1.9 dB, ready for upstream re-modulation with enhanced tolerance to

re-modulation timing misalignment.
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Fig. 2.6 BER measurements of both DS and US signals when using dual-fiber
configuration. Inset: corresponding eye diagrams for different cases. Time scale:

20ps/div. DS: downstream, US: upstream.

The BER measurement results for both down- and up-stream signals (with
optimal re-modulation synchronization) are shown in Fig. 2.6. After 20-km SMF
transmission, the CD caused power penalty was ~0.4 dB and ~1 dB for the
downstream RMD-DPSK signal and the upstream OOK signal, respectively. The BER
curve for FMD-DPSK signals is also shown in Fig. 2.6. In the back-to-back (B2B)
case, compared with the FMD-DPSK signal, the modulation depth reduction impaired
the receiver sensitivity (at BER of 10™) by only around 1 dB, due to the high ER of the
demodulated RMD-DPSK signal. After 20-km SMF transmission, the sensitivity
difference between the RMD-DPSK and FMD-DPSK signal was further reduced to
0.2 dB. We should mention that compared to FMD-DPSK, the RMD-DPSK signal can
tolerate less phase error in the DI, because the phase shift between different symbols is

0.47 instead of . We measured the tolerance (for 1-dB power penalty at BER of 10™)
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of both FMD-DPSK and RMD-DPSK signals to the frequency offset between the laser
source and the DI. Compared to the FMD-DPSK signal, the RMD-DPSK signal was
more sensitive to frequency offset by a factor of 3 5. To investigate the tolerance of
upstream signal to re-modulation timing misalignment we have deliberately adjusted
the re-modulation synchronization through an electronic delay within one bit period.
Less than 1-dB power penalty is observed as shown in Fig. 2.7. The eye diagram
corresponding to the worst re-modulation synchronization (50-ps misalignment) is
also shown in the inset of Fig. 2.6, with only slight distortion compared with the eye

with optimal re-modulation synchronization.
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Fig. 2.7 Power penalty of upstream signal induced by remodulation timing

misalignment.

We then demonstrated the proposed re-modulation scheme based on the setup in
Fig. 2.5, using more practical, single-fiber configuration. At the OLT, CW light at
1547.8 nm was fed into a PM driven by a 10-Gb/s 2°'-1 PRBS with the driving voltage
of ~0.4 Vz. The RMD-DPSK signal was fed into AWG-1 (~4-dB loss) at the OLT
through circulator-a. The output from AWG-1 was amplified to 5 dBm before feeding
into a 20-km SMF (~4-dB loss) After propagating through AWG-2 (~4-dB loss) at the

RN and circulator-b (~0 6-dB loss), -3.6-dBm optical power was fed into the DI at
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ONU. The output power from the destructive port of the DI was -13.9 dBm and was
detected for downstream signal. Optical power of -4.9-dBm from the constructive port
of the DI was fed into a Mach-Zehnder IM driven by a 10-Gb/s 2°'-1 PRBS as the
upstream data. The signal with a power of -13.3 dBm from the IM was amplified to 5.2
dBm, and then transmitted back to the OLT with -8-dBm received power by the
receiver. The amplification increased the power ratio of the upstream signal to the
Rayleigh backscattered signal [16]. For practical implementation, the Mach-Zehnder
IM and the optical amplifier in this proof-of-concept experiment can be replaced by an
electro-absorption modulator integrated with a semiconductor optical amplifier for
10-Gb/s polarization-insensitive operation [17]. The BER measurement results and the
corresponding eye diagrams for single-fiber configuration are shown in Fig. 2.8.
Rayleigh backscattering induced around 5-dB power penalty for the upstream signal.
The receiver sensitivity at BER of 107 for the upstream signal was -11.3 dBm,
implying a 2.3-dB margin even for the worst re-modulation synchronization (1-dB
power penalty at BER of 107). Negligible power penalty induced by Rayleigh
backscattering was observed for the downstream signal. The receiver sensitivity at

BER of 107 for the downstream signal was -18.8 dBm, implying 4.9-dB margin.

It is worth mentioning that using downstream DPSK (RMD-DPSK or
FMD-DPSK) makes it possible to launch higher optical power to increase the
maximum reach of PON, thanks to its nearly constant power [10]. To investigate the
tolerance of the proposed scheme to nonlinear distortion, five downstream
RMD-DPSK channels at the wavelength from 1546.2 nm to 1549.4 nm, spaced by 0.8
nm were first multiplexed by AWG-1 into 10-km SMF to decorrelate each channel.
Then after being amplified to 13 dBm (around 6 dBm per channel), the decorrelated

signals are fed into 20-km SMF. Negligible nonlinear distortion was observed for all
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Fig. 2.8 : BER measurements of both DS and US signals using single-fiber
configuration . Inset: corresponding eye diagrams for different cases. Time scale:

20ps/div. DS: downstream, US: upstream, ch: channel.

the five demodulated channels at the ONU. For the middle channel at 1547.8 nm, the
BER measurement result as well as its eye diagram is shown in Fig. 2.8. Simulation
investigation for 16 downstream RMD-DPSK channels was also conducted, showing

the same results.

In conclusion, we have proposed a novel re-modulation scheme for WDM-PONs
using downstream DPSK with a reduced modulation depth and upstream OOK to
enhance system tolerance to chromatic dispersion and re-modulation misalignment.
Error-free operation of both down- and up-stream signals, at 10 Gb/s without
re-modulation synchronization, are achieved after the transmission of 20-km SMF. In
addition to the robustness to chromatic dispersion and re-modulation misalignment,
the proposed scheme also features simple ONU structure and lower driving voltage for

phase modulation.



2.5.Summary

In this chapter, two CLS architectures are introduced. Particularly, two novel
remodulation schemes are proposed and experimentally demonstrated. As a unique
feature, in both schemes the DI at ONU is used for both downstream DPSK signal
demodulation and the separation of the downstream/upstream. The first scheme is
based on a partial-bit DI and has enhanced tolerance to wavelength offset between the
laser source and the DI, whereas the second scheme is based on modulation depth
reduction and has enhanced tolerance to chromatic dispersion and remodulation
misalignment. An interesting feature of RMD-DPSK signal is observed: the
demodulated signal from the destructive port of DI can still achieve a high ER despite
of the modulation depth reduction. Note that if single feeder fiber is used, large power
penalty induced by Rayleigh backscattering is observed. How to circumvent this

problem will be the focus in the following two chapters.
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Chapter 3 Rayleigh Noise

Suppression in Optical Domain

3.1.Rayleigh noise suppression in carrier-distributed

WDM-PONSs based on in-band optical filtering

3.1.1. Introduction

As discussed in last chapter, centralized carrier distribution is a promising approach to
realize broadband (10 Gbit/s or above) colorless ONU, in which the upstream optical
carriers are remotely distributed from the OLT to each ONU [1], [2]. In the
carrier-distributed architecture, however, the upstream signal is susceptible to the
interferometric crosstalk induced by the beating between the upstream signal and the
Rayleigh backscattering (RB) of the distributed optical carrier, both of which are of the
same wavelength [3]. Intensive studies have been carried out to mitigate this
interferometric crosstalk. They are well summarized in [4] and [5]. Reducing the light
source coherence is the most straightforward approach to reduce the impact of
interference [6], [7]. However, this scheme is vulnerable to dispersion. As the optical
spectra of both the RB light towards the OLT and the upstream on-off keying (OOK)
signal have strong low-frequency components, after detection the beating noise mainly

distributes at the low frequency region, thus can be suppressed by an electrical
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high-pass filter (HPF) [8]-[10]. These schemes require only minor modifications to the
PON structure. However, proper line coding [8], [9], or electronic equalization [10], is
needed to alleviate the HPF-induced distortion to the upstream signal. In addition, the
reported improvement in Rayleigh noise tolerance is limited to 5 dB [9], [11].
Although in [10] the improvement in Rayleigh noise tolerance can be more than 10 dB,
the signal extinction ratio has to be lower than 6 dB. A 7-dB improvement in Rayleigh
noise tolerance can be achieved by using a novel offset Manchester coding, which
will be discussed in detail in the next chapter. Besides these electrical-domain
approaches, the Rayleigh noise can also be circumvented directly in optical domain,
which turns out to be more effective [11]-[15]. The carrier RB light towards the OLT,
with a narrow spectrum, can be effectively suppressed by an optical notch filter.
However, unlike the ASE noise, Rayleigh noise is an in-band noise and is challenging
to be directly filtered out without impairing the upstream signal itself. Thus, to
mitigate the impairment to the upstream signal induced by the optical notch filter,
several approaches have been proposed to spectrally up-shift the upstream signal,
using additional phase modulation [11]-[13], sub-carrier multiplexing (SCM) [14], or
carrier suppressed subcarrier amplitude modulated phase modulation [15]. Although
reported as very effective (the improvement in Rayleigh noise tolerance can be 17 dB),
these approaches are constrained by poor dispersion tolerance [11]-[14], requiring
additional external modulators at ONU [13], [14], and complicated de/modulation
circuit [15]. These constraints actually originate from the spectral up-shifting of the

upstream signal.

Here, we proposed a simple scheme, via in-band optical filtering, to suppress RB
in the carrier-distributed WDM-PON [16]. By replacing the conventional OOK

modulation format in upstream with DPSK, the upstream signal is able to pass through
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an optical notch filter, which is used to suppress the RB light, without any impairment.
At any rate an optical notch filter, such as the destructive port of a
delay-interferometer (DI), is required to demodulate the upstream DPSK signal. As no
deliberate spectral up-shifting is required in this scheme, neither additional modulator
nor complicated modulation/demodulation circuit is needed at ONU/OLT. In terms of
the optical notch filter used to suppress the RB light, the standard DI used in the
proposed scheme is also more favorable than the non-standard filters that are either

specially designed ultra-narrow notch filters or wavelength-detuned AWG used in the

prior schemes [12], [13], [15].

3.1.2. Application in a 20-km WDM-PON

3.1.2.1.0peration principle and system architecture

The DI used for DPSK demodulation is functionally equivalent to a delay-and-subtract
or delay-and-add filter, depending on whether the destructive or constructive port is
used [17]. For the destructive port, it could act as a notch filter to reject the RB of the
optical carrier, which has a very narrow spectral width. We use DPSK as the
upstream modulation format in carrier-distributed WDM-PONSs, so that the destructive
port of the DI used for upstream DPSK demodulation could simultaneously suppress

the RB of the optical carrier.

Fig. 3.1 illustrates the proposed loopback architecture. The optical carriers for
upstream transmission at different wavelengths are generated by continuous-wave
(CW) lasers at the OLT, and then multiplexed by an AWG. After the transmission in a
20-km SMF, the optical carriers from the OLT are wavelength routed toward different

ONUs, by another AWG at the RN. At the ONU, the CW light is modulated by an
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Fig. 3.1 Proposed loopback architecture using DPSK as the upstream
modulation format to suppress Rayleigh noise. The downstream channels are

omitted here for simplicity.

optical phase modulator, driven by differentially pre-coded upstream data, before
being sent back to the OLT. Due to DI’s periodic frequency response, all the upstream
DPSK channels could be simultaneously demodulated by a common DI at the OLT
[18], [19]. Athermal DIs, with C+L band coverage by a single device, are
commercially available. The demodulated DPSK signals are pre-amplified by a shared

erbium-doped fiber amplifier (EDFA) before direct detection.

3.1.2.2. Experimental demonstration

We first investigated the effectiveness of the destructive port of the DI on RB noise
suppression based on the setup shown in Fig. 3.2(a). The 20-km SMF used in the setup
was properly terminated by an optical terminator. The relationship between the
average reflection power (P,) and the average power of the input CW light to the
20-km SMF (P,,) was measured, as shown in Fig. 3.2(b). Two cases, with or without

using the destructive port of the DI to suppress the RB, are depicted. The extinction
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Fig. 3.2 (a) Experimental setup. (b) The relationship between the average reflection
power (£,) and the average power of the input CW light to the 20-km SMF (P,,).
Inset: measured spectrum of the RB noise with (the dashed line) or without (the

solid line) using the destructive port of the DI to suppress the RB noise.

ratio of the DI is 22 dB. With the assistance of DI, for any given P,,, the corresponding
P, was significantly reduced by more than 15 dB. The proposed scheme is actually
based on the substantial difference in the insertion loss for the RB noise (~15 dB) and
the upstream DPSK signal (~ 3.8 dB). P, increases significantly when P,, is over 7
dBm, due to Stimulated Brillouin Scattering. The solid line in the inset of Fig. 3.2(b)
shows the measured spectrum (resolution bandwidth=0.06 nm) of the RB without
using the destructive port of the DI to suppress the RB. For comparison, the dashed
line in the inset shows the substantially suppressed spectrum measured at the
destructive port of the DI, demonstrating its effectiveness for RB suppression. The RB
suppression will be enhanced for a DI with a higher extinction ratio as well as for a

CW light with narrower linewidth.

We then conducted a proof-of-concept experiment to demonstrate the proposed

loopback scheme, based on the architecture shown in Fig. 3.1. At the OLT, CW light at
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1553.5 nm with a power of 3.5 dBm was fed into an AWG (4-dB insertion loss) with a
channel spacing of 0.8 nm and a 3-dB bandwidth of 0.35 nm through a circulator
(0.5-dB insertion loss). After propagating through another two circulators following
the AWG, the CW light was coupled into a 20-km SMF (4-dB insertion loss) followed
by another AWG (4-dB insertion loss) at the RN, with a channel spacing of 0.8 nm and
a 3-dB bandwidth of 0.6 nm. At the ONU, through a circulator the CW light was fed
into a polarization controller (0.8-dB insertion loss) followed by an optical PM
(3.5-dB insertion loss). The PM was driven by a 10-Gb/s 2°'-1 pseudorandom binary
sequence (PRBS) as the upstream data. Following the PM, another polarization
controller was used to assure that the system performance was investigated for the
worst RB interference scenario. After transmitting back to the OLT, the upstream
DPSK data were demodulated by a DI with 94-ps relative delay and pre-amplified to
-8 dBm by a shared EDFA. The amplified signal transmitted through the AWG, the
circulator and a tunable optical attenuator (for BER measurement) at the OLT, before

being detected by a 10-Gb/s p-i-n receiver.

Fig. 3.3 depicts the eye diagrams of the detected upstream DPSK signals in both
back-to-back (B2B) and transmission cases. In the transmission case, the eye of the
upstream DPSK signal demodulated by the destructive port of the DI is clearly open,
as shown in Fig. 3.3(b). Compared with the eye in the B2B case, shown in Fig. 3.3(a),
only slight distortion, mainly due to the accumulated chromatic dispersion, is
observed.

Although the two output ports of DI are generally equivalent in DPSK signal
demodulation (Fig. 3.3 (a) and (¢)), using the destructive port of DI to demodulate the
upstream DPSK signal is essential to suppress the RB of the optical carrier. That is

because the notch filter-like frequency response of destructive port of DI can
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Fig. 3.3: Eye diagrams of the detected upstream DPSK signal by a 10-Gb/s p-1-n
receiver in both back-to-back (a) and (c¢), and transmission case (b) and (d). Time

scale: 20ps/div.

effectively suppress the RB of the optical carrier with a very narrow spectral width.
On the contrary, the DPSK signal demodulated by the constructive port of the DI 1s
vulnerable to RB, due to the low-pass frequency response of the constructive port
which 1s complementary to that of the destructive port. Therefore it cannot prevent the
RB entering the upstream receiver. For comparison, the much degraded eye diagram
of the upstream DPSK signal demodulated by the constructive port of the DI 1s shown
in Fig. 3.3(d).

The BER measurement result for the upstream DPSK signal n the transmission
case based on the architecture in Fig. 3.1 is shown in Fig. 3.4. Compared with the BER
curve of the B2B DPSK signal, around 1.5-dB power penalty at BER of 107 is
observed. To prove that such power penalty was mainly due to the accumulated
chromatic dispersion rather than the RB, the BER curve of the DPSK signal after
20-km SMF transmission was also measured. Compared to that, less than 0.2-dB
power penalty at BER of 107 is shown for the upstream DPSK signal. Such a small
power penalty demonstrates that the proposed loopback scheme is very robust to the
interferometric crosstalk induced by the RB.  We also compared the proposed scheme

with the on-off keying (OOK) modulation case. We replaced the PM 1n Fig.
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Fig. 3.4 BER measurements. The received signal power was measured before
the p-i-n receiver. Inset: eye diagram of the detected upstream OOK signal.

Time scale: 20ps/div.

3.1 by an optical intensity modulator and utilized OOK as the upstream modulation
format. The BER measurement result for the upstream OOK signal after 20-km SMF
transmission is also shown in Fig. 3.4. An error floor above 10 and a much degraded
eye diagram are observed for the upstream OOK signal, due to the interferometric

crosstalk caused by the beating between the signal and the RB.

By placing the tunable optical attenuator before the shared EDFA, the
preamplified receiver sensitivity (BER=10") of the upstream DPSK signal after
20-km transmission in SMF, was measured to be -34.7 dBm. The received upstream
power before the shared EDFA was around -28.4 dBm, implying ~6-dB system

margin.

In conclusion, we have proposed a novel loopback scheme for carrier-distributed
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WDM-PONSs to enhance system tolerance to RB-induced interferometric crosstalk. By
using DPSK as the upstream modulation format, the destructive port of the DI used for
upstream DPSK demodulation could simultaneously suppress the RB of the optical
carrier. Error-free operation of the 10-Gb/s upstream signals is achieved after the
transmission of 20-km SMF with less than 0.2-dB power penalties induced by

Rayleigh noise.

3.1.3. Application in a long-reach WDM-PON

It has been demonstrated in the last section that the proposed scheme can effectively
suppress the carrier RB, enabling a 20-km transmission without ONU gain. For
long-reach application, appropriate ONU gain is necessary and in this scenario the
effect of signal RB has to be considered. In this part, we will further investigate the

feasibility of the proposed scheme in long-reach WDM-PON with ONU gain.

Rayleigh crosstalk is induced by the beating betwecen the upstream signal and the
in-band RB noise towards the OLT. The in-band RB noise includes two types of RB:
the carrier RB and the signal RB. The carrier RB arises from the CW carrier delivered
to the ONU, whereas the signal RB is the back reflection of the upstream signal, which
is further modulated at ONU before transmitting to the OLT, along with the upstream
signal. It is widely reported that both types of RB induce crosstalk to the upstream
signal [13], [15], [20], [21]. Increasing the ONU gain will increase the signal-to-carrier
RB ratio, but will decrease the signal-to-signal RB ratio [20]. For this reason, both
types of RB need to be considered in optimizing ONU gain if no measure is taken to
suppress the Rayleigh noise entering upstream receivers. In this part, we characterize

the different weights of two types of RB in a WDM-PON with Rayleigh
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noise-suppressed upstream receivers. It is found that the carrier RB is dominant
within a reach up to 60 km; thus effective suppression of carrier RB is essential in the
design of Rayleigh noise-immune upstream receivers. We then experimentally
demonstrate that the proposed scheme can substantially improve the system tolerance
to carrier RB by 19 dB. Experimental demonstration of 10-Gb/s upstream signal over
60-km standard single mode fiber (SMF) is achieved with less than 2.5-dB power
penalty induced by Rayleigh noise, thanks to the effective suppression of the dominant
carrier RB. We also investigate the relation between system margin and ONU gain,

based on which the maximum system reach can be predicted.

3.1.3.1.Proposed system architecture and the source of Rayleigh

noise

Fig. 3.5 shows the proposed loopback architecture of a WDM-PON. The
multi-wavelength optical carriers for upstream transmission are generated by CW
lasers at the OLT as the CLS, and then multiplexed by an AWG. After the transmission
in a feeder fiber with a length of L, , the optical carriers are wavelength routed toward
different ONUs, by another AWG at the RN. The length of the distribution fiber
(between RN and ONU) is L,. At ONU, the CW light is first amplified and then
modulated by an optical phase modulator (PM), driven by differentially pre-coded
upstream data, before being sent back to the OLT. As both the CLS and the DI are
located at CO, their wavelength alignment could be readily achieved by locking the
CLS wavelength to the DI. Note that only the destructive port of the DI can be used for

upstream DPSK demodulation and carrier RB suppression simultaneously [17], due to
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Fig. 3.5 Proposed loopback architecture using DPSK as the upstream modulation
format to suppress Rayleigh noise for long-reach WDM-PON. The downstream
channels are omitted here for simplicity. OA: optical amplifier, PM: phase
modulator, DI: delay-interferometer, DCM: dispersion compensation module,

PIN: p-i-n receiver.

its notch filter-like frequency response. The demodulated DPSK signals are
pre-amplified before direct detection. Proper dispersion compensation may be

required depending on the reach of WDM-PON.

By calculating the power ratio between two types of RB, we can find out their
different contributions in the upstream Rayleigh noise. We first calculate the power of
carrier RB at port 2 of the OLT optical circulator. The signal RB is generated in both
feeder and distribution fiber. The mean intensity of the carrier RB generated in the
feeder fiber is given by,

(3.1
where F.is the power of optical carrier incident to the feeder fiber, and R is the
RB-induced return loss of the feeder fiber that is given by [22], [23],

R (3.2)

boS-e

with S, a, being the recapture factor, and fiber attenuation coefficient in units of
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km™, respectively. The values of S and o, are set to be 0.0016 and 0.046,

respectively, for the standard SMF used in the experiment. At port 2 of the OLT optical
circulator, the mean intensity of the carrier RB generated in the distribution fiber is

given by

P oo 11 P. (33)
" — > :
“F ara, Ry oaga (o-a) R

where ¢, and «, are the insertion loss of the feeder fiber and the AWG at RN in
linear scale, respectively, and R, is the RB-induced return loss of the distribution
fiber. The insertion loss of AWGs used in this paper is 4 dB, thus the value of «, is

2.5. Note that linear-scale units are used for the parameters in all the equations of this
paper, unless specified otherwise. ¢, and R, are given by

_ ozpl,)
Of] =€

(3.4)

2
R, =7 (3.5)
Pos1—e
Similarly, we can calculate the power of signal RB at port 2 of the OLT optical

circulator. The mean intensity of the signal RB generated in the feeder fiber is given by

, 1 P.. 2
PSB 1= ( P( 'GONU ) : )— 1 'GONU ’ : = Cz GONU 4
- a - a, a, a-a, R oa,a aa, e Reat(a,a,)
(3.6)

with «, and G,,,, being the insertion loss of the distribution fiber and the ONU gain,

respectively. The ONU gain is defined as the power ratio between the output and the

input signals at ONU. «, is further given by
a, =™ (3.7)

The mean intensity of the signal RB generated in the distribution fiber is given by

2
7 G )—}—G . 1 _ B "GONU
. onu onu = 2
Q& L a a0 Ry(aa, o)

(3.8)

From Eq. (3.1)-(3.8), the power ratio between the two types of RB at port 2 of the OLT

optical circulator can be derived as
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G, can be further derived, from the power budget equation, as
M-P Aa-a -a)-a.
Gony = e (010 ) ey (3.10)

PC
with M, P, and «

rec Crwr

being the system margin, the upstream receiver sensitivity
(at BER=1O'9), and the insertion loss from port 2 to 3 of the circulator at OLT,
respectively. Note that the upstream receiver sensitivity is measured at the input port of
DI. A link margin of 6-8 dB is generally used for future-proof fiber systems [24]. In
this part, we use an 8-dB margin in the analysis. For 10-Gb/s DPSK signal, the
back-to-back receiver sensitivity P, is measured to be around -32 dBm. If all the
transmission impairments can be eliminated at the upstream receiver module, we can
substitute this sensitivity value into Eq. (3.10) to calculate the required ONU gain for
different feeder-fiber lengths. Here we assume that the length ratio between the feeder
and distribution fiber is 5:1, and the input power to the feeder fiber £.=3 dBm. Then,
by substituting the calculated ONU gain to Eq. (3.9), we can further calculate the
power ratio between two types of RB for different feeder-fiber lengths. As shown in
Fig.3.6, we can observe that the carrier RB is more than 20-dB larger than the signal
RB, implying that carrier RB is the dominant noise entering the upstream receiver
module. In practical implementation, the transmission impairments may not be fully
eliminated at the upstream receiver module (i.e. there may be residual Rayleigh noise

or dispersion.), thus we further calculate the required ONU gain and the power ratio

between two types of RB, with additional power penalty of 5 dB (ie. P, =-27
dBm) after transmission. The calculated results are also shown in Fig. 3.6. Obviously,

the carrier RB is still the dominant noise entering the upstream receiver module in this

scenario, even after 60-km transmission. Based on the aforementioned analysis, we
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Fig. 3.6 Required ONU gain, and Pcg/Psg, for different feeder-fiber lengths.
The upstream receiver sensitivity is set to be -32 dBm for the dashed line,

and -27 dBm for the solid line, respectively

conclude that the suppression of carrier RB should be the main consideration in the

design of RB-suppressed upstream receiver.

3.1.3.2.Effectiveness of the DI’s destructive port on RB suppression

and transmission demonstration

We investigated the upstream power penalty as a function of signal-to-crosstalk ratio
(SCR) based on the experimental setup in Fig. 3.7, which is similar to that employed in
[13]. We first used carrier RB as the crosstalk signal, as in Fig. 3.7(a).
Continuous-wave (CW) light at 1553.5 nm with a line width of 100 kHz was generated
from a tunable laser diode (TLD) and was split into two paths by an 80/20 coupler. In
the upper path, a PM was driven by a 10-Gb/s 211 PRBS to generate the DPSK signal.
Following the PM, a variable optical attenuator (VOA) was used to adjust the signal

power to obtain different SCR values. In the lower
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‘
i

Fig. 3.7 Experimental setup to investigate the effectiveness of the proposed

scheme on the suppression of (a) carrier RB, and (b) signal RB.

path, the crosstalk signal was the RB light from a 50-km SMF, with a fixed power of
-30 dBm measured after a polarization controller (PC). The PC was used to maximize
the beating noise. The DPSK signal and the crosstalk signal were then combined by a
3-dB coupler and fed into the proposed upstream receiver module, which consisted of
a 94-ps DI with a measured ER of 22 dB, an EDFA, a 100-GHz AWG (3-dB
bandwidth=0.35 nm, insertion loss = 4 dB), and a p-i-n receiver. The measured
crosstalk tolerance of the DPSK signal is shown in Fig. 3.8. For comparison, the
crosstalk tolerance of the conventional OOK signal was also measured. In this case,
the PM was replaced by a Mach—Zehnder modulator (MZM) and the DI was removed
from the upstream receiver module. Compared with the conventional scheme using
OOK format, the carrier-RB tolerance of the proposed scheme is substantially

improved by 19 dB, as shown in Fig. 3.8.

We then used carrier RB as the crosstalk signal, as in Fig. 3.7(b). In the lower
path PM1 was used to generate the signal RB, which was further combined with the
optical carrier in the upper path. The combined light was then modulated by PM2,
which was used to generate the upstream DPSK signal. In the lower path the power of

signal RB was fixed at -32 dBm and different SCR values could be obtained by

56



3 8 I Camer RB (OOK) . 401 pefore DI

o |7 | s CarmerRB (DPSK) £

© |5 | asignal RB(OOK) %jﬁ 3

5 X Signal RB (DPSK) §:80 )g\b

% 5T -40 beforej Dl ><. " _90@‘ & Ly

E], 4+ - ¢ & Signal RB

© B %' e &

2|3 5 -

3|, L e

C?f : %

g tr ¥ o .‘A‘xA &

DO_ 0 L I L L ! R
0 10 20 30 40

SCR (dB)

Fig. 3.8 Power penalty as a function of signal-to-crosstalk ratio (SCR). Insets:
measured spectra (resolution bandwidth=0.06 nm) of signal (DPSK) RB and

carrier RB before and after DI.

adjusting the VOA in the upper path. Again, for comparison, the signal-RB tolerance
of the conventional OOK signal was also measured by replacing PM1 and PM2 with
two MZMs and removing the DI from the upstream receiver module. The
measurement results are also shown in Fig. 3.8. We can find that the signal-RB
tolerance is not improved in the proposed scheme. The reason is that the signal RB has
a wide spectrum after being modulated twice and thus cannot be effectively
suppressed by DI’s destructive port. As observed from the spectra (resolution
bandwidth=0.06 nm) in the insets of Fig. 3.8, the carrier RB is substantially suppressed

by DI’s destructive port, whereas the signal-RB only experiences little suppression.

Although the proposed scheme can only suppress the carrier RB, it is sufficient to
significantly improve the system’s tolerance to Rayleigh noise, due to the

aforementioned fact that the carrier RB is the dominant noise.
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We then experimentally demonstrated the effectiveness of the proposed loopback
scheme based on the architecture shown in Fig. 3.5. At the OLT, CW light at 1553.5
nm from a tunable laser with a power of 3-dBm was fed into a span of 50-km SMF
through a circulator (from port 1 to port 2). An AWG (4-dB insertion loss) with a
channel spacing of 0.8 nm and a 3-dB bandwidth of 0.6 nm was used at the RN, After
transmission through another 10-km SMF (the distribution fiber), the CW light with a
power of -13.5 dBm was fed into the ONU, which consisted of a circulator, an EDFA
and a PM. The PM was driven by a 10-Gb/s 2°!-1 PRBS to generate the upstream
DPSK signal, which was looped back to the OLT through the ONU circulator. A
commercially available LiNbO3 PM was used in this proof-of-concept experiment,
but some polarization-insensitive integrated PMs could be more desirable for practical
applications [25], [26]. In addition, a semiconductor optical amplifier could also be
used as a PM [27]. The upstream receiver module here was the same as in Fig. 3.7,
except that a dispersion compensation module (DCM, -666 ps/nm @ 1545 nm) is
added to compensate around 2/3 of the accumulated dispersion for the upstream signal.
The accumulated dispersion was not fully compensated, as in practical implementation
all the upstream channels cannot be simultaneously fully compensated by a common

DCM due to the length variation of distribution fibers.

The BER measurement results are shown in Fig. 3.9. Note that the received
optical power was measured before the input port of DI, and the ONU gain was fixed
at 11 dB for all BER measurements. Compared with the back-to-back cases, around
4.5-dB power penalty (BER=10") is observed for the upstream DPSK signal after
60-km transmission, due to the residual dispersion and the residual Rayleigh noise.
To further investigate the power penalty induced by the residual Rayleigh noise, the

BER curve after 60-km transmission in dual fibers is also shown in Fig. 3.9.
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Fig. 3.9 BER measurement results. Insets: upstream eye diagrams in the

proposed scheme and in the conventional scheme. Time scale: 20ps/div.

Comparing the single-fiber and dual-fiber curves, less than 2.4-dB Rayleigh
noise-induced power penalty is observed, showing the effectiveness of the proposed
scheme in Rayleigh noise suppression. Rayleigh noise-induced power penalty will be
further decreased when the length of distribution fiber is reduced. As shown in Fig. 3.9,
Rayleigh noise-induced power penalty is reduced to 1.2 dB for the extreme case when
the total transmission link consists of only feeder fiber (£,=60 km and L,=~0 km).
The reason is that the signal RB, which cannot be suppressed by DI’s destructive port,

is reduced when the distribution fiber is shorter.

We also compared the proposed scheme with that using conventional OOK
modulation in upstream. We replaced the PM in Fig. 3.5 with a MZM, removed the DI
from OLT, and maintained the same ONU gain. However, in this case the upstream
BER could not be measured due to significant degradation by the interferometric
crosstalk from Rayleigh noise. In contrast to the wide-open eye diagram of the

demodulated upstream DPSK signal, a much degraded eye diagram of the upstream
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OOK signal is also shown in the insets of Fig. 3.9.

3.1.3.3.Relation between system margin and ONU Gain

According to the experimental results in Fig. 3.9, the upstream receiver sensitivity
(BER=10"7)is-26.7 dBm when L, =50km, L,=10km,and G,,,,=11dB. Meanwhile,
the measured average received power by the upstream receiver module is -18.7 dBm,
implying 8-dB system margin. In practice, the required system margin may vary with
different service quality requirements and different external transmission
environments. On the other hand, for a given input power to the feeder fiber, system
margin is determined by the upstream receiver sensitivity and ONU gain. Next we will
investigate the relation between the upstream receiver sensitivity and ONU gain, from
which the relation between system margin and ONU gain can also be derived through

straightforward calculation.

At the upstream receiver in OLT, the signal-RB beating noise and signal-ASE
beating noise are dominant. The optical signal-to-noise ratio (OSNR) before the p-i-n

receiver is given by

P -G,
OSNR = ———= Cou = ! (3.11)
(PCB +PSB )'G()LT +PASE P&_i_PAi 1 . PASE

Ly

where P,', P, and P, are the optical power of the upstream signal, the carrier RB
and the signal RB, respectively, before the optical preamplifier at OLT. G,,, and
P, are the gain of the preamplifier and the power of amplified spontaneous emission
(ASE) noise within the passband of an AWG channel, respectively. The ASE noise

generated during ONU amplification is neglected, as after transmitting to the upstream

60



receiver it is significantly smaller than both Rayleigh noise and the ASE noise
generated at OLT.

Eq. (3.11) can be rewritten as

PS, _ PASE ,/ G()[;T , - (3.12)
1/OSNR—Py, | Py =P, | P
where
P,
SE v AV, (G, >>1) (3.13)
oLT

with A, v, n Av, . being the Planck constant, the optical frequency, the

s ? opl
spontancous-emission factor (#,,=2 in this paper) and the channel bandwidth of the

OLT AWG, respectively.
Assume the BER of the upstream signal is 10” when the optical signal-to-noise

ratio equals to a specific value of OSNR,. Then based on Eq. (3.12), the upstream

receiver sensitivity (at BER=10") can be expressed as,

P = PASE /G()LT
1/OSNR,~ Py | P/~ P, | P,

&y (3.14)

!

r

P, , P ,and P, are determined by the following three equations,
Py =(Poy 1+ By 5)/ (3.15)
Py =Py + Py 1)/ Spy (3.16)
P = Fe - Goy (3.17)

s T 2
(@ a, o) ay

«,, isthe insertion loss of DI’s destructive port for the upstream signal and signal RB,
which was measured to be ~4 dB; S,, is the carrier-RB suppression ratio by DI's

destructive port, which is defined as the ratio between DI's input power and the output

power from DI's destructive port. S,, was measured to be ~18 dB in the experiment.
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It is easy to understand that S_DI will become larger for smaller laser linewidth as well
as for larger ER of the DI. Based on the experimental results and Eq. (3.1)-(3.8), and

Eq. (3.15)-(3.17), we can derive the value of OSNR, and can rewrite Eq. (3.14) as,

B, - “ (.18)
2
ko—-kl-GONU—E;—OjV-I;
with k,, &k, k, and k, being
k, =1/ OSNR,
L

S S—
(0‘2 'aA) °R1 Rz

_ %y o, [R+(ey ) Ry

kz
SDI °R1 "Rz

k3 = hvnxp ' A V(}pl ) aD[

Then based on Eq. (3.18) we can plot the relation between the upstream receiver
sensitivity and ONU gain as in Fig. 3.10. Note that the parameters used in the
theoretical calculations are in correspondence with the experimental setup. To confirm
the correctness of theoretical analysis described above, different upstream recciver
sensitivities corresponding to different ONU gains were measured in experiment and
are also shown in Fig. 3.10. Good agreement between the theory and experiment is

observed. The theoretical model predicts well the system performance and thus can be
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Fig. 3.10 The relation between the upstream receiver sensitivity and ONU gain.

used as a guideline in system design. As an example, based on the aforementioned
theoretical model the optimal ONU gain can be derived to maximize the system

margin.

Eq. (3.10) can be rewritten as

M = k > -GONU (3.19)
(o, ) ae, P

rec

Substituting Eq. (3.18) into Eq. (3.19), we can derive,

2
- I . —k - Goyy” + ko - Gony =k,
2
(o) e, ks

(3.20)

From Eq. (3.20), we can further derive that the maximum system margin can be

achieved as

P 24 -
My = — Ky =k, (3.21)
(o 0,) -, 4k, -k,
when the ONU gain is optimized as
GONU_Op/ = ko /zkl (3.22)

Then based on Eq. (3.21) and Eq. (3.22) we can calculate the maximum system margin
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Fig. 3.11 The maximum system margin and the required optimal ONU gain for
different system reaches. The length ratio between the feeder and distribution

fiber is assumed to be 5:1.

and the required optimal ONU gain for different system reaches as shown in Fig. 3.11.
Here we assume that the length ratio between the feeder and distribution fiber is 5:1.
We observe that to assure an 8-dB system margin the maximum reach is ~62 km,
whereas for a 3-dB system margin the maximum reach can be ~72 km. As the optimal
gain is nearly constant for reach ranging from 55 km to 75 km, all ONU’s can be set
to a fixed gain (e.g. 12.7 dB) to avoid the incurred operation complexity of setting
different gains for different ONUs. Note that for the scheme employing conventional

OOK in upstream, the optimal ONU gain is a linear function of the reach [20].

3.1.4. Multiple Rayleigh Backscattering

We have investigated the effect of carrier RB and signal RB on system performance. In
fact, the RB light will also be back-scattered during transmission in optical fiber,
inducing multiple RB. Here we study the effect of second-order RB on the upstream
signal, as illustrated in Fig.3.12. The downstream CW carrier will generate the

first-order carrier RB (carrier-RB1), which will further generate the second-order
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carrier RB (carrier-RB2). Similarly, the upstream signal will generate the first-order
signal RB (signal-RB1), which will further generate the second-order signal RB
(signal-RB2). The second-order signal RB further includes signal-RB2,), generated
by the downstream part of signal-RB1, and signal-RB2 ), generated by the upstream

part of signal-RB1.

First, we will explain that the effect of both carrier-RB2 and signal-RB2, is
negligible. RB-induced return loss of a fiber will increase as the fiber length increases
up to 20 km. For a fiber longer than 20 km the RB-induced return loss is saturated at
around 30 dB. For simplicity and also as a conservative estimation, we assume that the
RB-induced return loss is 30 dB for any fiber length. Then the power ratio between the
upstream signal and carrier-RB2 is always 60 dB, as they share the same transmission
path. Similarly, the power ratio between the upstream signal and signal-RB2, is

always 60 dB. Thus, the effect of both carrier-RB2 and signal-RB2, is negligible.
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w“..ﬁ.Qa:rN.r.i{.a.r:E..Fii?_i ...... e — -
. Carrier-RB2 PR
. ;
= .
8 Upstream signal 5
o - Z
-------------------------------- Bt e
£ U SN O
5 ,_ . Signak-RB2m
g Signal-RB1 | .-
gl L SoaRel D
_________ | -
Signal—RBZ(b) - 7
e il - - - T

Fig. 3.12 Generation of second-order RB.
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As signal-RB2¢,) will be amplified at ONU, it may become comparable with
signal-RB1 for large ONU gain. At the upstream receiver, the power ratio between the
is the same with that between the upstream signal and signal-RB1, due to the
recurrence relation. Based on Eq. (3.6) and Eq.(3.8), the power ratio between

signal-RB1 and signal-RB2,) can be expressed as,

Fygnal-res _ 1 (ay o) R, 'Rzz (3.23)
Goyy B+ R (e, -a,)

})mgna]—RBZ(,,)

According to the above equation, we can plot power ratio between signal-RB1 and

signal-RB2y, as the function of ONU gain, as shown in Fig.3.13.
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Fig. 3.13 Power ratio between signal-RB1 and signal-RB2,) as the function of

ONU gain.

We can see that signal-RB2,, will be larger than signal-RB1 when the ONU gain is
larger than 34 dB. For the ONU gain smaller than 18 dB the power ratio between
signal-RB1 and signal-RB2is larger than 15 dB. In this case the power ratio between

the upstream signal and signal-RB2, is larger than 30 dB, and thus signal-RB2, is
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negligible. In conclusion, all the second order RBs are negligible for the ONU gain
smaller than 18 dB, and for ONU gain larger than 18 dB signal-RB2,, will become
significant. As the power ratio between the upstream signal and signal-RB1 is smaller
than 15 dB for the ONU gain larger than 18 dB, signal-RB1 will induce very large
power penalty for the upstream signal as shown in Fig.3.8. Thus, the ONU gain is not
likely to be larger than 18 dB if signal-RB1 cannot be effectively suppressed and in

this case only considering first-order RB is sufficient.

3.2.0ptical phase remodulation with enhanced

tolerance to Rayleigh noise

3.2.1. Introduction

Extensive studies have been carried out for Rayleigh noise mitigation in WDM-PON.
However, prior reports are mainly for the carrier-distributed scheme, by light source
scrambling, spectral broadening of the upstream signal or using specially designed
modulation formats. Rayleigh noise mitigation in the remodulation-based WDM-PON
is more challenging and only a few approaches have been proposed. In [29], the
downstream signal was modulated using frequency-shift keying (FSK) to reduce light
coherence, thus reducing the RB effect on upstream channels. However, the residual
crosstalk noise still induced a 5-dB penalty at 1 Gb/s. Another scheme utilized
downstream 10-Gb/s DPSK and upstream 2.5-Gb/s subcarrier modulation (SCM) to
reduce spectral overlap between the reflections and the signals [30]. As a broadband
oscillator, with a bandwidth several times larger than the signal bit rate, is needed at

each ONU, it is difficult to realize 10-Gb/s symmetric bit-rate that is highly desirable
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for future-proof PON systems.

Recently, we have propose a novel remodulation scheme for 10-Gb/s WDM-PON
with single feeder fiber by using downstream DPSK with reduced modulation depth
(RMD-DPSK) and upstream DPSK with full modulation depth (FMD-DPSK) [31].
The demodulated RMD-DPSK signal from the destructive port of the DI at ONU can
maintain a high extinction-ratio (ER), whereas the signal from the DI’s constructive
port has a very low ER and a reduced phase variation, thus is very suitable as the
carrier for upstream phase remodulation. The RB of the downstream RMD-DPSK
signal mainly distributes in the low-frequency region, and thus can be suppressed by
the notch filter-like destructive port of the DI at OLT, which is simultaneously used to
demodulate the upstream DPSK signal. In this section, we further investigate different
issues for the proposed scheme in [31]. First, we make a comprehensive comparison
between the proposed optical phase remodulation and the conventional optical
amplitude remodulation, and conclude that the proposed scheme can alleviate the
downstream receiver sensitivity degradation. We then investigate the advantage of
using the DI’s constructive port output as the upstream carrier. Detailed analysis for

the proposed RB suppression scheme will also be given.

3.2.2. System architecture

Fig. 3.14 illustrates the proposed remodulation scheme for a WDM-PON using
downstream RMD-DPSK and upstream FMD-DPSK. For each downstream
wavelength at the OLT, differentially precoded data is used to drive an optical phase
modulator (PM) with a low driving voltage to generate the downstream RMD-DPSK
signal. All the downstream wavelengths at the OLT are multiplexed by an AWG. The

multiplexed signals are fed into a 20-km SMF. After transmission, the downstream

68



£ TX/Rx 1 M £
g TRy 3 Y , 20-km SMF 5
S8 RN o =28
iz z 3
Differential
S e ] g 3
o : a
i £
E taser —— | 7 ¥V === N I | |zl g
(L]
S 5 [FT)e—] 23
1
[3:]
‘go RN 20
2 =)

Fig. 3.14 Proposed optical phase remodulation architecture.

signal from the OLT is wavelength routed toward different ONUs, by another AWG at
the RN. At the ONU, the downstream RMD-DPSK signal is demodulated from the
destructive port of the DI before direct detection, while the light from the constructive
port is fed into a PM for upstream data remodulation. The demodulated upstream
DPSK signals are pre-amplified by a shared EDFA before direct detection. By using a

shared DI and an NxN cyclic AWG at the RN, the DI at ONU can also be saved [32]

3.2.3. Operation principle

3.2.3.1.A unique feature of phase remodulation when compared with

conventional amplitude remodulation

As discussed in chapter 2, the ER of the demodulated RMD-DPSK signal from the
destructive port is independent of the phase modulation depth and is always infinite,
theoretically. Fig.3.15(a) and (b) depicts the simulated eye diagrams of the
demodulated downstream RMD-DPSK signal from DI’s destructive port, when the

modulation depth of the downstream RMD-DPSK signal is 0.2 and 0.4, respectively.

69



MD=0 2 ' s MD=0 4 | MD=1
_ 10 =
%09 /¢’\ //\\ :% /:\ //\ :%\ // \ // \\\
= \\/ | ) / \ | o) \// \
& 3 /N2 N )/
A N OL R S RT- B A B 4 NI -7
& 1090 200 & ? 200' @ 160 200
Time (ps) ! Time (ps) | T|m(=2 ()ps)
a) ! | ©
S 10 p— o 10 £10
| o T
E 2 - B N X
5 = 5 IR
S | e | 3 /N /
z 0 700, & %0 10 200 & 06100 200
Timeopps) e Time ?ps ! Time (ps)
(d) ' (©) ! 6}
£ 10 | 510 1 Z10 - N
E T g . _ 1z
[ ~ 5]
& I 5 I3
2 % 200 § 0 200’ & 06 - 1007 " 200
T|m1e0?ps) | Tlm%i?ps) ! Time Pps
(@

Fig. 3.15 Eye diagrams with different downstream modulation depths: (a)-(c),
downstream DPSK signal demodulated from DI’s destructive port; (d)-(f),
downstream DPSK signal demodulated from DI’s constructive port; (g)-(1)

downstream OOK signal in conventional optical amplitude remodulation scheme.

Compared with the eye diagram of the demodulated FMD-DPSK signal, shown in
Fig.3.15 (c¢), certain power reduction in the ‘17 level is observed, whereas the
demodulated ‘0’ level is always perfectly null, leading to a theoretically infinite ER.
In practice, due to additional noise and device imperfection, the ER cannot be infinite.
However it can still maintain a high value for a large range of phase modulation depth.
On the contrary, the ER of the output signal from the constructive port 1s substantially
reduced, as in Fig. 3.15(d) and (e), and thus can be used as the carrier for upstream

phase remodulation.

One concern is that the insertion loss is larger if the destructive port is used for
RMD-DPSK demodulation, due to the reduced ‘1’ level. Here, we investigate the

influence of modulation depth on the insertion loss of DI’s destructive port for the
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downstream RMD-DPSK signal. As shown in Fig. 3.16, the smaller the modulation

depth of the downstream RMD-DPSK signal, the larger the insertion loss of the DI’s

destructive port. As the modulation depth of the downstream RMD-DPSK signal

decreases, the “low-frequency” components in its spectrum will increase, as shown in

the inset of Fig. 3.16. Thus for the downstream RMD-DPSK signal with a smaller

modulation depth, more power will be rejected by the notch filter-like destructive port

of the DI, leading to an increased insertion loss. The modulation depth of the

downstream RMD-DPSK signal thus should not be too small to assure enough
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Fig. 3.16 The insertion loss of the DI’s destructive port for the downstream
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different modulation depths.
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downstream power budget. Nevertheless, the reduced optical power actually appears
at the constructive port and will benefit the upstream power budget.

We then investigated the impact of the downstream modulation depth on the
receiver sensitivity of both the downstream RMD-DPSK signal and the upstream
FMD-DPSK signal through simulation, and the results are reported in Fig. 3.17(a). As
the downstream modulation depth decreases, no power penalty is observed for the
demodulated downstream RMD-DPSK signal, thanks to its high ER as discussed
above. Actually, even a slightly negative power penalty is observed, arising from the
RZ-like pulse shape of the demodulated downstream RMD-DPSK signal. For
comparison, we also studied the relation between the downstream modulation depth
and the receiver sensitivity for the conventional optical amplitude remodulation
scheme (downstream RMD-OOK, upstream FMD-OOK). As shown in Fig. 3.17(a),
the power penalty of the downstream RMD-OOK signal increases rapidly as the
modulation depth of the downstream OOK signal decreases. The power penalty of the
downstream RMD-OOK signal is due to the reserved constant optical power that
carries no downstream signal, as shown in Fig. 3.15(g) and (h). Both the conventional
optical amplitude remodulation and the proposed optical phase remodulation schemes
have similar upstream performance when the downstream modulation depth changes,
as reported in Fig. 3.17(a) (the open circle and open square). When the downstream
modulation depth is 0.4, eye diagrams of the detected upstream signal using the
proposed scheme and the conventional amplitude remodulation scheme are shown in
Fig. 3.17(b) and Fig. 3.17(d), respectively, with similar eye opening. The downstream
modulation depth should be small enough to avoid too much upstream power penalty.
In contrast to the conventional optical amplitude remodulation scheme, the advantage
of the optical phase remodulation scheme is that there is no downstream power penalty,

when the downstream modulation depth is reduced to guarantee the upstream
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Fig. 3.17 (a) The impact of the downstream modulation depth on the receiver
sensitivity of both downstream and upstream signals when using different
remodulation schemes. Eye diagrams of the detected upstream FMD-DPSK signal
that is remodulated (b) on the DI’s constructive port output (¢) on part of the
downstream RMD-DPSK signal. (d) Eye diagrams of the detected upstream
FMD-OOK signal when using the conventional optical amplitude remodulation
(downstream RMD-0OO0K, upstream FMD-OOK). The downstream modulation

depth in Fig, 3 (c)-(e) is 0.4

performance (the solid-square in Fig. 3.17(a)).

3.2.3.2.Reduced phase variation by DI’s constructive port

Using the DI’s constructive port output as the upstream carrier not only avoids the

power waste due to the relatively large insertion loss of the destructive port, it also
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reduces the phase variation in the upstream carrier by half compared to that when part
of the downstream RMD-DPSK signal is used as the upstream carrier. Assume that <0’
and ‘¢’ are the two symbols of the downstream RMD-DPSK signal, where
0<p<r, depending on the downstream modulation depth. Each bit of the DI’s
constructive port output is the summation of two adjacent bits of the downstream
RMD-DPSK signal. Thus, if both of the two adjacent bits have the same phase of ‘0’ or
‘p’, their summation from the DI’s constructive port will have a phase of ‘0’ or “¢’,
respectively, and if the two adjacent bits have different phase symbols, their
summation from the DI’s constructive port will have a phase of ‘¢/2” . From
aforementioned analysis, we can derive that there are three possible demodulated
phase symbols in the DI’s constructive port output, namely ‘0’, ‘¢’ and ‘¢p/2°.
Interestingly, in the DI’s constructive port output the phase symbols of ‘0* and ‘¢’
cannot be adjacent, as the demodulated ‘0’ is from two consecutive ‘0’ in the
downstream RMD-DPSK signal, whereas the demodulated ‘¢’ is from two
consecutive ‘g’. When ‘0’ is adjacent with ‘¢’ in the downstream RMD-DPSK signal,
a phase symbol of ‘¢p/2” will be generated in the DI’s constructive port output. It means
that in the DI’s constructive port output, between the phase symbols of ‘0°and ‘¢’ there
is at least one phase symbol of ‘p/2°. Thus, the maximum phase variation in the
upstream carrier is reduced to ¢/2, instead of ¢, if using the demodulated signals {from
DI’s constructive port, rather than part of the downstream RMD-OOK signal, as the
upstream carrier. Thus, for the upstream FMD-DPSK signal, the reduced phase
variation will result in smaller crosstalk from the residual downstream signal as shown
in Fig. 3.17(a) (the open triangle and open square). Comparing Fig. 3.17(b) with Fig.
3.17(c), we find that the demodulated upstream FMD-DPSK signal has a wider eye

opening when using the DI’s constructive port output, instead of the downstream

RMD-DPSK signal, as the upstream carrier. RZ-shaped phase modulation with RMD
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can be used in downstream to further reduce the remodulation crosstalk [33].

The narrow spectrum from the constructive port of DI at ONU is markedly
broadened after phase remodulation by the upstream data with FMD. Thus, the
upstream FMD-DPSK can be properly demodulated by the DI’s destructive port at
OLT, with relatively low filtering loss. On the contrary, as the spectrum of RB towards
the OLT consists of more low-frequency components, the RB noise is considerably
rejected by the destructive port of the DI at OLT due to its notch filter-like wavelength
response. As the downstream modulation depth increases, the spectrum of RB towards
the OLT will become wider, thus less RB can be rejected by DI’s destructive port. As
reported in Fig. 3.16, when the downstream modulation depth increases, the insertion
loss of the DI’s destructive port for RB reduces. Fig. 3.18 (b)-(d) also show that the RB
spectrum passing through the DI’s destructive port increases for a larger downstream
modulation depth. Thus, the proposed optical phase remodulation scheme is more
robust to RB noise when the downstream modulation depth is smaller. One tradeoff in
the proposed scheme is that the downstream RMD-DPSK signal is less robust to phase
noise due to the reduced symbol distance. Whereas the nonlinear effect induced phase
noise may be insignificant considering the relatively low bit rate and short

transmission distance in access network, smaller phase noise in laser is necessary for

the RMD-DPSK signal [34].
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Fig. 3.18 (a) experimental setup used to investigate the effectiveness of DI’s

two output ports on RB suppression, CP: constructive port, DP: destructive

port. (b)-(d), measured spectrum (resolution bandwidth=0.06 nm) of the RB
before and after the DI when the downstream modulation depth (MD) 1s 0.18,

0.31 and 0.43, respectively.

3.2.4. Experimental demonstration

We have experimentally demonstrated the proposed remodulation scheme based on
the architecture shown in Fig. 3.14. At the OLT, a CW light source at 1549.2 nm was
fed into a PM driven by a 10-Gb/s 2°'-1 PRBS with a modulation depth of 0.22. After
power amplification and filtering by a 0.8-nm optical bandpass filter, a 6-dBm
RMD-DPSK signal was coupled into a 20-km SMF. At the ONU, the destructive port
of a DI with a relative delay of 94 ps was used for downstream RMD-DPSK signal

detection. Signal from the constructive port (with 1.4-dB insertion loss) was fed into

76



another PM, driven by a 10-Gb/s 2°'-1 PRBS with FMD as the upstream data, before
being transmitted back to the OLT. At the OLT, the destructive port of another DI with
103-ps relative delay was used for upstream FMD-DPSK signal detection and RB
noise suppression. Two DIs with different relative delays were used in the experiment
due to component availability. To investigate the enhanced RB tolerance, first the
effect from dispersion was isolated, by using a dispersion compensation module
(DCM) to fully compensate the dispersion in the 20-km SMF. Fig. 3.19 depicts the eye
diagrams of the detected downstream RMD-DPSK and upstream FMD-DPSK signals
in both back-to-back (B2B) and transmission cases. The eye of the demodulated
DPSK signal from the destructive port of the DI is wide-open, with a measured ER of
~9 dB. The eye of the upstream FMD-DPSK signal demodulated by the destructive

port of the DI at OLT was also clearly open.

e
x 71 RBS
—r *—} noise

20ps/div

Fig. 3.19 Eye diagrams of the detected downstream RMD-DPSK and upstream
FMD-DPSK signals in B2B and transmission cases. B2B: back-to-back, DS:

downstream, US: upstream, DP: destructive port of the DI, CP: constructive port.

Although the two output ports of DI are generally equivalent in DPSK signal
demodulation, as shown in Fig. 3.15 (¢) and Fig. 3.15 (f), using the destructive port of

DI to demodulate the upstream DPSK signal is essential to suppress the RB of the
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downstream RMD-DPSK signal. As shown in Fig. 3.18 (b)-(d), the RB spectrum can
hardly be suppressed by the constructive port of DI.  For comparison, the eye of the
upstream signal demodulated by the constructive port, which was severely degraded

by the RB, was also shown in Fig. 3.19.

We then removed the DCM to investigate the proposed scheme without
dispersion compensation. The bit-error-rate (BER) measurement results for both
downstream and upstream signals are shown in Fig. 3.20(a). After transmission in
20-km SMF without dispersion compensation, the receiver sensitivity at BER=10" for
the downstream RMD-DPSK signal is -17.9 dBm, while that for the upstream
FMD-DPSK signal is -14.2 dBm. After transmission in 20-km SMF with DCM, less
than 0.3-dB power penalty is observed for both downstream RMD-DPSK and
upstream FMD-DPSK signals, demonstrating the robustness of the proposed scheme
to the RB noise. Without DCM after transmission in 20-km SMF, ~4-dB power penalty,

mainly due to dispersion, is observed for the upstream FMD-DPSK signal.
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Fig. 3.20 (a) BER measurement results when the downstream modulation depth

is 0.22. (b) BER measurement results when the downstream modulation depth is

0.18 and a SOA is used at ONU DS: downstream, US: upstream
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Negligible power penalty is observed for the downstream RMD-DPSK signal, thanks
to its narrow spectral width. To investigate the power penalty of the downstream
RMD-DPSK signal induced by the RMD, we also measured the downstream BER
performance when FMD-DPSK signal was used in downstream. In the B2B case,
compared with the FMD-DPSK signal, the RMD induces a power penalty of around
2.1 dB instead of a slightly negative power penalty in simulation as reported in Fig.
3.17(a), due to the limited ER of the downstream DI.  After 20-km SMF transmission,
the sensitivity difference between the RMD-DPSK and FMD-DPSK signal is reduced
from 2.1 dB to 1 dB, as the RMD-DPSK signal is more robust to dispersion than the
FMD-DPSK signal. Note that the receiver sensitivity will be degraded by more than 9
dB when the modulation depth of the downstream OOK signal is reduced from 1 to

0.22 in the conventional optical amplitude remodulation scheme as shown in Fig.

3.17(a).

In practical implementation, a semiconductor optical amplifier (SOA) can be
placed at ONU to improve the system power budget for longer reach. We then
experimentally demonstrated the proposed remodulation scheme with a SOA before
the DI at ONU. By employing a SOA at ONU to achieve better power budget, the
downstream modulation depth could be smaller, The modulation depth of the
downstream RMD-DPSK signal was reduced from previous 0.22 to 0.18. A 100-GHz
AWG with 4-dB insertion loss and a 3-dB bandwidth of 0.35 nm was used at the OLT.
Another AWG with the same specification was used at the RN. The input power to the
20-km SMF was 5 dBm. The received power at the ONU was ~-3.5 dBm, which was
amplified to 2dBm by a SOA, before being fed in to the DI at ONU. The BER
measurement results for both downstream and upstream signals are shown in Fig.

3.20(b). After transmission in 20-km SMF without DCM, ~3.9-dB power penalty,
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mainly due to dispersion, is observed for the upstream FMD-DPSK signal, and

negligible power penalty is observed for the downstream RMD-DPSK signal.

3.3.Summary

In this chapter, we confirm that Rayleigh noise can be effectively suppressed in optical
domain by leveraging on the notch-filter property of DI’s destructive port. To the best
of our knowledge, this is the first time that DI’s destructive port is proposed to be used

as a Rayleigh-noise suppressor.

In the first section, we provide an insight into different design issues for Rayleigh
noise mitigation in carrier-distributed WDM-PON. For the first time, we clarify that
two types of RB are not comparable in impairing the upstream signal, with carrier RB
being the dominant contribution to Rayleigh noise entering the upstream receiver
module, within a reach up to 60 km. Then we propose a simple scheme, via in-band
optical filtering, to effectively suppress carrier RB in the carrier-distributed
WDM-PON, with a demonstrated 19-dB improvement in the tolerance to carrier RB.
Error-free transmission of 10-Gb/s upstream signal over 60-km SMF is achieved with
less than 2.5-dB power penalty induced by residual Rayleigh noise. The relation
between system margin and ONU gain is also comprehensively studied. The
theoretical models built in this section predict well the system performance and are
expected to serve as a design tool for optimizing the overall performance of a

WDM-PON.

In the second section, we apply the technique to a remodulation-based

WDM-PON with colorless ONU. We have proposed and experimentally
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demonstrated a WDM-PON with single feeder fiber by using downstream
RMD-DPSK and upstream FMD-DPSK. Error-free operation of both down- and
up-stream signals, at 10-Gb/s/channel, is achieved after the transmission of 20-km
SMF without dispersion compensation. The power penalty of the downstream
RMD-DPSK signal induced by the modulation depth reduction is effectively reduced
compared with the conventional optical amplitude remodulation scheme. The
proposed optical phase remodulation scheme is also robust to RB noise, thus
bidirectional transmission at the same carrier wavelength over single fiber is achieved
with significant simplification in transmission components and reduction in system

cost.

The upstream DI in this chapter can also be replaced by a silicon ring resonator to
facilitate photonic integration, i.e. integrated OLT module. As discussed in Chapter 2,
if a partial-bit DI instead of a one-bit DI is used as the DPSK demodulator, the
demodulated signal from the destructive port will be RZ-shaped. The RZ-shaped
signal has larger peak power and thus can potentially be more robust to signal RB that
is evenly distributed over time. To further increase the reach of WDM, larger ONU
gain and hence signal-RB suppression (which are not achieved yet in the proposed
schemes) are necessary. In this case the one-bit DI can be replaced by a partial-bit DI at
OLT. However, the tradeoff is that the partial-bit DI will induce larger insertion loss for

upstream signal and the RZ-shaped signal is less robust to dispersion.
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Chapter 4 Rayleigh Noise

Suppression in Electrical Domain

4.1.Offset Manchester coding for Rayleigh noise

suppression in carrier-distributed WDM-PONs

4.1.1. Introduction

In the last chapter, we have demonstrated that the intrinsic Rayleigh noise in
CLS-based WDM-PON can be effectively suppressed in optical domain. Recently, the
electrical high-pass filter (HPF) based approach also attracts some research attention
[1]-[3]. In this approach only 8B10B coding or electronic equalization is required, thus

resulting in only minor modifications to the PON structure.

In this part, we propose an offset-Manchester coding (OMC) to suppress
Rayleigh noise more effectively in the carrier-distributed WDM-PON and to
simultaneously realize upstream differential detection, via a postdetection HPF.
Compared with prior schemes using 8B10B coding or electronic equalization [1, 2],
albeit Manchester coding requires larger bandwidth it enables much easier clock
extraction. The unique self-clocking property of Manchester coding together with
differential detection enables burst-mode upstream detection [9], which is desirable in

hybrid WDM/TDM-PONSs. Although 8B10B coding has been widely used in industry,
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the Manchester encoder, an exclusive OR (XOR) gate, is simpler than the 8B10B
encoder. Unlike the 8B10B coding, no decoder is needed at the receiver side for
Manchester signal. In addition, by further using OMC that is generated by offsetting
data and clock signal before the XOR gate, the cutoff frequency of the HPF used to
remove Rayleigh noise can be much higher than that using 8B10B coding or electronic
equalization [1], [4], leading to more effective Rayleigh noise suppression and much
relaxed requirement for the seed laser linewidth. The proposed scheme is also simpler
than the prior scheme employing differential Manchester coding and self-homodyne

coherent detection [5].

4.1.2. System architecture and operation principle

Fig. 4.1 illustrates the proposed loopback architecture. After the transmission in a
50-km standard SMF, the optical carriers from the OLT are wavelength routed toward
different ONUs, by an AWG at the RN. At the ONU, the CW light is modulated by a
reflective modulator driven by upstream data with OMC, before being sent back to the
OLT. The received upstream signals are pre-amplified by a shared EDFA before direct
detection. A postdetection HPF is used to suppress Rayleigh noise and to

simultaneously realize upstream differential detection.

For the signal with conventional Manchester coding (MC), the low frequency
components are significantly suppressed. Thus the MC-signal can pass through a
properly designed HPF without compromising the signal quality. To further reduce

low frequency components, we propose an OMC by temporally offsetting the data and
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Fig. 4.1 Proposed loopback architecture using Manchester coding and
postdetection electrical high-pass filter in upstream to suppress Rayleigh noise.

The downstream channels are omitted here for simplicity.

clock signal properly before the XOR gate. Thus for the OMC-signal, the cutoff
frequency of the HPF can be higher. Note that in the previous schemes using 8B10B
coding (bit rate: 1.25 Gb/s) or electronic equalization (bit rate: 2.5 Gb/s), the cutoff
frequency of the HPF is as low as 10 MHz [1, 2], whereas in this paper the cutoff
frequency of the HPF is substantially increased to 164 MHz. The HPF also serves as a
simple passive differentiator for the differential detection of the upstream Manchester
encoded signal [6], with a fixed optimal threshold at zero level that is highly desirable
for burst-mode detection. As the optical spectra of both the RB and the upstream
OMC-signal have strong low-frequency components, after detection the beating noise
mainly distributes at the low frequency region and can be substantially suppressed by
an electrical HPF. The 3-dB spectral width of the beating noise is roughly the double of
the linewidth of the seed laser [2]. Thanks to the much higher cutoff frequency of the
HPF in the proposed scheme, more beating noise can be removed. In addition, less

expensive seed lasers with a relatively wider linewidth can be used.
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4.1.3. Experimental demonstration

We first investigated the upstream power penalty as a function of signal-to-crosstalk

ratio (SCR) based on the experimental setup in Fig. 4.2, which is similar to that
employed in [6]. CW light at 1553.5 nm from a tunable laser diode (TLD) was split
into two paths by a 3-dB coupler. In the upper path, Manchester data were first
generated by the logic XOR operation of a non-return-to-zero (NRZ) 2.5-Gb/s 231
PRBS and a 2.5-GHz clock via a commercial XOR chip, and then used to drive a
Mach—Zehnder modulator (MZM). The MC-signal was generated when the NRZ
PRBS and the clock signal were well aligned, whereas the OMC-signal was generated
when the NRZ PRBS and the clock signal were temporally offset by 74 ps. Following
the MZM, a variable optical attenuator (VOA) was used to adjust the signal power to
obtain different SCR values. In the lower path, the crosstalk signal was the RB light
from a 50-km SMF, with a fixed power of -33.4 dBm measured after a polarization
controller (PC). The PC was used to maximize the beating noise. The Manchester
encoded signal and the crosstalk signal were then combined by a 3-dB coupler and fed
into the upstream receiver, which consisted of an EDFA, a 100-GHz AWG (3-dB

bandwidth=0.6 nm, insertion loss = 4 dB), and a p-i-n receiver, followed by an

Power ] VOA
Y EDFA

Upstream Receiver

Fig. 4.2 Experimental setup to investigate the Rayleigh-noise tolerance.
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electrical HPF with a 3-dB lower cutoff frequency of 164 MHz and a 1-dB upper
cutoff frequency of 3 GHz. For comparison, the crosstalk tolerance of the NRZ signal
was also investigated. In this case, the MZM was directly driven by the same NRZ
2.5-Gb/s 2°'-1 PRBS and the HPF was removed from the upstream receiver. Without
removing the HPF, the detected eye diagram of the NRZ signal was completely closed

due to baseline wandering.

Three conclusions can be derived from Fig. 4.3, which depicts the eye diagrams
at different SCR levels. First, the OMC-signal always has a wider eye opening than the
MC-signal, as it has fewer low frequency components and is more robust to high pass
filtering. Second, both the OMC-signal and the MC-signal are more resistant to the
Rayleigh noise than the NRZ signal, as the majority of beating noise is suppressed by
the HPF. Thirdly, in contrast to the NRZ signal for which the optimal threshold level
decreases as the SCR decreases, the optimal threshold level of the Manchester signals
is always fixed at zero level as the SCR decreases. The reason is that differential
detection of the Manchester signal is simultaneously realized via the HPF that is used

to suppress the beating noise.

The measured upstream power penalty (BER=10") at different SCR levels is
shown in Fig. 4.4. In all BER measurements, the decision threshold level was fixed at
zero level, which was an optimal threshold for all the three signals when there was no
crosstalk. For a 2-dB power penalty at 2.5 Gb/s, by using OMC or MC the SCR can be
reduced by 7 dB than using NRZ PRBS. Note that in the prior scheme using 8B10B
coding [6], the SCR value for a 2-dB power penalty can only be reduced by 5 dB than

using NRZ PRBS at 1.25 Gb/s.
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Fig 4 3 Eye diagrams of the OMC-signal, the MC-signal and the NRZ signal at

2.5-Gb/s with different SCR values. Time scale: 100ps/div

We then experimentally demonstrated the proposed loopback scheme based on
the architecture shown in Fig. 4.1. At the OLT, CW light at 1553.5 nm from a TLD
with a power of 3 dBm was fed into a span of 50-km SMF through a circulator (from
port 1 to port 2). An AWG (4-dB insertion loss) with a channel spacing of 0.8 nm and a
3-dB bandwidth of 0.6 nm was used at the RN. The mput CW power to the ONU was
-11.5 dBm. At the ONU, the reflective modulator consisted of a circulator, an EDFA
and a Mach—Zehnder modulator (MZM). In practical implementation, the reflective
modulator could be a reflective semiconductor optical amplifier (RSOA) or an
effective electro absorption modulator integrated with a SOA [8]. The upstream
recetver here was the same as in Fig. 4.2, and was connected to the port 3 of the

circulator at OLT.
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Fig. 4.4 The upstream power penalty (BER=10-9) as a function of SCR.

The BER measurement results are shown in Fig. 4.5. The ONU gain, defined as
the power ratio between the output and the input signals at ONU, was fixed at 11.8 dB
for all BER measurements shown in Fig. 4.5. We first investigated the dispersion
tolerance of the upstream signals. Compared with the back-to-back cases, after
transmission in 50-km dual feeder fibers (SMF), less than 0.6-dB dispersion-induced
power penalty (at BER=10") is observed for both the OMC-signal and the MC-signal.
Compared with dual-fiber transmission, around 4-dB power penalty is observed for
both signals when single feeder fiber is used, due to residual Rayleigh noise. We also
obtained that the Rayleigh noise induced power penalty could be further reduced to
around 1 dB, when the ONU gain was increased to 15.6 dB. The receiver sensitivity of
the OMC-signal is improved by around 2 dB compared with that of the MC-signal as

shown in Fig. 4.5.
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Fig. 4.5 BER measurement results.

Without the HPF, both signals show an error floor between 10~107. Similarly,
for NRZ signal, error floors at ~10™ and ~107 are observed for the fixed and the
optimized decision thresholds, respectively. In all BER measurements for both the
OMC-signal and the MC-signal, the decision threshold level was always fixed at zero
level, without dynamic threshold optimization. Note that dynamic threshold

optimization 1s challenging in practical implementation.

If the conventional NRZ signal is used in the upstream, the upstream receiver
sensitivity will be degraded when the ONU gain is larger than 12.5 dB [7]. We also
investigated the impact of ONU gain on the upstream receiver sensitivity in the
proposed scheme. The measurement result is shown in Fig. 4.6. It is worthwhile to
note that no degradation in the upstream receiver sensitivity is observed for an ONU
gain up to ~16 dB, implying that the proposed scheme is also robust to signal RB as

first reported in [9].
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Fig. 4.6 The impact of ONU gain on the upstream receiver sensitivity (at

BER=10"").
4.2.A novel chirp-free optical Manchester signal
transmitter

4.2.1. Introduction

Manchester coding, in which the original symbols are encoded by the transition
directions (“rise” or “fall”) at the center of each bit, enables easy clock extraction at the
expense of bandwidth doubling. It has been widely used in copper-based Ethernet
10BASE-T. The unique self-clocking property together with differential detection also
makes Manchester coding a promising candidate for high-speed optical burst mode
transmission links [8], [9]. In addition, as the Manchester code has negligible
low-frequency spectral components, it can also be used in optical access network to
reduce the re-modulation crosstalk [12], and to suppress Rayleigh noise as discussed

in last section.
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Manchester coding can be realized in electoral domain via an exclusive OR
(XOR) gate or a multiplying mixer. The obtained electrical Manchester signal can be
used to drive an electro-optical modulator, operating in the linear transfer region, to
generate the optical Manchester signal. However, the modulator requires a driver
amplifier with a bandwidth twice as large as that for the NRZ signal generation at the
same bit rate. A dual parallel Mach-Zehnder modulator (MZM) has been used to
realize Manchester coding directly in optical domain, eliminating high-speed
electronic processing at the expense of more complicated modulator structure [13]. A
more elegant approach has been proposed by using a single dual-drive MZM to
implement high-speed Manchester coding directly in optical domain [14]. However, as
the two driving signals (data signal and clock, respectively) are not complementary,
the generated optical Manchester signal cannot be chirp-free and is thus vulnerable to

chromatic dispersion during transmission, especially in the differential detection case.

In this section, we propose a novel chirp-free optical Manchester signal
transmitter that consists of a conventional chirp-free single-drive MZM together with
a passive electronic power combiner. The driving signal is obtained simply by adding
the original NRZ data and the synchronized clock signal via the power combiner. The
chirp-free optical Manchester signal can be generated by leveraging on the inherent
sinusoidal transfer curve of a MZM. As integrated MZMs have been demonstrated for
using at ONU [15], the proposed scheme has potential application in broadband (i.e.
above 10Gb/s) Rayleigh noise-resilient WDM-PON by taking advantage of the

technique discussed in last section.

96



4.2.2. Operation principle

Fig. 4.7(a) illustrates the proposed optical Manchester signal transmitter. The
combination of the original raised-cosine shaped NRZ data and the synchronized clock
signal is used as the driving signal as shown in Fig. 4.8. The marks in the original NRZ
data plus the clock signal result in the mark-level oscillation between ~V,and ~2V,in
the combined signal, while the spaces in the NRZ data plus the clock signal result in
the space-level oscillation between around 0 and V, in the combined signal. Within a
bit period 7, the mark-level oscillation will experience the swing from the peak voltage
~2V ;1o the valley voltage ~V, corresponding to a “fall” transition at the center of a bit

in the MZM output; similarly, the space-level oscillation will experience the swing
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Fig. 4.7 (a) Proposed optical Manchester signal transmitter. (b) simulated spectrum

of the optical Manchester signal.
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Fig. 4.8. Operation principle of the proposed optical Manchester signal

transmitter.

from the peak voltage ~V; to the valley voltage ~0, corresponding to a “rise” transition
at the center of a bit in the MZM output. Thus, the original NRZ data are now encoded
by the transition directions (“rise” or “fall”) at the center of each bit in the MZM
output, realizing the Manchester coding directly in optical domain. The simulated
spectrum of the optical Manchester signal is shown by the solid line in Fig. 4.7(b). For
comparison, we also show the simulated spectrum of the optical Manchester signal,
generated by a dual-drive MZM [14], as the dashed line in Fig. 4.7(b). The dashed

spectrum is wider due to the inherent chirp in the scheme using a dual-drive MZM.

4.2.3. Experimental demonstration

We have experimentally demonstrated the proposed optical Manchester signal
transmitter based on the setup shown in Fig. 4.7(a). CW light at 1550 nm was fed into

a MZM driven by the combination of a 5-Gb/s 2°'-1 PRBS and a 5-Gb/s sinusoidal
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Fig. 4.9: BER measurements. Inset: eye diagram of the detected optical

Manchester signal by a 10-Gb/s p-i-n receiver.

clock signal. It is worth mentioning that the bandwidth of the driving signal generated
by a passive power combiner is reduced by half [16], [17], compared with that of the
driving signal generated by an XOR gate or a multiplying mixer. Thus, the bandwidth
of the MZM and driving circuit is also reduced in the proposed scheme. To compare
the dispersion tolerance between the proposed scheme and the prior scheme using
dual-drive MZM [14], the obtained optical Manchester signal from the MZM output
was transmitted through a span of 20-km standard SMF with a dispersion coefficient
of 17 ps/nmm/km, before being detected by a 10-Gb/s p-i-n receiver. The BER
measurement results are shown in Fig. 4.9. Compared with the BER curve of the B2B
Manchester signal, around 0.4-dB power penalty at BER of 107 is observed after
20-km transmission in SMF. It should be noted that for the 5-Gb/s Manchester signal
generated by a dual-drive MZM, the reported power penalty is 1.5 dB after 20-km

transmission in SMF [12]
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scheme using dual-drive MZM, (a) direct detection, (b) differential detection [14].

4.2.4. Enhanced dispersion tolerance

The dispersion tolerance of both schemes was also investigated through simulation, as
show in Fig. 4.10. The proposed scheme is more robust to dispersion than the scheme
using a dual-drive MZM, for both direct detection and differential detection cases. As
the dispersion accumulates, the optimal decision threshold always rests on the “0”
level for the proposed scheme using differential detection as show in Fig. 4.10(b). In
contrast, for the scheme using a dual-drive MZM, the optimal decision threshold in

differential detection drifts away quickly as the dispersion accumulates.

We then investigated the dispersion tolerance in both schemes when the bit rate

was increased from 5 Gb/s to 10 Gb/s through simulation, as show in Fig. 4.11 and Fig.
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Fig. 4.11 Eye diagrams of the detected 10-Gb/s optical Manchester signal
generated by the proposed scheme, (a) back to back, direct detection; (b) back to
back, differential detection; (c) after the transmission in 20-km SMF, direct

detection; (d) after the transmission in 20-km SMF, differential detection;

Fig. 4.12: Eye diagrams of the detected 10-Gb/s optical Manchester signal
generated by the prior dual-drive MZM based scheme, (a) back to back, direct
detection; (b) back to back, differential detection; (c) after the transmission in

20-km SMF, direct detection; (d) after the transmission in 20-km SMF,

differential detection;
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4,12, respectively. Similarly, the proposed scheme is proved to be more robust to
dispersion than the scheme using a dual-drive MZM, in both direct detection and

differential detection cases.

4.3.Summary

In this chapter, we propose a novel offset Manchester coding to simultaneously
achieve Rayleigh noise suppression and upstream differential detection for
WDM-PONSs. Error-free transmission of 2.5-Gb/s upstream signals in 50-km SMF is
demonstrated, with a 7-dB enhanced tolerance to Rayleigh noise. The transmission
distance can be further increased using a higher ONU gain. The unique self-clocking
property of Manchester coding together with differential detection facilitates new
designs of future hybrid WDM/TDM-PONSs, in which burst-mode upstream detection

and the resistance to reflection crosstalk are essential.

We also have proposed and experimentally demonstrated a novel chirp-free
optical Manchester signal transmitter with enhanced tolerance to dispersion, which
can be potentially used as the upstream modulator in the aforementioned WDM-PON
with enhanced tolerance to Rayleigh noise. By using a single-drive MZM together
with a passive power combiner, Manchester coding is realized directly in optical
domain, thus eliminating high-speed electronic processing without increasing the
complexity of the modulator structure. For the 5-Gb/s Manchester signal generated by
the proposed scheme, after transmitting in 20-km SMF, the dispersion induced power
penalty is reduced to 0.4 dB, from 1.5 dB in the previous scheme using a dual-drive
MZM. Simulation results for the eye diagrams of the 10-Gb/s systems are also given.

The proposed scheme eliminates the conventional bandwidth doubling issue in optical
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Manchester signal generation and will potentially find application in high-speed

optical burst mode transmission links.
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Chapter 5 Multicast Transmission

in WDM-PON

5.1.Introduction to broadcast/multicast Overlay

With more diverse multimedia and data services available for broadband access, the
access network has to be flexible enough to cope with various data or video delivery
such as broadcast/multicast services, in addition to the point-to-point (unicast) traffic.
Broadcast/multicast is an efficient way to provide information accessibility to a large
number of users. In the wavelength plan for ITU-T TDM-PON standard, the
downstream band between 1550 and 1560 nm is assigned to broadcast-video.
Broadcast can be easily realized in TDM-PON as it employs power-splitting at the RN.
Whereas it is more challenging for WDM-PON, due to the dedicated connection
between the OLT and the ONU. To realize more flexible network functions, several
studies have been carried out to deliver simultaneously point-to-point data and

broadcast/multicast data to subscribers [1]-[6].

Multicast is more attractive, compared to broadcast, as it allows selective
control of the connection for each subscriber individually. There are two key issues to
transmit both point-to-point and multicast data simultaneously in WDM-PON: (1)
how to multiplex the point-to-point and multicast traffic and (2) how to enable/disable
the multicast traffic flexibly. An additional wavelength together with a specially

designed arrayed waveguide grating (AWG) could be used to realize the broadcast
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capability in WDM-PONs [1], but it will increase system complexity and cost.
Subcarrier multiplexing could be employed to superimpose the multicast data on the
point-to-point data and less than 1.5 Gb/s was demonstrated [2]-[4]. However,
broadband modulators and oscillators, with bandwidth several times larger than the
signal bit rate, are needed at the OLT and/or ONU sides. Recently, two schemes were
proposed to superimpose a 10-Gb/s multicast data stream on conventional 10-Gb/s
downstream point-to-point data [5], [6]. The multicast control is achieved, respectively,
by adjusting the extinction ratio of the downstream point-to-point NRZ data [10], or
switching the modulation format of the downstream point-to-point data between
non-return-to-zero-on-off-keying (NRZ-OOK) and inverse-return-to-zero-on-off-
keying (IRZ-OOK) [6]. However, when the multicast service is disabled, as the
upstream transmission 1is realized by remodulating part of the downstream
non-return-to-zero (NRZ) signal with a high extinction ratio (ER), it results in a
limited upstream bit rate. Less than 2.5 Gb/s is demonstrated. With the surge of
peer-to-peer applications, symmetric bit rates in both upstream and downstream
signals are highly desirable for future-proof PON systems. In this chapter, two
multicast overlay schemes that can solve all these challenging issues are proposed and
experimentally demonstrated. Before introducing those two multicast overlay schemes,
we will first introduce two broadcast schemes, as broadcast is the foundation of

multicast.

5.2.Hybrid- OTDM-based broadcast overlay

5.2.1. Introduction

In this section, we propose a novel WDM-PON architecture to simultaneously deliver
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both downstream unicast data and broadcast data to subscribers based on hybrid
optical time-division multiplexing (OTDM). The point-to-point data encoded in OOK
format and the multicast data encoded in DPSK format are time-interleaved at the OLT
to form a hybrid OTDM signal, with no optical time demultiplexing is required before
direct detection [7]. Part of downstream DPSK signal is remodulated by upstream
data , thus the ONU is colorless and only centralized multi-wavelength pulse source at
the OLT is required. The multi-wavelength pulse source can be generated by a laser
array followed by a common pulse caver, i.e. an electroabsorption modulator (EAM).
A supercontinuum broadband light source shared by all subscribers may be a

cost-effective alternative for this centralized pulse source [§].

5.2.2. System architecture

Fig. 5.1 shows the proposed WDM-PON architecture with hybrid-OTDM based
broadcast overlay. At the OLT, light from the multi-wavelength pulse source,
generated by a laser array followed by a common pulse caver, 1s divided into two parts.
One part is fed in to an intensity modulator (IM) driven by the broadcast data, while
the other part is wavelength-demultiplexed by an arrayed waveguide grating or its
equivalent such that each channel can be phase-modulated by the downstream
point-to-point data. The delay line before each phase modulator (PM) should have a
proper length, such that after wavelength-multiplexing and combination with the
point-to-point signals the point-to-point signals and the broadcast signals are
interleaved in time. The timing alignment between the pulse caver and data modulator
is adjusted in electrical domain, using a timing alignment monitoring module together
with a feedback control circuit. We have proposed a scheme for such a timing

alignment monitoring, which will be discussed in the next section. The combined
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Fig. 5.1 The proposed WDM-PON architecture with hybrid-OTDM based

broadcast overlay.

signals are first amplified and then fed into the feed fiber. At an ONU, a portion of the
received downstream signal power is tapped off for reception while the remaining is
fed into an optical IM for upstream data remodulation. By direct detection the
RZ-OOK signal can be simply detected, as the adjacent RZ-DPSK bit with constant
power will only cause certain extinction ratio degradation for its detection. Similarly,
when the hybrid OTDM is passed through the DI, the RZ-DPSK signal can be directly

detected, with limited detection noise caused by the residual RZ-ASK signal [6].

5.2.3. Experimental demonstration

We have conducted a proof-of-concept experiment to demonstrate one channel of the
proposed WDM-PON based on the architecture shown in Fig. 5.1. At the OLT, the
optical pulse train (wavelength 1548 nm, FWHM ~1.5 ps, repetition rate 10.61 GHz)
generated by a semiconductor mode-locked laser diode (MLLD) was first split into
two parts before being modulated by a 10-Gb/s 2°'-1 PRBS via an optical phase
modulator and an intensity modulator, respectively, to generate the RZ-DPSK and
RZ-O0K tributaries. The choice of pulsewidth can be much broader, as far as the
pulses have no overlap after interleaving [6]. A tunable optical delay line (DL) was
inserted to assure that the optical 10.61-Gb/s RZ-DPSK pulses (downstream unicast
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signals) are properly interleaved with the 10.61-Gb/s RZ-OOK (broadcast signals)
signal pulses to form a 21.22-Gb/s hybrid OTDM signal. A tunable optical attenuator
was also used, to keep the two tributaries having the same power. The hybrid OTDM
signal was then amplified to around 4 dBm and coupled into a 20-km
dispersion-shifted fiber to emulate the transmission link with dispersion compensation.
An optical bandpass filter (OBF) with a 3-dB bandwidth of ~0.8nm was used after the
EDFA to emulate one channel of a 100-GHz AWG and to suppress the ASE noise. At
the ONU, a part of the received downstream signal power was fed into an optical IM,
driven by a properly delayed 10-Gb/s 2311 PRBS as the upstream data, before being
transmitted back to the OLT, via another piece of 20-km dispersion-shifted fiber. Fig.
5.2 shows eye diagrams of the downstream point-to-point data, multicast data and
upstream data detected by receivers with the bandwidth of 50 GHz (for comparison) or

10 GHz (for real detection). By using 10-GHz receivers, all the detected signals show
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Fig. 5.2 Eye diagrams of (a), (b) before DI (for downstream unicast signal
detection); (¢), (d) after DI (for broadcast signal detection); (e),(f) the detected

upstream signal. Time scale: 20 ps/div.
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Fig. 5.3 BER curves for downstream unicast signal, broadcast signal and

upstream signal.

clearly open eyes. The BER measurement results are shown in Fig. 5.3. After 20-km
transmission, for the downstream unicast and broadcast signals, negligible power
penalty is observed. For the upstream signals, around 1-dB power penalty, mainly due

to the remodulation caused waveform degradation, is observed.

In conclusion, we propose a novel WDM-PON architecture with centralized light
source and hybrid OTDM-based broadcast overlay. Experimental demonstration of
downstream uniscast signals, broadcast signals, and upstream signals, all at 10 Gb/s,
are achieved with the power penalties less than 1 dB for all signals after 20-km
transmission with dispersion compensation. The required timing alignment

monitoring module at OLT will be discussed in the next section.
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5.2.4. Delay-interferometer based timing alignment

monitoring for RZ-transmitters

5.2.4.1.Introduction

Return-to-zero (RZ) format is used in the aforementioned hybrid OTDM-based
broadcast transmission in WDM-PON. It is also the preferred data format for
long-haul high bit-rate WDM transmission systems [9]. In such RZ systems RZ-DPSK
and RZ-O0K are two dominant modulation formats, for which correct timing between
pulse carving and data modulation must be maintained. Timing drift of 2~5 ps was
observed when the temperature of the 1-m-long optical fiber between the pulse caver
and data modulator was changed by 50°C, which may cause a power penalty of around
1 dB for an optically preamplified receiver in 40-Gb/s systems [10]. Thus an automatic
alignment is necessary to compensate the timing drift between pulse carving and data
modulation, due to temperature variation and device aging. On the other hand, as such
timing drift process is rather slow, it is possible to realize automatic alignment using
cost-effective low-speed components.

Alignment monitoring is essential to realize the desired automatic timing
alignment between pulse carving and data modulation. For RZ-DPSK systems, the
timing-misalignment induced polarization variation in a polarization-maintaining
fiber has been utilized as indicators for modulation alignment monitoring [10].
However this scheme is polarization sensitive and has a limited monitoring power
dynamic range (MPDR) of 0.2 dB. MPDR is the ratio between the two detected
monitoring signal powers that correspond to the maximum and minimum timing

misalignment. With a larger MPDR, a higher monitoring resolution can be attained.
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Another scheme utilizes an off-center optical filter to capture the frequency chirp due
to the timing-misalignment, and the MPDR has been improved to 3.35 dB [11]. To
further enhance the MPDR, an optical frequency discriminator and a microwave
detector centered at half the data rate are used to monitor the spectrum broadening
induced by timing misalignment [12], and an MPDR of 17 dB is achieved. However, a
broadband photodetector capable of retrieving the data waveform is required. For
RZ-OOK systems, it has been proposed to monitor the modulation alignment status by
detecting the microwave power spectrum of the signal [13]. Similar with [12], a
broadband photodetector is also required. Another scheme that is based on the
chirping characteristic of the EAM may not be applicable to other chirp-free

modulators [14].

In this part, we describe and experimentally demonstrate a simple modulation
alignment monitoring scheme applicable to both RZ-DPSK and RZ-OOK systems
using a delay-interferometer (DI) with properly designed delay. Not relying on any
high speed components, the scheme needs only an athermal DI and one or two optical
power meters. It is applicable to any kinds of intensity modulator, and differential
monitoring can further enhance the MPDR for RZ-DPSK systems. Because of the
periodic wavelength response of the DI [15], the proposed scheme has potential for
multichannel operation. As athermal DI has been commercially available [16], [17],

the proposed scheme becomes more practical.

5.2.4.2.0peration principle

The operation principle is illustrated as follows. For simplicity, square waveform with
aduty cycle of 50% is adopted for the obtained RZ pulse train. Zero rise- and fall-time

are used for both phase and amplitude modulation for the clarity of illustration. The
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obtained RZ-DPSK (or RZ-O0K) signals are fed into a DI with 0.75-bit relative delay
between the two arms. For such relative delay, the overlapped portions between the
RZ-DPSK (or RZ-OOK) signals on different arms of the DI will be within half pulse
width, as illustrated in Fig. 5.4. When the pulse carver and data modulator are well
aligned, the overlapped portions of the signals in the two arms may carry different
signals (i.e. different phases for RZ-DPSK signals and different amplitudes for
RZ-OO0K signals). In contrast, when the pulse carver and data modulator have half-bit
misalignment, the overlapped portions must carry the same signal. Such difference
will induce power variation through interference at the output ports of the DI and thus

can be utilized as indicators for modulation alignment monitoring.

brtn - bitast bitn+2

Half-bit
misaligned
s

[ o, B, []0orw, overlapped portlons’

Fig. 5.4 RZ-DPSK signals in the two arms of the DI before combining by the output

3-dB coupler for (a) aligned and (b) half-bit misaligned cases.

The question now is how to determine the optimal relative delay between two
arms of the DI to maximize the MPDR for both constructive port (CP) and destructive
port (DP). Under the aforementioned assumption of square waveform and
instantaneous data transition, it is found, through simple calculation, that the optimal

relative delay should be #/2 or 7-7/2, where is the pulse width and 7'is the bit period.



Furthermore, for RZ-DPSK signals shown in Fig. 5.4, the signal symbols ‘0’ and
‘n” are assumed to be equally probable. For the aligned case, DI’s both ports have the
same average power, due to the fact that the overlapped portions generate
complementary output at each port of the DI via constructive or destructive
interference. Thus, if differential monitoring (DM) (using the power difference
between the two output ports of the DI for alignment monitoring) is used, theoretically,
the MPDR can reach infinity as the minimum monitoring power is 0. It should be
noted such differential monitoring is quite different {rom the well-known balanced
detection for DPSK demodulation, where strict timing alignment between two
photo-detectors is required. Since the drift of the timing between pulse carver and data
modulator occurs on the time scale of tens of minutes [14], the implementation of such
differential monitoring requires neither broadband photodetectors nor precise timing

alignment between the two optical power meters.

For practical systems with non-square pulse waveform and non-zero
rise/fall-time for data modulation, simulation using OptSim™ is conducted to find the
optimal relative delay for 10-Gb/s RZ-DPSK and RZ-OOK signals with duty cycle of
50%. In the simulation, all the parameters (say rise- and fall-time) are set according to
the specifications of the devices used in the following experiment. The simulation
result is shown in Fig. 5.5.We can conclude that the destructive port has larger MPDR
than the constructive port for both RZ-DPSK and RZ-OOK systems, thus the
destructive port should be used for single port monitoring. DM can further enhance the

MPDR from less than 2 dB to ~14 dB for RZ-DPSK signals.
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Fig. 5.5: MPDR versus the delay of DI. The duty cycle of the RZ
pulse train in simulation was 50%. DP: destructive port, CP:

constructive port, DM: differential monitoring.

5.2.4.3.Experimental demonstration

Fig. 5.6 shows the experimental setup used to investigate the proposed scheme. A CW
light at 1549 nm was carved into a 10-Gb/s pulse train with a pulse width of 50 ps and
rise-time of ~15 ps via a Mach-Zehnder intensity modulator (MZM), driven by a
10-GHz sinusoidal clock signal. The pulse train was then modulated with a 10-Gb/s
231.1 Pseudorandom binary sequence (PRBS) using a LiNbO; phase modulator (PM)
or MZM to generate the RZ-DPSK or RZ-OOK signal. A tunable electrical delay was
used to provide different timing misalignments between the pulse carver and data
modulator. At the output of the PM or MZM, a portion of optical power was tapped off
and fed into a DI with ~94-ps relative delay for alignment monitoring. The inset in Fig.

5.6 shows the eye diagrams of the detected RZ-DPSK signals from each port of the DI
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Iig.5.6 Experimental setup. Inset: Eye diagrams of the detected RZ-DPSK
signals from each port of the DI when the pulse carver and data modulator are
well aligned or have half-bit misalignment. Time scale: 20ps/div. DP: destructive

port, CP: constructive port.

when the pulse carver and data modulator are well aligned or have half-bit
misalignment. When they are aligned, the constructive port and the destructive port
should have nearly the same output monitoring power (assume ‘0’ and ‘n’ are equally
probable), since their output signals are complementary. As the timing misalignment
increases, for the destructive port, the output monitoring power will decrease due to
the dip in the middle of the eye diagram. At the same time the output monitoring power
will increase for the constructive port from the principle of conservation of energy.

The experimental results on MPDR are shown in Fig. 5.7.

When differential monitoring is used for the RZ-DPSK signal, the power difference
between the DI’s two output ports monotonously increases as the absolute value of the
timing misalignment increases. Thus, the timing misalignment of the RZ-DPSK signal

can be confined by stepwise dithering the timing alignment and minimizing the power
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Fig.5.7 Experimental results of output monitoring power for different timing

misalignments using a 94-ps DI.

difference between the DI’s two output ports through a feedback circuit. On the other
hand, when single-port monitoring is used for RZ-DPSK/RZ-OOK signals, the DI'’s
output monitoring power, from the destructive port, monotonously decreases as the
absolute value of the timing misalignment increases. Thus, the timing misalignment
can be confined by stepwise tuning the timing alignment and maximizing DI’s output
monitoring power through a feedback circuit. For RZ-DPSK (RZ-OOK) signals, the
MPDR of ~ 1.2 dB (~2dB) and ~0.9 dB (~0.3 dB) are observed for the destructive port
and the constructive port, respectively. Compared with the points intersected by the
dash line (~ 94-ps delay) in Fig. 5.5, these experimental results are slightly smaller
than those in the simulation, due to the limited accuracy in the simulation parameter
value selection based on our devices. Overall, the experimental and simulation results
agree well. When differential monitoring is used, the MPDR for RZ-DPSK systems is

effectively improved to 13 dB, which also agrees well with the simulation result of
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12.9 dB. The differential monitoring case has better agreement between the
experimental and simulation results, compared to the single-port cases, as some

common errors in the two ports are rejected by differential monitoring.

For the proposed scheme, we also investigated its tolerance to
temperature-induced frequency offset of the 94-ps DI through simulation. For the
athermal DI in [16], the temperature-induced frequency offset is <+0.5 GHz over the
range of [0, 70°C]. Within such a small frequency offset, only 0.33-dB MPDR
degradation is observed when the RZ-OOK signal is monitored by DI’s destructive
port, whereas the MPDR degradation is less than 0.1dB for the other four cases. In
addition, when differential monitoring is used for the RZ-DPSK signal, within such a
small frequency offset, the power difference between DI's two output ports still
monotonously increases as the absolute value of the timing misalignment increases.
Thus, the timing misalignment of the RZ-DPSK signal can be confined by stepwise
dithering of the timing alignment and minimizing the power difference between DI’s
two output ports through a feedback circuit. Similarly, when the destructive port is
used for single-port monitoring, the timing misalignment can be minimized by

maximizing the DI’s output monitoring as in the aforementioned discussion.

For RZ-DPSK signals, the power difference between the two output ports of the

DI decreases as the timing misalignment is reduced, as shown in Fig. 5.7. With no

timing misalignment, the power difference is nearly vanished. Thus, differential

monitoring can significantly enhance the MPDR for RZ-DPSK signals. For RZ-O0OK

signals, although the power difference between the two output ports of the DI also
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decreases as the timing misalignment reduces, the minimum value of the power

difference is not very small and cannot effectively enhance the MPDR by DM. Thus,

differential monitoring is only applicable to RZ-DPSK signals.

We then investigated the feasibility of the proposed scheme for RZ signals with a

duty cycle of 33% through simulation. Raised-cosine pulse was assumed in the

simulation. We also studied the relationship between MPDR and the delay of DI as

shown in Fig, 5.8.

When the destructive port is used for single-port monitoring, the

MPDR for the RZ-OOK signal is around 3.6 dB with an optimal delay of ~95 ps,

whereas the MPDR for the RZ-DPSK signal is around 2.4 dB with an optimal delay of

~86 ps. The MPDR for the RZ-DPSK signal is significantly enhanced to ~34 dB by
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Fig 5.8 MPDR vs. the delay of DI The duty cycle of the RZ pulse train in

simulation was 33%. DP: destructive port, CP: constructive port, DM: differential

monitoring.
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differential monitoring, with an optimal delay of 100 ps.

5.2.4.4.Discussions

The mixing between the data signal and the clock for RZ signal generation could also
be done in the electrical domain to save the modulator used as the pulse cover. The
AND operation between the data signal and the clock can generate RZ-shaped driving
signal to drive a single MZM for the generation of RZ-OOK signal [18]. RZ-DPSK
signal could also be generated by a single MZM with specially designed driver
electronics [19]. In both schemes, timing misalignment between the data signal and the
clock signal will degrade the obtained RZ-O0OK/ RZ-DPSK signals. The proposed
monitoring scheme can also be applied to these single-modulator schemes. We
investigated the relationship between MPDR and the delay of DI through simulation,
as shown in Fig. 5.9.  When the destructive port is used for single-port monitoring, the
MPDR for the 10-Gb/s RZ-OO0K signal is around 2.8 dB with an optimal delay of ~95
ps, whereas the MPDR for the 10-Gb/s RZ-DPSK signal is around 4 dB with an
optimal delay of ~75 ps. The MPDR for the 10-Gb/s RZ-DPSK signal is enhanced to
~8.5 dB by differential monitoring, with an optimal delay of 100 ps. It is noteworthy
that for these single-modulator schemes, even without using the proposed monitoring
scheme the timing-misalignment-induced power variation in the MZM output still has
a 1.6-dB and a 0.12-dB MPDR for the 10-Gb/s RZ-DPSK and RZ-OOK signal,
respectively. By using the proposed monitoring scheme, the MPDR can be improved

by 6.9 dB and 2.68 dB for the RZ-DPSK signal and the RZ-OO0K signal, respectively.

In conclusion, we have proposed and demonstrated a simple scheme for

monitoring the alignment status between the data and the clock signal for the
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Fig. 5.9 MPDR versus the delay of DI when the RZ-DPSK/ RZ-OOK signals are
generated by single modulator. DP: destructive port, CP: constructive port, DM:

differential monitoring.

generation of RZ-DPSK and RZ-OOK signals. Not relying on any high-speed
components, the proposed scheme needs only an athermal delay-interferometer and
one or two optical power meters. The scheme also has potential for multichannel
operation, because of the periodic wavelength response of the DI. The proposed
scheme is first applied to the transmitter configuration using cascaded data modulator
and pulse carver. For 10-Gb/s RZ-DPSK signals with a duty cycle of 50% and 33%, by
differential monitoring, the MPDR was significantly improved to ~13 dB and ~34 dB,
respectively. For 10-Gb/s RZ-OOK signals, the MPDR of ~2 dB and ~3.6 dB were
obtained for the duty cycle of 50% and 33%., respectively. The proposed scheme is

also applicable to the single-modulator transmitter configuration, in which the data
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signal and the clock are mixed in the electrical domain. The MPDR for the 10-Gb/s
RZ-DPSK and RZ-OOK signals is enhanced to 8.5 and 2.8 dB, respectively, by using

the proposed scheme.

5.3.Broadcast transmission using time-interleaved

phase remodulation

5.3.1. Introduction

In this section, we propose a novel time-interleaved phase remodulation scheme to
multiplex the broadcast traffic with the conventional bidirectional unicast traffics in a
WDM-PON. The broadcast data encoded in DPSK format is superimposed onto all
downstream unicast data channels that are also encoded in DPSK format. At ONU, the
unicast and broadcast data can be simultaneously obtained from the destructive port of
a half-bit-delay DI. By properly reducing the modulation depth of the broadcast and
unicast DPSK signals at OLT, optical carrier can be recovered from the constructive
port of the DI at ONU and used as the source for upstream transmission, without
compromising the downstream extinction ratio (ER) [20]. Additional light sources as

n [21], [22] are not needed in the proposed scheme.

5.3.2. System architecture and operation principles

Fig. 5.10 shows the proposed WDM-PON architecture with symmetric unicast bit
rates and broadcast overlay. For each downstream wavelength at the OLT,
differentially precoded data is used to drive an optical PM to generate the downstream

unicast DPSK signal. All downstream wavelengths at the
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Fig. 5.10 Proposed WDM-PON architecture with symmetric bit rates and broadcast

overlay. CR: clock recovery.

OLT are multiplexed by an AWG before feeding into a shared optical PM, which is
driven by the precoded broadcast data. The broadcast and unicast DPSK signals with
the same bit rate are temporally offset by 7/2, with T being the bit period. At an ONU,
the downstream broadcast and unicast DPSK signals are demodulated simultaneously
by the destructive port of a DI with half-bit delay, before direct detection by a single
photo-detector with two decision modules. Light from the DI’s constructive port is fed
into an optical intensity modulator (IM) for upstream data re-modulation. Compared
with the ONU structure in [23], one receiver module and two power splitters for the
separation of the downstream signals and the upstream source can be saved in the
proposed scheme, leading to cost-effective and simplified implementation of ONU,
Athermal DIs, with C+L band coverage by a single device, are commercially available

and can be used at ONU.

As a half-bit-delay DI, rather than a conventional one-bit-delay DI, is used at
ONU, the demodulated DPSK signal is determined by the phase difference between
the leading half of a bit in the downstream unicast (or broadcast) DPSK signal and the
trailing half of its previous bit. As for the leading half and the trailing half within one

bit in the DPSK signal, at DI's destructive port, destructive interference always occurs.
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Fig. 5.11 (a) Eye diagrams of (i) the detected downstream unicast data when the
broadcast signal is off, (ii) the detected broadcast data when the unicast signal is

off, (iii) the detected downstream unicast and broadcast data, (iv) the constructive
port output with optical power in each bit. Time scale: 50 ps/div. (b) Operation

principles of time-interleaved phase remodulation.

Thus RZ-shaped eye diagram can be obtained when the destructive port a
half-bit-delay DI is used to demodulated the downstream unicast or broadcast DPSK
signal, as shown in Fig. 5.11(a)(i) and Fig. 5.11(a)(ii). The uncast and broadcast
signals have slightly different waveforms as the two phase modulators have different

modulation bandwidths.

By temporally offsetting the broadcast and unicast data by 7/2, the phase
difference between the leading half of a bit in the downstream unicast DPSK signal
and the trailing half of its previous bit will not be altered by the broadcast PM, as they
will experience the same phase change induced by the phase modulation of the
broadcast data. Thus correct demodulation of the unicast DPSK signal via the
destructive port of a half-bit-delay DI can be obtained as long as the broadcast and
unicast data are temporally offset by 7/2, as shown in Fig. 5.11(b). Likewise, correct

demodulation of the broadcast DPSK signal can be obtained simultaneously. At the
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DI’s destructive port, the demodulated broadcast and unicast DPSK signals are
interleaved, as shown in Fig. 5.11(a)(iii) and Fig. 5.11(b). To facilitate the carrier
recovery from the DI’s constructive port for upstream remodulation, both the
broadcast and unicast DPSK signals are with reduced modulation depth (RMD). The
output from the constructive port is Inverse-RZ shaped with optical power in each bit
as shown in Fig. 5.11(a)(iv), and can be readily re-modulated by the upstream data [24].
For RMD modulation, the “n” phase in Fig. 5.11(b) is changed to a smaller value,
leading to a “1” bit with smaller level after demodulation. The operation principle of

the time-interleaved phase remodulation is still applicable.

5.3.3. Experimental demonstration

We have experimentally demonstrated the proposed scheme based on the architecture
shown in Fig, 5.10. At the OLT, CW light at 1552.7 nm was coupled into a PM driven
by a 5-Gb/s 2°'-1 PRBS with a driving voltage of ~0.4 V. The obtained RMD-DPSK
signals were fed into another PM also driven by a 5-Gb/s PRBS with a driving voltage
of ~0.4 Vx as the pre-coded broadcast data. Then through a circulator, the phase
remodulated signal with an average power of 5 dBm was coupled into a 20-km SMF.
After propagating through a 100-GHz AWG (insertion loss= 4 dB, 3-dB bandwidth=
0.6 nm) at the RN and a circulator, -3.6-dBm optical power was fed into a 94-ps DI at
ONU. The destructive port of the DI was used to simultaneously demodulate the
downstream unicast and broadcast RMD-DPSK signals. The output power from the
DI's destructive port was -13.9 dBm. The demodulated unicast and broadcast
RMD-DPSK signals could attain a high ER [24]. After demodulation, the interleaved
RZ-shaped unicast and broadcast signals were detected by a 10-Gb/s p-i-n receiver

followed by a 12.5-GHz bit-error-rate (BER) tester. The clock delay of the BER tester
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was manually adjusted correspondingly when measuring the BERs of the unicast and
broadcast RMD-DPSK signals, to emulate the two decision modules of the receiver
shown in Fig. 5.10. Optical power of -6.3-dBm from the constructive port was fed into
an intensity modulator (IM), driven by a 5-Gb/s 2°'-1 PRBS as the upstream data. The
upstream signal with a power of -15 dBm from the IM was amplified to 5 dBm, and
then transmitted back to the OLT. The amplification increased the power ratio of the
upstream signal to the Rayleigh backscattered signal. The BER measurement results
for downstream and upstream signals are shown in Fig. 5.12(a) and Fig. 5.12(b),
respectively. After 20-km transmission in SMF, around 1-dB power penalty is
observed for the unicast and broadcast signals, due to dispersion. The insets in Fig.
5.12(a) show the wide-open eye diagrams of the downstream unicast and broadcast
signals. In the back-to-back case, compared with that using CW light as the upstream
source, around 2-dB power penalty (at BER=10") is observed for the upstream signal
modulated on the DI’s constructive port output, as shown in Fig. 5.12(b). After 20-km
transmission in SMF, around 1.5 dB power penalty is observed for the upstream signal

due to dispersion and Rayleigh backscattering. To investigate the tolerance to
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Fig. 5.12 BER results of (a) the downstream unicast and broadcast signals. (b) the
upstream signal. Inset: the corresponding eye diagrams for different cases. Time

scale: 50ps/div.
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remodulation timing misalignment we have deliberately adjusted the remodulation
synchronization through an electronic delay within one bit period. Only less than
0.9-dB power penalty was observed. The eye diagram corresponding to the worst
remodulation synchronization is shown in the inset of Fig. 5.12(b), with only slight

distortion compared with the eye with optimal re-modulation synchronization.

5.4.A delay-based multicast control scheme for

WDM-PONs with 10-Gb/s symmetric two-way

traffics

5.4.1. Introduction

As discussed in the beginning of this chapter, Multicast is more attractive, compared to
broadcast, as it allows selective control of the connection for each subscriber
individually. Recently, we proposed a novel scheme to realize 10-Gb/s symmetric
uplink and downlink bit rates and 10-Gb/s multicast overlay with simple centralized
control for multicast service [25]. The multicast data, encoded in DPSK format, are
superimposed on all point-to-point data channels, modulated in IRZ format. By
adjusting the synchronization of the DPSK/IRZ orthogonal modulation, simple and
flexible multicast control could be realized. It should be noted that such
synchronization control is also required in [4]-[6]. Compared with prior schemes [2],
[4]-[6], additional ER adjustment or modulation format switching is not required when
the multicast service is switched from one operation mode (enabled/disabled) to the

other, thus reducing system complexity and cost. The upstream transmission can be
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realized by remodulating part of the downstream IRZ signal which carries optical
power in each bit. In this section, we further investigate different issues for the
proposed scheme. First, the effects and tradeoff for different ERs of the IRZ signal
are studied. It is shown that the error floor of the multicast disabled data is enhanced
from previous 107 to higher than 10™* when the ER of the downstream IRZ signal is
increased from 4.5 dB to 6 dB. The effect of timing misalignment on downstream
orthogonal modulation and upstream re-modulation is quantitatively analyzed. We
also investigate the applicability of the scheme for systems with different downstream

and multicast data rates.

5.4.2. Proposed system architecture and multicast control

Fig. 5.13 shows the proposed WDM-PON architecture with symmetric bit rates and
multicast overlay. For each downstream wavelength at the OLT, IRZ-shaped data
signal is first generated, via a logic NAND gate, and is used to drive an optical IM to
generate the downstream point-to-point IRZ signal. All the downstream wavelengths
at the OLT are multiplexed by an AWG. The multiplexed signals are first amplified by
a shared EDFA and then fed into an optical PM, which is driven by the pre-coded
multicast data. Through this orthogonal modulation, the multicast DPSK data are
superimposed on all point-to-point data channels in IRZ format. As at least half of a bit
period in each downstream point-to-point IRZ bit is in high-power state, it can readily
enable the orthogonal modulation. At the ONU, the received downstream signal power
is divided into three portions by two 3-dB optical power splitters. One quarter of the
received downstream signal power is fed into a photodiode for the direct detection of
the downstream point-to-point IRZ data. Another quarter is demodulated by a delay
interferometer (DI) before the direct detection of the multicast DPSK data. The

remaining power is fed into an optical IM for upstream data remodulation. The
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Fig. 5.13 The proposed WDM-PON architecture with symmetric bit-rates and
multicast overlay. Tx/R: transceiver, P-t-P Data: point-to-point data, IM: intensity
mcﬂulator, OLT: optical line terminal, EDFA: Erbium Doped Fiber Amplifier, DI:
delay interferometer, PIN: p-i-n photodetector, PM: phase modulator, RN: remote

node, ONU: optical network unit.

high-power portion in each bit of the downstream point-to-point IRZ data also
facilitates the upstream data remodulation. Proper synchronization between the
downstream and upstream data is needed to assure that the upstream data can be
imprinted on the high-power portion of each bit in the downstream IRZ data during

remodulation.

By properly aligning the IRZ data temporally through an electronic delay circuit
(Delay-1) such that the multicast DPSK data rest in the middle of two adjacent IRZ
pulses at the PM, the multicast DPSK data can be properly demodulated and detected
at ONUs. In contrast, if the DPSK bits coincide with the IRZ data dips, the multicast
DPSK will suffer from excessive intensity fluctuation and cannot be properly
demodulated at the ONU. Thus, multicast control can be achieved by centralized

electrical delay adjustment of the downstream IRZ signal.
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5.4.3. Experimental demonstration

We have performed a proof-of-concept experiment for the proposed delay-based
multicast overlay scheme based on the architecture shown in Fig. 5.13. At the OLT, the
IRZ-shaped data signal was first generated by the logic NAND operation of a NRZ
10-Gb/s 2*'-1 PRBS and a 10-GHz clock, via a commercial NAND gate. A
continuous-wave light source at 1547.8 nm was then modulated with an IM driven by
the obtained IRZ-shaped data. The resultant output with a dark pulse width of 55 ps
was amplified by an EDFA. An optical bandpass filter with a 3-dB bandwidth of ~0.8
nm and an insertion loss of 2.1 dB was used to suppress the ASE noise. After power
amplification and filtering, the IRZ signals with an ER of ~4.5 dB were fed into a PM
driven by a 10-Gb/s PRBS as the pre-coded multicast data. Then the orthogonally
modulated signal (DPSK/IRZ) with an average power of 5 dBm was coupled into a
20-km dispersion-shifted fiber to emulate the dispersion-compensated transmission
between the OLT and the RN. At the ONU, one quarter of the received downstream
signal power was fed into a p-i-n photodiode for IRZ detection. Another quarter was
demodulated by a DI with a relative delay of 94.3 ps for DPSK detection. The
remaining power was fed into an optical IM, driven by a properly aligned 10-Gb/s
2°1.1 PRBS as the upstream data, before being transmitted back to the OLT via another
piece of 20-km dispersion-shifted fiber. A commercially available LiNbO; IM was
used in this experiment. For practical implementation it can be replaced by an
electro-absorption modulator integrated with semiconductor optical amplifiers
(SOA-EA-SOA) for 10-Gb/s polarization- insensitive operation [26].

To enable multicast, the synchronization of the DPSK/IRZ orthogonal
modulation was carefully adjusted via a commercially available digital phase shifter

(Delay-1) at OLT as shown in Fig. 5.13, such that each bit of the DPSK data could be

130



superimposed right in the middle of two adjacent IRZ pulses, as denoted by ‘A’ in Fig.
5.14(a), in which the longest period of high intensity level resides. The DPSK data
was detected at the ONU, showing a clear eye diagram as depicted in Fig. 5.14(c)(1).
The uplink data was measured, with the eye-diagram shown in Fig. 5.14(b). To show
the effect of timing misalignment on multicast control using electronic delay circuit
(Delay-1), the eye diagrams for different timing misalignments are depicted in Fig.
5.14(c)(1)-(vi), and the increasing degradation by the increasing timing misalignment
is shown clearly. When the synchronization of the DPSK was detuned by 50 ps,
corresponding to the period ‘B’ in Fig. 5.14(a), the superimposed DPSK multicast data
could not be detected correctly at the ONU. Its degraded eye diagram is depicted in Fig.
5.14(c)(vi). The BER measurement results for both downlink and uplink signals are
shown as the solid lines in Fig. 5.15 and Fig. 5.16, respectively.
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Fig. 5.14 Eye diagrams of (a) the detected 10-Gb/s downstream point-to-point

data in IRZ format, (b) the detected upstream data with proper delay at the
Delay-2, (¢) (i) — (vi) the 10-Gb/s demodulated DPSK multicast signal with
timing misalignment adjusted from 0 to 50 ps with a 10-ps step. Time scale: 20

ps/div.
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Fig 5.15 BER measurements of downstream IRZ point-to-point signals and
multicast DPSK signals with multicast enabled (0-ps time misalignment) and
disabled (50-ps time misalignment) cases. The solid and dashed lines correspond

to the cases that the ERs of the IRZ signal are ~ 4.5 dB and ~ 6 dB, respectively.

The performance of the downstream point-to-point signal, the downstream multicast
signal, and the upstream signal depends on the ER of the IRZ signal. We then adjusted
the ER of the IRZ signal to 6 dB for BER measurements to investigate the tradeoff for
different ER’s. The corresponding results for all the three types of data are depicted by

the dashed lines 1n Fig. 5.15 and Fig 5.16.

For both ER wvalues, negligible power penalty is observed after 20-km
transmission for the downstream point-to-point and multicast enabled signals For the
upstream signal, less than 0.5-dB power penalty at the BER of 107, manly due to the

degraded waveform, is shown. When multicast is disabled, the multicast DPSK signal
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Fig. 5.16 BER measurements of upstream signals. The solid and dashed lines
correspond to the cases that the ERs of the IRZ signal are ~4.5 dB and ~ 6

dB, respectively.

exhibits an error floor. The error floor is enhanced from 107 to higher than 10 when
the ER of the downstream IRZ signal is increased from 4.5 dB to 6 dB. Thus the
multicast disabled signal can be suppressed more effectively. However, the trade-off is
that the upstream signal has an error floor below 10 when the ER of the IRZ signal is
6 dB. For the upstream BER, if more stringent BER (better than the conventional 107

is required, the ER of the IRZ signal should be limited to a lower value.

To quantitatively analyze the effectiveness of the proposed multicast control
scheme to suppress the multicast disabled signal, we also measured the power penalty
of the multicast DPSK signals at the BER of 107, for different timing misalignments
as depicted in Fig. 5.17. In the multicast enabled case, Fig. 5.17 shows that the
multicast data can tolerate up to £20-ps time misalignment for less than 1-dB power
penalty, for both ER values. When the time misalignment is larger than £20-ps, the

corresponding power penalty of the multicast DPSK signals increases sharply,
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Fig. 5.17 Power penalty of multicast signal versus misaligned time between
the downstream IRZ signals and the multicast DPSK signals. The solid and
dashed lines correspond to the cases that the ERs of the IRZ signal are ~ 4.5 dB

and ~ 6 dB, respectively.

especially for the case with a larger ER, thus the multicast DPSK signals can be

effectively disabled via increasing the timing misalignment.

It should be noted that the uplink performance was measured under the best
remodulation synchronization such that each bit of the upstream data could be
superimposed right in the middle of two adjacent IRZ pulses as denoted by ‘A’ in Fig.
5.14(a). The remodulation synchronization was realized via carefully adjusting a
digital phase shifter (Delay-2) at ONU as shown in Fig. 5.13. For practical
implementation, the recovered clock from the downstream point-to-point data could
be wused for remodulation synchronization. To investigate the tolerance to
re-modulation misalignment we had deliberately adjusted the re-modulation
synchronization through the Delay-2. We measured the power penalty of the upstream
signals at the BER of 107, for different timing misalignments as shown in Fig. 5.18.

For less than 1-dB power penalty, the upstream data can tolerate up to +20-ps
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Fig. 5.18 Power penalty of upstream signal versus misaligned time between the
downstream IRZ signals and the upstream signals. The solid and dashed lines
correspond to the cases that the ERs of the IRZ signal are ~ 4.5 dB and ~ 6 dB,

respectively.

re-modulation misalignment when the ER of the IRZ signal is ~6 dB, and can further

tolerate up to £23-ps re-modulation misalignment when the ER is ~4.5 dB.

In the demonstration, the signal power fed into the transmission link was 5 dBm
after the PM. For both ER values of 4.5 and 6 dB, the receiver sensitivity at the BER of
107 for the downstream IRZ signals was higher than -15 dBm, and for the downstream
multicast enabled DPSK signals was higher than -17 dBm, while that for the upstream
NRZ signals was higher than -13.8 dBm. The loss caused by the transmission link and
the optical demultiplexing at the remote node was around 10 dB, and the insertion loss
of a 3-dB optical power splitter or a DI (when the destructive port of the DI is used)
was around 3.5 dB. Thus, the received powers for the IRZ and DPSK detection were
-12 dBm and -15.5 dBm, respectively, implying around 3-dB and 1.5-dB system
margin for the downstream point-to-point and multicast enabled signals, respectively.
Via an IM (~6-dB insertion loss), a portion of the downstream light (at -8.5 dBm) was

re-modulated by upstream data. The optical power arrived at the OLT was around
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-24.5 dBm without amplification. An EDFA with a gain of around 20 dB was used as
the upstream pre-amplifier at the OLT, thus around 3-dB system margin could be
obtained for each upstream channel. Standard EDFAs can support more than 23-dBm
saturation output power. They can satisfy the requirement of the two shared EDFAs at
the OLT for 32 channels, to have an output power of 5-dBm/ch for the downstream
signals or to have a 20-dB small signal gain for the upstream signals. In the analysis of
power margin, we assume the insertion loss of one AWG is 6 dB, based on our current
available device (with a channel spacing of 0.8 nm and a 3-dB bandwidth of 0.35 nm).
This is a conservative estimate, as the AWG with an insertion loss of 3 dB or less is
commercially available. By using the integrated SOA-EA-SOA module as the
upstream modulator [26], the upstream power budget can be further improved and the

upstream EDFA can possibly be eliminated.

5.4.4. Discussions

As the DPSK multicast data are imposed on the IRZ point-to-point signal and the
upstream NRZ signal, the channel bandwidth of the AWGs used at the OLT and the
RN should be wide enough. Otherwise improper optical filtering will cause
phase-to-amplitude conversion, corrupting the IRZ signal and the upstream NRZ
signal. AWGs with flat-top passband are preferred to alleviate this degradation. We
also investigated such narrow filtering effect via simulation. The relationship between
the power penalty (at BER=10") by optical filtering and the AWG channel bandwidth
is shown in Fig. 5.19. For all the three types of data, less than 0.5-dB power penalty is

observed when the AWG bandwidth is larger than 0.5 nm.
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Fig. 5.19 Power penalty (at BER=10") versus the 3-dB channel bandwidth of
AWGs used at the OLT and the RN. The solid and dashed lines correspond to the

cases that the ERs of the IRZ signal are ~ 4.5 dB and ~ 6 dB, respectively.

The dispersion-shifted fiber was used in the experiment, whereas standard SMF
together with a broadband dispersion compensation module (DCM) can be used as the
feeder fiber for practical deployment. As the length of the distribution fiber (between
the RN and the ONU) may vary in a range of several kilometers, it is necessary to
investigate the dispersion compensation tolerance of the proposed scheme, which was
studied through simulation. The 3-dB channel bandwidth and insertion loss of AWGs
used in the simulation were set to be 0.44 nm and 3 dB, respectively, according to a
commercially available AWG. As shown in Fig. 5.20, for both ER values of 4.5 and 6
dB, the power penalty (at BER=10") induced by 51-ps/nm (corresponding to ~3-km
SSMF) residual dispersion in the distribution fiber is less than 0.83 dB and 0.19 dB for
the downstream IRZ signal and the upstream NRZ signal, respectively. The

downstream multicast DPSK signal is more robust to dispersion, and the power
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penalty induced by 85-ps/nm residual dispersion in the distribution fiber is less than

0.06 dB (not shown in Fig. 5.20) for both ER values.
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Fig. 5.20. Power penalty (at BER=10") versus residual dispersion in the
distribution fiber. The solid and dashed lines correspond to the cases that the

ERs of the IRZ signal are ~ 4.5 dB and ~ 6 dB, respectively.

We have demonstrated the effectiveness of the proposed multicast control scheme
in the case when both multicast and downstream point-to-point data are 10 Gb/s. We
should point out that when the bit rate of the multicast data is lower than that of the
downstream point-to-point data, the proposed multicast control scheme may not
function properly. We first investigated the feasibility of the proposed multicast
control scheme by simulation for 5-Gb/s multicast data, which are superimposed on
the 10-Gb/s downstream point-to-point data. In the simulation, the ER of the 10-Gb/s
downstream point-to-point data was set at a higher value of 10 dB, which shall provide

a stronger suppression for the multicast disabled signals. The optical eye diagrams of
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Fig. 5.21. (a) Optical eye diagram of the detected 5-Gb/s multicast data with
timing misalignment of 50 ps. (b) Optical eye diagram of the detected 5-Gb/s
multicast data with timing misalignment of 0 ps. (¢) Detected electrical eye
diagram of the 5-Gb/s multicast data with 50-ps timing misalignment using a
4-GHz receiver. (d) Detected electrical eye diagram of the 5-Gb/s multicast

data with 0-ps timing misalignment using a 4-GHz receiver.

the 5-Gb/s multicast data for timing misalignment of 50 ps and 0 ps are shown in Fig.
5.21(a) and Fig. 5.21(b), respectively. The 50-ps timing misalignment corresponds to
the multicast disabled case. In this case, the 5-Gb/s DPSK bits coincide with the
10-Gb/s IRZ data dips, leading to large intensity fluctuation in the optical eye diagram
of the detected 5-Gb/s multicast data Nevertheless, such intensity fluctuation 1s
significantly suppressed in the detected electrical eye diagram of the 5-Gb/s multicast
data, as shown in Fig. 5.21(c), due to the low-pass filtering effect of the electronic

filter used 1n the receiver. In the simulation, a 4-GHz electronic filter was used in the
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receiver. Compared to the electrical eye diagram with 0-ps timing misalignment in Fig.
5.21(d), which corresponds to the multicast enabled case, no obvious degradation is
observed for the multicast disabled mode. The electrical eye diagram of the multicast
disabled case is even a little more open than that of the multicast enabled case. It is
different from the previous case when both the multicast and the downstream
point-to-point data are with the same data rate of 10 Gb/s, for which obvious
degradation is observed for the multicast disabled data. The proposed scheme is not
applicable to this case with 10-Gb/s downstream point-to-point data and 5-Gb/s
multicast data, as the multicast data cannot be effectively disabled even when the IRZ

signal has a higher ER value of 10 dB.

We then further investigated the feasibility of the proposed multicast control
scheme for 2.5-Gb/s multicast overlay. Prior to the 10-Gb/s systems, 2.5-Gb/s systems
are widely used. In the simulation, the ER of the 10-Gb/s downstream point-to-point
data was also 10 dB and a 2-GHz electronic filter was used in the receiver. The BER
measurement results for the 2.5-Gb/s multicast data with timing misalignment of 50 ps
and 0 ps were shown in Fig. 5.22. At the BER of 10, compared with the multicast data
with O-ps timing misalignment, a negative power penalty of around 0.4-dB was
observed for the multicast data with 50-ps timing misalignment. It is consistent with
the previous case of 5-Gb/s multicast overlay in that the multicast disabled mode has
slightly better performance than the multicast enabled mode and the multicast data

cannot be disabled through timing misalignment adjustment.

As discussed above, the proposed multicast control scheme may not function
properly when the bit rate of the multicast data is lower than that of the downstream

point-to-point data. In a real system deployment, it will be a limiting factor for the
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Fig. 5.22. BER measurements of the 2.5-Gb/s multicast data for timing
misalignment of 50 ps and 0 ps. The ER of the 10-Gb/s downstream

point-to-point data is 10 dB.

proposed scheme if the multicast bit rate is lower than the point-to-point bit rate at the

initial stage of the deployment.

In conclusion, we propose a novel WDM-PON architecture to provide symmetric
bit rates and multicast overlay based on DPSK/IRZ orthogonal modulation and
synchronization control. Simple and flexible multicast control could be realized at the
OLT. Experimental demonstration of downstream point-to-point signals, downstream
multicast signals, and upstream signals, all at 10 Gb/s, are achieved with power
penalties less than 0.5 dB for all signals after 20-km dispersion-shifted fiber. The error
floor of the multicast disabled data is enhanced from 107 to higher than 10™ when the
ER of the downstream IRZ signal is increased from 4.5 dB to 6 dB. The effect of
timing misalighment on downstream orthogonal modulation and upstream
re-modulation is quantitatively analyzed. For less than 1-dB power penalty, both the

multicast enabled data and the upstream data can tolerate 20-ps or above timing
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misalignment.

5.5.A wavelength detuning-based multicast control

scheme

5.5.1. Introduction

A delay based multicast control scheme is demonstrated in last section, with a
shortcoming that the multicast traffic could not be effectively disabled when its bit rate
was lower than that of the downstream data. In this section we propose a further
simplified multicast control scheme that is also applicable for the multicast traffic with

a bit rate lower than that of the downstream data.

In the proposed scheme, the multicast data encoded in DPSK format is
superimposed onto all downstream unicast channels modulated in IRZ format. The
multicast data can be effectively disabled by slightly detuning the laser wavelength at
OLT, which has negligible effect on the unicast data. The proposed scheme differs
from all the previous schemes in that, the multicast control is realized via the inherent
wavelength management of WDM systems, rather than any other additional

adjustment of signal’s extinction ratio, synchronization, modulation formats, etc.

5.5.2. System architecture and multicast control

Fig. 5.23 shows the proposed architecture. At OLT, the IRZ-shaped electrical signal is
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Fig. 5.23 Proposed WDM-PON architecture with wavelength tuning-based
multicast control. I&T control: diving current and temperature control of the

DFB Laser.

first generated via an electronic logic NAND gate before driving an IM to generate the
downstream unicast IRZ signal. The multiplexed downstream unicast signals are then
modulated by a shared PM which is driven by the precoded multicast data. As at least
half of each bit in the downstream IRZ signal bit is in ‘1’ level, it can greatly facilitate
the orthogonal modulation as well as upstream remodulation [23]. The unicast data
and the multicast data could be bit-synchronized by using a common clock signal at
OLT. At each ONU, a DI is employed to properly demodulate the multicast data.
Identical DI can be employed for all ONUs to keep them colorless by setting each of
the downstream unicast wavelength to coincide with one of the periodic frequency
response peaks or dips of the DI, depending on whether the constructive or destructive
port of the DI is used for DPSK demodulation. Wavelength offset between optical
source and DI will result in degradation in DPSK demodulation [27]. Hence, the
multicast data can be disabled by properly detuning the respective downstream unicast
laser wavelength by 0.02 nm (a quarter of a free spectral range of the DI), which can be
casily realized by slightly adjusting the driving current of the respective downstream
laser at the OLT. As the range of wavelength detuning is less than 0.02 nm that is much
smaller than the channel spacing of AWG, it has negligible effect on the unicast data

which is intensity-encoded.

143



5.5.3. Experimental demonstration

We have experimentally demonstrated the proposed scheme based on the architecture
shown in Fig. 5.23. At OLT, continuous-wave light at 1549.485 nm from a
temperature-controlled distributed feedback laser was IRZ modulated by an IM with a
10-Gb/s 2*'-1 PRBS. The resultant output with an ER of ~4 dB was fed into a PM
driven by a 10-Gb/s 2°'-1 PRBS as the multicast data. After power amplification, the
orthogonally modulated signal with an average power of 5 dBm was coupled into a
20-km dispersion-shifted fiber to emulate the dispersion-compensated transmission
between OLT and the RN. A 100-GHz AWG with a 3-dB bandwidth of ~0.6nm and an
insertion loss of ~4 dB was used at RN. At the ONU, one quarter of the received
downstream signal power was fed into a photodiode for IRZ detection as downstream
unicast data. Another quarter was demodulated by a 94.3-ps DI for DPSK detection as
the multicast data. The remaining half of the power was fed into an IM, driven by a
10-Gb/s 2*'-1 PRBS as the upstream data, before transmitting back to the OLT via

another piece of 20-km dispersion-shifted fiber.

When the multicast was enabled, the driving current of the DFB laser should be
carefully adjusted, such that its center wavelength could coincide with a frequency
response dip of the DI, as the destructive port was used for DPSK demodulation. With
the optimal driving current of 59.2 mA, the superimposed DPSK multicast data was
successfully detected at the ONU, with a clear eye diagram as shown in the inset of
Fig. 5.24. To quantitatively show the effect of wavelength tuning on multicast control

via laser driving current adjustment, we also measured the power penalty of
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Fig. 5.24 Power penalty versus laser driving current and wavelength tuning for

multicast control

the multicast DPSK signals, for different driving current as depicted in Fig. 5.24. The
eye diagrams for different laser driving current are depicted in the insets, and the
increasing degradation by the wavelength detuning is shown clearly. No performance
degradation was observed for the unicast signals during wavelength tuning, and the

output power variation of the downlink EDFA was within 0.1 dB. The BER
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Fig. 5.25 BER measurements. B2B: back-to-back.
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measurement results are shown in Fig. 5.25. After 20-km transmission, for the
downstream unicast and multicast enabled signals, negligible power penalty compared
to back-to-back case was observed. For the upstream signals, less than 0.7-dB power

penalty was observed.

5.6.Summary

On the one hand, broadcast/multicast is an efficient way to provide information
accessibility to a large number of users. On the other hand, its implementation in
WDM-PON is challenging due to the dedicated connection between OLT and each
ONU. In this chapter, we deal with the issue of broadcast/multicast transmission in

WDM-PON.

We first propose to multiplex the downstream unicat and broadcast signals via
hybrid OTDM. The hybrid OTDM signals have a unique feature that no optical time
demultiplexing is required to separate the two TDM channels before direct detection.
Note that in OTDM system, demultiplexing is typically more challenging than
multiplexing. In this scheme, RZ-transmitters are needed to generate different TDM
channels at OLT, which bring about the synchronization issue between the data and
clock signal. Thus, we also describe and experimentally demonstrate a simple
modulation alignment monitoring scheme applicable to both RZ-DPSK and RZ-O0K
systems using a DI with properly designed delay. The main shortcoming of this hybrid
OTDM-based scheme is that the parallel configuration for the generation of hybrid
OTDM signals is complicated, with an optical delay line being needed for each
wavelength to assure that the two TDM channels can be time-interleaved. This

problem is solved in the second broadcast scheme, based on time-interleaved phase
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remodulation. In this scheme, error-free transmission of 5-Gb/s bidirectional unicast
data and 5-Gb/s broadcast data is experimentally demonstrated at the same carrier

wavelength over a 20-km SMF.

Compared to broadcast service, multicast service can offer exclusive service to
premium subscribers, thus generating more revenue. In this chapter we also propose
and demonstrate two schemes for multicast transmission in WDM-PON. In the first
scheme, we superimpose a DPSK-modulated multicast signal on a point-to-point
downstream IRZ-modulated signal. By adjusting the synchronization of the DPSK
and the IRZ modulation on the downstream carrier, simple and flexible multicast
control could be realized. We have successfully demonstrated the proposed scheme
for three different traffics, namely 10-Gb/s IRZ downstream point-to-point data,
10-Gb/s DPSK downstream multicast data, and 10-Gb/s OOK upstream re-modulated
data, respectively. An error floor of 10 is observed for the multicast data when it is
intended to be disabled. The effect of timing misalignment on the downstream
DPSK/IRZ orthogonal modulation and the upstream re-modulation is analyzed. We
also investigate the feasibility of the proposed multicast control scheme for 2.5-Gb/s
and 5-Gb/s multicast overlay. For 10-Gb/s downstream point-to-point data, the
2.5-Gb/s or 5-Gb/s DPSK overlay cannot work in multicast mode. This problem 1s
solved in the second wavelength detuning-based multicast control scheme. The second
scheme is also simpler than the delay-based scheme since it is realized via the inherent
wavelength management of WDM systems. In this scheme, the multicast and unicast
data are also encoded in DPSK and IRZ formats, respectively, which is the same as in
the delay-based scheme. The multicast data is disabled by slightly detuning the laser
wavelength at OLT, which has negligible effect on the unicast data but will induce

degradation in the DPSK signal’s demodulation by an athermal DI at ONU. In this
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scheme, experimental demonstration of downstream unicast and multicast signals, as
well as upstream signals, all at 10 Gb/s, are also achieved with the power penalties less

than 0.7 dB for all signals after 20-km transmission with dispersion compensation.
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Chapter 6 Conclusion

6.1.Summary of the thesis

This thesis aims to tackle two challenging issues in WDM-PON: Rayleigh noise
suppression and multicast transmission. In this thesis, we have proposed and
demonstrated several novel techniques, including optical phase remodulation,
offset-Manchester coding, time-interleaved phase remodulation, and wavelength

detuning-based multicast control.

Following an introduction to the basic concept and recent research thrust on
CLS-based WDM-PON in Chapter 2, two novel remodulation schemes are proposed
and experimentally demonstrated. They have enhanced tolerance to wavelength offset
or to chromatic dispersion and remodulation misalignment, albeit both schemes are

vulnerable to the intrinsic Rayleigh noise.

In Chapter 3, we propose to use DI’s destructive port as a Rayleigh noise
suppresser. The carrier RB can be considerably rejected by the notch filter-like
destructive port of the delay-interferometer (DI) at the optical line terminal (OLT),
which is used simultaneously to demodulate the upstream DPSK signal. As no
deliberate spectral up-shifting is required in this scheme, neither additional modulator
nor complicated modulation/demodulation circuit is needed at ONU/OLT. In terms of
the optical notch filter used to suppress the RB light, the standard DI used in the
proposed scheme is also more favorable than the non-standard filters that are either

specially designed ultra-narrow notch filters or wavelength-detuned arrayed
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waveguide gratings (AWG) in the prior schemes. Theoretical models related to
Rayleigh noise suppression are also built in this work. These models correctly predict
that carrier RB suppression should be the primary target in the design of Rayleigh
noise-resilient upstream receiver module in a WDM-PON with a reach up to 60 km.
They can also predict well the system performance and are expected to serve as a
design tool for optimizing the overall performance of a WDM-PON. DI’s destructive
port can also be used as a Rayleigh noise suppresser in the remodulation-based
WDM-POM, as long as the spectrum of the downstream signal has a significant
amount of low-frequency components. We propose and demonstrate a novel phase

remodulation scheme with enhanced tolerance to Rayleigh noise.

In Chapter 4 we propose a novel offset Manchester coding for electrical-domain
Rayleigh-noise suppression with relaxed linewidth requirement for seed lasers. We
also propose a simple chirp-free optical Manchester signal transmitter which
eliminates the conventional bandwidth doubling issue in optical Manchester signal

generation.

In Chapter 5, we first introduce two TDM-based broadcast schemes. In one
scheme the downstream unicast and broadcast signals are multiplexed via hybrid
OTDM that requires no optical time demultiplexing. The other scheme is based on
time-interleaved phase remodulation, with simplified structure in both transmitter and
receiver. Then we realize multicast transmission via orthogonal modulation and
flexible multicast control. The multicast control can be realized either by
synchronization adjustment between the DPSK and the IRZ modulation on the
downstream carrier, or by tuning the wavelength offset between optical source and DI,

For both schemes, over one wavelength channel we have successfully demonstrated
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30-Gb/s transmission of three different traffics, namely 10-Gb/s IRZ downstream
point-to-point data, 10-Gb/s DPSK downstream multicast data, and 10-Gb/s OOK
upstream re-modulated data, respectively, in a WDM-PON. The wavelength
detuning-based multicast control is simpler since it is realized via the inherent
wavelength management of WDM systems, rather than any other additional
adjustment of signal’s extinction ratio, synchronization, modulation formats, and

others.

6.2.Suggestion on future work

As demonstrated in Chapter 3, the upstream DPSK signal is robust to Rayleigh noise
as the DPSK demodulator (DI’s destructive) can act as an effective Rayleigh noise
suppressor. In this scheme, the phase modulator, located in customer’s side, is an
essential, cost-sensitive component. Photonic integration is one possible solution to
lower the cost of external phase modulator [1], [2]. We may cooperate with
device/component-related research groups to develop cost-effective integrated ONU
module, based on which a long-reach, Rayleigh noise-resilient WDM-PON can be
realized. RSOA can also be used a cost-effective phase modulator, as demonstrated in
[3]. In that demonstration, coherent detection is necessary to enable long reach
transmission in a WDM-PON with single feeder fiber and single distribution fiber.
Based on the proposed schemes in Chapter 3, long reach transmission in a WDM-PON
is possible even without using any coherent technology. We can further investigate the
system performance when using RSOA as a phase modulator in the proposed schemes

in Chapter 3.

Time-interleaved phase remodulation in Chapter 5 is realized via two cascaded
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phase modulator. It can also be realized via one phase modulator that is driven by the
combination of two time-interleaved data with the same bit rate. Note that the
combination is realized via a passive combiner, and thus the combined signal has the
same bandwidth with each of the original input data to the combiner. When using the
combined signal to drive a RSOA (used as a phase modulator), it can potentially

double the operation bandwidth of a RSOA.

As discussed in Chapter 4, Rayleigh noise induced crosstalk can also be
suppressed in electrical domain with minor modifications to the conventional PON
structure. However, the improvement in Rayleigh noise tolerance is around 10-dB less
than that using the optical-domain schemes. Thus, for Rayleigh noise suppression the
electrical-domain scheme still leaves much room for improvement. In addition,
electronic signal processing is also a promising approach to meet PON’s increasing
demand on reach, loss budget and migration flexibility. A case in point is the emerging
research interest in OFDM-PON and coherent-PON. Possibly we can pay more

attention to the application of electronic signal processing in access network.
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Appendix:

A. List of abbreviations

3D TV: three dimension television
AON:: active optical network

APON: ATM PON

ASE: amplified spontaneous emission
AWG: arrayed waveguide grating
B2B: back-to-back

BER: bit error rate

BPON: Broadband PON

CD: chromatic dispersion

ch: channel

CIR: committed information rate
CLS: centralized light source

CO: central office

CW: continuous-wave

DBA: dynamic bandwidth allocation
DCM: dispersion compensation module
DFB: distributed fiber bragg

DI delay-interferometer

DL: delay line

DM: differential monitoring

DPSK: differential phase-shift keying
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DS: downstream

DSF: dispersion-shifted fiber
DSL: digital subscriber line

EAM: electroabsorption modulator
EDFA: erbium-doped fiber amplifier
EPON: Ethemet PON

ER: extinction ratio

FMD: full modulation depth
FP-LD: Fabry-Perot laser diode
FSK: frequency-shift keying
FTTC: fiber to the curb

FTTH: fiber to the home

FTTP: fiber to the premises
GPON: Gigabit PON

HDTYV: high-definition television
HPF: high-pass filter

IM: intensity modulator

IPTV: Internet protocol TV

IRZ: inverse-return-to-zero

MC: Manchester coding

MLLD: mode-locked laser diode
MPDR: monitoring power dynamic range
MZM: Mach—Zehnder modulator
NGA: generation access network
NRZ: non-return-to-zero

OBF: optical bandpass filter
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OLT: optical line terminal

OMC: offset-Manchester coding

ONU: optical network units

OOK: on-off keying

OTDM: optical time-division multiplexing

PC: polarization controller

PLC: planar lightwave circuit

PM: phase modulator

PON: passive optical network

PRBS: pseudorandom binary sequence

PtMP: point-to-multipoint

PtP: point-to-point

RB: Rayleigh Backscattering

RMD: reduced modulation depth

RMD-DPSK: DPSK signal with reduced modulation depth
RN: remote node

Rol: return on investment

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

SMEF: single mode fiber

SOA: semiconductor optical amplifier

TDMA: time-division multiple access
TDM-PON: time-division-multiplexed passive optical network
TEC: thermo-electric coolers

TLD: tunable laser diode

US: upstream
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VOA.: variable optical attenuator
VoD: video-on-demand

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