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Abstract

Wavelength Division Multiplexing Passive Optical Networks (WDM PONs) offer a
great solution to satisfy the increasing demand of bandwidth. In addition, it offers a
higher level of data security through virtual point to point connections. A great
challenge in realizing cost-effective WDM PON is the need for a transmitter at each
Optical Network Unit (ONU) with a dedicated wavelength, which overloads the total
cost of the system, in addition to reducing the number of available wavelengths in the
system. Remodulation scheme is an ultimate solution for these problems of WDM
PONs as the downstream signal itself is remodulated with upstream data which saves

the need for a laser source at the ONU side.

In this thesis I propose and experimentally demonstrate a novel wavelength
remodulation scheme for WDM PONs that employs Differential Phase Shift Keying
(DPSK) for downstream and Return to Zero DPSK (RZ-DPSK) for upstream. The use
of DPSK enhanced the system with improved receiver sensitivity and RZ-DPSK

improved the tolerance toward chromatic dispersion.

In addition, I investigate the Backreflection (BR) penalty resulting from beat noise of
BRs with upstream signal in a bidirectional WDM PON system that uses
remodulation and phase modulation as a modulation format. 1 experimentally
demonstrate the optimal conditions to operate the system and minimize the BR

penalty.
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Chapter 1

Objective and Contributions

1.1 Objectives

The continuously increasing demand for higher bandwidth driven by media-rich
applications such as movies over the Internet and online 31D games, has driven
researchers to focus on high bit rate networks up to the last mile. Wavelength
Divigion Multiplexing Passive Optical Network (WDM-PON) represents an ultimate
solution that delivers the highest possible bandwidth to the end user by employing all
the bandwidth resources of optical fiber. However, the issue of cost remains a
challenging aspect of WDM-PONs that needs to be considered in every proposed

solution.

Bidirectional transmission is currently used in WDM-PONs as a means of reducing
the system cost. However, this alone is not sufficient and to circumvent the cost issue
in WDM-PONs a number of research groups have been investigating remodulation
techniques. These techniques use the downstream signal itself as an optical carrier for

upstream data which result in a significant reduction in system cost.

Several schemes have been proposed for remodulated WDM-PONs, however only
few employed advanced modulation formats taking advantage of their improved
receiver sensitivity, and these proposed schemes had different limitations which
ingpired me to design an efficient system that employs advanced modulation formats

in remodulated WDM-PONS.
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The objective of this thesis is to propose a new WDM-PONs scheme that employs a
remodulation technique using an advanced modulation format that improve the
system performance, and to investigate the role of Backreflection (BR) in

bidirectional WDM-PONs when using my developed remodulation scheme.

1.2 Contributions
There are two main contributions in this thesis

1. I propose and experimentally demonstrate a novel wavelength remodulation
scheme for WDM-PONs that employs Differential Phase Shift Keying
(DPSK) for both downstream and upstream. The results that I obtained by
experiment demonstrated that the proposed scheme is a competitive candidate
for WDM-PONs when compared to other WDM-PON remodulation
schemes. My scheme depicts an improved tolerance toward Chromatic

Dispersion (CD) as well as improved receiver sensitivity [1].

2. I investigate the issue of BR beat noise in bidirectional transmission when
using phase modulation in remodulated WDM-PONs. To the best of my
knowledge, this work is the first to explore the penalty induced by BR in thig
case, and the results I obtained by experiment can help tune a system and

minimize the penalty of BR for the best performance [2].

1.3 Thesis Outline

The rest of the thesis is organized as follows:

Chapter 2 gives an overview of Passive Optical Networks (PONs), starting with the
concept and then defining Time Division Multiplexing PONs (TDM-PONs) and
WDM-PONs, and then focusing on WDM-PONs. [ then discuss the main schemes
that are used for implementing colorless Optical Network Units (ONUs), and end by

an overview of the remodulation scheme as one of these schemes.

Chapter 3 focus on phase modulated systems. [ start with an introduction about
intensity modulation and phase modulation systems, and then I introduce DPSK and
give an overview of the main devices used in DPSK systems, as the Mach-Zehnder
Modulator (MZM), the Mach-Zehnder Delay Interferometer (MZI), pulse carvers and
the differential precoder for DPSK. I finish the chapter with an overview of different

12



impairments on the transmission system, emphasizing CD, BR, and Self-Phase

Modulation (SPM).

Chapter 4 demonstrates the experimental research that I carried out, starting with the
novel remodulation scheme for WDM-PONs that uses DPSK for both downstream
and upstream, with a detailed description of the setup, the operation principle, and the
experimental results with a discussion. Then [ move to the BR experiment,
investigate BR in remodulated WDM-PONs when using phase modulation, and I
show the results of all my measurements, with a discussion and comparisen with the

results of On-Off Keying (QOK) [3].

Chapter 5 ends the thesis with a summary and future work that can be developed

starting from the work in this thesis.
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Chapter 2

Passive Optical Networks

The access network, also known as the “first-mile network,” connects the service
provider to businesses and residential subscribers. This network is sometimes referred
to as the subscriber access network. The bandwidth demand in the access network has
been increasing rapidly over the last few years, as subscribers are demanding first-
mile access solutions that have high bandwidth and offer media-rich services. PONs

have evolved to satisfy this increasing demand for bandwidth.

PONs have the feature of having only passive components between the Central Office
{(CO) and the end user. So they do not contain regenerators, amplifiers, switches or
any other active power-consuming elements throughout the whole optical network.
Hence PONs have lower cost, are easier to maintain and are more reliable when

compared to active Fiber-To-The-Home (FTTH) systems.

Standard PON networks have tree topologies, and this allows the sharing of the cost
of fiber deployments in comparison with a point-to-point topology. In a PON scheme,
I define the equipment that resides at the CO as the Optical Line Terminal (OLT),
while the one residing at the customer's side is known as the ONU. In this chapter, I

shall provide an overview of PON's various technologies focusing on WDM-PONs'.
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2.1 Time Division Multiplexed PONs

The most common architecture of PONs is TDM-PONs, where two optical
wavelengths are used for transmission, one in each direction as I show in Figure 2.1.
In the downstream direction the system works in a broadcast mode as the same data is
being transmitted from the OLT to all ONUs through the fiber and the Remote Node
(RN), and then each ONU identifies and refrieves only the information that is
intended for it. In the upstream direction, the upstream data from all ONUs are
coupled together into the fiber back to the OLT, one should note that splitting the
signals at the RN causes loss.
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Figure 2.1: Time Division Multiplexed Passive Optical Networks.

One should notice that even though every ONU receives the same signal, the received

power varies according to the distance to the particular ONU; ie. further ONUs
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receive less power than closer ones, because the attenuation the signal suffers is

proportional to the distance it travels through the fiber.

The signals coming upstream from all ONUs are coupled in the RN and then sent
through the fiber to the OLT, and because the RN is a passive device, it's possible that
two signals collide in the fiber; therefore the OLT performs scheduling between them,
and assigns time slots for the different ONUs. And without that it would be

impossible for the OLT to read the upstream signals from different ONUs.

Having the downstream signal working in a broadcast mode helps reduce the cost of
electrical receivers at the ONUs, because the downstream signals are transmitted in a
continuous mode, so there is no need for re-synchronization, while in the upstream
direction the signals are sent in a burst mode, which requires the use of fast burst-
mode receiver at the OLT which is more expensive than the receivers at the ONUs.
However the cost of this receiver is shared among all users.

There are three different TDM-PON standards, which I compare in Table 2.1. These

are Broadband PON (BPON), Ethernet PON (EPON) and Gigabit PON (GPON).

Table 2.1: TDM-PON Standards

EPON BPON GPON
Standards [EEE 802.3ah | [TUG.983 | ITU G.984
Framing Ethernet ATM GEM / ATM

Maximum Downstream Bandwidth 1.25 Gbit/s 622 Mbit/s 2.5 Ghit/s

Maximum Upstream Bandwidth 1.25 Gbit/s 622 Mbit/s 1.25 Gbit/s
Typical Users per PON 32 32 32 /64
Avg Downstream Bandwidth / User | 30 Mbit/s 20 Mbit/s 80 Mbit/s

17




Typical PON Reach 20km 20km 20km

ODN Loss Budget 28 dB 28 dB 28 dB

2.2 Wavelength Division Multiplexed PONs
The main goal of WDM-PONs is providing much higher bandwidth per user

compared to other PONs configurations. In WDM-PONs, the capacity of the network

is much higher than that in TDM-PONSs.
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Figure 2.2: Basic model of WDM-PON

Figure 2.2 shows an example of a basic WDM-PON. The OLT contains a group of
transmitter-receiver pairs, each pair operates at a certain wavelength A, that is

specified for a certain user, and this pair is connected to a passive multiplexing device
like an Arrayed Waveguide Grating (AWG). The AWG at the OLT connects to
another AWG at the distribution network through a Single Mode Fiber (SMF), and
this other AWG has an ONU connected to each of its ports. Each ONU contains a
pair of transmitter-receiver that also operates at a certain wavelength. The distribution
network can include several AWGs cascaded to increase flexibility as in [1], however
every AWG in the network will cause additional loss to both downstream and

upstream signals.

One of the main issues of such a basic scheme described in Fig. 2.2 is having a laser

gource at each ONU, Which results in two main practical problems, first is an
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increased cost of the ONU, second is an inventory problem because each ONU will
need to be customized, and the service provider has to keep an inventory of multiple
types of replacement ONUs in stock for the users. Therefore it is necessary to have
cost-effective implementations of light sources at the ONU side and also the ONUs

need to be colorless (wavelength-independent) to avoid the inventory problem.

Several schemes have been proposed for the implementation of colorless ONUs in
WDM-PONSs, by the use of spectral sliced Broadband Light Source (BLS), injection
locked Fabry-Parot (FP) lasers, or remodulation of downstream signal at the ONU
that is based on MZMs, Reflective Semiconductor Optical Amplifiers (RSOAs) or
Semiconductor Optical Amplifiers (SOAs). In the following sections, I discuss some
of the most important enabling technologies for WDM-PON and the resulting

network architectures.

2.2.1 WDM-PONSs based on Spectral Slicing

Another solution for solving the inventory problem of laser sources at the ONU is
using a BLS and slicing its spectrum, such as a super-luminescent light emitting
diode [4], Erbium-Doped Fiber Amplifier (EDFA) [5] or FP laser [6]. The selection
of wavelength could be done at the AWG that is located at the RN, as it slices a
narrow spectrum of the broadband optical signals, and this would eventually select a
different wavelength for each ONIJ. This technique was first used for downstream
transmission [7], and later for upstream [4, 8, 9]. Figure 2.3 shows the principle of

this technique when using it for upstream transmission.

In each ONU there is a BLS that is modulated with upstream data. The AWG slices

the spectrum of each ONU, and then all the upstream sliced signals are multiplexed
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on the fiber until they reach the OLT, then they are demultiplexed and each signal is

detected by a separate receiver.

The BLS spectrum should be wide enough to cover all the band of the AWG, and the
output power should be high as it would suffer several power losses, starting with the
slicing process which leads to significant power loss, e.g. 10 dB [8], and then the
loses along the feeder fiber (20km in the standard case), in addition to the coupling,

connectors and devices losses.

| Pogt oLT Py
! . Popt 4
’ f \ { ' ONU1
: I T ‘ P
| RX1 7 | 2 ‘ 1/ BLs

Pou o

o AWG — S | AWG

‘ Feeder Fiber

. I ; ! ONUn
R 71T e “— ./ BLS

Figure 2.3: Broadband Light Sources WDM-PON

One issue with the spectral slicing technique is the thermal sensitivity of the AW, as
these devices are usually located in the outside plant; therefore it is important that
temperature changes do not affect their wavelength properties or else they cause
adjacent-channel crosstalk, which has been proven to be the major problem of this

technique [9].

The spectral slicing technique has several advantages, such as simple implementation,

low cost, and identical ONUs, while it suffers several disadvantages like limited

modulation speed, and low power.

20



When compared to some TDM-PONs deployments that have more than one splitting
point, spectral slicing technique has lower flexibility in the network topology,

because the signals need to be sliced at the AWG before combining them.

2.2.2 WDM-PON Based on Injection-Locking

In this technique a multiple-longitudinal-mode laser such as a FP laser is injected by
an external narrow band optical signal, and this injection locks the lasing mode of the
laser to a single mode. The injected optical signal works as a seed for laser
oscillation, and the mode that is closest to the injected wavelength is locked to it,
while other modes are suppressed [10]. The seed signal can be a spectral sliced

broadband source [11], or even the modulated downstream signal itself [12].

The technique of FP injection locking has the advantages of low cost and simplicity,
with a relatively high modulation speed, while the disadvantages are limited
wavelength locking range, stability, and the requirement for high power. To improve
the efficiency of FP injection locking, one should carefully choose the laser bias

current, modulation index, and the power of the injected signal [13].

Several architectures were proposed for WDM-PONs based on injection locking [14,
5]. One example is shown in Figure 2.4, where injection locking was employed in
both the downstream and upstream [5]. A BLS located at the OLT generates a broad
band signal that is sent downstream to the ONUs after slicing it through the remote

AWG, and is used for injection-locking of all ONUs' FPs.

In each ONU, a locked FP laser is modulated and the data is sent in the upstream

signal back to the OLT where it is circulated and detected by a designated receiver.
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Figure 2 4: Injection locked FP laser WDM-PON.

In this architecture, one should carefully choose the optical injected power, as it needs
to be high to achieve high data rates, but in the same time BR limits the level of
power we can operate, as the signal is transmitted bidirectionally on the same

wavelength of the injected signal [5].

2.2.3 WDM-PON Based on Remodulation

This technique is used to achieve colorless ONUs by the use of Centralized Light
Sources (CLS) at the OLT, as Figure 2.8 shows the optical signal coming from the
OLT is remodulated with the upstream data and then sent back to the OLT, therefore
the ONU does not contain any light source at all, and hence there is no need for

wavelength assignment protocol in the optical network.

Several schemes for remodulation have been proposed, including the use of MZMs at
the ONU for upstream data modulation, or the use of SOAs or RSOAs. Both SOAs
and RSOAs have the advantage of modulating and amplifying the signal in the same

time, which saves the cost of having an amplifier in the ONU.
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On the other hand, several data modulation schemes have been proposed to achieve
bidirectional transmissicn in the remodulation technique, and these include OOK-
Q0K using different values of power offset, OOK-DPSK, and DPSK-OOK. In this
thesis I propose a novel remodulation system using DPSK-DPSK with an extemal
phase modulator at the ONU as I will explain later in chapter 4. The different

schemes vary in their capabilities and limitations [15, 16, 17, 18].

One main disadvantage of the remodulation technique comes from using the same
wavelength in both the directions of downstream and upstream, as this result in
beating noise between BRs and the main signals. To address this issue I studied the
effect of BR in remodulation and especially in my proposed remodulation scheme as

we will see later in this thesis (chapter 4).

Another disadvantage of this technique is the polarization sensitivity of the RSOAs or
optical modulators. Therefore extensive research is being carried out in the last few

years to develop polarization insensitive RSOAs t.
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Figure 2.5: Centralized Light Sources WDM-PON.
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In addition to the polarization sensitivity, RSOAs also have the problem of
temperature sensitivity, so they require Thermoelectric Coolers (TECs) in the same
package; therefore manufacturers are working on developing RSOAs that do not
require TEC control mechanism by using new materials [19]. This will result in
reducing the relatively high cost of RSOAs for access networks.

Figure 2.5 shows an illustration of a generic CLS architecture, as we can notice all
light sources are located in the OLT, where they generate the optical power that is
used to carry downstream data and also to be a signal that is later modulated in the
ONU to produce upstream signal. A passive circulator at the OLT directs the received
upstream signals to an array of designated receivers for all users. The optical power
should be high enough for the signal to travel down and then upstream, and at the

same time it is limited by the effect of BR that is proportional to the optical power.

As I mentioned before, this kind of PONs based on WDM-PON with remodulation is
the main subject of my experimental work in this thesis and specifically using phase

modulation as a modulation format for both downstream and upstream.
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Chapter 3

Phase-Modulated Systems

3.1 Intensity-Modulated Systems

In the past, most fiber optic communication systems used the simple intensity
modulation which is also called OOK or Intensity-Modulated/Direct-Detection
(IMDID). In this type of modulation, data is carried in the intensity of light, and

restored at the receiver side using a photediode.

Figure 3.1 shows a typical externally modulated IMDD system, where a laser diode at
the transmitter side generates the optical carrier which is launched into an intensity
modulator, and the modulator acts like a fast switch which turns on-off to represent
the data that is intended for transmission, after that the modulated light signal is

launched into the fiber which delivers the signal to the receiver.

At the receiver side, a fast photodiode converts the optical signal into electrical one
i.e., from optical intensity into electrical current i(t). After the photodiode, a Trans-
Impedance Amplifier (TTA) converts the current into voltage that represents the
received signal, which is the same as the electrical transmitted signal (data) but with

SOme noise.
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Figure 3.1. Typical configuration of an intensity-modulated/direct-detection (IMDD) system.

Such a system as shown is Fig. 3.1 is straight forward, as the receiver decides the
logic of the received data based on the presence or absence of light, and today most of
optical commumnication systems use this principle, with different formats, as Non-

Return-To-Zero (NRZ) or Return-To-Zero (R7) pulses for transmission.

In many applications the laser diode at the transmitter could be directly modulated
which saves the need for an external modulator; however this affects the signal
quality. Moreover, in some low speed applications a simple light-emitting diode
could be used as a light source with multimode fibers. In these applications the need
for alignment between the fiber and the light source is reduced significantly because
of the large core of a multimode fiber.

3.2 Phase-Modulated Systems
The principle of carrying data in the phase of the carrer is used in most digital

communication systems [20] both in wireless or wireline transmission.

Phase ~
Laser Diode Modulator (1 Bhisiods
x ( s
AV e Optical 2 i
Lol s Combiner |
L 'y . Transmission Fiber — s
i~
L~ a
Data | .
Optical Intensity LD Liasar Received Data

Figure 3.2. Basic scheme of phase-modulated optical communication system.
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Figure 3.2 shows a basic scheme of a phase-modulated optical communication system
based on Phase-Shift Keying (PSK). At the transmitter side, the optical carrier is
generated by a laser diode, and then passed through a phase modulator, which writes
the data on the phase of the optical signal. The signal is launched into the
transmission fiber to the receiver. In the receiver the phase modulated signal is mixed
with the light of a Local Oscillator (I.O) laser, and this process converts the signal
frequency from the original value in THz to the range of GHz (microwave
frequency), as this mixing process generates a beating signal at the photodiode which
its frequency is an Intermediate Frequency (IF) equals the difference between the two

optical signals of the LO and the received one.

In the special case where the frequency of the LO laser is the same as the carrier
frequency of the received signal the system is called a homodyne system, while in the
general case when the two frequencies are different it is called a heterodyne system

with an IF of

Oy =W, — Wy (3.1)

Where @, and @,, are the frequency of the transmitted signal and LO laser,

respectively. In homodyne systems, @, =0.

If we compare the two systems in Fig. 3.1 and Fig 3.2 we notice that in the IMDD
system the intensity of the signal varies along the fiber depending on the data, while
in the PSK system the intensity does not depend on the data, as the data is carried in
the phase of that signal, however this changes after the demodulator, as the optical
combiner (demodulator) in Fig 3.2 works as a converter from the phase domain to the

amplitude domain by mixing the optical signal with the signal of LO laser.

In digital communications [20], a2 coherent system always requires carrier recovery,

and this translates to phase locking in homodyne systems, while in heterodyne
systems the carrier recovery is conducted in the IF signal of @ . In coherent optical

communication systems a different terminology is used than digital communications,

as an optical system is called "coherent" based on having mixing of optical signals
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even without carrier recovery, therefore even a DPSK system is considered as a

coherent optical system [21].

The use of coherent systems goes back to the earliest date of optical communications
[22], and it was firstly used in free space by mixing high power lights; coherent
systems are still used today for inter-satellite communications [23].

In both coherent and phase-modulated optical communications, it is very important to
reduce the frequency and phase noise of the laser source. In other words, the laser
source must be highly coherent in phase modulated systems, because this kind of
noise adds directly to the phase or frequency of the optical carrier, while in IMDD
systems the coherence of the source does not seriously affect the performance of the

system.

Optical coherent communications attracted a lot of attention in the 80's [24], [25],
[26]. This is due to their advantage in improving the receiver sensitivity and
significantly improving the range of transmission that ¢an be achieved, as beating the
signal with a L.O laser signal plays the roll of amplification, and achieves up to 20 dB
better receiver sensitivity when compared with the IMDD systems. The interest in
coherent systems somewhat decreased with the appearance of EDFAs [27] as it
presented a cheaper and more practical solution to improving receiver sensitivity.
However, direct detection has generated a lot of interest in the last decade [28] due to
its simplicity and lower cost when compared to coherent detection. Using DPSK in
WDM-PONs seems like a natural extension particularly due to their increased
receiver sensitivity when compared with QOK.

In the following sections, I will give an overview about the principles of PSK and

DPSK systems as examples of optical phase modulated systems.

3.2.1 PSK Systems

In optical PSK systems data is carried in the phase of the optical carrier, as shown in
Fig 3.2 the transmitter of a PSK system consists of a laser diode followed by a phase
modulator that is driven by an electrical amplifier of the electrical signal representing
data to be transmitted. The phase modulator applies a certain phase shift to the

Continuous Wave (CW) carrier (in binary PSK the modulator applies a phase shift of
0% or 180%).
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Figure 3.3. Schematic structure of homodyne and heterodyne PSK receiver.

An optical PSK signal could be detected by either a homodyne or heterodyne receiver
as shown in Fig 3.3. In homodyne receivers the LO frequency must be the same as
the transmitter laser, and also it must be coherent in phase with it, therefore an optical
Phase-Locked Loop (PLL) is used to lock the phase of the LO to that of the
transmitter laser. The optical coupler in Fig 3.3 work as 90° optical hybrid, so its
outputs have 180° phase difference (I will provide more details about couplers later in

this chapter).

In heterodyne receivers, the received signal is mixed with the signal of LO laser, and
the beating between them generates an IF signal, and for this to be fixed, frequency
locking is required. In addition to that, the recovery of the transmitted phase requires
the use of an electrical PLL that operates at @, .

In both the receivers of Fig. 3.3, a balanced receiver is used instead of a single

photodiode, and it offers several advantages as it maximizes the signal power and
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suppresses the intensity noise of the LO [29]. One issue in PSK receivers is adjusting

the polarization of the LO laser to be the same as the polarization of the transmitter.

Even though they offer high receiver sensitivity, due to the requirement of an optical
PLL, and the general difficulty in designing PSK receivers, the interest in optical PSK
systems in research was limited particularly with the introduction of EDFAs.
However, the recent advancement of technology is helping to overcome these

challenges, and therefore bringing coherent systems again to the forefront of research.

3.2.2 DPSK Systems

In optical DPSK systems, data is carried in the phase difference of an opfical carrier
between two successive bits. As shown in Fig 3.4 the transmitter of DPSK is the same
as the transmitter of PSK shown in Fig 3.2 except the need for an electrical precoder
that modifies the driving signal of the phase modulator, and this precoder at the
transmitter side saves the need for a decoder circuitry at the receiver of DPSK.

Further details about the structure of differential precoder are given later in this

chapter.
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Figure 3 4. Transmitter and receiver for optical DPSK
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A DPSK signal can be detected by a direct-detection DPSK receiver as shown in Fig.
3.4, it consists of an interferometer that splits the received signal to two paths, delays
one of them by 1 bit time, and then recombines them together, and this translates to
mixing the received signal with a delayed version of itself instead of mixing it with a
LO signal in PSK systems. Several configurations of heterodyne receivers could also
be used to detect DPSK, however without any advantage in performance on the direct
detection receiver [30], [31]. When comparing with IMDD systems, we find that the
direct detection receiver of DPSK is more complicated, however it is far simpler than

the coherent receiver with a LO laser.

In the following section, I will discuss the devices that are used in phase-modulated
systems, and provide the basic mathematical formulas that identify them. In addition,
I'will explain DPSK in more detail given that I used DPSK in all my experiments.

3.3 Optical phase modulator and demodulator
In phase-modulated systems, MZM and MZI are basic components used at the

transmitter and receiver side respectively. In the following, I give conceptual model

of them.

3.3.1 Optical Lithium Niobate Modulator

V.

m

E. T E,

Figure 3.5. Optical Lithium Niobate modulator.

Figure 3.5 shows a scheme of the structure of an optical Lithium Niobate (LiNbO;)
modulator. It is an optical device which incorporates light in the LiNbOscrystal with
higher refractive index than the surrounding medium, and based on electro-optic

effect the refractive index of LiNb(O; crystal can be changed by applying a voltage
., Which results in changing the phase of the passing signal.
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If E,, is the electric field of the input signal and E_, is the electric field of the

ot

output signal, then
E, =e¢"E, (3.2)

The function of phase shift versus applied voltage is assumed to be linear:

¥V
8= ﬂ'[ Vm ], where V_ is the input voltage that adds (180°) phase shift to the optical

T

signal. This model is a good approximation for phase modulators based on the
electro-optic effectin LiNbO; devices [32].

Practically, LiNbO; phase modulators suffer from transient chirp. Moreover the
imperfections in the driving waveform get directly mapped to the optical phase thus
potentially degrading performance [33].

In contrast, as we will show in section 3.3.3, LiNbo3 MZM is robust toward
variations in drive level when used for phase modulation. a good comparison between

the use of phase modulator and MZM for phase modulation could be found in [33].

3.3.2 Optical Coupler

1
“outl

Figure 3.6. Optical coupler.

Figure 3.6 shows a schematic structure of an optical coupler. When neglecting the

backward going waves, then the action of a fiber coupler is governed by the matrix

equation of £, =7FE, , where T is the 2 x 2 transfer matrix and E is a column

vector of which two components represent the input (or the output) optical fields at
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the two ports. For a lossless coupler and when neglecting the backward going waves,
the transfer matrix T should be both symmetric and unitary, the symmetric
requirement results from time reversal property of light, and the unitary property

holds for a lossless coupler. Thus the most general form of this matrix is

a b . F F - ) ) -

= 5 , with the property of @” — 5~ = 1. At the same time, |@ ‘4—‘5) ‘21 is
a

imposed because the total power does not change during splitting. We can take ¢ to

be real. Then, these two requirements are met only if ¢ = \/; and b= j\l-yw

then we can write

[Eoutl]:{ ‘\/; J I_WJ{E;EM] (33)
Eo‘utﬁ J LY 1~ Y \/; Emﬁ
For an ideal case ‘a‘ = ‘b‘ =+4/1/2 , that means the power of both output arms is

equal. This kind of coupler is usually used as a power splitter, and it is also called
3dB coupler. We can write the matrix of a 3dB coupler as

E 1 jYyE,

[ ourl] :L[ . J][ ml] (34)
waz \/5 ; 1 EmE

3.3.3 Optical Mach-Zehnder Modulator

V(1)
7

~__/ E "
/— \E 2 /—\ N\_E

T ot

V2(t)

Figure 3.7. Optical Mach-Zehnder modulator.

Figure 3.7 shows a scheme of dual arm optical MZM. E, is the electric field of the
input optical signal, and £, and £, are the outputs of the first optical coupler. ¥, (¢)

and V, () are the driving voltages of two LiNbOsphase modulators. E, and E, are
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and F

o are the outputs of

the output optical signals of two phase modulators. £,

the MZM.

A dual-arm MZM is constructed by connecting two 3dB optical couplers using two
LiNbOs;phase modulators in parallel. The first coupler works as a power splitter as it
splits the input signal into two signals of the same power. Before applying any
external voltage on the two arms, the optical signals in the two arms of the MZM
experience identical phase shifts and interfere constructively and destructively at the
two outputs of the second coupler. When a voltage is applied to either one of the two

arms, an additional phase shift is introduced which changes the state of interference.

The electric field of the input optical signal is represented as E, = ‘Ea‘ej“” where

E

a

is optical electric field amplitude; @, is radian frequency of optical carrier. In

this instance we consider the exponential representation of the time varying part of

the optical electric field. The first 3dB coupler splits £, into E, and F,

EY 1(1 jYE.
2)-&0 1)

Consider the transfer function of an ideal LiNbOsphase modulator, E] = E]ej % and

S i ‘ ‘
Ey =E:6™" The second 3dB coupler combines £, and £,, and £, and E_,,

are given by:

E 1 FYE

( ‘“‘“]=1(_ J] ; (3.6)
EoutZ \/5 J 1 E2

After calculation we have

E

autl

= O.SEi”ejBl - O'Sﬁjir.:ejﬁ'2 = jEin: Sil’l 9] 92 exp[‘j 9] i 92 j
’ (3.7a)
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: : 6, +86
E, = jO.5E % + jO.SE e’ =E, cos— 5 : exp[j ! - 2J (3.7b)

L, and E_ .. inequation (3.7) show that MZM can be used either as an amplitude

.

modulator or a phase modulator. When the two arms of the MZM are push-pull
driven, thatis @ =0, =—0, we obtain L = jE_sin(0) and L, =E_cos(0),

that is amplitude modulation. Sometimes £, = jE, sin(@) is called the sine arm

and F

uz = L, c08(0) is called cosine arm. When the two arms of the MZM have

equal electronic driving voltage, that is #=6 =6,, we have £, =0 and

outl

E..=L, exp( j@). We can see that the cosine arm has the same optical power as

the input except € phase shift, and the other arm has no power.

3.3.4 Optical Pulse Carvers (RZ-Modulators)

In optical transmission systems, the shape of optical pulses affects the performance of
transmission gignificantly, and the most common shape used in today's commercial
systems is NRZ, in which the "non-zero" bit has power covering the entire bit slot.
Another option for pulse shape is the RZ, in which the optical power always goes to
zero within each bit period. RZ modulation formats are known to be more robust to
propagation penalties as it results in less inter-symbol interference. Moreover

nonlinear effects may be reduced through pre-chirp [34].

RZ pulses can be produced either in the electrical domain by electronically generating
RZ waveforms, or in the optical domain by carving NRZ pulses using an optical pulse
carver. Fig 3.8 shows the structure of an RZ-DPSK transmitter using an intensity
modulator which plays the role of a pulse carver, followed by a phase modulator. The
intensity modulator is responsible for generating the RZ pulses and should be driven
by a sinuscidal signal synchronized with the data source, while the phase modulator

writes phase information on the R7 signal and is driven by the precoded data [33].

35



Intensity Phase

Laser Diode Modulator Modulator
oL ] ] RZ-DPSK
l’\i _""< | | I >
; : A
Sync (~
f""""'\\iﬁ
; .,
N — .
Data AN B
| | P, » Amp
—7l__ /
//
14 i
{ T
N
Precoder

Figure 3.8. Schematic of RZ-DPSK transmitter.

Practically the intensity modulator of the pulse carver would be implemented by an
MZM driven in push-pull mode by a sine wave voltage as shown in Fig. 3.9,

Vi=-F, =Usin(w t) where @, is the frequency of the sine wave.

o2
V2
~
Mg

Sine Wave

Inverter

Fignre 3.9. Schematic of optical pulse carver.

V.
By using equation (3.7b), and given that & = ﬂ{V—m] we get:

T

V,—¥, Vi+¥,
E . =FE cosm——2exp jm—t—=2 3.8
Gt in 2V),r p[] 2V),r ] ( )

As V=V =-V,=Usin(a,t) then we find
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E,w=E, COMVK (3.9)

"

Usually a biasing DC voltage is added to the two phase modulated arms of the MZM
to control the duty cycle of the RZ pulses and this is represented with the phase ¢ in

the following equation

Epiz =, cos(r—+9) (3.10)

T

T

b3
To generate 50% duty cycle pulses we choose U to equal U = a4 and ¢ = 1 such
that the maximum drive voltage equals ¥ [35].
7
To generate 33% duty cycle pulses we choose U :7” and ¢ =7 such that the

maximum drive voltage equals 2V .

V i3
To generate 66% duty cycle pulses we also choose U = 7” but ¢ = 5 such that the

maximum drive voltage equals 2V .

3.3.5 Optical Mach-Zehnder delay interferometer

At the receiver side of an optical phase transmission system, a photo detector operates
on the principle of squared law detection; therefore it is insensitive to phase changes.
Consequently, there is a need to convert phase changes into intensity changes that a
photo diode can detect and recover the original data that was transmitted through the
system. We use a delay interferometer for this specific purpose.

E, e O & _E,,

L %

f’/‘
v \ @ oy

Figure 3.10. Optical Mach-Zehnder delay interferometer.

7

Figure 3.10 shows a schematic of all fiber MZI. £, is the electric field of the

received optical signal. £ and E, are outputs of first optical coupler. T is time delay
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interval produced by a roll of fiber that equals one bit period. E]‘ is the output of the

E

ott2

delay line, E 2 =F,,and E are the outputs of the MZ1.

outl ?

An all fiber MZI is constructed by connecting two fiber couplers in series with a

delay line on one arm. The first coupler splits the received signal into two equal parts

with electric fields £/,and E, :

E, 1 (1 jYE,
(550 1))

E, is the delayed version of E, therefore E, = E,(t—1). The second coupler

combines E, and K, then E_, and E_,, are given by

Ewn)_ 1 (1 JYE (3.12)
EoutZ _\/E J 1 Eg .

After arithmetic manipulation we find

E (1) =0.3E, (1 —1)-E, (1)] (3.13a)
Eautz(r):jO'S[Ein(I_T)-i_Em(I)] (313b)

By considering that the delay time is 7=1 bit period. The power and shape of
consecutive pulses in a phase modulated signal are similar. If we suppose that &, and
6, are the absolute phases of two consecutive pulses, Equation (3.13) can be written

as

; ; 6 -6 6 +6
Eoutl (‘t):O'S‘E'pu:.l‘;e[eﬂ51 _ejgz]szpuke Sin L 2 2 GX{JI : 2 2) (3143)

E, ()= jO.5E ‘m,se[e""g1 +e’=E - cosg1 ;92 exl:{ thgz] (3.14b)
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3.3.6 Balanced Detection

We can consider an ideal photodiode as a squared law component with low pass

filtering, and the generated photocurrent 7, , when receiving optical signal with
electric filed £, is given by
L =RE,| (3.15)

Where R is the responsivity of the photodiode.

In phase modulated systems two photodiodes can be used in a balanced detection

setup in order to improve the receiver sensitivity and eliminate the noise of the

receiver.
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Figure 3.11. Balanced detection.

Figure 3.11 shows balanced photodiode detection. Two photodiodes are connected to
the output arms of a MZI. Substituting Equation (3.14) to Equation 3.15, we get

2
sin 6-6,

(3.16a)

ulse

Idz’odel = ‘R‘Ewtl (I)‘Z = -RPp

2 e —
Lynser = RIE s ()| = RP,, lcOos—1—2 (3.16b)

ulse

Where P

pulze

is power of the optical pulse.
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After the subtracter, we get

2
I 91 - 92 91 B 92

S1n -

Subtractor ‘R‘Ppulse{ oS

J (3.17¢)

Based on Equations 3.16 we find that phase difference &, — &, of consecutive bits can

be found through the currents 7/, ., , ;... and [

substractor *

Balanced photodiode detection gives 3dB SNR improvement when compared with

single branch detection [33].

3.3.7 The Electronic Precoder for DPSK

The direct detection detector operates by mixing the phase modulated signal with a
delayed version of itself. If we consider the sine arm as the detection output defined
in equation 3.16b, then we find that when two successive bits have no phase

difference logic "0" is induced, while it would be "1" if there is phase difference of 7 .

Table 3.1 Truth table of DPSK without a precoder.

2

D0 | D=1y | 00| 6u-1,) | 6wy-6u-T,) ‘S.m[@(r)e(rz;)}
2
0

0 0 0 0 0

1 0 T 0 1
0 1 0 T 3 1
1 1 T T 0 0

In order to analyze the transmission logic of DPSK, Table 3.1 represents the system

before adding a precoder, where L), (1) is original Pseudo Random Binary Sequence
(PRBS) data to be transmitted through the system, D, (#—1,)is one bit delay
version of D, _(r), 6 is the phase shift keying corresponding to D, (7),

O(t)—0(t—1T,)is the phase difference of successive bits at the receiver,

‘sin(g(l)_ ot - i';)]

2

is the output of the sine arm of the MZI defined in Equation

2

(3.16a). According to Table 3.1, we find that
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D, =D,0D,t-T)+D,0)D,t-T,) (3.18)

This is a logic equation where D)_. is the data of DPSK output, and a bar over a

oul

symbol means (NOT) logic.

Implementing the correct precoding to the transmitted data helps to achieve direct
decoding at the receiver side without the need of a decoder, and for this purpose we
need an electronic precoder at the transmitter side. Figure 3.12 shows the logical
scheme of the required precoder for DPSK that corresponds to equation 3.16, and this
precoder is used in all standard DPSK transmitters.

\

1-bit Delay

Figure 3.12. Electronic precoder for DPSK
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3.4 Impairment to Phase-Modulated Optical Signal
In this section I give an overview of the main impairments to optical transmitted
signal, which are mainly CD and BR, in addition to defining SPM as one of the

nonlinear effects of optical fiber.

3.4.1 Fiber Chromatic Dispersion
The refractive index in dielectric materials depends on the frequency of the
propagating light which results in chromatic dispersion. This is the same phenomenon

which enables a glass prism to convert the wide spectrum sunlight into a rainbow.

For any optical modulated signal, there is a spectral bandwidth that the signal
occupies. Due to CD, different frequencies of the bandwidth travel at different
speeds. This results in limiting the transmission distance unless we use dispersion
compensation.

The propagation of different spectral components ingside an optical fiber follows the

simple relationship of

B(z,w) = B(0, w)exp[jA(w)z] (3.19)

- Z refers to the location on the fiber.
- B(z,w)and B(0,®) are the low pass representations of the signal spectra at the
locations z or Q.

- B(®) is the propagation constant as a function of the frequency of the optical

carrier.
We define the group delay of the optical signal as

L (4!
U, =p = do (3.20)

=,

The difference of arrival time is the dispersion coefficient [ps/km/nm]
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The normal value for dispersion in a standard SMF at the wavelength window of 1.55

Limis around 17 ps/km/nm. In some systems Dispersion Shifted Fibers (DSFs) are
used to shift the zero dispersion point to the 1.55 gmiband, which helps in

minimizing the dispersion along the fiber.

With a dispersion coefficient of D, two signals with wavelength difference of
AA travel by a time difference of DAAL after a distance L. An approximation can be

written

BL@) = BO@)expl 3 .0’ ] (3.22)

The system performance basically depends on the parameter ﬂZLBj which is called

CD index{ = DLB?, where B, is the data rate of the signal.

Figure 6 in [36] shows power penalty as a function of CD index with different

modulation formats, NRZ-OOK, RZ-O0K, DPSK and 4-DPSK.

We notice in Figure 6 in [36] that DPSK has lower penalty than OOK when

using either RZ or NRZ format. When comparing NRZ-DPSK and RZ-DPSK we find
that for small dispersion values both have almost the same penalty of CD, while this
changes with larger values of CDD, as the penalty is much bigger for RZ compared to
NRZ-DPSK, which is similar to the difference between NRZ-OOK, and RZ-O0K,
this can be explained by the fact that RZ has wider power spectrum than NRZ in the

main lobe.

In my experiment I used a low data rate of 2.5Gb/s, assuming a dispersion value of 17
ps/nm/km for SMF, and transmission distance of 20Km, we find that the CD index in
my case is very low ~0.2, as Figure 6 in [36] shows in that region the dispersion
index is wvery small such that all modulation formats have almost the same

performance toward dispersion.

43



3.4.2 Self-Phase Modulation

For a pulse of light traveling along the fiber, there could be a difference in the value
of refractive index at different points of the pulse based on its shape, and this causes a
difference in the phase of the light of that pulse at different points, and this in turn
translates to difference in frequency, therefore the spectrum of the pulse is broadened,

this phenomenon is called SPM.

SPM can be represented by a chirp that is related to the shape of the pulse and the
instantaneous level of powers along the pulse. A square pulse would suffer an abrupt
change in power level at the leading and tailing edge, therefore the amount of
produced chirp would be greater at the beginning and end of the pulse, and Gaussian

pulses would suffer less chirp as their power scheme is gradual and even.

The phase change induced by SPM can be expressed as [37]
Ap = yAPL (3.23)

Where ¥ is the nonlinear coefficient of the fiber, AP is the intensity change of the

signal, Lgﬁ, is the effective length of the fiber.

Due to the constant intensity for downstream in my experiment, the intensity
fluctuation is near zero. Moreover, the power launched in the fiber is small as the

transmission distance is limited 20 Km. Hence SPM in my system can be neglected.

3.4.3 Backreflection Effects in WDM-PONs

WDM-PONs use the same wavelength for both downstream and upstream for an
efficient use of the optical spectrum. In addition to that they use one fiber for both
directions of transmission to reduce cost which is called bidirectional transmission.
However, this bidirectional transmission creates a technical issue, as the interference
intensity noise coming from BR causes degradation in the Signal-To-Noise Ratio

(SNR).
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The noise of BR in WDM-PONSs has been studied and researchers have analyzed the
impact of both the BR of the downstream signal (Reflection-I), and the BR of the
upstream signal (Reflection-IT) on the loopback access network [38].

Due to their physical properties, all optical fibers have BRs all along the fiber, in
addition to that actual access networks will include several reflection points such as
splices and connectors, and those could produce stronger reflections if the connectors
are dirty. The measured reflections for dirty connectors and splitters are shown in

Table 3.2 [39]

Table 3.2: Optical Return Loss for UPC and APC connectors and splitters

ORL
Open/Dirty UPC Connector ~15dB
Dirty APC Connector ~22-31dB
UPC Splitter ~33dB
APC Splitter ~55dB

Fig. 3.13 illustrates the BR signals in bidirectional access networks, we notice two
types of BR that beat with the upstream signal, first is the reflected signal of
downstream (BR T), second is the reflected signal of upstream which goes back into
the ONU where it is remodulated and then travels again toward the OLT and it's
called (BR 1II).

The upstream signal suffers from SNR degradation because of the interference with
both BR signals, however the intensity noise caused by this interference can be
reduced; it has been demonstrated that optimizing the signal amplification at the

ONU can significantly reduce the SNR degradation due to BR [40], [41].
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Fig. 3.13: Paths of two BR signals.

Fig. 3.14 shows how the SNR degradation due to BR I can be significantly reduced
by amplification at the ONU. The horizontal and vertical axes represent transmission
distance of the optical signal and relative optical power, respectively. As the figure
shows, signal amplification at the ONU is necessary to achieve a large signal to
Reflection-I power ratio because the optical power falls along the transmission path,

and also the Reflection-I power level is constant.
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Fig. 3.14: Reducing the impact of Reflection-I by signal amplification at ONU
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On the other hand, the effect of Reflection-II is also significant and must be taken
into consideration specially at high values of ONU gain, and this limits how far we
can go in increasing ONU gain in order to reduce the effect of BR 1. Fig. 3.15 shows

the relative received power at the receiver versus ONU gain (in decibel).

Optimum gain

I
|
s |
]
< | /
D ]
a | Maximum SNR
o |
Q i
‘© : ot
O o
e n’\ 4 Rei\e
1
g pete®
® =
;2 \ : Reflection-I
N
\\0(\ |
e

ONU gain

Fig. 3.15: Increase in the impact of Reflection-II with ONU gain

When we compare the signal power to Reflection-II power as a fimction of ONU
gain, we find that while the signal power that is proportional to ONU gain, the power
of Reflection-II is proportional to the square of ONU gain, and this is because the
Reflection-II signal passes twice in the amplifier of the ONU.

As the figure shows, at low values of ONU gain Reflection-1I would be the dominant
BR noise, while Reflection-1I is more dominant at high ONU gain, therefore choosing
an optimal value of ONU gain helps minimize the overall penalty of BR in order to

improve the received SNR.

It was found that the optimum ONU gain for a minimum BR penalty in the system in
[38] is given by

G=L-15 (3.24)

Where G =101log,,(g ) and g is the ONU gain that includes 3-dB modulation

loss.
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L'=10log,,(I') where I ' is the Transmission Line Loss (TLL).

More advanced model was developed in [42], and a formula was proposed to give the
Relative Intensity Noise (RIN) of the beat noise for both downstream and upstream

BR signals with the upstream signals:

8 Av

RIN, ()= 2Y  ORLe™ 3.25
dr.:(f) e AUZ +f2 ( )
RIN, (f)= éfAv‘zAiﬁORL (3.26)

g is the net power gain which includes the ONU gain as well as the component loss
Avis the linewidth of the laser source

[ is the frequency

¢ is the fiber attenuation

L is the fiber length
ORL is the Optical Return Loss (ORL) of the fiber

Then the total beat noise optical power normalized to the signal optical power in the

receiver bandwidth f, was given by

fbw fbw
P(fo) = [RIN, ()df + [RIN,, (/)df (3.27)

The  factor which is defined in [43] as the difference between the average value of

the marks (ones) and of the spaces (zeros) divided by the sum of the standard
deviations of the noise distributions around each. It is given by the following

expression when beat noise is included:

RE

Q =
Joo + KPP () + o

(3.28)
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While the (0 factor without including beat noise was given by

RP

Q =" (3.29)
26y

R is the responsivity of the photodiode

P, issignal power including beat noise

P, issignal power without beat noise

O, is the thermal noise of the photodetector

The power penalty of BR was then given by

o =10log &, (3.30)

From (3.25) and (3.26) we can conclude that the BR penalty for both downstream and

upstream increases in case of decreasing the linewidth of the laser source, or

increasing the ORL of the fiber, while the effect of ONU gain (g) is different on

each of BR penalty of downstream and upstream.

One should note that these models in [38] and [42] were developed for OOK only.

In my experimental work, I have carried out research to study BR in WDM-PONs in

the remodulation scheme using both phase modulation and OOK in the network, as

we will see later in Chapter 4.
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Chapter 4

Experiments and results

4.1 A Novel Remodulation Scheme for WDM-PONs Employing Phase

Modulation for Both Downstream and Upstream

4.1.1 Motivation

As mentioned in chapter 2, signal remodulation is one of the solutions that aim to
decrease the cost of WDM-PON deployment by saving the need for a laser source at
the ONU; hence the ONU uses the same downstream signal as a carrier for upstream
data. Several remodulation architectures have been proposed, including the use of
OOK for both downstream and upstream [44]; downstream low Extinction Ratio (ER)
OO0K and upstream DPSK [45]; downstream DPSK and upstream OOK [46],
However, these approaches have several disadvantages, such as high chirp [44],[46],
limited speed [44]-[46], and reduced ER [45].

Another system has been recently proposed using a Reduced Modulation Depth
(RMD) DPSK for downstream signal and a Full Modulation Depth (FMD) DPSK for
upstream signal [47], and this approach has a limitation on the downstream
transmission of both the RMD and that balanced detection can not be used in it
because this approach is remodulating all the output signal of the constructive port of
the Delay Line Interferometer (DLI) while it detects downstream data at the
destructive port only, the former limitation makes it less tolerant toward phase errors
in the DLI [48], while the latter makes it lose the DPSK +3dB advantage over OOK

for downstream link that comes only with balanced detection [49].

50



In this work, I propose a novel wavelength remodulation scheme for WDM-PON
using DPSK with FMD for both downstream and upstream signal. [ demonstrate the
system at 2.5 Gb/s in both directions due to available equipments I currently have,
however the system is robust toward dispersion as I show in the experimental results,

therefore the same principle could be applied to higher speed systems.

Driving the phase modulator with RZ data to produce the downstream signal enabled
me to remove all downstream phase information in the ONU using a pulse carver,
such that I could write the upstream phase information on the signal coming from the
OLT with no phase information, the system has also the advantage of using either

single ended or balanced detection unlike prior remodulation schemes [47], [48].

4.1.2. Operation principle:

The operation principle of the proposed system is illustrated in Fig. 4.1. In the OLT, I
modulated the light of a laser source using a phase modulator driven by an RZ pre-
coded data with a duty cycle of 50%, and this causes writing phase information on the

first half of each bit leaving the second half without phase information.

At the ONU side, a portion of the downstream signal is detected using a DPSK
receiver which restores downstream data in RZ format. The rest of the signal is
passed through a pulse carver which is a device usually implemented as sinusocidally
driven MZMs such that it removes the phase-modulated slots of the downstream
signal leaving only the un-modulated slots. Subsequently, the phase free-signal is
passed through another phase modulator at the ONU, This modulator is driven by the
upstream data signal. This signal is NRZ and is differentially pre-coded using a

DPSK pre-coder.

The upstream signal exits the ONU as a standard RZ-DPSK that can be transmitted
up the link to the OLT to be detected using any DPSK receiver.

51



I2A12021 S Jesu] ‘Ioluociapul pake]ap I Iotpjdure 12q1y padop
UGS 4T “12qIf Spoul H[3uls : JNS Tojejripowt aseyd N J W2)s4s uorenpow:t pasodoid ay) Jo dnjes [ejusunadxs pue sdould ' 1' 314

Japoo-ald
lenuaseyia

eleq weassdn

VY443

<« xy o @ b Mo | |
wequesswon | | T ¥ ()| o L |

J— - 4NS Wy 0Z

/ \ J8PBAU0D) 74-ZHN

- A m (o[ =] [0l ] |

m % m sdooy Soenhiil o EECEn e

", 1a ! [ERuaIa4id Bje( Wweansumoq;

52



4.1.3. Experimental setup and results

A schematic diagram of the experimental setup for the proposed remodulation system
is shown in Fig. 4.1. At the OLT, the downstream 2.5Gb/s DPSK signal was
generated by using a continuous-wave light source at 1549.1 nm that passes into a

LiNbOsphase modulator driven by an RZ signal. This signal was generated by

converting a 2.5Gb/s NRZ PRBS data stream with a length of 2% —1to a 50% RZ
signal. The use of 50% RZ produces un-modulated slots that are 200ps wide. [ did not
actually use a pre-coder in the experiment because the data is random and it would
not make any difference. The generated DPSK signal is passed through an optical
bandpass filter with a 3dB bandwidth of ~0.8nm which emulates one channel of a 100
GHz AWG, and amplified to 7dBm using an EDFA then launched into a 20 km

standard SMF using an optical circulator.

At the ONU side, and after passing the received signal through a circulator I split it
using a 20:80 optical coupler, taking 20% of the light to a downstream receiver
shown in the inset in Fig. 4.1 to obtain downstream data in an RZ format, because
interfering every two un-modulated slots together will produce no power at the
output. The rest of light is fed into a 2.5 GB/s Bias-Ready IDSU intensity modulator
driven by a 2.5 GB/s clock source, which plays the role of a pulse carver. I used an
RF phase-shifter with the clock stream to adjust the process of removing data slots
which are contained in the downstream signal. The signal then becomes an RZ of a
50% duty cycle with no phase information and a power level of -8.9dBm. I passed
this signal into another LiNbOs;phase modulator driven by a 2.5GB/s NRZ data
stream which is also PRBS data with a length of 2** —1 to obtain the RZ-DPSK
upstream signal with -13.5dBm which is in turn launched into the 20 km SMF using
the circulator at the ONU side. I received this signal at the OLT side by amplifying it
with an EDFA and then passing it through a DPSK receiver which has the same

structure as the one I used to receive the downstream signal.
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Fig. 4.2. 2.5-Gl/s BER measurements of (a) upstream signals in the cases of using single-fiber
configuration, dual-fiber configuration and B2B, (b) downstream signals in both single ended
and balanced detection in the two cases of using single-fiber configuration, and B2B.

The Bit-Error-Rate (BER) measurement results for both downstream and upstream

signals are shown in Fig. 4.2. For single ended detection I used a PP-10G Nortel

receiver while for balanced detection I used a Limiting TIA Discovery
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Semiconductors Balanced Detector. to investigate the issue of Rayleigh noise on the
upstream signal, I measured the BER in both the cases of single-fiber and dual-fiber

configuration.

In the upstream I measured a receiver sensitivity at BER=10" in the case of single-
fiber -20.4 dBm compared to -24.2 dBm in the dual-fiber case and -23.9 dBm in the
Back-To-Back (B2B) one, which means that the dispersion penalty alone is
minimaland ~3.5dB penalty coming from BR and dispersion together [48]. As for the

downstream I measured a receiver sensitivity at BER=10" in the case of single
ended detection around -7.4dBm for both B2B and single-fiber, while there was
around ~5dB advantage in receiver sensitivity for balanced detection over single
ended detection. The limitation in the receiver sensitivity for downstream compared

to upstream comes from the photodetector itself rather than the system.

While the pulse carver in my setup adds cost and complexity to the ONU compared to
the scheme discussed in [47], it should be noted that the pulse carver can be
integrated with the phase modulator and does not need to be wide band. In addition,
the setup in [47] has more tolerance to BR by using RMD downstream signal and
hence it has narrower optical spectrum that can be filtered out by using the
destructive port at the OLT receiver, however their setup suffers higher penalty
because of the beating between downstream data and upstream data at the receiver
side, while in my setup downstream data is removed by the pulse carver at the ONU
before remodulating the signal. Moreover my setup has ~6dB advantage in receiver
sengitivity for upstream. My scheme also offers the option of using a balanced
receiver for downstream, for a higher cost.

The use of electrical RZ for downstream was also studied in [50], and while it has
higher tolerance to BR than my setup for the same reason of RMD in [47], it has an

overall ~3dB less receiver sensitivity for upstream.

Fig. 4.3 shows the eye diagrams for upstream and downstream in both single ended
and balanced detection. We notice ripples at the zero level inside the eye in (d) [ show
them more clearly in (e) which we obtain by stopping the data of upstream while
keeping all the system working. These ripples are caused by the imperfect removal of
downstream data by the intensity modulator, as the latter is driven by a sinusoid

signal, rather than an ideal squared signal.
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(d) () (f)

Fig. 4.3 Eve diagrams of the downstream and upstream signals. (a) Downstream - single
ended (b) Downstream - balanced (¢) Downstream single ended with DPSK-OOK (d)
Upstream single ended (e) Upstream signal when stopping upstream data with single ended
detection (f) Upstream with DPSK-OOK

To compare my system with the conventional scheme that uses DPSK for
downstream and OOK for upstream, I show in Fig. 4.3 the eye of downstream DPSK
(c) and the eye of upstream OOK in (f), we notice a significant advantage in the
upstream case, and this is gained by the technique used in my setup as all downstream
data is removed by the pulse carver at the ONU while in the case of DPSK-OOK
downstream data will travel with upstream data and suffer different impairments

along the transmission path causing severe degradation in the quality of the received

signal.
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4.2 Impact of backreflections on bidirectional WDM-PONs with

wavelength remodulation schemes

4.2.1 Motivation

Recently, several remodulation architectures which include the advanced meodulation
format such as DPSK have been proposed. In these schemes, OOK is used for the
downstream signal and DPSK is used for the upstream signal or vice versa [46]. Since
the data information of downstream and upstream is separately carried on amplitude
or phase, it is not necessary to sacrifice ER. However, these approaches still have the
disadvantages such as high chirp and limited data rate [44, 46]. To overcome these
disadvantages, a remodulation scheme using DPSK for both downstream and
upstream has been proposed using RMD for downstream signal [47]. I have also
proposed a WDM-PON system lately using DPSK for both downstream and
upstream, in which FMDD DPSK for both signals are realized [51].

In all of these proposed WDM-PON configurations, bidirectional transmission with
only one single fiber is used to reduce cost and accelerate PON deployment.
However, such bidirectional loopback transmission results in beat noises between
BRs and the signal since they have the same wavelength, i.e., the backreflected
up/downstream beats with its counter-propagating down/upstream, which leads to
degradation of the system performance as I showed in Fig. 3.13. In [3], I have
analyzed the system impairment due to beat noises between BRs and the upstream
signal in bidirectional single-fiber WDM-PONs, where the seed light of the upstream
is either CW or intensity modulated downstream and the upstream uses OOK
modulation. It was demonstrated that there is an optimum ONU gain to minimize the
impairment of BRs, which is determined by the TLL, the linewidth of the seed light,
the chirp effect at the ONU as well as the receiver bandwidth.

In this work, I focus on the investigation of BR impairment in WDM-PONs with
remodulation scheme when using DPSK modulation format for both downstream and
upstream. To the best of my knowledge, this is the first experiment to explore BR
penalty in remodulated WDM-PONs that employ advanced modulation formats. I
demonstrate that in WDM-PONs with DPSK remodulation scheme, the power
penalty caused by the beat noises is also dependant on the ONU gain, the TLL, the
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linewidth of the seed light, and the modulation depth of the downstream signal, in
addition, I show the interesting role of the destructive port of DLI with the

backreflected signal of downstream which does not apply to the constructive port.

4.2.2 Experiment and results

As described in section 3.4.3, there are two dominant sources of BRs which beat with
the upstream signal in a single-fiber bidirectional WDM-PON system with
remodulation scheme. As depicted in Fig.3.5, one is the BR of the downstream signal
{(BR I), and the other is the remodulated and reamplified BR of the upstream signal
(BR II). The experimental setup to investigate the impacts of these BRs is shown in
Fig. 4.4 and it uses the same method as [3] for analyzing BR [3]. The only difference
is that in [3] the modulation scheme is OOK for both the up and down streams while I
used DPSK for both.

OO0 ‘ .~ ONU(0OK)

OLT(DPSK) . ONU(DPSK)

Fig 4.4. Schematic diagram showing the standard method that is used to analyze BR with
either OOK or DPSK modulation format

Fig. 4.5 shows a detailed schematic of the setup that I used in the experiment. The
OLT is composed of a laser source, a phase modulator driven by RZ data, an optical
receiver Rx, an EDFA, and a Bit Error Rate Test set (BERT). Variable Optical
Attenuator (VOAT1) is used to change the injection signal power to the ONU while
VOAS is for measuring the power penalty after introducing the BRs. The ONU

includes a pulse carver (intensity modulator), a phase modulator for writing upstream
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data, two EDFAs, a VOA and a circulator. The ONLUI gain is altered by tuning VOA4
at the ONU. The rest of the system is the transmission line, which consists of 3dB
couplers, VOASs, polarization controllers, circulators, 1x8 couplers and Optical Delay

Lines (ODLs).

In this experimental setup, I simulated both BR T and BR IT at the same time by only
one set of delay fibers (1km-8km), as shown in Fig. 4.5. Since these delay fibers vary
in lengths (i.e., they have different delay times), they could represent the discrete
reflection points in the transmission line, which approximately simulates the
continuous distributed reflection. The path of BR I is as follows: The cutput light
from the OLT goes to port 1 of circulator 2 through the 3dB coupler 1, and then it is
delayed by the ODLs, goes back to OLT after circulator 3, coupler 2 and coupler 1.

BR II goes the opposite direction to BR I through the ODLs. It starts from 3dB
coupler 2, and then arrives at port 1 of circulator 3. After being delayed, it goes back
to ONU, and then it is remodulated, reamplified and sent back to OLT. The
transmission line is composed of the coupler 1, coupler 2 and attenuator 1. Therefore,
the TLL could be changed by attenuator 1. Attenuators 2 and 3 are in charge of
adjusting BR T and II, respectively. As in a real single-fiber bidirectional PON
system, the ORL of the OLT and the ONU are the same, it is important to verify that

this condition is satisfied.

In my setup, the ORLs are measured at the outputs of the OLT and the ONU
respectively. The ORL of the OLT is measured to be the optical power difference of
the signal output of the OLT and the coming back signal after the ODLs. The ORL of
the ONU is measured the same way at the output of the ONU. Please note that when
measuring the ORL at the OLT side, the ONU is not operational. The same condition
applied to the measurement of the ORL at the ONU side. Unlike the previous work of
[3], and instead of measuring the power penalty at the OLT receiver to characterize
the impact of the beat noises, I used the difference of Log{BER) of the received
upstream signal for different values of ONU gain before and after applying BR
signals. The BERT was used to monitor the BER change during the measurement. It
should be noted that all results were measured at TLL of 7 dB and receiver bandwidth

of 10 GHz unless stated otherwise.
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Fig. 4.6 depicts the BR penalty as a function of ONU gain at different values of ORL
27.5,29, and 31 dB, and it demonstrates that higher ORL results in higher penalty as
expected from the theory in equations (3.25) and (3.26). It also shows that there is an
optimum value for ONU gain that minimizes the BR penalty. As seen in the figure,
this value is between 4 and 5 dB which is close to (5.5dB) that is expected when

applying equation (3.24) with TLL of 7dB in my case

Fig. 4.7 shows the eye diagram of upstream signal also at different values of ONU
gain taken at -1, 5, and 17 dB, we notice that the quality of the eye is best at 5 that is
the optimum ONU gain for the least BR penalty.

1\ /]
N\ gy !/
TN N\ o 7]/
AN\ /] /
5\ e} \ A/

ALog(BER)

35 33 31 20 27 2% 23 2 19 17 15 13 11 9 7 5 3 A

ONU Gain (dB)

Fig. 4.6 BR penalty with different optical retirn loss values

61



@b

Fig. 4.7 Eye diagram of received upstream signal at different values of ONU gain:
(a) gain=1dB (b) gain=5dB (c) gain=17dB

To verify the effect of TLL on BR penalty in the system, the variation of penalty as a
function of ONU gain is shown in Fig. 4.8 for TLL of 7 and 9dB with both
measurements taken at 30.2 dB ORL, we can see that higher TLL causes higher
penalty of BR in the system which is consistent with what is expected from theory in

case of OOK [42].

10

8
aTLL =-9dB
o TLL =-7dB

Alog(BER)
7
B

\\°

6 543210123 4567 8 910112131415 1617 18 19

ONU Gain (dB)

Fig. 4.8 BR penalty with different transmission line loss values

The bandwidth of the receiver was also investigated in its effect on the penalty, based
on the theory [42], it is expected that as the bandwidth decreases the beat noise will

decrease and the BR penalty decrease. In my experiment I tested two values of
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receiver bandwidth namely 3GHz and 10GHz with both taken at 29.9 dB ORL. As
depicted in Fig. 4.9 I could not see any difference between the two receiver
bandwidths. I believe that this is because the BW that I tried was higher than the data
rate of 2.5 GB/s. T attempted to use a lower bandwidth than 3 GHZ by using an
electrical filter with lower cut off frequency (1.25 GHz), the signal quality was

severely affected, and therefore I did not continue that test.
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Fig. 4.9 BR penalty with different receiver bandwidths

Fig. 4.10 shows BR penalty as a function of ONU gain for different conditions of
downstream modulation, FMD, RMD, and CW all taken at 30 dB ORL. The results
seemed contrary to my expectations, as the CW penalty seems to be significantly
lower than FMD, even though CW has a smaller effective linewidth and expected to
be having higher penalty [42]. In addition we notice in CW case the optimum ONU
gain is lower than that in FMD by around ~8dB. To further investigate this issue I
measured the BR penalty by measuring BR I and BR II separately for different cases
of downstreams. This includes CW, FMD, and FMD with removing the electrical
filter (5.4GHz) that was applied to the downstream data Fig. 4.11. This filter limits
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the bandwidth of downstream data when applied, and it represents a case that comes

in between the CW and the FMD in terms of bandwidth.
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Fig. 4.10 BR penalty in case of: Full modulation depth, reduced modulation depth of the
downstream signal and also in case of continuous wave downstream (CW downstream)
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Fig. 4.11 BR penalty type [ and IT in case of: Full modulation depth with filter on downstream
data, full modulation depth without filter on downstream data and also in case of continuous
wave downstream (CW downstream) when using SMFs, ORL.=31.1 dB

In Fig. 4.11 we notice that for BR II (the right hand part of the figure), CW is the
highest which meets the BR theory of OOK in [42], and for the two cases of FMD
with and without filter there is no significant difference between them, which means
that BR II is not much affected by the modulation of downstream signal, because BR
IT results from the reflected signal of upstream that returns to the ONU where it is
modulated for the second time and then sent again to the OLT to beat with the
upstream signal at the receiver side as I explained before. The situation is different for

BR I, as we can notice that the penalty in case of (with filter) is lower than (without

filter).

The dependence of the BR penalty on the bandwidth of the downstream signal
directed my attention to the possibility of coupling between BR and dispersion. In
order for me to test such a possibility I changed the fiber type in the setup and used 8
DSFs instead of the SMFs and I repeated the tests. I argue that if there is no coupling
between dispersion and BR, the BR penalty should remain the same irrespective of

the fiber type. This is because my penalty of BR is calculated by measuring the BER
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including BR and subtracting it from the BER without applying BR. The results are
shown in Fig. 4.11 for SMF fibers and Fig. 4.12 for DSF.
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Fig. 4.12 BR penalty type I and II in case of: Full modulation depth with filter on downstream
data, full modulation depth without filter on downstream data and also in case of continuous
wave downstream (CW downstream) when using DSFs, ORL=30.1 dB

As Fig. 4.12 shows, the results of BR II did not change much when compared to the
results when using SMFs shown in Fig. 4.11, while there is a clear difference in the
penalty of BR 1 for the different signals. The penalty in case of using filter (smaller
bandwidth) is now a little higher than the penalty without filter and this proves the
point of coupled effect of dispersion with BR. Practically, this issue is very important,
ag researchers follow a standard technique to find the penalty of BR in systems which
assumes that the BR penalty and dispersion penalties are independent [50]. Based on
this assumption, they compare the power penalty of two cases of B2B transmission
and the case of two separate fibers for downstream and upstream, and by this they
find the dispersion penalty (no BR penalty in case of two fibers), and then they do a
test with a bidirectional fiber, where BR penalty is added, and by this they find the

value of BR penalty in the standard case of bidirectional fiber transmission.
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However the results in Fig. 4.11 and 4.12 clearly demonstrates that this method is
flawed, because the penalty in case of one fiber results from dispersion, BRs, in
addition to the penalty of dispersion hitting BR signals, thus the difference in penalty
between the two cases of one fiber and two fibers represents a penalty of BR coupled
with the penalty of additional dispersion. Consequently separating downstream from
upstream is not a correct method to find BR penalty, and researchers need to use
other methods like using dispersion compensation in case of bidirectional fiber
transmission then comparing with the case of normal transmission without dispersion

compensation and find the difference between these two.

To confirm this claim [ implemented a test that emphasizes the penalty induced from
BR I when uging a filter for different wavelengths while using [DSFs, such that the
comparison is done under same conditions but with different values of wavelengths
and therefore different values of dispersion in the system, and I found the results

shown in Fig. 4.13

We can see that the penalty of BR varies for different values of dispersion in the
system (using different wavelengths is equivalent to applying different dispersion
values to the signals), which means that the two penalties of BR and dispersion are
coupled together and can't be separated except by using DSFs or dispersion

compensation in the transmission system.
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Fig. 4.13 BR penalty type I in case of FMD downstream signal when using a filter on
downstream data with different values of dispersion, ORL-29.8 dB

In addition to the penalty of BR and digpersion that are coupled in my system there is
a third factor that plays a significant role in determining the value of penalty induced,
ag the former two penalties can't explain why the penalty of CW is the lowest in Fig.
4.10, 4.11 and 4.12, while it is supposed to be the highest, because it has the smallest
bandwidth, so the BR penalty should be at maximum wvalue, and it does not suffer
dispersion. I found that this is coming from the role of the destructive port of DLI

which [ was using in all my measurements.

The destructive port of the DLI acts like a notch filter toward the optical signal, and it
suppresses a signal depending on its bandwidth, therefore smallest bandwidths suffer
more suppression by the destructive port of the DLI In Fig 4.10 the BR CW signal is
significantly suppressed by the IDLI and this effect pulls the curve down to the lowest
value among the other cases, and for the RMD signal in comparison with the FMD it
has a smaller bandwidth, and its penalty is the overall of three factors: dispersion
which is smaller than that of FMD, BR which is higher than that of FMD, and the

suppression of the DLI, and the result is the penalty that we can see in Fig 4.10.
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I found that the role of the destructive port of DLI in suppressing BR of CW signals
has already been investigated in the application of carrier-distributed WDM-PONs in
which the carrier of upstream is sent as CW from the OLT in addition to the

modulated downstream signal [32], [53].

To confirm the role of the destructive port of the DLI in suppressing BR CW signals [
measured the penalty of BRI in case of using each of the ports of the DLI, and I show

the results in Fig. 4.14. We can see a significant difference in the penalty between the

two cases.
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Fig. 4.14 BR penalty type I in case of using the destructive port of the DLI or the constructive
port, ORL=29 dB

To further clear out the role of the three different factors in the BR penalty
measurements that I obtained using the destructive port, we can write the following:
From (3.22) we can write the transfer function of a lossless fiber when considering

only CD ag impairment to the backreflected optical signal as
L )
H (@) = exp(—] Eﬁza) ) (4.1)

The transfer function of the destructive port of the DLI could be written as:

I (@) = 0.5[—1 + exp(— jaT)] (4.2)
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Where T is the delay period of the DLI
If we take S (@ ) asthe power spectral density (PSD) of the backreflected

signal then the average of reflection power at the input of the DLI could be written as:

P = j S, (0)dw (4.3)

—c

And the average reflection power at the DLI's destructive port is then:

P’

»

THI (), (@)S,(0)do =

C e L 5 , L i
P, = JOSI=exp(=j fro®)+exp(= (ol + - o YIS, (@)de (4.4

Equation (4.4) shows that the reflection power at the destructive port of the DLI is
related to CD, the backreflected signal itself, and the transfer function of the
destructive port of the DLI.

To study the effect of linewidth on the penalty induced by BR, I used two laser
sources with different linewidth 0.1 MHz, and 1 MHz, and I found that the smaller
the linewidth is, the higher the penalty of BR as shown in Fig. 4.15, which meets the
theoretical analysis in [42] and the results in [3], in addition we can see that the
optimum ONU gain in case of 1 MHz linewidth source is almost 4 dB smaller than
the optimum ONU gain in case of 0.1 MHz linewidth laser source, as for the role of
DLI suppression in this case, one should note that the difference in linewidth between

the two cases is too small to make any difference in suppression [53].
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Fig. 4.15 BR penalty in case of different linewidth of the laser source, ORL=30 dB
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Chapter 5

Summary and Future Work

In this chapter I summarize the research conducted in this thesis. I also provide

posgible future work.

5.1 Summary

e In chapter 2 I discussed various techniques that can be used in PONs, and
argued that WDM-PONs present an ultimate solution for the continuously
increasing demand of bandwidth. I explained how one of the main issues in
WDM-PONs is their high cost coming from the need for a separate laser
source that is customized for each end user. [ then discussed several solutions
for the high cost laser source at the ONU, and showed that by using the same
downstream signal for upstream, remodulation scheme is a promising
solution for implementing source-free ONU, and it solves both the problems

of laser sources inventory and the high cost of laser source at the user side.

o In chapter 3 [ discussed the importance of phase modulation in optical
communication systems, and explained that DPSK offers several advantages
on OOK such as the improved receiver sensitivity of 3dB which helps in
extending the transmission distance. I gave an overview of the basic devices
used in DPSK, and emphasized the direct detection technique given its lower
cost and less complexity when compared with the coherent one. I also
covered the main impairment that signals suffer in bidirectional systems, and

focused mainly on CD and BR beat noise.
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In chapter 4 T proposed a novel WDM-PON scheme that uses both the
advantages of DPSK and wavelength remodulation. The system employed
NRZ-DPSK for downstream and RZ-DPSK for upstream. The simple yet
efficient design of the system is based on removing downstream data form
downstream signal using a pulse carver at the ONU, and then remodulating

the light for upstream transmission.

The proposed system was experimentally demonstrated, and it was operated
error-free after down and upstream transmission along a bidirectional Z20-Km

SMF without dispersion compensation,

I showed the detailed setup and the principle of operation, in addition to the
experimental results. When compared with other remodulation schemes, the
proposed system showed an enhanced tolerance toward CD, and a penalty of

around 4dB coming from BR.

The novel system that I designed led me to explore the BR penalty when
using phase modulation in remodulated WDM-PONs, an issue that is
investigated for the first time. Therefore I implemented a setup to analyze the
penalty of BR and demonstrated how it is directly related to the gain of the
ONU, and depicted how it also depends on the ORL, the TLL, and
emphasized the role of the destructive port of the DLI in suppressing BR 1

signals relative to their bandwidth.

I found that there is an optimum ONU gain at which the BR penalty is
minimized. These results can be significant when designing a remodulation
system with phase modulation by tuning the ONU gain to realize the least
possible BR penalty.

Based on my experimental results I argued that BR can not be isolated from
dispersion by using a method of separating downstream from upstream then
using bidirectional fiber and comparing the two cases, but other methods of
comparison need to be used such as using DSF or dispersion compensation,
because in the case of using bidirectional transmission dispersion will not

only affect the transmitted signals but also the backreflected signals.
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5.2 Future Work

e One of the most important sources of noise on upstream signals in
remodulation systems is the downstream data itself, and the performance of
the system depends on the quality of downstream data removal which in turn

depends on the removal technique.

In my proposed remodulation scheme, the most significant feature is the high
efficiency in removing downstream data from the optical carrier in the ONU,
and the removal technique that I used can be applied to several other

modulation formats.

Given the importance of spectral efficiency in WDM-PONs, and the
significant improvement that Differential Quadrature Phase Shift Keying
(DQPSK) offers in this field, using DQPSK in the same system can be

investigated for both downstream and upstream as a future work.

e In addition, BR penalty in WDM-PONs remodulation systems could be
further investigated with other advanced modulation formats like DQPSK,
2-DPSK, and 16 QAM (Quadrature Amplitude Modulation). A theoretical
model of BR penalty that applies to advanced modulation formats can be
developed, and any experimental results could be then compared to that of

the model.
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