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Abstract

There is a huge rapid growth in the deployment of data centers, mainly driven from the
increasing demand of internet services as video streaming, e-commerce, Internet Of
Things (I0T), social media, and cloud computing. This led data centers to experience an
expeditious increase in the amount of network traffic that they have to sustain due to
requirement of scaling with the processing speed of Complementary metal-oxide—
semiconductor (CMOS) technology. On the other side, as more and more data centers
and processing cores are on demand, as the power consumption is becoming a
challenging issue. Unless novel power efficient methodologies are innovated, the
information technology industry will be more liable to a future power crunch. As such,
low complex novel transmission formats featuring both power efficiency and low cost are
considered the major characteristics enabling large-scale, high performance data
transmission environment for short-haul optical interconnects and metropolitan range
data networks.

In this thesis, a novel high-speed Intensity-Modulated Direct-Detection (IM/DD)
transmission format named “Mapping Multiplexing Technique (MMT)” for high-speed
optical fiber networks, is proposed and presented. Conceptually, MMT design challenges
the high power consumption issue that exists in high-speed short and medium range
networks. The proposed novel scheme provides low complex means for increasing the
power efficiency of optical transceivers at an impactful tradeoff between power
efficiency, spectral efficiency, and cost. The novel scheme has been registered as a patent
(Malaysia P12012700631) that can be employed for applications related but not limited
to, short-haul optical interconnects in data centers and Metropolitan Area networks
(MAN).

A comprehensive mathematical model for N-channel MMT modulation format has
been developed. In addition, a signal space model for the N-channel MMT has been
presented to serve as a platform for comparison with other transmission formats under
optical channel constraints. Especially, comparison with M-PAM, as meanwhile are of
practical interest to expand the capacity for optical interconnects deployment which has



been recently standardized for Ethernet IEEE 802.3bs 100Gh/s and in today ongoing
investigation activities by IEEE 802.3 400Gb/s Ethernet Task Force.

Performance metrics have been considered by the derivation of the average electrical
and optical power for N-channel MMT symbols in comparison with Pulse Amplitude
Modulation (M-PAM) format with respect to the information capacity. Asymptotic power
efficiency evaluation in multi-dimensional signal space has been considered. For
information capacity of 2, 3 and 4 bits/symbol, 2-channel, 3-channel and 4-channel MMT
modulation formats can reduce the power penalty by 1.76 dB, 2.2 dB and 4 dB compared
with 4-PAM, 8-PAM and 16-PAM, respectively. This enhancement is equivalent to 53%,
60% and 71% energy per bit reduction to the transmission of 2, 3 and 4 bits per symbol
employing 2-, 3- and 4-channel MMT compared with 4-, 8- and 16-PAM format,
respectively.

Beside the power efficiency advantage, N-channel MMT data capacity multiplexing
feature enhances the eligibility for scaling the baud rate with the limitations that exists in
electronic and optical components operating at a fraction of the aggregated data rate.
Therefore, 2-channel MMT has the feature to scale its baud rate to 1/2 of its aggregated
bitrate compared with OOK. While, 3-channel MMT has a baud rate equivalent to 1/3 of
its aggregated bitrate compared with OOK. Also, 4-channel MMT is capable of
decreasing the electronic requirement of its components to a baud rate equivalent to 1/4
of the aggregated bit rate compared with OOK.

One of the major dependable parameters that affect the immunity of a modulation
format to fiber non-linearities, is the system baud rate. The propagation of pulses in fiber
with bitrates in the order > 10G, is not only limited by the linear fiber impairments,
however, it has strong proportionality with fiber intra-channel non-linearities (Self Phase
Modulation (SPM), Intra-channel Cross-Phase Modulation (IXPM) and Intra-channel
Four-Wave Mixing (IFWM)). Hence, in addition to the potential application of MMT in
short-haul networks, the thesis validates the practicality of implementing N-channel
MMT system accompanied by dispersion compensation methodologies to extend the
reach of error free transmission (BER < 10™*%) for Metro-networks. In chapter 5, N-
Channel MMT has been validated by real environment simulation results to outperform
the performance of M-PAM in tolerating fiber non-linearities.

II



By the employment of pre-post compensation to tolerate both residual chromatic
dispersion and non-linearity, performance above the error free transmission limit at
40Gb/s bit rate have been attained for 2-, 3- and 4-channel MMT over spans lengths of up
to 1200Km, 320 Km and 320 Km, respectively. While, at an aggregated bit rate of 100
Gbl/s, error free transmission can be achieved for 2-, 3- and 4-channel MMT over spans
lengths of up to 480 Km, 80 Km and 160 Km, respectively.

At the same spectral efficiency, 4-channel MMT has realized a single channel
maximum error free transmission over span lengths up to 320 Km and 160 Km at 40Gb/s
and 100Gb/s, respectively, in contrast with 4-PAM attaining 240 Km and 80 Km at
40Gb/s and 100Gb/s, respectively.

Keywords:-
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1. Chapter 1: Introduction

1.10verview

1.1.1 Fiber optic solutions for Metro and Short Range Networks

Recently, optical transmission systems have received much interest as one of the
major and dominant solutions for metropolitan and short-range area networks. This was
stimulated by the growing desire for bandwidth and speed, enabled by the high-speed
optical transmission systems. In 2014, Cisco Forecast and Methodology study has
estimated that metro traffic demand for metropolitan area networks will be twice as fast
as long-haul networks and will account for 62% of the global IP traffic demand in 2018
as shown in figure 1.1[1]. At 2015, the same research group released its study estimating
an increased share for metro networks and reported that it will account to 66% in 2019
[2]. This is due to the incremental role of content delivery networks, which are
transmitted through metro networks and bypassed by long-haul networks. Figure 1.2
shows the exponential increase in the data traffic per month for metropolitan networks
compared to long-haul networks where the estimated growth factor will be doubled by
2018. Studies have predicted 560% increase in metropolitan area network traffic demand
between (2012-2017)[3]. As such, this rapidly increasing demand is driving researchers
to look into possible capacity expansion solutions for high speed metropolitan and optical

access networks.
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1.1.2 Ethernet

There are three main standards for short and medium range optical links; Ethernet,
Fiber Channel and Infiniband. Ethernet is considered the major and the widest spread of
them, which standardize links over copper and fiber optic links.

The IEEE standards include many forms that support variable distances and
throughput speeds. To date, figure 1.3 shows clearly all supported IEEE standardization
with respect to link bitrates, transmission distances and fiber type, enabling high speed
data connectivity for short and medium range links. In 1995, 100 Mbit/s speed has been
standardized in IEEE802.3u and known at that time as “Fast Ethernet” and referred to it
as (100Base-SX)[4]. In 2001, Gigabit Ethernet has been released through IEEE 802.3z
standardization, which was referred to it as (1000Base-LX “Long Range”  and
1000Base-SX “Short Range”). In 2002, IEEE 802.ae standard has been issued to
announce the emerge of 10Gigabit Ethernet and was referred to it as (10Gbase-SX and
10Gbase-LR [5]. In 2009, a collaborative work has started between International
Telecommunication Union's Telecommunication Standardization (ITU-T) and IEEE
802.3 working group to provide a standardization for 40Gb/s and 100Gb/s Ethernet for
next-generation Optical Transport Networks(OTN) [6]. The working groups objective
was to support 40Gb/s and 100Gb/s bitrates for distance at least 10Km and 40 Km using
SMF[6]. In 2010, the IEEE 802.3 have released the standardization and referred to it as
(40Gbase-SR4, 100Gbase-SR4, 40Gbase-LR4 and 100Gbase-LR4), which was
considered at that time the first Ethernet penetration for metropolitan area network and
Wide Area Network (WAN) that was dominated by Synchronous Optical Networking
(SONET) and Synchronous Digital Hierarchy (SDH) protocols [7]-[9]. The existing
100GBase-ER4 (ER4-Extended Range- 4-channels) and 40GBase-ER4 have been
standardized to support the 40 km metro application such as Datacenter to Datacenter
links, Metro Ethernet,...etc[10]. As such, the demand is rising for extending the

transmission reach of optical metro links utilizing low cost optical link solutions.



Short link distances are necessitated by cost effective cabling solutions being a
significant trade-off parameter. For short-range application < 1Km, Multi-Mode Fiber
(MMF) is employed for IM/DD systems. This is due to its lower cost and relatively good
performance for this kind of applications performance requirement. However, multi-
mode fibers are limited by the low bandwidth distance product, which leads to a
limitation in both system throughput and link distance. In 2014, 400Gigabit Ethernet
Task force has started the investigation for SMF and MMF links through its
standardization IEEE P802.3bs. However, it deduced that MMF is not able support intra
data centers connectivity at bit rate of 400Gb/s. Hence, started its investigation for
400Gb/s over 500m SMF[11], [12].

Hence, Single Mode fiber (SMF) is considered a perfect optimum alternative for
longer transmission distances links aided by its superiority in supporting higher
capacities. One of the significant high consumers for these sort of links; are data centers

point-to-point optical interconnects.
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Figure 1.3 IEEE Standards for Ethernet with respect to link distance, transmission speed and fiber
type.



1.2 Problem statement and Research Motivation

1.2.1 Data Center Power Consumption

On the other side, as more and more data centers and processing cores are on demand,
as the power consumption is becoming a challenging issue. Greenpeace’s Maker IT
Green report [13], estimates that the global demand for electricity from data centers was
around 330bn kWh in 2007. This demand is projected to triple by 2020 (more than
1000bn kWh). The typical electrical consumption of this class of data centers are in the
order of tens of megawatt, equivalent to supply a small size city with electricity and the
total electricity consumed by data centers are equivalent to the fifth country whole
consumption of electricity [14]-[18]. In 2013, power demand for data centers alone grew
40GWatt[19]. Although, the United States is the largest consumer of data center power
globally, followed by Japan, UK, Germany and France, however, there are fast emerging
markets for data centers in countries such as China, Singapore ,Malaysia, Egypt, etc..
This is aided by the virtualization and cloud computation widespread in which recent
studies predicted that in 2019, 86% of the workload will be handled and stored in cloud
data centers, while just 14% will be processed in conventional localized data centers[20].

SMART 2020 is a report that quantifies the role and efforts of the Information
Communication Technology (ICT) industry sector in overcoming the environmental
negative impacts of carbon excess usage[21]. In addition, SMART2020 evaluates the
energy saving efforts through the utilization of green technology in reducing the harmful
emissions from the ICT sector. From the environmental perspective, SMART2020 annual
report has accounted data centers responsible for 14% of the total gas emissions from the
information technology sector in 2007 [21]. SMART 2020 encourages an upgrade and
optimization in ICT sector infrastructure utilizing energy efficient methodologies. It
reported that a huge energy saving can be achieved by employing smart motor systems,

smart logistics, smart buildings and smart grids.



Innovative methodologies to lower the power consumption of data centers in every
aspect (i.e, cooling infrastructure, devices heat dissipation, data transmission efficiency,
etc..), which is mostly classified to be green technologies, are under active research
interest [15], [18], [22]-[27]. Recent act from worldwide organizations is taking place to
produce annual reports monitoring the progress of big data centers hosts in terms of their

efforts in turning their data centers facilities to employ Green power technologies [19].
1.2.2 Data Center Optical Interconnection

The rapid growth in network traffic demand has motivated the continual development
in 100G, 400G technologies in the context of next generation Multi-Giga Ethernet for
short-haul and metropolitan data networks[1]. One of the significant IP consumers in
metropolitan area network are data centers in which the data centers traffic demand will
reach 10.4 Zettabyte per year by 2019 with a CGR of 25% [20]. Figure 1.4 shows the
data center medium range links with cloud applications in metropolitan area architecture.

In order to a give an insightful close analysis to these data, it is worth noting that in
2014, 75.4% of the data traffic remained inside the data center , while 17.8% was from
data center to user and 6.8% from data center to data center[20]. This level of network
traffic inside the data centers with thousands of servers and rigorous requirement for low
latency, scalable and high throughput solutions, has turned the attention to the

employment of power efficient optical interconnects to replace the electrical ones[28].
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Figure 1.4 Data center optical medlum range links with cloud applications in a metropolitan area
architecture.

Nowadays, data center traffic relies on electronic switching employing point to point
high speed optical interconnects[29]. The data centers with thousands of servers are
linked in layers by multiple Ethernet switches. Figure 1.5 shows a 3-tier data center
architecture interconnected by multiple varied speed Ethernet optical interconnections.
First, the Top of Rack switch (TOR) installed and hosting a number of server blades
through 1G/10G line rate links. Second layer, interconnecting a number of TOR switches
to an Aggregate Switch (AS) with higher multiplexing throughput reaching 10/40G. The
AS’s are further interconnected to the Core Switch (CS) employing 100G/400G Ethernet.
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Figure 1.5 Typical 3-Tier data center optical interconnection with multiple Ethernet switches.

As such, aggregated bitrates of 10Gb/s, 40Gb/s, 100Gb/s and 400Gb/s Ethernet
speeds are attracting research communities for cost effective optical solutions for next
generation data center optical interconnections.

1.2.3 Intensity Modulated Multilevel Transmission Formats

The highest channel transmission rate supported by IEEE 802.3 electrical interfaces is
25Gbit/s, that is due to the existence of many electronic signal-processing challenges and
link losses [12]. One way to increase the bit rate, the employment of one or a plural of
different data transmission methodologies as increasing the number of levels, channels,
modulation order and baud rate. Wavelength Division Multiplexing (WDM) is one of the
classical approaches for expanding the capacity, however, it imposes higher system cost
and an increased power consumption, which is due to the number of optical components

employed. Optical components have been reported being the dominant cost element in



optical links [30], [31]. Higher order Intensity-Modulated/Direct-Detection (IM/DD)
systems with single wavelength have attracted much interest recently due to its low
complexity and cost compared with multiple wavelength multiplexing[32], [33]. This is
driven by the huge progress in silicon photonics with its advancement in the integration
of photonic components with the CMOS manufacturing process[34]-[40]. The IEEE
High Speed Study Group (HSSG) is in the process of an extensive investigation for the
feasibility of different economic low complex alternatives for next generation 100G and
400G optical Ethernet networks [41].

M-PAM is considered a perfect candidate for systems featuring an optimum trade-
off balance between high performance, low cost and complexity for short-haul and metro
area applications[42]-[50]. Recently, IEEE 802.3bm Task Force (TF) has investigated the
technical performance, feasibility and different design aspects for 4-PAM, 8-PAM and
16-PAM multilevel formats on Single Mode Fiber (SMF) to be standardized to the
existing 100 GBASE-LR4 [51]. The reports demonstrated the deployment practicality of
4-PAM, and 8-PAM in the context of being an upper boundary limit for the modulation
order due to the exponential increase in impairment penalties with the increment in the
number of levels[30]. In 2014, IEEE 802.3bj standard has approved 4-PAM as a
modulation format for 100Gb/s backplane PHY of 100GBASE-KRA4[52].

M-PAM has M number of levels for the transmission of 10g,(M)bits of

information. Hence, M-PAM s considered a bandwidth limited signaling format, since
the spectral requirement is in the order of 1/log, (M) of On-Off Keying (OOK), while its

power penalty is (M —1)of OOK at fixed bandwidth. On the other hand, Pulse Position
modulation (M-PPM) divides the symbol duration Tgin to M number of sub intervals
with duration Tg/M for the transmission of |ng(M) bits of information with a two
constant distinct levels. Hence, M-PPM is considered a power limited signaling format

with a power efficiency advantage, while its spectral requirement is M /10g, (M) . The M-

PAM and M-PPM performances have been investigated for intensity modulated direct
detection systems (IM/DD) in [50], [53], [54].
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As above-mentioned considerations, the thesis interest to propose a solution to the
problem of the high power consumption issue that exists in high-speed dense short-haul
optical interconnects and metropolitan area networks links. This could be achieved by
introducing novel power efficient data transmission alternatives for short and medium
range optical links. The essence of the novel transmission format is its capability to meet
t8he huge capacity demand simultaneously combined with a reduction in power
consumption. This can be realized by reducing the optical sensitivities of error-free high-
capacity data transmissions, which consequently reflects a lower cost per transported bit

of information.

1.3 Thesis Aims and Objectives

This thesis had an ultimate goal to reach an impactful trade-off between design
parameters to overcome the challenges and meet the requirements of high power
consumption data intensive applications.

The thesis aims to propose a novel IM/DD transmission format named “Mapping
Multiplexing Technique (MMT)” that can be practically employed for applications related
but not limited to, high-speed short-haul optical interconnects and metropolitan area high-
speed links. The MMT features a low-cost, high capacity and power efficient advantages,
enabling large-scale high-performance data transmission environment for high-speed

optical links.

The main general objectives of this research dissertation are as follows:-

1- Design a novel power efficient and low-cost transmission format for high-
speed optical communication systems in short-haul and Metropolitan Area
Networks (MAN).

2- Formulate a mathematical model for the structure and properties of the
proposed data transmission format.

3- Develop the theory and governing rules for the multiplexing format, transmitter

and detection circuits.

10



4- Evaluation for the performance of the proposed technique in comparison to
relevant existing schemes.

5- Comparison between the proposed format and other relevant transmission
formats with respect to their power efficiency.

6- To develop a Bit Error Rate (BER) model for the proposed transmission
format.

1.4 Scope of Work

As far as the Open System Interconnection (OSI) 7-layer reference model is concerned,
the research work proposed through MMT signaling format concerned with its utilization

in the physical layer.

This research work incorporated a pragmatic methodology to achieve the desired

objectives focusing on three main goals:-

a) Design and development of the theory and rules behind the MMT transceiver
under optical channel constraints for non-coherent optical communication
systems.

b) Analytical evaluation for N-channel MMT performance by comparing it with
existing modulation formats. The incorporated transmission formats is selected
based upon their relevance to the proposed transmission technique.

c) Numerical performance investigation of N-channel MMT tolerance to fiber linear
and non-linear impairments for future deployment in desired short and medium

range applications.

Exhaustive procedures, design aspects and performance evaluation metrics have been
executed through the thesis focusing on the three aforementioned main goals to achieve

the desired thesis objectives.
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1.5 Contribution of this research work

MMT design aspects and performance evaluation metrics considered in this thesis have
comprised the following:-
1- Development of signal space model for the first time for N-channel MMT system.

a) Definition of the basis functions for the signal structure of N-channel MMT (in
section 3.2).

b) Derivation for the MMT symbols with respect to the defined basis functions.

c) Construction for the constellation diagram of N-channel MMT format in a
multi-dimensional signal space geometry under optical channel constraints.

2- Transceiver system design included the following :-

a) Transmitter design with an adequate governing data multiplexing and mapping
algorithms. This included the following:-

I.  Definition for the basic properties and waveform synthesis of MMT
symbol structure based on the system information capacity (in
bits/symbol), which is equivalent to the number of users (or channels)
(in section 3.3).

ii.  Mathematical formulation for the MMT dual-slot and multilevel
waveform generator.

b) Proposal for two receiver detection designs utilizing:-

i.  Optimal detection receiver, which is based upon Maximum Likehood
(ML) criterion (in section 3.3.3).

ii.  Threshold detection, which is based upon low complex multiple stage
detection algorithm(in section 3.3.3).

3- Performance metrics to assess MMT and compare it with other similar modulation
formats. This comprised the following:-

a) Derivation of closed form expressions for calculating the average electrical and

optical power for N-channel MMT symbols, based upon MMT signal space

constellation. These expressions are governed by the system information

capacity or in other words number of channels (in section 4.1).

12



b)

d)

g)

h)

),

Derivation of an explicit expression for the theoretical BER calculation of N-
channel MMT format with respect to the received optical power in the presence
of Additive White Gaussian Noise (AWGN) model (in section 4.2).

Optical power penalty comparison between N-channel MMT and M-PAM
modulation formats, relative to OOK with respect to fixed information capacity
of 2-, 3- and 4-bits/symbol. The model has encountered the three most relevant
noise sources in IM/DD system: shot noise, thermal noise and relative intensity
noise at aggregated bit rates of 10Gb/s, 40 Gb/s and 100 Gb/s (in section 4.2.2).

Development of a bit error rate estimation model for MMT threshold detection
receiver based upon MMT Gaussian Probability Density Function (PDF) (in
section 3.4.2).

Establishment for asymptotic power efficiency assessment comparison between
N-channel MMT and M-PAM relative to OOK, to verify our BER results
presented in (iii) (in section 4.3).

Derivation of expressions to calculate the theoretical power penalty of N-
channel MMT at both, fixed baud rate and fixed aggregated bitrate.

Quantitative numerical analysis for N-channel MMT and M-PAM receiver
sensitivities in the presence of pre-amplified receiver model utilizing an
integrated simulation module between OptiSystem® and MATLAB® (in section
5.2).

Quantitative comparison between N-channel MMT and M-PAM transmission
formats with respect to their tolerance against chromatic dispersion (in section
5.3.1).

Performance investigation for the impact of linear and nonlinear impairments in
the presence of pre-amplified receiver Amplified Spontaneous Emission (ASE)
noise, Group Velocity Dispersion (GVD), Self-Phase Modulation (SPM)
utilizing post compensation and pre-post compensation methodologies(in
section 5.3.2).

Exploration for the optimal dispersion compensation methodology (Post
compensation and Pre-post compensation) to compensate for the residual
dispersion in fiber spans for metro network data transmissions(in section 5.3.2).
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k) Numerical analysis for the immunity of N-channel MMT and M-PAM signal
characteristics in tolerating the impact of non-linear fiber impairments. The
immunity is translated to a maximum transmission reach tolerating non-linear
impairments such as i.e SPM, Intra-channel Four-Wave Mixing (IFWM) and
Intra-channel Cross-Phase Modulation (IXPM) (in section 5.3.2).

1) Investigation for the maximum achievable error free transmission at 40Gb/s and
100Gb/s systems in the presence of fiber linear and nonlinear impairments (in
section 5.3.2.8).

m) Investigation for the impact of non-linear inelastic scattering i.e Stimulated
Brillouin Scattering (SBS) (in section 5.3.2.9).

n) Exploration on the practical applicability and availability of state of art circuit
design methodologies that enable future implementation of MMT transceiver (in
chapter®6).

o) Energy Efficiency comparison between MMT and M-PAM presented through
the paper “Energy Efficient Transmission Scheme Alternative to M-PAM for
Short Range Data Communication”.

p) Performance enhancement of 4-channel MMT through optical signal processing
presented through paper “Performance Enhancement of Mapping Multiplexing
Technique (MMT) Utilizing Dual-Drive Mach-Zehnder Modulator for
Metropolitan Area Networks”.

Figure 1.7 Shows N-channel MMT novel transmission format positioned with respect to

digital modulation formats. In addition, the figure summarizes the MMT design aspects

and performance evaluation metrics discussed in the thesis.
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Figure 1.6 N-channel MMT transmission format position in digital communications. The MMT
design and performance evaluation aspects discussed in the thesis are highlighted in orange

colour.
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1.6 Thesis Organization

The structure of the thesis is as follows:-

Chapter 2 “Literature Review”: The chapter presents and provides a basic general
overview for the fundamentals of modulation formats, fiber impairments, and optical
components discussed through the thesis. The basic concepts of IM/DD systems,
detection and channel characteristics, are presented. In addition, the chapter describes the
main fiber propagation impairments limiting the IM/DD system for short and metro

optical communication links.

Chapter 3 “MMT System Model and Performance Metrics”: The chapter discusses
the methodology behind MMT format structure based upon Shannon channel capacity
theory. Afterwards, presents the characteristics and constraints of the IM/DD channel
with an overview of N-channel MMT transceiver models. Then, benchmark classical
methodology for modulation formats analytical evaluation utilizing signal space analysis
for N-channel MMT have been adopted. Moreover, the theory and governing rules
behind the data multiplexing and modulation of N-channel MMT system is developed. In
this context, the basic properties and waveform synthesis for 2-, 3-, and 4-channel MMT
data structures are defined. Furthermore, a proposal for two-receiver detection designs for
MMT symbols. The first is an optimal detection based receiver, while, the second is
threshold detection based receiver. Then, an illustration for a unique low complex MMT

symbol detection and recovery algorithm based upon threshold detection receiver.

Chapter 4 “Analytical Performance Evaluation”. In this chapter, analytical
performance metrics have been employed to evaluate the performance of N-channel
MMT. This included a mathematical derivation for the average electrical and optical
power for MMT symbols, based upon signal space constellation. Moreover, mathematical
formulation for a closed form expression for theoretical Bit Error Rate (BER) calculation

of N-channel MMT. Then, an optical receiver sensitivity comparison between N-channel
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MMT and M-PAM at error free transmission is presented. Afterwards, a validation for
the results has been executed by performing an asymptotic power efficiency evaluation
between N-channel MMT and M-PAM, relative to On-Off Keying format. The
comparison between N-channel MMT has been investigated with respect to fixed
information capacity, fixed baud rate and fixed bitrate. In addition, explicit expressions to
calculate the power penalty at both fixed bitrate and baud rate for N-channel MMT are

developed.

Chapter 5 “Numerical Performance Analysis”: The chapter presents a numerical
investigation on the appropriateness of N-channel MMT for deployment in metropolitan
area networks. The investigation comprised a study on the interaction between signal
format characteristics and their interplay with fiber linear and nonlinear impairments. An
optimization for system settings have been carried to acquire a maximum transmission
reach in the presence of fiber intra-channel non-linearities, scattering non-linearity effect
and dispersion inherent impairments. The investigation of N-channel MMT and M-PAM
immunity to fiber intra-channel non-linearity i.e Self Phase Modulation (SPM), Intra-
channel Cross Phase Modulation (IXPM) and Intra-channel Four Wave Mixing (IFWM),
is discussed. In addition, an exploration for the impact of Stimulated Brillouin Scattering
(SBS) non-linearity on MMT system. Moreover, an exploration for the maximum
achievable error free transmission of N-channel MMT and M-PAM at system aggregated
bitrates of 40Gb/s and 100Gb/s systems is discussed.

Chapter 6 “MMT Practical Consideration”: This chapter addresses the practical
applicability, feasibility and availability of state of the art CMOS circuits technology
enabling future MMT transceiver implementation. In addition, a comparison between the

system requirement for 4-channel MMT, 4-PAM and OOK has been presented.

Chapter 7 “Conclusion and Future Directions”: This chapter summarizes the
important findings and contributions of the thesis with an outlook on future research

directions.
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2. Chapter 2: Literature Review

2.1 Introduction

In chapter 2, a basic general overview for the fundamentals of modulation formats, fiber
impairments, and optical components that has been discussed through the thesis, is
presented. The basic concepts of IM/DD systems, detection and channel characteristics,
are presented. In addition, the chapter describes the main fiber propagation impairments
limiting the IM/DD system for short and metro optical communication links.

In this thesis, a discussion on the linear and nonlinear limiting factors to MMT
consideration for single channel wavelength over single mode fiber. Thus, for linear
impairments, the topics chosen to be discussed are: Attenuation and Chromatic
Dispersion (CD).

Attenuation is one of the significant impairment in each and every optical communication
system, since it determines how far an optical signal can reach and can be detected by a
receiver at an acceptable received optical power with a given system performance
requirement. In addition, chromatic dispersion is a fundamental limitation in modern
optical communication systems, due to the inherent dispersion nature of light wave
pulses. Furthermore, CD influences the behavior and propagation of signals over fiber at
a low power input transmission region and the interplay with the nonlinear fiber
impairment at the high power region. This imposes a limitation on the maximum

transmission reach of the system as discussed in chapter 5.
Intermodal dispersion is not discussed in this thesis since it is premeditated a major

limitation and dominant factor over multimode fiber (considered for future work as

discussed in chapter 7) and do not impose major influence on single mode fiber[55] .
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For non-linear impairments, the topics chosen to be discussed related to single
channel wavelength is related to intra-channel non-linearities, such that, Self-Phase
Modulation (SPM), Intra-channel Four Wave Mixing (IFWM) and Intra-channel Cross
Phase Modulation (IXPM). These topics have been selected due to its harmony with
MMT proposal and validation of the practicality to be deployed in metro networks
accompanied by dispersion compensation scheme (discussed in chapter 5).

Since MMT is considered in this thesis for the transmission of a single optical
wavelength channel, hence, inter-channel non-linearities such as four-wave mixing and
cross phase modulation is not examined, which will be considered for future works(as

discussed in section 7.2).

Moreover, the other class of non-linear fiber impairments that is relevant for
investigation; is the non-elastic scattering effects. Non-elastic scattering effects depend
on the interaction between the optical pulses and the silica molecules of the optical fiber.
The selected scattering effect that is relevant to single channel carrier transmission is
Stimulated Brillouin Scattering (SBS). Stimulated Raman scattering is not discussed, as it

has an influence with the transmission of multiple wavelength multiplexed systems[56].
2.2 Intensity-Modulated Direct-Detection (IM/DD) system

Intensity-Modulated Direct-Detection (IM/DD) system is a non-coherent method of
transmission, where the information is conveyed in the optical intensity of the signal (or
power) [57]-[60]. The non-variation in the phase is one of the main differences between
non-coherent and coherent signaling formats. The high throughput and low cost features
of IM/DD have driven it to be employed for a wide range of applications such as optical
interconnects in data centers , short range communication links, Metropolitan Area
Networks (MAN), Visible Light Communication (VLC) and infrared communication
[61]-[66]. Also, the main advantage of employing IM/DD in a variety of applications is

due to the availability of commercial optical low cost on the shelf [67]-[69].
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2.2.1 Channel characteristics

Figure 2.1 shows a generic IM/DD system model. The intensity modulated signal is

transmitted by modulating the power of the optical carrier P(t). Thus, the opto-electronic

component is responsible for the conversion of signal from the baseband frequency to the

passband optical frequency generating an optical power signal P(t)based upon the

electrical signal x(t), so that
P(t) =cx(t) (2.1)

where c is the electro-optic conversion factor in Watt/Ampere. The electro-optical

component can be a Laser Diode (LD), Light Emitting Diode (LED) or an External
Modulator (EM)[67].

x(1) P(2) 2(¢)
Transmitter [ F — Optical —DQ —l  Receiver
Channel
Optical X
Modulator Photodiode
Electrical Optical Electrical
Domain Domain Domain
x (1) z(1)
w(r)
AWGN Channel

Figure 2.1 shows a general communication system.
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In IM/DD, the optical channel can be modelled as an Additive White Gaussian Noise
(AWGN) channel, which serves as a good model for all types of noise present [53], [57],
[60], [70]. Hence, the received electrical signal can be expressed as

z(t) = Ry .X(t)+w(t) (2.2)

where R, is the photodiode responsivity in unit Ampere/Watt and w(t) accounts for the

Additive White Gaussian Noise.

Due to the physical structure of IM/DD channel, there are two main fundamental
constraints on all transmitted modulation formats. Due to the power nature of the
transmitted signal, thus, the transmitted signal should maintain a non-negativity
constraint at all time instants, such that,

min P(t) >0 (2.3)
Vte R

This constraint is taken in to consideration for design and analysis of IM/DD
modulation formats[71]. Hence, system designers impose Direct Current (DC) bias for

bipolar modulated formats in order to satisfy the non-negativity conditions.

From the safety perspective and since signal propagate in free space, thus, safety
regulations must ensure that the emitted radiated power follows international bodies
regulations for eye and skin safety precautions[53], [57], [72], [73]. A variety of
international standards organizations, such as, the International Electro-technical
Commission (IEC) (IEC60825-1), American National Standards Institute (ANSI) (ANSI
Z136.1), European Committee for Electro-technical Standardization (CENELEC) have
specified guidelines on the emitted power of IM/DD components[74]-[76].

Hence, in contrast to conventional channels, the second constraint is a limitation on

the emitted peak and average signal power, so the maximum optical signal power signal

should be less than or equal to the maximal power the eye can tolerate Feye, such that,
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T
.1
Lim oT P(t) <Pye (2.4)

T T

where T is linked to the signal time domain duration.

International bodies imposed safety precautions on both the average and peak power
to guarantee eye and skin safety. For optical components sources emitting power at
frequency greater than 55KHz, the average optical power is dominant over the peak
power[77], [78]. Hence, a minimization for the average optical power of modulation

formats is a desirable approach for IM/DD systems.

A numerous work have been carried to develop novel signaling formats and
processing techniques in order to minimize the signal average power. Examples of these
formats and techniques are constellation shaping, non-equiprobable signaling, multi-

dimensional signaling, multilevel coding ...etc [60], [79]-[85].

2.3 Signal Space Analysis

Apart from the time and frequency component of signals transmission formats, signal
space analysis provide a convenient platform for representation and comparison between
modulation formats[86]. This platform is based upon vector-domain analysis, which leads
to a geometric representation of modulation formats. Thus, the ability to interpret the
transmission formats behavior under different channel models.

Figure 2.2 shows a generic communication system. The system is composed of a

number of input data bits k that form a vector symbol component X, by the aid of a

symbol vector mapping. The symbol x;, is composed of R -dimensions in a vector space

S, where a condition R <K is satisfied.
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Figure 2.2 shows a general communication system.
Then, a waveform modulator is present which converts the symbol x; to a time

domain unique waveform X, (t) from a signaling set X (t) ={Xo (), X, (1),...,. Xk 1 (1)},
where K is the total number of signaling waveforms to be transmitted through the
channel and w(t)accounts for the AWGN with zero mean and double sided power

spectral density %.

Vector space S is considered as an Euclidean space spanned by a number of finite
orthogonal R -dimensions. Let us define a number of orthonormal basis functions ¢;(t)
where j = 1,2, ..., R, which exhibit a unit length. These orthonormal basis function are

characterized by being orthonormal, thus, can be expressed as

(GO, om(®) = [, i, g de = {} [T (25)

¢ (t), b, (t) represent the orthonormal basis functions.

The signal X (t) can be formed of the weighted linear combination of the basis

function, such that,

R
X (1) = Zxcg 4;(t) (2.6)

k=1

The waveform X (t) can be represented at the receiver by z(t), such that,

2(t) = X (1) +w(t) (2.7)

where w(t) accounts for the AWGN in which the Probability Density Function (PDF)
can be expressed as
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2
PDF(W) = ¢ /20w 2.8)

N 27[0'W2

where O'WZ Is equivalent to the noise variance. Assuming zero mean, the power spectral
density in Watt/Hertz for all frequency spectrum is equivalent to

def N
W () =70 ,—oo<f <o (2.9

where % is equivalent to the noise double sided power spectral density.

AWGN is a relevant channel model and extensively employed to model the IM/DD
system environment[53], [57], [60], [70], [78], [87].
Hence, the noise variance can be expressed as

o 2
Efw?|=E [ [w(v).40 dtJ

—00

—00 —00

= E{ T Tw(t).¢(t).w(r).¢(r) dt dr} (2.10)
N

No
2

where E{. } represents the expectation of the variable.

Without loss of generality, the vector representation of the continuous-time model of

AWGN can be expressed by its corresponding discrete model as
Z=X+W (2.11)

The waveform demodulator extracts the transmitted vector from the received vector

Z by the aid of waveform demodulator which can be implemented utilizing a bank of

matched filters or correlators , such that

z =" z()p;(t) dt (2.12)
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The noise w can be expressed in the same form, i.e,
wj = [ w(t)$;(t) dt (2.13)

where j = 1,2,.., R. The matched filter receiver has an impulse response h;(t) ,i.e,

hj(t) = ¢;(-1) (2.14)

By sampling the output of the matched filters, Signal To Noise Ratio (SNR) is
maximized and statistics can provide an estimate for the most likely transmitted symbol.

The probability conditional distribution of z can be expressed as

1 2
el 7 (2.15)

2

fz\Xk sent —
2no

where o is the variance.

Assuming an equiprobable signaling format, this methodology for symbol detection is
based upon optimal detection, which is concerned with the detection employing
maximum a posteriori (MAP) or Maximum likehood (ML) optimal detections.

Hence, utilizing the signal space methodology aided by the fact that the noise is
AWGN, it can be deduced that this detector outputs the signal vector X, that is

calculated being the nearest Euclidean distance to the received signal vector z. Finally,

by symbol de-mapping, it is converted to the most likely transmitted input bits K .
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2.4 Memoryless modulation or Non-coherent modulation

The thesis focuses in the area of memoryless multilevel transmission formats. Non-
coherent modulation scheme is the least complex. Multilevel signaling allows for lower
symbol rates at a fixed data rate, which is favorable in the presence of dispersive signal
distortions, as well as for implementing digital electronic signal processing[88],[47].

In this section, an overview on ON-OFF Keying (OOK), Pulse Position Modulation
(PPM) and Pulse Amplitude Modulation (PAM) modulation formats is presented.
Although, this thesis focuses on multilevel modulation formats, some properties of OOK
are reviewed since OOK is a relevant reference of comparison between MMT and other

modulation formats as PAM as discussed in [53], [60].
2.4.1 ON-OFF Keying (OOK)

ON-OFF Keying (OOK) is the most widely employed modulation format in optical
communication systems[89]. The terms OOK or 2-Pulse Amplitude Modulation are often
employed synonymously for 2-PAM. Although, this thesis focuses on multilevel
modulation formats, some properties of OOK are reviewed since OOK have been used as
a reference of comparison between MMT and PAM as [53], [60]. Non Return to Zero
(NRZ-OOK) refers to the fact that for binary high bit, the pulse signal does not return to
zero during any instant of the symbol interval, while Return to Zero (RZ-OOK) return to
zero at half of the symbol interval[90]. Figure 2.3 shows the symbol structure waveform
of NRZ-OOK and RZ-OOK. RZ-OOK signal exhibit better receiver sensitivity compared
to NRZ which has been employed for optically pre-amplified system with direct detection
in [58] [59].
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Figure 2.3 Symbol structure waveform of (a) NRZ-OOK and (b)RZ-OOK
RZ-OOK pulse has half the duty cycle (RZ-50%) compared to NRZ , thus, it exhibit
an advantage having a higher peak signal at the receiver at the same optical power.
However, RZ-OOK exhibit more spectral width compared with NRZ. The higher RZ
signal bandwidth need to be taken in design consideration of Wavelength Division
Multiplexing (WDM) transmission systems, where the frequency spacing between
adjacent channels must be adjusted to the signal bandwidth in order to avoid inter-
channel interference. Furthermore, the narrower spectral width of NRZ enables the

denser packing of channels and therefore an increased capacity [91].

2.4.2 Pulse-Position Modulation (PPM)

Pulse-position modulation (PPM), is a method of encoding information over intensity

modulated direct-detection channel [92], [93]. At the transmitter, the encoder maps
blocks of m bits into a PPM symbol by dividing the symbol interval to M o, = 2™ time

slots. Figure 2.4 shows the symbol structure waveform of 4-PPM. The PPM is orthogonal

where the pulses are time disjoint. The PPM receiver detects the PPM symbols by the aid

of clock recovery and determines which of the M ppm Slots contains the laser pulse, and
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performs the inverse mapping operation to recover the bit stream. The receiver bandwidth

requirement is greater than the actual data rate affecting the detection operation.

For large m, the bandwidth requirement is exponentially increasing; which result in
limiting the information throughput of the system due to electronics limitation on the
sampling rate[94]. The optical power requirement can be expressed relative to OOK as
[95]

2 1
Py = P (2.16)
ppm \/Zm |ng(|\/| ppm) ook

And the bandwidth requirement can be expressed as

B =~ B A7
ppm |ng M opm ook ( )
Xi(0) o ()
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Figure 2.4 Symbol structure waveform of 4-PPM.
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2.4.3 Pulse Amplitude Modulation (PAM)

Pulse Amplitude Modulation (PAM) is a classical modulation scheme which has gained a
lot of research interest to be deployed in short and medium range IM/DD systems[30],

[96]. In PAM, the transmitted signal x(t) is mapped to a discrete digital amplitude
waveform levels A, which can occupy a value from a set of amplitudes values M .

Electrical PAM have Ay ¢c signal amplitudes in which

Anele =(2m-1-M)d  where m=12,..,M (2.18)

where d is the minimum Euclidean distance between every pair of M-PAM symbols.

Due to the non-negativity constraint, the intensity modulated M-PAM is defined by

Anin signal amplitudes i.e

Anin =md where m=12,...M (2.19)

Also, the M-PAM can be expressed with respect to the signal space analysis in terms of

the basis function, i.e

X(t) = Ay dpam(t) (2.20)

And the basis function for PAM shown in figure 2.5 can be expressed as

1 t
= 2.21
Ppam (O - rect (T J (2.21)

s sym
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Figure 2.5 M-PAM basis function

where

1 if0<t<l
0 otherwise

rect(t) = {

The constellations of 4-PAM, 8-PAM and 16-PAM are shown in figure 2.6. The
probability of bit error can be estimated based upon the M-PAM constellation as a
function of the received optical power as The optical BER of M-PAM for IM/DD can be
expressed as [59]

M-1 I pam
BER~| ——— | erfc 2.22
(M log, M J {‘/E(Ml)o-pamJ 222

where |,,mis the received M-PAM optical signal current op,nis the PAM noise

variance. The BER behavior will be discussed in section 4.2.

e e

4-PAM 0 8—PAM

PRI
0
16— PAM

Figure 2.6 M-PAM signal constellation for 4-PAM, 8-PAM and 16- PAM.
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Meanwhile, M-PAM is receiving much research interest in expanding the capacity of
short and medium range optical links. Figure 1.6 and table 1.1 show some of the recent
progress in the employment of M-PAM at varied distances and bitrates for optical short-
haul and metro applications. It is clear that SMF is receiving increased interest due to its

direct impact on a longer fiber reach and/or increased system capacity.
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Figure 2.7 Research progress for employment of M-PAM with respect to variable link distances
and bit rates highlighted in table 1.1.
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Table 2.1 Recent experimental research progress employing M-PAM modulation format for short

and medium range optical links.

Modulation

Fiber

Label | Year | Wavelength Format Bit Rate Distance Type Reference
1 2012 1550nm 4-PAM 100Gb/s 100m SMF [97]
@ 2013 850 nm 4-PAM 50 Gb/s 50m MMF [98]
@ 2013 850nm 4-PAM 60 Gb/s 2m MMF [98]
@ 2013 850nm 8-PAM 35.2 Gb/s 100m MMF [99]
@ 2014 1060nm 4-PAM 50 Gb/s 100m MMF [100]
@ 2014 1060nm 4-PAM 50 Gb/s 200m MMF [100]
7 2014 1550nm 4-PAM 100 Gb/s 30KM SMF [101]
8 2014 1310nm 4-PAM 107 Gb/s 10Km SMF [102]
9 2015 | 1550 nm 4-PAM 56 Gbh/s 25Km | SMF [103]
10| | 2015 | 1550nm 4-PAM 24 Gbls 120Km | SMF [40]
@ 2015 850nm 4-PAM 50 Gb/s 200m MMF [104]
12 2015 1310nm 4-PAM 224 Gb/s 10Km SMF [43]
13 2015 1310nm 4-PAM 112 Gb/s 20km SMF [43]
14| | 2015 1550nm 4-PAM 21.4 Gbls 10Km | SMF [105]
@ 2015 850nm 8-PAM 56 Gbh/s 50m MMF [50]
2015 850nm 4-PAM 70 Gb/s 50m MMF [50]
17 | 2015 1550nm 4-PAM 100 Gbl/s 1Km SMF [106]
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2.5 Optical Modulation
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Figure 2.8 lllustration of the operation methodology of direct (a) and (b) external modulation.

In IM/DD, the electrical data signal is intensity modulated on an optical carrier

utilizing direct or external modulation. At high data rate, one significant and critical

component in IM/DD system is the optical modulator.

Figure 2.8 shows an illustration of the operation methodology of direct and external

modulation. Direct Modulation is a low complex way of optical modulation in which

light is emitted according to an electrical data signal from a directly modulated laser only

when a binary high signal is transmitted. In particular, the 100-Gb Ethernet is a standard

both for very short-reach (less than 100 m) based on vertical-cavity surface-emitting laser

34



(VCSEL) sources in case of multi-mode fiber (MMF) propagation and for reach up to 10
km in case of single-mode fiber (SMF) propagation [1].

The bandwidth demand required in data-intensive environment as data centers is
pushing the scientific community toward solutions guaranteeing Ethernet bitrates
reaching 400G Ethernet [2], utilizing VCSEL lasers.

Another way is to modulate the light from a continuous wave laser by an external
modulator as shown in figure 2.8(b). In IM/DD transmission systems with system
aggregated bitrate larger than 10Gbaud/sec, external modulation turn to be a viable
solution due to the impact of the laser source chirp on optical signal which can be highly

reduced. The extinction ratio (ER) describes the modulation efficiency for both directly

or externally optical modulated signal and is defined by the ratio of P; & Py as

ER =10 Iog(i
Po

j (dB) (2.23)

2.5.1 Mach-Zehnder Modulator (MZM)

The MZM operational basics is originated on the principle of the electro-optic effect. The
electro-optic effect is described by the difference in the applied electrical field resulting
in the refractive index variation at both of the modular dual arms[107]. This variation in

the refractive index imposes a change in the material propagation constant ¢ which leads

to the presence of two phases at both arms of the modulator.
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Figure 2.9 Mach-Zehnder Modulator structure.

As shown in figure 2.9, the MZM is composed of an input pair of waveguide arms (1

and 2) in a Y-branch architecture, in which light launched through one end, E;,(t) , is

split to a two equal waveguide arms Eqqand Eq,, which can be expressed as
eliot _g (2.24)

In case of non-applied electric field at the arms of the modulator, the signals arrive in
phase and interfere constructively at the output of the modulator.

On the other hand, if an electric field is applied across the arms, thus, the output
optical field takes the form

1 i 1 i
E, = /E ( Eop © JAﬂ1)+\fE ( =Y e‘AﬂZ)
(Gon1%] (2.25)
=E;, cos [%) e 2

where Ap; and AB, are the phase at the MZM modulator waveguides, AS=AB, —ApB;

is the phase difference which is a measure of the constructive or destructive interference.

The optical signal power of the MZM can be expressed as

Py= 118 (1+ cos (45)) (2.26)
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The MZM power transfer function can be shown in figure 2.10 in which the phase

difference A/ determine the operating point or bias point of the MZM. MZM operate by
biasing the electrodes controlling the phase shift at a value equivalent to the quadrature

point where the applied input voltage to the arms V; is the voltage required to acquire a
phase difference equivalent to Ap :%. On the other hand, biasing V; at the zero point

is can generate different modulation formats[108].
The relation between Vjand Af can be represented by

AB = f/—v' (2.27)

T
where V; is the applied voltage to the arms of the modulator and V. is the required
voltage to achieve a phase difference equivalentto A =r.

An internal chirp is a result of the amplitude modulation in the MZM which is due to

the phase difference. This internal chirp can be expressed as

Pout
Pin

Quadrature

Normalized Qutput
Optical Power

0 Van Ve Vizra Var

u.ﬁ

Driving Voltage
Figure 2.10 Mach-Zehnder Modulator power transmission function
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dt 2P, dt |

where o is the frequency chirp parameter for the modulator which controls the
modulator frequency chirping. This relation controls the chirp effect on the MZM transfer
function. In case « Is positive, thus a positive frequency chirp exists which causes a
high frequency component at the leading edge or in other words, pulse said to be blue

shifted. The relation can be elaborated more i.e,

a:G).cot(M)
2

Anl + An 2 7z-V
= cot !
An; —An, 2V,

(2.29)

Where ® represent the chirp factor which affect the internal symmetry of the modulator

transfer function where An; and An, is the index change per input voltage across the

MZM modulator arms.
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2.6 Pre-Amplified Optical Receiver
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Figure 2.11 Pre-amplified system model.

Figure 2.11 shows the pre-amplified based receiver that is employed in MMT
investigation for metro networks presented in chapter 5. It is composed of an optical link
with an Erbium Doped Fiber Amplifier (EDFA) pre-amplifier accompanied by an optical

band pass filter, a semiconductor photodetector and an electrical low pass filter. The

optical filter with a bandwidth B, reduces ASE-noise impact on the optical signal.

The received power P, by the photodiode generates a photocurrent equivalent to

| =R,.P, (2.30)

where R, is the responsibility of the photodiode, which can be expressed as
R, =Z—i (2.31)

where 7 is the quantum efficiency, e is the electron charge and hv is the photon energy.
Typical values for the responsivity of photodiodes are equivalent to 0.4-0.8 A/W[109],
[110].

The fiber is modelled using a low pass equivalent representation of a linear bandpass
system in which the fiber dispersion is accounted through the quadratic (nonlinear) phase
response of the fibers transfer function, given by[111]

TIDLA?f? L
H fibzexpuf—ads E) (2.32)
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where ¢ is the free-space speed of light, 1 is the wavelength of operation, Lis the trans

mission distance, D is the dispersion parameter in ( ps/km .nm) . After the photodiode, a
low pass filter exist with bandwidth B, to filter the noise out of the detected electrical

signal spectral width.

In the link design, there exit a different number of amplifiers with booster, inline and
pre-amplifiers configurations. This results in the addition of amplified spontaneous

emission (ASE) noise components to the noise received by the photodetector. The added
noise components can be classified in to: signal-ASE beat noise 0'52_ AsE» ASE-ASE beat
noise oﬁSE_ASE, ASE-shot noise aiSE_Sh and signal-shot noise osz_sh :

According to [111] ,the ASE-ASE beat noise oﬁSE_ ASE Component can be expressed
as

2 2 52
o pse-ase = 4Ry Pase By Be

(2.33)
:(G Fa 977)2 B, Be

Where G is the amplifier gain, F, is the amplifier noise figure , Pagg is the optical

noise power density , B, is the low pass filter electrical bandwidth, B, is the optical

filter bandwidth . While, the ASE-shot beat noise GE\SE_shot is represented by

2
O asE-shot = 4Ry ePase By Be

) (2.34)
=2GF,e“nB, B,
The signal-ASE noise 052_ ASE Can be expressed as
2 2
0s_ase =4Rr GPase Ry Be (2.35)
while, the signal-shot noise GSZ_Shot
2
Os_shot = 2Ry G Pase Be (2.36)

Another source of noise is thermal noise chz, which can be expressed as
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4kgT F, Be

R (2.35)

o? =

where T is the temperature (in Kelvin), R, is the load resistance, kg is the Boltzmann
constant. The electrical filer transfer function can be expressed in terms of the noise

bandwidth B, as
B, = HHe(f)Z‘df (2.37)

where He(f)is the transfer function of the electrical signal. The role of the electrical
filter is the equalization of the detected signal and reduction of noise imposed on the
received waveform.

The ASE-ASE beat noise oiSE_ASE spectrum can be calculated as the auto-

correlation of the ASE optical spectrum. Taking the transfer function frequency response

into account, the noise bandwidth of the ASE-ASE beat noise U/szE— asg IS calculated as

*

O RSE-ASE = T‘He(f)zHHo(f)Z

—00

H,(f ) ‘df (2.38)

where Ho(f )is the transfer function of the optical signal. The photodiode dark current of

the detector is very small compared to the photocurrent and therefore is ignored.
2.7 Linear fiber Impairments

The linear fiber characteristics can be classified in to three main parameters: fiber
attenuation and Chromatic Dispersion (CD) or Group Velocity Dispersion (GVD). These
parameters influence the behavior and propagation of signals in fiber at a low power
input transmission region and the interplay with the nonlinear fiber impairment at the
high power region, which impose a limitation on the maximum transmission reach of the

system as discussed in section.
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2.7.1 Fiber Attenuation

The propagation of a light signal in optical fiber is influenced by total internal reflections
in the fiber core medium surrounded by the cladding. These reflections are caused by the
fiber design in which refractive indices of the core and cladding are varied acquiring total
internal reflections. Fiber attenuation is the main limiting factor for signal transmission
across large distance reach. The relation between attenuation and transmission distance
can be expressed in terms of the signal power after propagating inside the fiber with

length Z as
P(zt)=PR,(t)e =2 (2.39)

where ¢ representing attenuation factor in Neper/meter, P, (t) is the input optical

intensity or power. It can be determined by measuring the input and output power

through the relation

a:lm[ Pin (1) j (2.40)

z \P(z,t)

There is another relation which better describe agg as an attenuation coefficient in terms

of dB/KM as

- :% 10Iog[P(O’t)J (2.41)

The relation between both parameters < and agg can be expressed from eq.2.40

and eq.2.41 as

QdB _ 4343 (2.42)
a

The « parameter is dependent on the operating optical signal wavelength 4. A
typical model for the attenuation with respect to the operating wavelength can be shown
in figure 2.12. The dotted line shows the attenuation of old fibers that were made before
the 1980s. In addition to strong water absorption peaks, the attenuation is generally

higher than new fibers due to material impurity and waveguide scattering. The impurities
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impose an increased absorption in a certain wavelength regions. The vibrational
resonances of OH-ions occur near 2.73um with higher harmonics at 1.39um and 0.95 um
as shown in figure 2.12. Three wavelength windows have been utilized for optical
communications in 850 nm, 1310 nm, and 1550 nm where fiber attenuation exhibits

minimum losses. Table2.1 show the wavelength range of optical communications bands.

T
1st window
2nd window
3rd window

Attenuation (dB/km)

0.7 0.9 1.1 1.3 1.5 1.7
Wavelength (um)

Figure 2.7 Attenuation of old (dotted line) and new (solid line) silica fibers. The shaded regions

indicate the three telecommunication wavelength windows

[112].

Table 2.2Wavelength range of optical communications bands

Band Wavelength (nm)
O Band 1260 nm - 1360 nm
E Band 1360 nm - 1460 nm
S Band 1460 nm - 1530 nm
C Band 1530 nm - 1565 nm
L Band 1565 nm - 1625 nm
U Band 1625 nm - 1675 nm
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2.7.2 Dispersion

Dispersion is responsible for the propagation of different signal components travelling in
fiber at different velocities resulting on pulse delay when arrived at the photodiode. There
are two main dispersion types, First, intermodal dispersion which is the major limitation
in multimode fiber due to the pulse propagation with different velocities at different fiber
modes which result in inter-symbol interference.

The second is intramodal dispersion, which occurs within a mode of fiber
transmission and has two contributions, waveguide dispersion and material or chromatic
dispersion. As for waveguide dispersion, it is due to the propagation of a portion of light
in the fiber cladding which have a relatively lower refractive index compared to the core.
The waveguide dispersion can be mitigated by proper system design consideration.
Dispersion Shifted Fiber (DSF) or Nonzero Dispersion Fiber (NZDF) can be employed to
counteract the partial effects of chromatic dispersion.

The second fundamental contribution is chromatic dispersion, which takes place
significantly in single mode fiber. Since the thesis proposes MMT to be deployed across

single mode fiber, thus, chromatic dispersion is elaborated in details.

2.7.2.1 Chromatic Dispersion

One of the significant characteristics of optical fiber communication is the pulse
broadening during travelling at various spectral components in SMF. The modulated field
may be described as an infinite sum of different frequency components (i.e. a Fourier
transform). For such a field, the effect of a dispersive medium will result in different
frequency components traveling at different velocities. This can be reasoned to the
frequency dependence nature of the fiber medium refractive mode index, which causes
different spectral components to propagate at different group velocities. Thus, chromatic
dispersion is known also as Group Velocity Dispersion (GVD). Hence, CD results in the
broadening of the propagating signal and the existence of interference between adjacent
pulses known as Inter-symbol-interference (ISI). Figure 2.13 shows the implication of the
chromatic dispersion. The group velocity v, can be expressed as

vy = (%)_1 (2.43)
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where B, is the propagation constant and g, =

nf

1
C

ng is the group index parameter. if

we want to express the different arrival times of the spectral components of the signal

through fiber. we can develop the time delay equation to be

Peak Pulse Power

Pulse Power

AT = dT
= df
d?p
=Laf(522) (2.44)
= LAf By,
A
. Reduced Pulse Power
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Figure 2.8 Chromatic dispersion effects
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with Af representing the spectral bandwidth of the pulse and ﬁpz defined as group

21c

velocity parameter and f = - Also, the time delay can be expressed as

AT =D L AL (2.45)

where D is the dispersion parameter in (ps/nm.km) and can be expressed as

a1 27c
p=L(l)=-Zp, (2.46)

Vg

The total fiber dispersion for a conventional single mode fiber (SMF) in the 1.55pum
region varies between 16 to 19 ps/nm-km[55], [113].

2.8 Non-Linear Fiber impairments

The intra-channel non-linearity is one of the main fiber non linearities that affects fiber
transmission between the signals on itself at a single wavelength. The propagation of
pulses with bitrates in the order > 10G in fiber is not only limited by the linear fiber
impairments, however, it has strong proportionality with fiber intra-channel non-linearity.
Thus, it is significant to investigate the non-linear interplay between adjacent pulses in
the presence of dispersion which cause pulse broadening at high aggregated channel
bitrates. Fundamentally, there are three types of intra-channel non linearities: SPM, Intra-
IXPM and IFWM [69].

2.8.1 Self-Phase Modulation

For fiber non-linearity being investigated, an inclusion of fiber Kerr effect in the fiber
channel model is necessary[114]. Kerr occurs due to the dependence of the refractive
index on the launched fiber optical intensity. For single channels, this leads the optical
field amplitude to have a self-induced phase modulation by the signal self-power, in
which this phenomenon is called Self Phase Modulation (SPM)[115], [116].
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As the need for high power pulses for maximum reach and error free fiber optic link
systems, their performances are eventually limited by SPM effect [117]. Since, the
dominant non-linear effect in transmission systems is self-phase modulation (SPM).

SPM appears due to the dependence of the refractive index on the signal intensity,
which leads to an induced phase change for the pulse propagating in the fiber [3]. The
different parts of the pulse undergo different phase shifts, which give rise to chirping of
the pulses. Pulse chirping in turn enhances the pulse broadening effect caused by CD.
This chirping effect is proportional to the transmitted power, which in turn SPM effects
to be more pronounced in the systems employing high transmitted powers. At the high
power levels, SMF has a large anomalous dispersion due to the GVD of 16.75 ps/nm/km.
Therefore, necessities emerge to compensate the envelope time domain pulse broadening,
which leads to a chirp at the end of the propagation distance.

Methods that utilize the employment of SPM effect in the compensation for the second
and almost the third order dispersion parameters have been previously proved effective
by using Dispersion Compensation Fiber (DCF) in pre and post compensation scenarios
[6-8].

Dispersion and SPM effects can be mathematically modeled in our transmission links
referring to Non-linear Schrodinger (NLS) equation. Simulation was performed for

MMT in both dispersion post-compensated and combination of pre- and post-
compensated transmission links. The optimum value of dispersion pre-compensation is
reported in order to enhance the performance of MMT system in terms of SPM tolerance

as discussed in section 5.3.

2.8.1.1 SPM Mathematical Modal

The mathematical model which best describes the propagation of the pulses in SMF,
were taken to account for the effect of SPM and GVD in the NLS as [56]

0A(z,2)
or?

M __“ A(r,2) _%ﬁz(z) + j}/|A(z', Z)|2 A(z,2) (2.47)

0z 2

where z is the longitudinal propagation distance, U(z,7) is the normalized amplitude for

a Gaussian pulse and the amplitude for a complex electric field pulse envelope is equal to
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A(z,7) =[P, exp(-az/2)U(z,7) (2.48)

where 7 — (t—z/v,) /T, denotes the retarded time framework for the GVD (v,), T, is the

pulse width, « represent the attenuation coefficient, S,and y represent the GVD
parameter and the fiber nonlinearity parameter, respectively. The non-linear factor is

described by the dominant parameter, which is the dispersion length ( Ly ):
L, =T,7 /|5, (2.49)
And the non-linear length (L, ) as
L, =1/yP (2.50)

Where y the non-linearity parameter is dependent on the operating wavelength, the non-
linear index of refraction N, and the effective core area Ais by

_Wonp _ 27Ny

251
CAsr A Ay (251

Both the GVD and SPM phenomenon will be considered in our system as L>>Ly. and
L>>Lp where L is the fiber length.

2.8.2 Intra-channel Cross-Phase Modulation (IXPM) and Intra-channel
Four-Wave Mixing (IFWM) Non-linearities

At high system baud rates, the impact of the intra channel non-linearity becomes
dominant. This can be shown in figure 2.14 highlighting the impact of non-linearity with
respect to channel bitrate, fiber local dispersion and format spectral efficiency[108],
[118]. For high capacity time division systems reaching higher than 10 G baud per
channel, the dominant nonlinear effects are due to IXPM and IFWM[88]. IXPM and
IFWM are considered an interactions among neighboring bits (pulses) that are a result of

fiber intra-channel nonlinearities. Considering three propagating signals P,,P, andPp;,

the interplay effect between them can be expressed by [119]
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Figure 2. 9 Impact of fiber non-linearity with respect to channel bitrate, fiber local dispersion and
spectral efficiency[108], [118]

) 'S_F/’M IXPM IFWM
B L0R_ R 2p 2R B +2R P, P (2.52)

oz 2 a2

where the first component represents the SPM effect, the second component represents
the IXPM effect with its interplay with consecutive neighboring signals and the third

term represents the IFWM and its interplay between neighboring signals.

Timing litter

4 -1 -0.5 0 0.5 1

Waveform Time Eye diagram

(a) (b)
Figure 2.10 IXPM effect on signal: a) Time shift occurrence in waveform. b) Timing jitter
occurrence in eye diagram.
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IXPM impose phase modulation between consecutive neighboring signals[56]. Figure
2.15 shows the impact of IXPM on signal waveform and eye diagram. A frequency chirp
occur as a result of the time dependency of the signal phase modulation which is
translated to a timing jitter[87]. Although the signal energy remains constant, the IXPM
lead to fluctuations in the symbol period and the symbol amplitude which causes an
amplitude-jitter and closure of the eye diagram as shown in figure2.14 [120]. IXPM
impact can be reduced or controlled by proper design of dispersion management map
[121]. Some forms PPM have been investigated capable of suppressing IXPM and IFWM
by adding guard interval to transmitted pulse sequence[122].

At high bit rate, the signal suffer a frequency shift which is translated to a time delay,
thereby resulting in the formation of ghost pulses or shadow pulses. If there is a vacant
slot as RZ-OOK format, a small pulse fluctuation appears (ghost pulse). However, if the
signal structure occupy 100% duty cycle, thus, the time delay will lead neighboring slots
to beat together creating variations in main pulse amplitude or an amplitude jitter. Figure
2.16 shows the impact of IFWM on signal waveform and eye diagram. A lot of research
have been carried on mitigating the effect of IFWM by destructive interference utilizing
bitwise phase changes coding techniques and other techniques for Time Division
Multiplexed (TDM) systems[123]-[126].

Amplitude
Power Reduced Jitter
/ Pulse Power
A
L
Time T
Ghost Pulse -1 -0.5 0 0.5 1
Waveform Eye diagram

(a) (b)
Figure 2.11 IFWM effect on signal: a) Ghost pulse occurrence in waveform.
b) Amplitude jitter occurrence in eye diagram.
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2.8.3 Stimulated Brillouin Scattering (SBS)

In contrast to the Kerr-non linearity effects, there is another non linearity which is based
on inelastic scattering process where a photon of the propagating signal interacts with the
fiber medium and during this process a new photon with less energy is launched. At high
power levels, the nonlinear phenomena Stimulated Brillouin Scattering (SBS) associated
lead to the presence of optical amplification in the backward direction. The SBS can
cause signal attenuation if the launched power is higher than a certain threshold[110].

SBS have been studied theoretically and numerically over different fiber modes[127]-

[129]. The effect of SBS optical threshold power Psgs can be calculated as [55]

21b A,

(2.52)
Op Left

Psgs ~

where Ay is the effective area of fiber, ggis the Brillouin gain coefficient which equal to

5x1071 m/W and b take value between 1 and 2 depending on the relative polarizations
of the pump and Stokes waves and Legs is the effective fiber length and can be expressed

as
1-e sl

Lot =——— (2.53)
4B

One way of mitigating the effect of SBS is to modulate the laser pump current at a

frequency region in the upper KHz regime[130].
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2.9 Concluding Remarks

This chapter presented an overview for the fundamentals of modulation formats,
optical components, fiber linear and non-linear impairment. In addition, the chapter
described the constraints and channel characteristics that exist in intensity modulated

direct detection channels.

Modulation Formats which are relevant for comparison with MMT has been
discussed. Also, the modulation formats that are employed and relevant for comparison with
the proposed technique, is presented and discussed. The chapter concluded by a description
for the main fiber propagation impairments limiting the IM/DD system for short and
metro optical communication links. The chapter discussed the linear fiber impairments
such as attenuation and chromatic dispersion. In addition, non linear impairments such as
self phase modulation and intra-channel non linearities have been discussed. Also, the
nonlinear phenomena Stimulated Brillouin Scattering (SBS) which lead to the presence

of optical amplification in the backward direction has been explained.

The topics have been chosen based upon their relevance to the intensity modulated

directed detection systems, discussed and presented in the thesis.
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3. Chapter 3 - MMT System Model and

Performance Metrics

3.1 The Methodology behind MMT Structural Design

The pioneer Claude Shannon put the foundation for digital communication through his
classical paper [131], which has paved the way for the huge advances in communication
and information theory. The paper puts a limitation on the maximal rate for reliable
transmission over a noisy channel (equivalent to low bit error probability). It stated that
the transmission of data under a noisy channel can be achieved with a specified signal
power at an arbitrarily low bit error probability as long as the coding rate is not exceeding
a certain factor, which is the channel capacity (in bits/sec). Shannon has formulated his

theory in an equation which has been expressed as [131]

S P
C=Blog,(1+—)=Blog, 1+
da( N) Ja( N

o

5) 3.1)

where C is the channel capacity in (bits/sec), B is the bandwidth of the channel in (Hz),

S or P is the average received signal power in (Watts), N is the total received signal
noise power in (Watts) and equivalentto N =N,B, N is the one-sided power spectral

density and S/ N represents the Signal To Noise Ratio (SNR). The method or approach
to achieve this channel capacity have been left by Shannon as an open question for
researchers all over the world and through many years, to develop the practical
methodologies and design procedures to achieve this capacity boundary or Shannon
limit[132], [133].

To answer this question, system designers have considered the three pivotal trade-
off design resources that govern any data transmission format proposed by Shannon
capacity formula. The three-tradeoff key factors are power, bandwidth and complexity.
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The formula in other words states that, the ultimate goal of the design of any transmission
format is to reach an impactful trade-off between design parameters to overcome the

challenges and meet the requirements of a particular desired application.

According to Shannon equation, the capacity (in b/s) is directly proportional to the
SNR. Aided by the fact, that SNR and Bit Error Rate (BER) have an inverse exponential
relationship in which as the BER decrease (enhance) as the SNR requirement increase.
Thus, one solution to increase the capacity was to employ higher order modulation
formats offering an expansion in system information capacity (in bits/symbol). Higher
order modulation formats features scaling system baud rate at a fraction of the aggregated
bit rate.

Recently, M-PAM has been proposed as a higher order modulation format for short-
haul and metro networks [30], [41], [134]. M-PAM is a multiple-level bandwidth-limited
transmission format offering a high spectral efficiency on the cost of high power
penalty[86]. As such, 8-PAM with 3 bits/symbol and 16-PAM with 4 bits/symbol have
imposed large SNR requirement to achieve an acceptable BER at a fixed baud rate. This
high SNR requirement is reasoned to the higher number of levels penalties that are
associated with increasing the number of levels. A solution has been proposed to 8-PAM
format, is to apply error correction techniques, as block coding and Forward Error
Correction (FEC) codes to enhance the SNR, but again this implicates a rise in the system
complexity [41], [48], [50].

According to our problem statement, the thesis aims to design a power efficient and
high capacity transmission format for reducing the power consumption of data intensive
applications (as discussed in chapter 1). Thus, as our research motivation combined with
avoiding the high power penalty imposed on higher order M-PAM modulation format,
MMT design has taken in to account other trade-off parameters to increase the capacity
without significant power penalty cost. The other signal dimension considered was

dividing the symbol duration into two slots (as discussed in section 3.3.1).

Although, dividing the MMT slots induce an increased bandwidth penalty. However,

increasing the bandwidth, has two major effects on the capacity. First, it raises the
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i ) . P .
available link degrees of freedom since as S/N :ﬁ’ thus at fixed SNR, the
o-

dependency is clear on limiting the power P . In other words, at fixed power P and by
increasing the bandwidth B, the SNR requirement is decreased. The second effect is
comprised on the SNR requirement per dimension, which will be spread among the
dimensions or degree of freedoms with the bandwidth increase.

Although, increasing the bandwidth had a positive impact on increasing the capacity
and reducing the SNR requirement, however, we cannot neglect the fact that increasing
the bandwidth above a certain value, will entangle a weaker impact on the capacity. This
can be verified by Shannon capacity equation assuming high bandwidth, the equation can
be approximated by [135]

P
C=Blog,(1+
9 ( NO.B)
(3.2)
~B( P ).log e—ilog e
NoB" 2 N, 2

As such, it is clear that in this case, the capacity is directly proportional to the average
received power and increasing the bandwidth further has a very limited effectiveness. At
this point, the channel capacity is power limited in which the capacity does not increase
further with increasing the bandwidth; however, it increases with increasing the power.

As such argument, MMT structure has been designed utilizing two slots only, in
which increasing the number of MMT slots more than two will impose more bandwidth

penalty with non-significant trade-off advantage for desired application.

As above-mentioned consideration, MMT structural design has considered reaching an
impactful intermediate compromise between power and bandwidth. Hence, MMT has
been designed as a joint multiplexing and modulation format, which can be viewed as a
hybrid combination between M-PPM and M-PAM modulation formats. The joint design
in MMT causes more degree of freedom in optimizing the performance, which can be
viewed as a power efficient alternative and bandwidth efficient alternative compared to
M-PAM and M-PPM, respectively.
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3.2 Channel Characteristics

Due to the huge demand for both low-complex and low-cost modulation formats
featuring low power consumption for metropolitan and short range optical fiber
systems[25], [53], [60], [136], [137], hence, N-channel MMT is presented as a power
efficient alternative transmission format for non-coherent applications. Although, N-
channel MMT is a modulation format that is applicable for wired and wireless
communication links, however, it is the interest of this thesis to present N-channel MMT
for Intensity-Modulated Direct-Detection (IM/DD) links. The reason behind choosing the
IM/DD channel was driven by the trade-off advantage between cost and power efficiency
fulfilling the thesis objectives, compared with coherent systems.

In IM/DD, the information is conveyed in the form of optical power intensity signal

P(t), where the input is an electrical signal X (t). The direct detection is a linear

process where the photodiode is responsible for the opto-electrical conversion.

IM/DD channel characteristics have two fundamental constraints on all implemented
transmission formats. Since information is conveyed by modulating the instantaneous
optical power signal P(t), thus, no negative amplitudes can be used [53], [73], [78],
[138]. Hence, N-channel MMT has been designed to fulfill the non-negativity constraint

at all time instants, i.e

min P(t) 20 (3.3)
Vte R

Since N-channel MMT is designed to cope with IM/DD for both fiber and wireless
optical links (where the signal propagate in free space), thus, eye safety is an important
metric. Eye safety is one of the most vital restrictions for IM/DD systems operating in the
infrared, ultraviolet, visible communication frequency band. Safety regulations must
ensure that the emitted radiated power follows international bodies regulations for eye

and skin safety precautions[53], [57], [72], [73].
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Hence, in contrast to conventional channels, the second constraint is a limitation on

the emitted peak and average signal power, so the maximum optical signal power should

be less than or equal the maximal power the eye can tolerate Peye as

Tsym
Lim j P(t) <Py, (3.4)
Tsym o ~Toym

The maximum allowable power the eye can tolerate is dependent upon the intensity
modulated system application. In addition, it is strongly dependent on the wavelength of
operation. At 1550nm wavelength, the maximum allowable power for safe operation is
less than 10 mW. While, at 1310nm, the maximum allowable power is less than 8.8 mW
[138].

In this thesis, N-channel MMT design is focused mainly for optical fiber links while
the discussion on wireless optical links will be considered for future works (as discussed
in section 7.2).

Figure 3.1 shows a generic free space model for N-channel MMT IM/DD system. The
optical intensity modulator is responsible for generating an optical power signal, so that

P(t) =c X, (t) (3.5)
where c is the electro-optic conversion factor in Watt/Ampere. Note that the optical

power is proportional to X, (t) and not to sz(t) due to the fact that in a system based on

IM/DD, the SNR is proportional to the square of the received optical power (due to
square law detector) [53], [60]. In IM/DD optical communication with non-optical
amplification, the optical channel can be modelled as an Additive White Gaussian Noise
(AWGN) channel which serve as a good model for all types of noise present [53], [57],
[60], [70]. Hence, the received electrical signal can be expressed as

z(t) =R, .c. X, (t) +w(t) (3.6)
where R, is the photodiode responsivity and w (t)accounts for the AWGN with zero
mean and double sided power spectral density%, which is equivalent to the thermal

noise at the system receiver environment.
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Figure 3.1 N-channel MMT free space channel model for IM/DD systems.

3.2 Signal Space Model

Signal space model is a benchmark assessment methodology for investigating modulation
formats in general and especially for IM/DD systems. Signal space have been first
proposed by Kotelnikov [139] two years earlier before it was proposed by Shannon in
1949 [140], then afterwards it has been developed widely by Wozencraft and
Jacobs[141]. The signal space analysis approach has been employed widely to provide an
in-depth evaluation of various modulations and coding techniques [82], [142]-[144]. The
concept of portraying different modulation formats as constellation points in Euclidean
space lead to more consistent and efficient approach for mandatory design tradeoff
analysis and discussions. Moreover, the advantage of signal space comprised in the
ability of conveying signal sets and noise as vector space components in a geometric
representation where probabilities of these components can be derived [86], [90], [145].
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3.2.1 N-channel MMT Signal Model

Since MMT signals are dependent upon two orthogonal time slots, the signal calculations
can be interpreted from the vector space component by the construction of orthogonal

basis functions. Signals can be represented by defining a set of orthonormal basis

function ¢5j (t)for j=1,2,...,R where R is equivalent to the number of signal dimensions

or slots (S) as in [58], [82], [86] , which satisfy R < K. Therefore, each of the signals
can be expressed as

s
Xc() =2 % j ¢ () (3.7)
i1

where k =0,...,K -1 and Xy =Xy 1,X 2.+ Xk r IS the vector component representation

of X (t) with respect to the defined basis functions. The basis function per slot is

represented by

Pp1 () Pr2(?)

2 2
];ym T;ym
|} v > |
0 T,

R Tsym 0 T‘y m T sym
2 2

Figure 3.2 N-channel MMT format generated orthonormal basis functions.

2 S-1 T S.T
Pps (1) = /Tsym rect(t—T) for (S -1) Szym gthsym (3.8)
where
1 if0<t<l
rect(t) = .
0 otherwise
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Figure 3.2 Shows the N-channel MMT developed basis function following the IM/DD
channel constraint. It is clear that each of the time slots is non-overlapping in the time
domain. The N-channel MMT symbols can be expressed as a linear combination of its
basis functions. Thus, the MMT symbol can be translated to the weighted sum of two

orthogonal basis functions corresponding to two consecutive one-dimensional signal

constellations. The signal Xy ,s (t) is defined with respect to the basis function as

T m
T s (1) (3.9)

X .as (1) = Ap as 5

Each of the N-channel MMT symbol is defined by multiplying an amplitude Ay, 45 by the

corresponding basis function. While the entire MMT signal can be represented based on

the basis functions as

TS

-
2l " fa(t) (310)

2

TS m
TN )+ A az

Pas(®) = Ap a1 5

AS
Xk ®)=> Anas
$-1

and each Xy s (t) is defined to guarantee the non-negativity constraint as
min X s (t) =0 (3.11)
t

Figure 3.3 shows the sixteen different signals for 4-Channel MMT with respect to the
defined MMT basis function in eq(3.10).
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Figure 3.3 4-Channel MMT generated symbols in terms of the basis functions.
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3.2.2 Geometric Representation of N-channel MMT

The N-channel MMT signal can be viewed as a vector space component in a geometric

representation[86], [146]. By employing vector representation, the Euclidean distance

. . 2 .
between any pair of signal vectors can be expressed as d = Hxi —X JH . This can be

translated to compute the Euclidean distance between the two MMT signals slots as

2
dvmt = ka,m - Xk,AZH

- (3.12)
= \/ S;m [(Xi,a1 — Xj,A1)2 + (X a2 — Xj,AZ)Z]

where 1,]=012,..,M,s and each MMT signal is represented in vectors in terms of each
constellation dimension as Xy =(Xi a1, X a2) Which is equivalent to it waveform

representation X, (t).

For IM/DD systems, the constellation diagram for N-channel MMT symbol structure is

shown in figure 3.4, compared to its counterpart of M-PAM in figure 3.5.
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3.3 MMT Transceiver Model
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Figure 3.6 MMT generic transceiver model, (a) Transmitter and (b) Receiver.

Figure 3.6 shows a general model for both MMT transmitter 3.6(a) and receiver
3.6(b). The input data from different channels are multiplexed and divided into a set of
data clusters. Then, MMT mapper exploits a multiple layer mapping algorithm to encode
the subset partitioned multiplexed channels data under mapping rules. The main function
of the MMT mapper unit is to transform the received data array from different channels
(users) into a sequence of symbols according to a predefined algorithm, which is based
upon a defined mapping rules. Afterwards, the data are modulated considering a hybrid
combination between Pulse Amplitude Modulation (PAM) and Pulse Position
Modulation (PPM). The symbol duration is divided in to two slots and each slot is
composed of multiple amplitude levels dependent upon the number of channels or

information capacity (in bits/symbol).
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The N-channel MMT is classified under memoryless multilevel modulation scheme
with multi-dimensional constellation diagram. N-channel MMT is based upon two
consecutive one-dimensional constellation, designed for IM/DD systems. In IM/DD,
Electro-Optical conversion is present by the responsibility of Directly Modulated Laser
(DML) or an external optical modulator, which produce an intensity (power) signal

proportional to the input electrical replica.

In MMT receiver design, two symbol detection methodologies have been considered
to provide the detection techniques for the MMT symbols. First, detection based upon an
optimal receiver with a bank of matched filter, where an abstract analytical performance
evaluation for N-channel MMT technique can be performed. This analytical model can
be considered later for comparison with other modulation formats. The optimal receiver
involves a decoding process based upon Maximum Likehood Sequence Detection
(MLSD) for the received message, searching among the set of N-channel MMT
constellation points for the nearest Euclidean distance to the received message. The
MLSD enable attaining the lowest probability of error. Thus, it can be employed as a
performance measure to evaluate and compare MMT performance with other modulation

formats.

The second method is a threshold detection receiver, which is based upon a dual
threshold detection among the two symbol slots, in addition to a clock data recovery for
synchronization with the transmitter. Before the threshold detection, an electrical filter is
present in order to reshape signals and remove noise. Then, MMT de-mapper is present
where a multiple stage decoding process takes place according to preset de-mapping rules
defined later in section 3.3.3.1. In the end, the data is de-multiplexed back to the

channels or users.
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3.3.1 Basic Properties and Waveform Synthesis

The number of MMT symbol waveform alphabet (K') is equivalent to the number of

different possible input channels combinations K =2N. The MMT method to convey
information is not only based on dividing the symbol duration in to two sub interval slots,

but also dependent on a varied number of levels per slot. The number of levels per slot (

M g ) is related to the code length £ x5 per cluster Y,g for the multiplexed channels by
M g = 2"ss (3.13)

i.e My :{21,22, ..... ,2“5}. The MMT signaling symbol set K is equivalent to the

product of the number of levels for the two slots
K:MA]. . MAZ (13.14)

where M ,;, M ,,denote number of levels for slot Al and slot A2, respectively.
Moreover, the number of multiplexed bits N is related to the code length ¢ A5 per cluster

by
AS AS
N=>"log,(M;)=>" (/) (3.15)
i=1 i=1

Figure 3.7 depicts the generic MMT symbol format that employs a varied number of

slot amplitude levels ( Ay xs) (dependent on the cluster code length £ 55 ), and two slots (

AS), for “N ” number of users. The time duration of each slot interval ( Tgjo¢) is given by

T
Totot = % where Tgym , is the MMT symbol duration (1/ bitrate).
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Figure 3.7 MMT symbol format.

N-Channel MMT has been designed for multiplexing and modulation of multiple

different data channels (or users) bit

streams. Two, three and four bits/symbol

information capacities have been represented by 2-, 3- and 4-channel MMT, respectively.

The N-channel waveform structure for 2-,

3.8.
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Figure 3.8 N-channel waveform structure for (a)2-Channel MMT , (b)3-Channel MMT and (c) 4-

channel MMT.
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3.3.2 N-channel MMT Transmitter Model
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Figure 3.9 MMT transmitter proposed model.
MMT transmitter model is depicted in figure 3.9. The MMT mapper on the
transmission side is built with an input array of parallel channels N =[Y, Yn1 YN-1]

wheren=0,1,2,..,N -1, with an array size of N >1. Each channel (user) data is
represented by Y, , where Y, €{0,1}.

The mapper maps the parallel input channels data to MMT different unique symbols. The
serially converted input data array is split in to two clusters (subsets) Y g, where each
cluster address is denoted by a subscript index AS where AS ={A1,A2}. The code length (

? Ag) per cluster Y g in principle is dependent upon the number of input channels and is

equal to
For odd number of channels For even number of channels
0y :NT_lbits 0, =N i > =%bits (3.16)

A mapper and waveform modulator unit performs bijective-mapping operation to map
the input multiplexed cluster Y,g to a distinct MMT symbol. The basic idea behind

MMT mapper is to exploit a multiple layer mapping algorithm to encode an input
multiplexed data channels to a subset partitioned data cluster following MMT mapping
rules. MMT mapper and waveform generator is composed of a subdivided dual slot

amplitude modulator. The MMT symbol is composed of a waveform that belongs to a set

of signal waveform alphabet Xy ={Xq(t), X{(t)...., Xk _1(t)} where K is the size of the
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MMT signaling set. The message sent during a symbol interval is chosen as one of the

waveform alphabets X , which are sent independently of each other. The N-channel

MMT signal are equiporbable with an equal probability of 1/K . Note that the waveform

symbol pattern is divided in to two slots AS =Al1,A2in which amplitude modulated
waveform per slot represented by Xy A1(t) and X a2 (t) where subscriptk, AS denote the

alphabet index and the slot index, respectively.

At an instant t, the MMT mapper maps the input data cluster Y,g to an amplitude-

modulated waveform following the mapping table 3.1, which can be expressed as
Xk, a5 (Anas ) ={An,as = M wvap (Yas) [Yas =[Yo, Y1 Y11} (3.17)

where Xy s (Aq as 1) denotes the amplitude modulated waveform corresponding to slot
ASand Y,s is the data cluster mapped to an amplitude level Ay 5. The mapper
modulator unit generates two consecutive slot waveforms X =[Xg a1 (t;), X a2 (ti 1)1

For more illustration of the MMT technique, the MMT data encoding system is based

on two layer mapping for a two-consecutive one-dimensional system where each layer
represent single dimension. The first layer comprises mapping the data subset Y,, to the
first slot for synthetization to the first constellation dimension by modulation and

denoting it X, ;(A, gow) Where A ., represent the amplitude modulation for the first slot

e
Moou (Ya1) Xk 1 (Amslot) (3.18)

In the same manner, the second layer encompass mapping the data subset Y,, to the

second slot for synthetization to the second MMT constellation dimension and denoting it

X 2 (A, got2) Where A, gor> denote the amplitude modulation for the second slot, i.e
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M siot2 (Ya2) = Xk 2 (An stor2) (3.19)

The symbol alphabet is transmitted upon the mapping of both data clusters each to its
correspondent slot to form an MMT symbol generated by the waveform modulator, i.e

M wwr (YAliYAZ)'_) Xk,l (Am,sloll) ) Xk,2 (Am,slotz) (3-20)

Table 3.1 shows a 4-channel MMT two layer symbol mapping operation. In time
domain, the MMT mapper waveform unit is capable of generating the MMT symbols

following a formulated expression, i.e

— T, S.T
Am,asWr,, (t—(s—zl)) for (S-1) Szym <t< oM

Xk, a5 (A, as 1) = 2t (3.21)

0 otherwise

where each k represents an MMT symbol from a total of X x_; (t) symbols, WTsym is the

waveform corresponding to MMT symbol duration TSym and AS is the slot index
where AS ={A1,A2}.

The waveform dependent variables are amplitude and time; the amplitude is based upon
the mapping rule in (3.17) and table 3.1, while the time interval depends upon the slot

number (S =1 or S = 2) which corresponds to the slot index
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Table 3.1 4-Channel MMT SYMBOL MAPPER.

First Mapping Layer Second Mapping Layer
Mo (Y1) B X a1 (A a1) Mooz (Ya2) +> X 52 (A, a2)
M= (00) = X 21 (Ag A1) M=(00) = Xy A2 (A a2)
M (0D) > Xy A1 (Ap 1) M=01) 1> Xy a2 (Apa2)
M (1) Xy p1 (A 1) M=(10) > X a2 (Aga2)
Me(10) > Xy p1 (Ag p1) M=(11D) 1 Xy 22 (Ag p2)

Mo (Yag, Yao) 5 DXk a1 (A, ) Xk, a2 (A a2)1= X
A (00,000 > [Xg a1 (Ag A1), X042 (Ao a2)]= X
M (00,01) = [X3 41 (g a1)s X102 (A a2)] = Xy
M (00,10) = [Xp, 41 (Ag 1), X2,02 (A2 42)1= X
H(00,11) > [X3 01 (Ao a1), X302 (Ag a2)] = X3
M (01,000 [Xg 21 (A A1), Xa, 22 (g a2)] = X4
M (01,01 [X5 21 (Ay A1), X5 42 (A p2)] = X5
M (01,100 [Xg a1 (A a1), X6 42 (A,02)]1= Xg
MO01,11) 1 [X7 40 (Aya), X7,02 (Ag 22)]= X7
M (10,000 > [Xg a1 (Ag 41), Xg a2 (Ao a2)]= X3
A(10,01) = [Xg a1 (Ag p1)s Xg 2 (Ara2)] = Xg

M (10,10) > [X10.41 (Ag a1)s X10,02 (A a2)1= X1

M (10,1 X101 (Ao a1) X142 (Ag 02)1= X131
M (11,000 [X19 41 (Ag A1), X202 (P a2)]1= X 12
M(11,00) 5 [X341(Ag a1)s X342 (Ara2)] = Xy3
M (11,100 [X14 21 (A a1)s %14, 42 (P2 22)] = X14
M (11,115 [X4501 (Ag a1)s X15,02 (Ag a2)] = X5
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3.3.2.1 N-channel MMT Symbol Rate

One of the main advantages that features MMT compared with other modulation
formats, is the system symbol rate reduction. N-channel MMT data capacity multiplexing
feature enhances the eligibility for scaling the baud rate with the limitations that exists in
electronic and optical components operating at a fraction of the aggregated data
rate.Therefore, N-channel MMT has the capability of reducing the baud rate to
1/1og, (M z; M ,,) of the the aggregated bit rate.

As such, 2-channel MMT features a baud rate equivalent to 1/2 of its aggregated
bitrate compared with OOK. While, 3-channel MMT has a baud rate equivalent to 1/3 of
its aggregated bitrate compared with OOK. Also, 4-channel MMT is capable of
decreasing the electronic requirement of its components to a baud rate equivalent to 1/4

of the aggregated bit rate compared with OOK.

3.3.3 Receiver Model
The receiver is one of the crucial components in the transceiver design due to their
responsibility in recovering the transmitted data. The receiver function is to decide upon a
certain observation the transmitter sent message. This decision is determined based upon

a pre-set a particular criteria.

As mentioned earlier, two receiver detection designs have been proposed for N-Channel
MMT, which can be classified as follows :-

1. Threshold detection receiver for the numerical model.

2. Optimal detection receiver for the analytical Model.
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3.3.3.1 Threshold Detection Receiver

The N-channel MMT threshold detection methodology employs a reduced complexity
algorithm, which is based upon dividing detection process to two stages in
correspondence with the two consecutive one-dimensional constellation nature of MMT.
Conventionally, the processing de-mapping unit should searches for the transmitted

message among all possible combinations of the lattice constellation points that is equal

to 2N symbols. However, in MMT design, the detection process is divided in to two

stages; in which the first stage is searching for the transmitted first cluster message over

: o : : K
the lattice of the first dimension that are equivalent to M—of the total MMT symbols.
AS

Afterwards, the second stage in turn searches for the second cluster message over the

of the total

second dimensional constellation lattice points that are equivalent to
AS

MMT symbols. This method can reduce the number of the search processing hardware

device to a number proportional to a total number of processing searches equivalent to

Itot = Istl + Ist2 (3.22)

,the number of processing searches for each stage I 55 is equivalent to

K
M ss

Istas = (3.24)

where K is the number of MMT symbols and M ,g is the number of levels per slot. The

reduction in number of constellation search lattice points is equivalent to (K — l;4¢). The

multistage decision and de-mapping operation is shown with respect to constellation

points in figure 3.10 (a-c) for 2-channel, 3-channel and 4-channel MMT, respectively.

73



Layer 2 '%k,AZ -$ —> I @—P -$—¢—> —|—®—>

Va1 ¥az {0,0} 0,1 {1,04 1,13

1
i Layer 1 Layer 2 !
1 ~ ~ ~ 2
! N Xk Al [k a1 Xk,a2]= X |
V| 6o 888~ ———
H A1 Aral ha Araz Ay Aypn H
1 1
]

Layerl ik‘m -$—|—> —|—e—>
Ypr= [00]/ [01]l J[w] \[11] [OOV [o1]l i[lO] \[11]

T L o e e L el Lo S e

¥ar-¥a2 10,00} 10,01} {0,10} 011} 11,00} {1,01} {0,10} {11}
Xk Xﬂ X] Xz X:; X4 &5 X6 X7

(b) 3-channel MMT

1
: Layer 1 Layer 2 :
1 iy - ~ o !
1 Xk,Al [Xg,a15 Xk, a2]= X1
| | $——o-0 $—6—88> —— |
v ldgay A Aonz Aias Ayap A .
1 a1 Aiar Asar Aar a2 Aiar Aar Ayaz !
’ :
e o o o o o e
Yar= loo)_—~ fo1l} ¥ [10] [

Layerl -Qk,Al -$—|—|—o—> -|—9—|—0—’ ‘I—l—e—f—> 1_'_'_9"
¥y = [00] [Dl]l 1[101\[11] [00]) [01]1 l[m]\[u] [(J(Jl/[cu]lv l[m]\[u] fool / [(n]l l[m]\[u]

overs Sy gz e (e frbie et [ o b b [ Form b o[ fore prom b

¥ar.Faz 100,00} {00,01} {00,10% {00,113} {o01,00f {01,01} {o01,10} {01,11} <{10,00} {10,013 f{10,10} {10,11} f{11,00} {1101} {11,210} {11,11}

X Xy Xi )}2 ‘;‘/3 X Xs j’s /‘}7 f"s 5@ 5‘10 Xy )A(]z )h(u 5(14 )}15
(c) 4-Channel MMT
Figure 3.10 De-mapping multistage decision methodology for (a) 2-Channel MMT, (b) 3-
Channel MMT, and (c) 4-Channel MMT.
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Figure 3.11 MMT De-Mapping receiver structure.

The MMT receiver model is shown in figure 3.11. MMT threshold detection receiver
employs a low complexity decision circuit and data recovery algorithm. At the receiver

side, the received signal is fed into sampling and decision circuit. The samples are taken
at two sampling points SP.g (one sampling point per slotas). The outputs of the

sampling circuit are fed into a decision and de-mapping unit. In this unit, the sampled

values are compared against a number of threshold values.

Sias ={0ias 1 0is1,A8 1+ OM —1,A5 (3.25)

where M 45 corresponds to the number of levels for a slotas .

Sampling circuit outputs are driven to a decision and regeneration unit for the data
recovery that is according to preset defined de-mapping rules shown in table 3.2. The de-

mapping operation is based upon two layers multistage detection operation as shown in

figure 3.8 to map the received slot waveforms Xy a1 (Am a1) Xk a2 (Am.a2) to a distinct

constellation point .The two stages de-mapping operation can be expressed as

[Ya1.Ya21= M oemap (R a1(An,a1): f.22(An.a2) (3.26)
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Table 3.2 4-Channel MMT SYMBOL De-Mapper.

4-Ch. MMT De-Mapping Detection Rules

Symbol
1* Cluster Rule 1 2"Cluster Rule 2 Stage Decision
Slot 1 Stage Slot 2 Decisiogn %
Chl-Ch2 Decision Ch3 - Ch4 K
. if . . . "
%01(Ao,) SPy <31 a2 %02(Ao.a2) | [%01(Ao. 1) %0.2(Ao a2)] = Xo
. if . . . .
X X =
it 1P | 5, o sPy -6, | 2(Aa2) (X2 (Ao,m): X2 (A a2)] = X4
SPAJ_ < 51,A1 X i R ) A .
Xo1fom) | 5 oSy -6y, | 220R02) | [Ron(Aga) R 2(Ag a2)l = X2
o if . . . o
%31(A0,1) SPA1 = 53 A2 %32(Agn2) | [%31(Ag 1) %32(Ag a2)] = X3
. if . . . o
Xa1(Ax) SPy <51 a2 Xa2(Po.a2) || [Rg1(Aya) Ka.2(Po a2)] = X4
. if . . R o
%51 (Aya1) 5r a2 > SPy1 = B1pa %52(A2) | [Xs1(A a1 X2 (AL a2)] = X5
if
S2,a1 2 SPA1 - O 1 . if . i i .
1(ha) | 5 o sspy -6y, | 82002 | [Rea(Aa) Fea(Aoa2)l = Xe
. if ) . . .
%71 (A1) SPy = 03 a2 72(A3n2) | [X72(An) %7,2(Aga2)] = X7
) if . ) ) )
%1(fo.x1) SPy1 <812 %g2(Poa2) | [¥a1(Ao,m) %52(A a2)] = Xg
. if . . . "
X X =
it 01(fon) | 5, o ospy s, | 02(Aa2) | [Roa(Aom) Roa(Aa2)l = Xg
O3,m 2SPa = dom | if ] ] ] R
f01(fm) | 50 5 SPy s 5, 0, | F02(A202) | [Ra01 (Ao 1) F10,2(A 2)]= X0
. if . . N -
%a11(Ag ) SPy; > 53 a2 %12(A3.82) | [X11(Ag A1) %11,2(Ag a2)1 = X1
o if . . . o
%121(A 1) SPy <3S a2 %122(A0.a2) | [Xa21(Ag a) %122 (Ao a2)] = Xy
. if . . . "
31fsa)) | 5, o2 9Py -6y, | 320Aa2) | [an(Ag ) fa 2 (A a2l = Xa3
if
SPy; > 6 o if . R R A
e aan(Pont) | 5 5 Spy 8y, | M2(P202) | [Raa(Ag ) Yaa 2 (Ao a2)] = Xag
o if . . . o
fsa(Pem) | op s, | F12(Pea2) | [hisa(Pg an) s o(Pg a2l = Xis
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Based on the regeneration rules, the decision circuit detects the received samples and
estimates the corresponding transmitted amplitude waveform per slot Xy x5 (Anpas) -

Consequently, the decision is fed to the data recovery unit to extract the sent data clusters

based on the defined algorithm.
Figure 3.12 shows the calculated eye diagram structure for 2, 3, and 4-channel MMT

system composed of multiple fragmented eye diagrams with different threshold levels.

Eyes a2

Eye; az

Eye; a2

b

SPai SExz SPy SFhy,

2-Channel MMT 3-Channel MMT

Eyesnz

Eyes a2

Eyejaz

4-Channel MMT

Figure 3.12 2-, 3- and 4-Channel MMT eye diagrams
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3.3.3.2 Optimal Detection Receiver

Signal space analysis discussed in section 3.2 aimed to analyze N-channel MMT with
respect to an abstraction level by representing it in N-dimensional signal constellation.
This kind of representation necessitates unambiguous evaluation criteria to be a platform
for comparison with other modulation formats. Hence, an optimal receiver detection
receiver has been assumed for the detection of the MMT symbols where a precise
computation of the bit error probability of a set of pairwise signals can be realized.
Optimal receiver has been extensively employed for the optimal detection of modulation
formats[53], [86], [90], [138], [147]-[149]. Since, a signal space analysis is employed,
thus, it is more convenient to express the MMT system in terms of its vector component

assuming additive Gaussian channel as
Z=Xi+W (3.27)

where w is the vector noise component, Xy is the transmitted MMT signal vector and z

is the received signal vector. At the receiver, the received message )Zk can be estimated

upon the detection of z. The receiver detection process is based upon Maximum like-
hood sequence detection (MLSD) following[86], [126], [145], [150]-[155].

Assuming equiprobable MMT signals, the optimal receiver involves a detection
process for the received message, searching among the set of N-channel MMT
constellation points for the nearest Euclidean distance to the received message. This

maximization of the correct decision of the sent MMT symbol can be expressed as

X =argmax Py P(z| X, is sent) (3.28)
0<k<K

where ka is the priori probability of the transmission of MMT symbols and is

1

equivalentto Py = :
mMaz
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The signal space point nearest to the received message is output as an estimate to the
received N-channel symbol. Assuming Gaussian random variables, the received vector z
is dependent upon the conditional probability density function, which can be expressed as

(7HZ_XkH2)

1 o 2 (3.29)

f =
z| X sent
| \ 27102

where o2 is the variance equivalent to % . Hence, by substitution from (4.27) in (4.26).

Assuming a MLSD, X, can be derived as [86]

(_HZ_XkHZ)

e 20'2
> (3.30)

5 1
Xy =argmax Py,
0<k<K 2no

Since is a constant, thus, neglecting it will not affect the result, where
2o
2
. 1 z-X
Xy =argmax In - ” 2k ” (3.31)
o<k<sk MMy, 20

By substitution with 52 = % and multiplying the equation with % :

2
X | = arg max No 1y L _ =i (3.32)
M1 M2 2

Since the natural logarithm In () is a monotonically increasing function and by

neglecting the constants, hence, the optimal Xk is equivalent to

Xy =argmax [z - Xk||2] (3.33)
0<k<K
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Eq. (3.33) which looks in to maximizing the negative correct decision of the received

MMT symbol is equivalent to minimizing it square root positive counterpart to be

Xy =argmin [z — X, | (3.34)
0<k<K

Assuming an equiprobable MMT signals, eq.(3.26)-(3.33) show that the MMT
optimum receiver have maximized the correct decision of MMT symbol (which is
equivalent to minimizing the bit error probability). The detection process involves
searching among the set of N-channel MMT constellation points for the one with
minimum Euclidean distance to the received message. The optimal receiver includes a
continuous time matched filter where its impulse response is the same as the transmitted
MMT symbols pulse shape[86], [89], [156].

The matched filter maximizes the SNR of the MMT signal at the detection instant.
Since the MMT signals are represented in terms of their basis functions, thus, the impulse
response of the employed matched filter can be expressed as

_ T S.T
Mas (€) = das (T =) = |—2— rect(t—>—0)  for (S—1)-FM <t<> M (3.34)
Tom 2 2 2

where T, is a filter design specification aspect and sampling occurs in an instant t =T, of

the output of the matched filter. Figure 3.13 shows the MMT optimal receiver structure. It
consists of two continuous time matched filter with an equivalent impulse response to the
two MMT basis functions. The output of the matched filter is sampled at time instance
equivalent to MMT defined dual slot duration. The output of the matched filter is denoted

by the convolution of the received message and the filter impulse response to be
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Ym (8) = Z(t) *has (1)

i (3.35)
= [2(t) s (T —t)clt

Then, a correlator is present where a multiplying operation for the output of the filter

with each signal X, s (t) coefficient and integrate the result to find all the inner products
of the received message z(t) . Afterwards, a constant term is added which is equivalent to
each signal coefficient C,, . Then, a selector is present where the largest value is chosen

as a decision to be the most probable estimated transmitted message Xy s (t) per slot.

Finally, a de-mapping unit exists in the final stage to determine the final overall message
and then maps data to the corresponding channels. A lot of practical MLSD have been
implemented using state of the art CMOS technology[157], [158]. Also, MLSD have
been employed extensively to mitigate fiber impairments [151], [154], [159].
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Figure 3.13 N-channel MMT optimal matched filter receiver.
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3.4 Performance Evaluation Criterion

The proper choice of the performance assessment methodology is a crucial part in
evaluating the effectivity of MMT novel transmission format. These parameters consider
the interaction between signal characteristics and noise components existing in optical

fiber communication systems.

Thus, for MMT evaluation the thesis has considered as highlighted in chapter 1, two

major approaches: analytical evaluation model and numerical investigation model.
3.4.1 Analytical Evaluation Model

Since, MMT is proposed as a novel power efficient transmission format for high speed
short range optical networks. Hence, it is the interest of the thesis to provide an efficient
benchmark assessment method for evaluating the power efficiency of MMT compared
with other similar multilevel modulation formats i.e M-PAM. The analytical evaluation is
based upon the signal space analysis presented in (section 3.2) and the optimal detection

receiver presented in (section 3.3.3.2).

Although, the MMT analytical evaluation criterion has been discussed in details in

chapter 4, however, it can be summarized in the main following assessment approaches:-

v Bit Error Rate (BER) model to calculate the N-channel MMT BER with respect to
the received optical power and comparing it with M-PAM; in order to assess the
receiver optical sensitivity for both formats.

v' Asymptotic power efficiency evaluation based upon signal space analysis in order
to assess the power penalties of MMT and M-PAM transmission formats relative
to OOK, at fixed bit rate and fixed baud rate. This evaluation criterion is an
elegant validation methodology for MMT derived BER model.

v" Investigation for the N-channel MMT performance characteristics at different
noise levels in the presence of the dominant sources of noise for short-haul optical

transmission applications.

82



v' Comparison between N-channel MMT and M-PAM with respect to power
penalty, spectral efficiency and receiver sensitivity at an aggregated bit rates of
10G, 40G and 100Gb/s.

3.4.2 Numerical Evaluation Model

MMT is designed for deployment not only for short-haul optical links, but also as a
potential practical format for metropolitan area networks for application related, but not
limited to, data center to data center metro links, Metro-Ethernet, enterprise/campus
Ethernet links etc.. Hence, it is the interest of the thesis to expand the analysis by
investigation of the performance of MMT in the presence of pre-amplified receiver noise

model.

This investigation comprises a consideration of numerous number of characteristics
for both, the electrical and optical system components (i.e, modulators, filters, amplifiers,
fibers, receivers, etc..) combined with fiber medium linear and non-linear impairments.
The interaction of these components characteristics with each other and with medium
impairments affect the overall system performance. Hence, an optimization for system
design parameters is crucial for setting a design environment with certain specific

boundaries in order to fulfill the system objectives.

As such mentioned reasons, numerical simulation analysis has been carried out for
the design and testing of MMT system employing a hybrid co-simulation environment
between MATLAB® (version 12.1) and OptiSystem® (version 12) [114], [160]. In this
simulation analysis, we have been able to build, define and optimize our own MMT

custom design, and measurement techniques using a numerical semi-analytical model.
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3.4.2.1 Thesis Simulation Software

The significance of the employment for computer aided software has been recommended
by top researchers and industry professionals in the optical communication field [89],
[114]. OptiSystem® is a worldwide verified simulation software enabling the design,
customization, testing of modulation formats over optical links[161]. The software has
been validated through numerous comparisons between analytical, experimental and
simulation works[160]. It comprises a wide variety of active and passive photonic and
electrical components. Furthermore, the software leverages an interface for an integrated
module between OptiSystem® and MATLAB® programming language. This feature has
enabled us to evaluate the MMT format according to our developed unique BER model
adequate with MMT structure via MATLAB®.

3.4.2.2 BER based upon threshold detection receiver

The BER computation is considered the key figure of merit evaluation metric in receiver
systems[114], [162], [163]. The BER is dependent mainly upon the data transmission
structure and the receiver detection methodology. In this section, a customized BER
model based upon MMT Threshold detection receiver is developed.

Conventionally, Gaussian and chi-squared distributions are assumed to estimate the
signaling formats Probability Density Functions (PDF). The Gaussian distribution has
been extensively employed in BER estimation of multilevel data transmission formats
utilizing threshold detection receiver[59], [60], [87], [138], [164], [165]. The MMT
symbol BER can be estimated based upon the approximation of the probability density
function (PDF) following the Gaussian distribution.
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Figure 3.14 4-Channel MMT conditional Gaussian PDF.
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Since the MMT symbol is composed of multiple levels, thus the bit error probability
for a multilevel format is based upon the PDF of the upper and lower levels. This can be

expressed as

M s 1
BER = 3" (P(An 1) P(Img a1 1evel (Ap o) sent) + p(Ap.1 1) P(Iy an | level (A g ) sent))

m=0

(3.36)

where  p(Ay o) =1/2 is the priori probability of transmitting level Ay A,
P(lIms1a1 [ level (A ap)sent) is the probability of wrong decision of the received
random variable 1, A1 while Ay o1 level have been sent.

Figure 3.14 shows the 4-channel MMT conditional Gaussian PDF. In the
development of the BER formula, it is assumed that the receiver is comparing the

sampled current or voltage to a reference threshold value § for each eye. For 4-channel
MMT, the BER can be computed for eye 1 as

BER, A :%(P(IO,AS [level (A as)sent)+P(ly Aq |level (AO,Al)sent)) (3.37)
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which is equivalent to the PDF as

1 81.As I1as
BERy a5 =51 [ i, 00 dx + [, (%) dxo] (3.38)

—®© 81as

where f (X)is the pdf of continuous random variable with Gaussian distribution and

equivalent to

C(x=1)?

f'(x):éa e 2 (3.39)
|

, for the second eye equivalent BER can be expressed in a similar manner as

1

BER ; 4s =§<P(|1’AS [level (A As)sent)+ P(l; 5s | level (ALAS)sent)) (3.40)

which is equivalent to the PDF as

1 81as PR
BER 5,45 =21 | i, () + | Fy, (x0) ] (3.41)
2 I1as d1.as

And for the third eye equivalent BER as

BER A =%(P(I2’A1|Ievel (Ag p) SeNt) + P(I5 1 |level (Ay up)sent))  (3.42)

which is equivalent to the corresponding third level PDF as

o] SSAS
1 B
BERg s == [ fi, (o) do+ [ 1, () dx] (3.43)
2 8345 1245
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In the development of the BER formula, it is assumed that the receiver is comparing
the sampled current or voltage to a reference threshold value § for each eye. It is essential
to define the optimal threshold § for each eye. This can be deduced by assuming a

Gaussian distribution and substituting in the relation

5m+1,AS - Im,AS _ Im+l,AS _5m+1,AS (3 44)

Om,AS Om+1,AS

where me{012,.....,M s —1}. Therefore, the threshold value can be expressed as

Im.as Om+1.as + Im+1,A8 Om,as
Omitas = — ' : : (3.45)
Om,AS T Om+1,AS

The threshold levels have been optimized by signal processing for equal spacing between

amplitude levels.

The overall BER per slot can be expressed as

1. lias —loas 1245 — 115 I3as — 12,45
BERys =~ [Q(—22 282 4 (2282185 4 (222 285)]  (3.46)
4~ op,as T O1As O1As T 02, A8 0.8 + 03 A8

where Q-factor can be defined as
1 % 2
=——=|e " dx 3.47
Q) ﬂ{ (3:47)

The MMT overall symbol BER can be expressed in terms of the average of the two slot
BER as

1 AS
BERN _channel =§Z BER ; (3.48)
i=1

where S denotes the number of slots.
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3.4.2.3 BER based on Eye Diagram Q-factor

Q-factor evaluation is considered as a fast and accurate method of choice for evaluation
of system BER performance[110], [166]-[170]. The Q-factor has been standardized in
accordance with ITU-TG.976 and OFSTP-9 TIA/EIA-526-9[171]-[174]. The BER can

be calculated based upon the eye diagram Q-factor by analyzing the mean u and the

noise standard deviation o as shown in figure 3.15. The accumulated noise can be

analyzed analytically with the eye opening in the waveform by

Hp AS T HA L AS
Qeye =

(3.49)
O py6S TOALLAS

where p  as is the mean value of level A, forslot AS in the eye diagram and OA A

is the noise standard deviation at the sampling time SPyg for level Ay, and slot AS, as

shown in figure 3.15. In Q-factor measurement, the threshold and sampling point are
chosen on the basis maximizing the Q-factor. The Gaussian approximation for the
received signal after the photodetector, is considered the most widely employed
technique since it attain an accurate approximated results compared with experimental
ones[175], [176].

Using this technique for eye diagram evaluation, a BER relation with Q-factor can be

employed[117]. The BER can be expressed as

1 Qeye
BER, = =erfc 3.50
eye 2 (\/E) ( )
where erfc is the complementary error function, defined as
2 T g2
erfc(x)=—= e dt 3.51
N (359
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Figure 3.15 4-channel MMT Eye diagram with Probability Density Functions (PDF).

3.4.2.4 Receiver Sensitivity

Receiver sensitivity is considered a widely standardized approach for BER quantification
and system performance assessment for numerical and experimental works[55], [177],
[178]. The receiver sensitivity is calculated at an acceptable BER value in a back-to-back
system configuration. The sensitivity is based upon measuring the minimum required
received optical power to the receiver in order to acquire a certain BER performance. The
receiver sensitivity is dependent upon many of transmission system characteristics and
component settings ( i.e amplifier gain, extinction ratio, modulator type, filter

bandwidth...etc.). Accordingly, the optimization of component characteristics and system

settings is required. As for metro networks, a BER value =10~ is considered a

standardized acceptable BER for reliable data system transmission, while for short haul

optical networks, a BER value =107 s considered[110].
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3.4 Concluding Remarks

The methodology behind the development of N-channel MMT format structure has been
presented and discussed. Accordingly, the MMT structural design has considered
dividing its symbol duration into two slots with a variable number of levels per slot
which is dependent upon the input channel count. As such, N-channel MMT has
considered the impactful trade-off between system parameters to satisfy the requirement
and offer a solution to the thesis problem statement in realizing a high capacity

transmission format accompanied by a reduced power budget.

A benchmark classical procedure for defining novel modulation formats with respect to a
signal space model has been performed. The N-channel MMT signal space analysis has
included a definition for its orthonormal basis function. Then, a derivation for the N-
channel MMT symbols with respect to its basis function has been derived. Afterwards, a

construction diagram for N-channel signal space constellation was shown.

In addition to the signal space analysis, a development of the rules and theory governing
the transmission and reception of N-channel MMT signaling format, have been
addressed. Two receiver detection methodologies have been proposed for the detection
and recovery of MMT transmission format. The first is based upon threshold detection,

while the second is based upon optimal detection.

Finally, the criteria for the performance evaluation of N-channel MMT has been
presented. Two performance approaches are employed to investigate and analyze the
performance of N-channel MMT; the first is analytical evaluation, while, the second is

numerical evaluation.
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4. Analytical Performance Evaluation

4.1 Power Performance Metrics

In order to assess the performance of MMT power efficiency, the average electrical
power and optical power expressions are developed. These metrics will be the framework
for assessing N-channel MMT compared with other IM/DD transmission formats. The
average electrical and optical power, are derived based upon the basis functions and the

constellation geometry in the electrical and optical domain following [58], [82], [179].

4.1.1 Electrical Domain

The first evaluation metric is the average electrical power which is defined as

T
o1 2
I:)elect —Tlinooﬁ_ijk (t) dt (4-1)
which, can be simplified to
E
Petect = % (4.2)

S
where Tis the total signal duration, Ea\,g,e is the average electrical energy per signal

constellation in the electrical domain and equivalent to

1 2
Eavg,e = Ekzlnxk” (4.3)
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For MMT, the energy in signal X, ,s (t) can be expressed by

Ee = ||X k ||2 = HXK,ASZH + HXK,ASZH)

(4.4)
Tsym 2 2
= (An,ar” +Ama2”)
.the average electrical energy for X x5 per slot AS can be expressed by
M s -1
sym
Eavg,eAS AM 4 Z(:) A i,AS
|
(4.5)

.
= ;ﬁ“ (M s —)(2M 55 —1)

where M x5, (M »g :{21,22, ..... 2l }) represents the number of levels per slot. While,

the total average electrical energy per MMT symbol will be

M1 Myo-1

sym Z z (A |A1+A jAZ)

E
e = 2M My, i3

Tsym (4.6)
[(Ma1 —D)2M y —1) + (M g2 —~1)(2M 5, —1)]
for an equivalent number of levels per slot where (M gy =M 5, =M ), Egygpe is
Tsym
Eavg,e = (MA _1)(2M A _1) (4-7)
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4.1.2 Optical Domain

The second evaluation metric is the average optical power, which is defined as
R
Pavg.o ZTITOOE J;Xk (t) dt (4.8)
where vis the electro-optic conversion factor in watts/Ampere, and Pago can be
simplified to

Eav

9,0

Pavgo =——— (4.9)
where Ea\,go is the average optical energy per signal constellation in the optical domain

and v =1has been assumed where the average optical energy per signal can be simplified

to

1 K
= 2 %] (4.10)
k=1

In a similar manner as the energy electrical domain, the average optical energy per slot

AS for Xy as can be expressed by

Eavg.o,s Zm 2. Aias (4.11)

while the total average optical energy per MMT symbol will be

/T Mil MAZZZ_l
Eavg,o = T= . (A| art AJ AZ)
\/_MAlMAZ i=0 j=0

_Tym
272

This parameter includes the D.C bias which satisfies the non-negativity constraint
highlighted earlier and discussed in [53], [58], [73], [82].

(4.12)

—=[(Mp -1 +(My, —1)]
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4.2 Performance Analysis Utilizing Direct Modulation

4.2.1 Bit Error Rate Analytical Model

CH.l N

V)
CH-.2 —| Channel *’1 | Optical > Q*

— -
HIT Channel

Mapper

CH.N —]

Optical Photo-

Modulator detector
Noise Model=

Shot noise +
Thermal Noise +
Relative Intensity Noise

() MMT transceiver

Input Data b M-PAM |Output Data
ol MPAM | | ™| | optical _ N Do
Modulator
Channel Modulator

Optical Photo-

Modulator detector
Noise Model=
Shot noise +

Thermal Noise +
Relative Intensity Noise

(b) PAM transceiver
Figure 4.1 system model for direct modulation light-wave system. (a) MMT transceiver, (b) PAM
transceiver.

IM/DD systems for short-haul high speed optical transceivers can employ both
Directly Modulated Laser (DML) and Externally Modulated Laser (EML). However, the
state of the art for short range links prefer DML, due to its cost effectiveness and low
power consumption, besides being applicable for integration in CMOS chips with limited
non linearity[12], [42], [50], [59], [97], [180], [181].

Hence, the thesis considers the direct modulation noise model for our MMT and M-PAM
BER comparison. Figure 4.1 shows the lightwave system model considered for MMT in
figure 4.1(a) and M-PAM in figure 4.1(b) direct modulation noise model.
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The development of an explicit BER expression for the N-channel MMT transmission
formats in terms of the receiver optical power is essential [50], [59], [86], [90], [96]. The

generic SER can be expressed as

M -1
SER= > P, Pyix (4.13)
x=0
where P, is the priori probability of the transmission of symbols, Pyix is the probability

of receiving a symbol y given that symbol x is transmitted and can be expressed as

1Mt ‘Ithj_li‘
P, === erfc| ——— 4.14
y|x 2 JZ:%) [ \/EO‘i ( )

where M denotes number of levels |; is the current associated with the optical electric
field transmission on the PIN photodiode at symbol i; Iy, j is the threshold current and

o;j is the root mean square of the noise variance current for a symbol i.

The BER formula is dependent upon the type of mapping the binary bit cluster to the
symbols, where Gray mapping has an expected slightly improved performance compared
with natural mapping[182]-[184]. This is because of less number of bit transitions per
symbol. The mapping type is influenced by the average hamming distance, which
corresponds to a BER expression variation. Assuming the thermal noise as the dominant

noise source, the BER for N-channel MMT can be expressed as:

BERwmT = 0 [MA1_1+MA2_1JerfC |avg( ! + ! j
log, (MM o)\ My M2 o (Mp -1 My,-1

(4.15)

where d is the average hamming distance, o is the Root-Mean-Square (RMS) of the
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current noise and |an is the average photodiode current and dependent upon the received

optical power Pyp by layg =Ry Pyt where R, is the photodiode responsivity[155]. The

average hamming distance for N-channel MMT can be estimated for N-channel MMT as

dy =2- logy (MM a»)

(4.16)
M AlM A2 -1

where for gray mapping, the average hamming distance d is equal to 1 .

Assuming directly modulated optical link, there are three fundamental noise

components, shot noise g, thermal noise o and relative intensity noise o . The total

current variance noise o2 can be expressed as

GTZT =0g +07 + 0 (4.17)

4kgT F, Af
B n +|2

(4.18)
avg Nrin Af

OFr =20 | A +
L

where ogis the shot noise, o is the thermal noise and o is the relative intensity noise,

q is the electron charge, Af is the receiver spectral width, kg is Boltzmann constant, T
is the temperature (in Kelvin), R, is the load resistance, F, is the electrical amplifier

noise figure and Npgy is the relative intensity noise. For simplicity, the dark current has

been neglected as its effect is much less than the detected photodiode current. Also, a set

of values has been assumed where noise figure F,=5dB, Temperature T =298K , Load
resistance R, =500, Relative Intensity Noise Ngn =-155dB/Hz and photodiode

responsivity R, =0.8 A/W .
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4.2.2 Bit Error Rate Results

In this section, the thesis present a fully analytical comparison between MMT and M-
PAM for single wavelength transmission at aggregated bit rates of 10Gb/s, 40Gb/s and
100Gb/s. The investigation have been developed at these bit rates, since, there are a
current ongoing groups working to standardize 40Gb/s and 100Gb/s Ethernet considering
multilevel modulation format (M-PAM) for short range optical networks.

4.2.2.1 BER Comparison between 2-channel MMT and M-PAM at bit rates of
10Gb/s, 40Gb/s and 100Gb/s
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Figure 4.2 Optical sensitivity versus BER for 2-channel MMT and 4-PAM at 10Gb/s, 40Gb/s and

100Gb/s.

At information capacity of 2 bits/ symbol, figure 4.2 shows the optical sensitivity of 2-
channel MMT and 4-PAM at fixed aggregated bit rate of 10Gb/s, 40Gb/s and 100Gb/s.

At bit rate 10 Gb/s and BER:10_12, 2-channel MMT has an optical sensitivity = -14
dBm and 4-PAM exhibit a sensitivity= -12.2 dBm. While, at bit rate 40 Gb/s and BER=

10_12, 2-channel MMT and 4-PAM exhibit an optical sensitivity= -10.9 dBm and -9.1
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dBm, respectively. Additionally, at the same BER=10"12 and bit rate 100Gb/s, 2-channel
MMT and 4-PAM exhibit an optical sensitivity= -8.9 dBm and -7.1 dBm, respectively.
The optical gain of 2-channel over 4-PAM is equivalent to 1.8 dB. This superiority of 2-
channel MMT over 4-PAM can be justified by the power penalty that is induced due to
the signal constellation of both formats and the inherent number of levels difference
between 2-channel MMT and 4-PAM (as verified in section 4.3).
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Figure 4.3 Optical sensitivity versus BER for 3-channel MMT and 4-PAM at 10Gb/s, 40Gb/s and
100Gb/s.

At information capacity= 3bits/Symbol, figure 4.3 shows the optical receiver
sensitivity of 3-channel MMT and 8-PAM at fixed aggregated bit rate of 10Gb/s , 40Gb/s

and 100Gb/s. At bit rate 10Gb/s and BER:10_12, 3-channel MMT has an optical
sensitivity =—11.5dBm and 8-PAM exhibit a sensitivity =—-9.3dBm . While, at bit rate

40Gb/s and BER=10"22, 3-channel MMT and 8-PAM exhibit an optical sensitivity=-8.5

dBm and -6.3 dBm, respectively. Moreover, at BER=10"*2 and bit rate 100Gb/s, 3-
channel MMT and 8-PAM exhibit an optical sensitivity= -6.4 dBm and -4.2 dBm,
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respectively. The optical penalty of 8-PAM over 3-channel is equivalent to approximately
2.2 dB. This is justified by the constellation size difference between 3-channel MMT with

four amplitude levels spread among two slots and 8-PAM with eight amplitude levels

exhibiting one slot.
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Figure 4.4 Optical sensitivity versus BER for 4-channel MMT and 4-PAM at 10Gb/s, 40Gb/s and
100Gb/s.

At information capacity= 4 bits/symbol, figure 4.4 denote the optical receiver
sensitivity of 4-channel MMT and 16-PAM at fixed aggregated bit rate of 10 Gb/s ,

40Gb/s and 100Gb/s. At bit rate 10Gb/s and BER:10_12, 4-channel MMT has an optical
sensitivity = -10.7 dBm and 16-PAM exhibit a sensitivity= -6.7 dBm. While, at bit rate

40Gb/s and BER:10_12, 4-channel MMT and 16-PAM exhibit an optical sensitivity= —

8.3 dBm and -4.3 dBm, respectively. Additionally, at the same BER=10"*2 and bit rate
100 Gb/s, 4-channel MMT and 16-PAM exhibit an optical sensitivity= -5.5 dBm and -1.5
dBm, respectively. In the case of 4 bits/symbol, 4-channel outperforms 16-PAM by
around 4 dB, which is mainly due to the double slot design advantage of MMT that leads
to the reduction in the number of levels from sixteen in PAM to four in MMT.
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4.2.2.2 Overall Comparison between N-channel MMT and M-PAM Relative to
OOK

At asymptotically high SNR, the performance difference between various modulation
formats approach constant values. Hence, a classical approach to assess novel
transmission formats is to evaluate and compare between the performances of modulation
formats with respect to On-Off Keying as a benchmark modulation format. On-Off
keying have been employed as a platform for comparison with other modulation formats
in [53], [60], [185]. By the development of an explicit BER expression for N-channel
MMT derived in (4.15), a comparison between MMT and M-PAM with respect to
common relative factor, represented by OOK format is a considered a significant

persuasive evaluation metric [86].

At fixed Bitrate of 40 Gb/s, figure 4.5 shows the received optical power versus
theoretical BER assessment for both N-channel MMT and M-PAM with respect to OOK.
The M-PAM modulation formats have been analyzed following the M-PAM BER

expression in [13]. The receivers spectral widths were set as Afpox=40 GHz

AfZ—Ch.MMT =40 GHZ, Af3—Ch.MMT =26.6 GHz s Af4—Ch.MMT =20 GHZ, Af4—PAM =20 GHz s

Afg_pam =13.3 GHz, Afjg pam=10 GHz for OOK, 2-channel MMT, 3-channel MMT,
4-channel MMT, 4-PAM, 8-PAM, 16-PAM, respectively.

At BER of 10712

—8.5dBm, —6.3 dBm, —8.3 dBm and —4.3 dBm for 2-channel MMT, 4-PAM, 3-channel
MMT, 8-PAM, 4-channel MMT and 16-PAM, respectively.

Therefore the optical power penalty relative to OOK are, 1.55 dB, 3.3 dB, 3.85 dB, 6.05
dB, 4.85 dB and 8.85 dB for 2-channel MMT, 4-PAM, 3-channel MMT, 8-PAM, 4-
channel MMT and 16-PAM, respectively. These results are verified by our asymptotic

, the received optical powers sensitivities are —10.9 dBm, —9.1 dBm,

power efficiency results discussed in section 4.3.
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Figure 4.5 Theoretical optical receiver sensitivities of N-channel MMT,
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Figure 4.6 Total noise variance in [A?] versus the received optical power at various spectral

width.
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The impact of noise on MMT and M-PAM modulation formats with respect to a varied
optical power at a fixed aggregated bit rate of 40Gb/s is explored. Figure 4.6 shows the
effect of varying the spectral width and optical power on the total noise variance for N-
Channel MMT and M-PAM transmission format. An optimal equidistant MMT and M-
PAM signals have been assumed as shown in figures 3.4 and 3.5 in order to yield an

optimal performance difference.

For information capacity= 2 bits/symbol, the power gain advantage of 2-channel
MMT symbol over 4-PAM is equivalent to 1.75 dB. Moreover, 3-channel MMT
outperforms 8-PAM (with 8-levels) by 2.2 dB. On the other hand, for information
capacity of 4 bits/symbol, 4-channel MMT need 4 dB less power requirement when
compared with 16-PAM, that’s beside the non-linear effects of increasing the number of
levels to sixteen[30].

4.2.3 Noise Model Analysis

In this section, the effect of various levels of channel noise on N-channel MMT and M-

PAM are investigated.

423.1 Thermal Noise

At a finite temperature, the random motion of electrons at the receiver circuitry side leads
to the generation of the thermal noise[117]. Thermal noise can be represented as a
fluctuating current, which is added to the photodiode receiver produced current. There are
two main factors controlling the thermal noise. Although, a high receiver load resistance

R, needed to be employed in order to minimize the thermal noise, however, the

photodiode bandwidth is inversely proportional to the load resistance [110], [178].
Hence, a trade-off compromise need to be considered for such relation. In optical
communication, a front-end preamplifier component is necessary to be attached in a
combined package with the photodiode receiver. In silicon photonic optical interconnects,
a Trans-Impedance Amplifier (TIA) is employed where it is positioned after the
photodetector in order to convert weak current signals produced by the low responsivity

photodetectors to an appropriate voltage signal to drive subsequent blocks (in our case
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the decision circuit)[186], [187]. Hence, the amplifier noise contribution is presented as
the Noise Figure (NF) which influences the SNR and consequently the thermal noise.

Thermal noise can be modeled as 11d stationary Gaussian random process[110], [188].

Figure 4.7 shows the influence of various noise figure values on thermal noise

variance at different receiver bandwidth range. At fixed Af =10GHz and NF=3 dB, 4dB,
5dB and 6dB the thermal noise variance is equal to 6.5 pA2, 8.2pA2, 10.4pA2 and

13.1p A?, respectively. Front end amplifier design specification can limit the impact of
thermal noise at the input and output of the amplifier[117], [188], [189]. Moreover, it is
clear that the noise variance is proportional to the frequency range. At low cutoff
frequency range Af <10GHz, the impact of increasing the frequency on the thermal
noise is large. However, on receiver bandwidth Af >10GHz, the increase in thermal
noise is much less than at low frequency range. Nowadays commercial receiver VCSEL

components are available on market with cut of frequencies reaching 37GHz[50].

10 . - T - . - - - -

-12 = Noise Figure =3 dB
Noise Figure =4 dB
Noise Figure =5 dB

= Noise Figure = 6 dB

10 1 2 3 4 5 6 7 8 9 10

Spectral Width (Hz) <1 010

Thermal Noise Variance [AZ]

Figure 4.7 Thermal noise variance versus spectral width at different noise figure values.
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4.2.3.2 Shot Noise

Shot noise is a natural process that occurs due to the random fluctuation distribution of

electrons generated during the quantum photo-detection process[55], [89].

since for direct detection PIN receivers, shot noise is not the prevailing noise
component, but the thermal noise. However, since shot noise scales linearly with the
signal power, thus, optical sensitivity enhancement can play a role to keep low levels of
shot noise [110].

It can be deduced from (4.18) that the amount of shot noise introduced to any
modulation format is dependent linearly on both the spectral component and the received
optical power to acquire a certain BER value. For the model discussed, the shot noise is

not the dominant source of noise.

4.2.3.3 Effects of Relative Intensity Noise (RIN)

Relative intensity noise can be one of the major elements that degrade the system
SNR[114], [190]. Although the RIN noise is associated with the transmitter source,
however, the intensity fluctuations of the laser are transformed to the receiver in the form
of electrical noise. Thus, thermal noise at the photodiode may not be the dominant noise
source. High levels of random intensity fluctuation in the output of a laser may cause a
higher RIN noise effect[55], [191], [192]. Relative intensity noise has a Gaussian
response distribution with a noise variance dependent upon the laser optical power.
Hence, increasing the emitted optical power to an extent may not lead to better BER
system performance since the noise power at the receiver is increased likewise. Fiber
optical communication designers take in to account the RIN element and be certain that
its effect is limited to a pre-defined extent. Most link budget analysis carried out by IEEE

standards industry groups, set a maximum penalty for the RIN noise factor[193].

Thus, investigation of BER floors at different optical power affected by various RIN

noise values is essential.

Figure 4.8(a-c) depicts the effect of a series number of RIN noise levels range from -
120 dB/Hz to -150 dB/Hz on 2-channel, 3-channel and 4-channel MMT BER at an
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aggregate bit rate 40 Gb/s. The results show a non-linear relationship between the BER
and the optical power that is dependent upon the component RIN noise. At low RIN noise
level -150 dB/Hz, a low BER can be observed with the increase in the optical power.
However, at high RIN noise component = -120 dB/Hz accompanied by an increase in the
optical power, the curve results in an error floor where BER cannot exceed that level.
Furthermore, it is clear that the number of MMT channels increase is inversely
proportional to BER floor that can be attained. This is due to the number of levels
increment, which leads to more impact of intersymbol interference, which leads to more
BER floor.
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Figure 4.8 The BER curves at various effects of RIN noise, (a) for 2-channel MMT, (b) for 3-
channel MMT, and (c) for 4-channel MMT.
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Figure 4.9(a-c) depicts the effect of the RIN noise levels on 4-PAM, 8-PAM and 16-
PAM BER at the same aggregate bit rate 40 Gb/s. Comparing the results of N-channel
MMT and M-PAM, the dependency of the number of amplitude levels on the BER floor
is clear. For information capacity of 2 bits/symbol and -120dB/Hz , 2-channel MMT and
4-PAM show an approximately equivalent BER floor at ~5x107%, while at relatively
lower RIN noise level 2-channel MMT shows more robustness to noise compared to M-
PAM whereas at -127.5 dB/Hz, the BER floor for 2-channel MMT and 4-PAM are
=1x107"and =5x107%, respectively.

At information capacity= 3 bits/symbol and127.5 dB/Hz, 8-PAM are more influenced
by RIN noise compared with 3-channel MMT, where the BER floors are =5x10~"and

~1x107°for 3-channel MMT and 8-PAM, respectively.

At information capacity= 4 bits/symbol and 127.5 dB/Hz, as shown in figure 4.8(c), 4-
channel MMT has a BER floor ~5x10™° where the 16-PAM has a BER floor of =1x1072
. It is worth to note that even at relatively lower RIN noise components, N-Channel MMT
shows more tolerance to RIN noise and acquires better BER floor in contrast to M-PAM

transmission format at the same aggregate bit rate.
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Figure 4.9 The BER curves at various effects of RIN noise, (a) for 4-PAM, (b) for 8-PAM and (c)
for 16-PAM.

4.2.3.4  RIN Power penalty

Most link budget design analysis that are performed during setting of IEEE standards
specify the maximum allowable penalty as a result of each noise component[41], [194]-

[196]. The power penalty can be assessed based upon computation of the required optical

power needed to attain a specific BER. For error free transmission BER of 1x107%2 s
required. Hence, for clearer picture of the effects of RIN on M-PAM and N-channel

MMT, power penalty as a function of RIN noise is explored.

At BER=1x10"*2 and assuming a maximum allowable power penalty of 0.5 dB due
to RIN, figure 4.10 (a-c) shows the N-channel MMT power penalty as a function of the

RIN at various spectral width.

At spectral widths of 10 GHz, 20GHz, 30GHz and 50GHz which correspond to
different bit rates, 2-channel MMT, shows a maximum acceptable RIN spectral density
to be <-133dB/Hz, <-132dB/Hz, <-130dB/Hz and <-127dB/Hz, respectively.
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At spectral widths of 10 GHz, 20GHz, 30GHz and 50GHz, 3-channel MMT, shows a
maximum acceptable RIN spectral density to be <-140dB/Hz, <-138dB/Hz,

<-136dB/Hz and <-133dB/Hz, respectively. While, at spectral width of 10 GHz,

20GHz, 30GHz and 50GHz, 3-channel MMT, shows a maximum acceptable RIN spectral
density to be  <-143dB/Hz,<-141dB/Hz,<-139dB/Hz and <-136.5dB/Hz,

respectively.
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Figure 4.10 N-channel MMT power penalty as a function of relative intensity noise at various
spectral width.

At spectral widths of 10 GHz, 20GHz, 30GHz and 50GHz which correspond to
different bit rates, 4-PAM, shows a maximum acceptable RIN spectral density to be
<-137dB/Hz, <-134dB/Hz, <-136dB/Hz and <-130dB/Hz, respectively. At
spectral widths of 10 GHz, 20GHz, 30GHz and 50GHz, 8-PAM, shows a maximum
acceptable RIN spectral density to be <-145dB/Hz, <-142.5dB/Hz,<-140dB/Hz
and <-137.5dB/Hz, respectively.

While, at spectral widths of 10 GHz, 20 GHz, 30 GHz and 50 GHz, 16-PAM, shows a
maximum acceptable RIN spectral density to be <-150dB/Hz, <-147dB/Hz,
<-146dB/Hz and <-143dB/Hz, respectively.

To conclude, the maximum RIN for N-channel MMT and M-PAM have been specified.
The calculation were based upon an allowable power penalty equivelant to 0.5 dB

(according to IEEE standard) for varied spectral widths.
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Figure 4.11 Power penalty of M-PAM as a function of relative intensity noise at various spectral.
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4.3 Asymptotic Power Efficiency Analysis and Results
At asymptotically high SNR, the performance difference in dB between the different
modulation formats approaches constant values .One classical approach to assess novel
transmission formats, is to evaluate and compare between schemes with respect to OOK
as a benchmark for power efficiency[53], [58], [60] .

4.3.1 Power Penalty at Fixed Baud Rate

For Intensity Modulated (IM) non-coherent transmission formats, the basic element
for power penalty is directly related to the number of amplitude levels. Assuming
stationary noise only with AWGN spectral density, at fixed baud rate, the M-PAM power
penalty is equivalent to [165]

Pp,pam =10Log(M -1)  [dB] (4.19)

A theoretical power penalty expression with respect to OOK has been derived for N-
channel MMT modulation. At fixed baud rate, the N-Channel MMT optical power
penalty with respect to OOK can be represented by

Py.mmT =10L0g (M] =

avg,0ook

[dB] (4.20)

=10 Log [ A

are the average optical powers for OOK and MMT signaling,

(Mp1 =D+ (My, —1)]

Where P, P

avg,0pok ' * avg,ommT
respectively. The MMT has been derived based upon signal constellation by substitution
from (4.12) in (4.9).

Figure 4.12 shows the power penalty of M-PAM modulation format with respect to
the number of levels at fixed baud rate. Relative to On Off Shift Keying (OOK), 4-PAM,
8-PAM, 16-PAM and 32-PAM depicts an inherent power penalties due to their number of
levels augmentation, equivalent to 4.77dB, 8.45dB, 11.76dBand 14.91dB,

respectively.
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Figure 4.13 shows the power penalty of N-Channel MMT with respect to the
maximum number of levels over its two slots at fixed baud rate. Relative to OOK, 2-
Channel 3-Channel, 4-Channel, 5-Channel and 6-Channel MMT has power penalties
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Figure 4.13 N-channel MMT power penalty with respect to the maximum number of amplitude

levels of its two slots at fixed baud rate.



4.3.2 Power Penalty at Fixed Bit Rate

Assuming stationary noise only with AWGN spectral density, at fixed bit rate, the M-
PAM power penalty is equivalent to

M -1

P oA =10Log(u] 4B} @2
log, M

On the other side, at fixed bitrate an expression to calculate the theoretical inherent

power penalty for N-channel MMT modulation format has been derived. At fixed bitrate,

the N-Channel MMT optical power penalty with respect to OOK can be represented by

_ 2 (Mp1 =) +(Mp, 1)
Pob,MmT _10I09N|092(MA1-MA2)( 7 H [dB] (4.22)

by taking into consideration the relative proportionality of the noise power to the noise

voltage.

Figure 4.14 shows the power penalty of M-PAM modulation format with respect to
the number of levels at fixed bitrate. Relative to on-off-shift-keying format, 4-PAM, 8-
PAM, 16-PAM and 32-PAM have an inherent power penalties due to its number of levels
augmentation which are equivalent to 3.26dB, 6.06dB, 8.75dBand 11.42dB,

respectively.

Figure 4.15 shows the power penalty of N-Channel MMT with respect to the
maximum number of levels over its two slots at fixed bitrate. Relative to OOK, 2-
Channel MMT, 3-Channel MMT, 4-Channel MMT, 5-Channel MMT and 6-Channel
MMT exhibit power penalties equivalent to 1.5dB, 3.6dB, 4.77dB,4.47 dB and

5.7dB, respectively.
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4.3.3 Power penalty with respect to OOK at Fixed information capacity

Since N-channel MMT is designed for a practical interest to expand the capacity of
optical communication networks, thus, investigating the performance of N-Channel and
M-PAM with respect to information capacity is essential. To calculate the differences in
power efficiency with respect to the information capacity, the asymptotic power penalty
relative to OOK, is provided.

At fixed bandwidth, figure 4.16 shows the asymptotic power penalty of N-Channel
MMT and M-PAM modulation format relative to OOK to achieve an equivalent BER
performance at asymptotically high SNR. For information capacity of 2 bits/symbol, 2-
channel MMT has a power gain of 3.27 dB over 4-PAM compared to OOK at a fixed
baud rate. For information capacity=3 bits/symbol, 8-PAM need 3.94 dB more required
optical power compared to 3-channel MMT, both with respect to OOK. For information
capacity=4 bits/symbol, 16-PAM has an optical power penalty of 5.5 dB worse than 4-

channel MMT at the same BER performance.

Optical Power Penalty (Pp)
[dB]
=3

b Ry S B R

4-PAM
T . >
3.27dB
2 N
;x 2-Ch
00K | MMT
0 %
0 1 2 3 4 5

Information Capacity [bits/Symbol]

Figure 4.16 The average optical power penalty for M-PAM and N-channel MMT with respect to
the information capacity relative to OOK at a fixed bandwidth.
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In order to have a meaningful assessment, in figure 4.17 the N-Channel MMT s
compared with M-PAM at a constant bit rate constraint with respect to the information
capacity. At fixed bit rate, Fig. 5(b) depicts the asymptotic power penalty of N-Channel
MMT and M-PAM modulation format proportional to OOK as in eq. (33) to achieve a
proportional BER performance at asymptotically high SNR. For information capacity= 2
bits/symbol, 2-channel MMT has an incremental gain of 1.76 dB over 4-PAM relative to
OOK at fixed aggregated data rate. For information capacity= 3 bits/symbol, 3-channel

MMT require 2.2 dB reduced optical power against 8-PAM at a BER figure < 107, For
information capacity= 4 bits/symbol, 4-channel MMT has an optical power gain of 4 dB
more than 16-PAM, relative to OOK.
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Figure 4.17 The average optical power penalty for M-PAM and N-channel MMT with respect to
the information capacity relative to OOK at a fixed bitrate.
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4.4 Concluding Remarks

It is worth noting that the asymptotic optical power efficiency of the calculated data

formats has an agreement and verify our theoretical results obtained in fig.4.2 — fig. 4.5 at

BER =1071? since the results are compared in both cases relative to OOK. Also, the M-

PAM penalties matches the verified experimentally results discussed in [59].

Electrical bandwidth is one of the important trade-off metrics for modulation formats.
The spectral width of N-channel MMT modulation format relative to OOK can be

expressed as

number of slots (S)x SWgok
number of MMT channels (N)
2

- l0g;(Mx1.M )

SWymt =
[Hz] (4.23)

SWook

where SWgo is the spectral width of OOK for IM/DD system.

Table 4.1 summarizes the performance of MMT and PAM formats in terms of
spectral efficiency, number of levels and receiver sensitivity for transmission of 2, 3 and
4 bits/symbol. Although the transmission of 4 bits/symbol using 16-PAM system has a
spectral efficiency advantage over 4-channel MMT system, but it suffers from a
significant power penalty due to the division of its eye diagram to 15 narrow eyes which
has not proven practical for implementation [4]. As illustrated in Table 4.1, 4-channel

MMT with the spectral efficiency of 2 b/s/Hz can be considered as an effective and

desirable practical compromise between power efficiency advantage and an appropriate

spectral efficiency for 4 bits/symbol transmission systems.
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These results published in [197] verify our proposed signal design advantage on the
power efficiency of N-channel MMT system compared to M-PAM, which justify our
consideration for N-Channel MMT transmission format as a potential practical candidate

for deployment in high capacity power limited systems.

Table 4.1 Overall comparison between N-channel MMT and M-PAM at 40Gb/s.

Information Spectral Spectral Width Receiver
Setup Capacity Efficiency (I_—Iz) _ Number of Sensth_g
at 40 Gb/s in bits/symbol (bls/Hz) at a given Bit levels BER=10
y Rate “R” (dBm)
2-channel
MMT 2 1 R 2 -11.6
3-channel
MMT 3 15 2R /3 3 -9.3
4-channel
MMT 4 2 R/2 4 -8.3
4-PAM
Format 2 2 R/2 4 -9.85
8-PAM
Format 3 3 R/3 8 —7.1
16-PAM
Format 4 4 R/4 16 —4.3
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5. Chapter 5: Numerical Performance

Analysis

5.1 Introduction

Nowadays, the variety of services and internet application in data centers, enterprises,
organizations and campuses have led to more capacity demand in metropolitan area
networks[12]. N-channel MMT is designed not only for optical interconnects, but also a
potential applicable and feasible solution for medium range high-speed optical links.
Beside the conventional analytical performance evaluation parameters of modulation
formats that is dependent upon signal characteristics such as Euclidean distance in signal
space, signal shape, power efficiency, spectral efficiency...etc. It is the substantial to
investigate N-channel MMT system reach in an optically amplified transport

configuration for Metropolitan Area Networks (MAN).

Optical links are classified based upon the reach and capacity[110]. Access networks
exhibit a maximum reach of 50 Km and dominated by Ethernet and optical transport
networks technology (OTN). Metro networks are designed for metropolitan areas with a
typical ring topology and a reach of less than 300 km with an Erbium Doped Fiber
Amplifier (EDFA) amplifier placed every 80Km. Regional networks are responsible for
inter-city links with a maximum reach of 600 Km. In the end, long-haul links, which is
considered the core of the internet network with transmission reach that extend between
600 km to 10,000 km.
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5.2 N-Channel MMT for Metro Networks

In this section, an expansion for the performance investigation analysis for MMT in the
presence of pre-amplifier receiver has been adopted. In metropolitan area networks,
EDFA amplifiers are employed in a booster and pre-amplifier configurations. The
dominant noise source in these optically amplified links is due to the Amplified
Spontaneous Emission Noise (ASE) [110].

In this section, an investigation for the back-to-back receiver sensitivity of 2-ch, 3-ch
and 4-ch MMT at an aggregated bit rate of 40Gb/s and 100Gb/s utilizing single
wavelength carrier is manifested. The sensitivity is based upon measuring the minimum

required received optical power to the receiver in order to acquire a certain BER

performance. For metro networks, a BER value =10~ is considered a good BER

platform for reliable data transmission system.

The forthcoming evaluation for the receiver sensitivity includes two types of Mach-
Zehnder Modulators (MZM); the first is based upon the MZM analytical model and the
second is single drive Multiple-Quantum-Well Mach-Zehnder Modulator (MQW-MZM),
which is based upon pre-defined measurement model defined in Appendix A. The
receiver employed in these analyses, is the MMT threshold detection receiver discussed
in section 3.3.3. The BER for MMT s estimated according to the BER and Q-factor

models demonstrated in section 3.4.2.

5.2.1 2-Channel MMT with 2 bits/symbol

Performance evaluation for the receiver sensitivity of 2-channel MMT with 2 bits/symbol
at 40 and 100Gb/s system aggregate bit rate in the presence of dominant ASE noise

source, is presented.
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5.2.1.1 System setup Utilizing MZM Analytical Model
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Figure 5.1 2-Channel MMT system setup at aggregated bit rate 40Gb/s, (a) Eye diagram
at BER=10"" ,(b) RF Spectrum and (c) Optical Spectrum.

Figure 5.1 shows the system setup of 2-channel MMT employing an MZM analytical
model at aggregated system bit rate of 40 Gb/s with baud rate 20 G baud/sec. In the
electrical domain, the MMT transmitter multiplexes the data from 2 data channels (or
users) using MMT mapping algorithm (as discussed in section 3.3). The two channels of
data are modeled using a Pseudo Random Bit Sequence (PRBS) generator of the order

210—1 following [198]. A PRBS generator (AGILENT-Keysight-N4974A) is

commercially available with data rate 40Gb/s and maximum pattern sequence reaching

281 _11199].

Afterwards, the electrical MMT signal is converted to an optical MMT signal by the aid
of Mach-Zhender Modulator (MZM). The MZM is composed of two 3 dB couplers

connected by dual waveguides with an equivalent length, which acts as an intensity
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modulator based upon the inferometric principle. The MZM analytical behavior can be

expressed by an optical signal E,; as [161], [200]
Eoyt = Ein(t). cos(6(t)).e1%0 (5.1)

where Ej,(t) is the electrical field input to the modulator, &(t) is the phase difference

between the two arms of the MZM and can be defined as
7,1 1
ot)=—(=—-ER.(X(t)—= 5.2
() ="~ ER(X®)-3) (5.2)

where ER is the extinction ratio and X (t) is the input electrical modulated signal. A

Variable optical attenuator (VOA) exists to vary the optical power in order to measure the
receiver sensitivity at an acceptable BER value. The eye diagram of 2-channel MMT
system with 2x20 Gbit/s is shown in figure 5.1(a). In figure 4.19 (b), RF spectrum
analyzer is employed enabling a calculation for the Power Spectral Density (PSD) of

MMT signal relative to the frequency in the electrical domain. The RF bandwidth of 2-

channel MMT is shown equivalent to A fge =40GHz with a spectral efficiency of 1
b/s’fHz and an optical spectrum resolution filtered bandwidth of 1 GHz[112].
Furthermore, figure 5.1 (c) depicts the optical spectrum of 2-channel MMT employing
optical spectrum analyzer, which enables a calculation for the Power Spectral Density
(PSD) of MMT signal relative to the frequency in the optical domain. The optical spectral
width is equivalent to A f, =80GHz (twice the RF spectral bandwidth) acquiring a
spectral efficiency of 0.5 b/s/Hz at an optical spectrum resolution filtered bandwidth of
0.01nm. An optical spectrum analyzer (OSA) (AGILENT-71452B) is commercially

available with resolution bandwidth accuracy 0.5 nm [201].
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521.2 2-channel MMT Receiver Sensitivity utilizing MZM Analytical Model

Figure 5.2 depicts and compares the receiver sensitivities of 2-channel MMT system at

40Gbs/ and 100Gb/s. The system settings has been optimized to maintain the minimum
sensitivity at BER =10, For 2-channel MMT at 40Gb/s, the optical sensitivity is
equivalent to =—30.7dBm, while at 100 Gb/s, the sensitivity corresponds to —26.7dBm.

The power penalty for increasing the throughput from 40G —100G is 4 dB for an

equivalent BER performance.
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Figure 5.2 2-channel MMT receiver sensitivity versus BER employing analytical MZM model at
bit rates 40Gb/s and 100Gb/s.
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5213 System setup using Single Drive Multiple-Quantum-Well Mach-Zehnder
(MQW-MZM)

Channel  Channel

0 S0G 106G 150G 200G 250G 3G -
Freauency (Hz! .

Channel Channel pmerm = bl
........... 1 2 ] .
1 - Input ! I
Mapper . Data Stream ' D M:::T| :
! i N-Channel ;| DS mUBIRIEREr]
1 * MMT De-Mapper 1 * I
[ T ! i
- | waveform |; . Sampling & | :
| Variable [
- | Modulator |: X Decision Circuit . .
[ Svressenm— 1 ] Booster Optical Attenuator PIN :
E () Amplifier d Pre-Amplifier ' notodiode t -—
Laser B ! h
? G=10dB G=20d8 - Low Pass I
A = 1550 nm Vb2(t) NF=5 dB NF=5 dB R=08 A/W Gaussian Filter  + \
Pinpuw = 0 dBm LiNbO; f=1.04 x Baudrate ! :
MZ-Modulator Order=2 = | 48
wi=2zv oo ___._._. BN i
Vb2=-1.5V | . | || R 3
.= I . ettt a
| 2 | ! Eye Diagram at
N . : BER=10"
158 i !
- . : (a)
BT : 1
= ! :
EF : i
's ! :
: : i
[ 1 :
! i !

19327 1933T 1934T 1935T 19367
F 1)

e e e e e |

Optical Spectrum RF Spectrum
200 GHz at 100Gh/s 100 GHz at 100Gb/s

(c) (b)

Figure 5.3 2-Channel MMT system setup employing single drive MQW-MZM modulator at

aggregated bitrate 100Gb/s, (a)Eye diagram at BER=10_9 ,(D)RF Spectrum, and (c)Optical
Spectrum.

Figure 5.3 depicts 2-channel MMT system setup utilizing MQW-MZM at aggregated
system bit rate of 100 Gb/s with baud rate 50 Gbaud/sec. The booster EDFA amplifier
has a gain= 10dB with 5 dB noise figure, while the pre-amplifier has a gain of 20 dB with
a 5 dB noise figure. An EDFA (Optilab-EDFA) optical component is commercially
available with maximum gain=25dB and noise figure=4.5dB[202]. The photodiode
responsivity is equal to 0.8 A/W. A commercially available pin photodiode
(THORLABS-D400FC InGaAs PIN) with responsivity reaching 0.95A/W[203]. A
second order low pass Gaussian filter has been adopted with a cutoff frequency
Af =1.05xbaudrate, which corresponds t052.5GHz.
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5214 Pre-Amplifier Gain Optimization
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Figure 5.4 2-channel MMT system pre-amplifier gain optimization.

A pre-amplifier is a crucial component that is placed at the optical link receiving end to
enhance the receiver sensitivity. Since, 2-channel MMT system evaluation is dependent
upon the calculated eye diagram, which is split into two slots eye diagram. Hence, it is
desirable to optimize the pre-amplifier gain in order to obtain the maximum allowable Q-
factor for both slots.

Figure 5.4 shows the Q-factor of eye 1 (slot 1) and eye 2 (slot2) relative to the
launched pre-amplifier gain. With a pre-amplifier gain G=20 dB, the 2-channel MMT

acquire an acceptable Q-factor values 5.9 and 6.1 for eye 1 and eye 2, respectively. These

Q-factors are equivalent to an acceptable metro link BER <10, Figure 5.4 depicts the
eye diagram observing non major degradation between the two slots Q-factors, except for
penalty equivalent to 0.1 dB on eye 2 relative to eye 1. We conjecture that this penalty is

due to to the inter-symbol interference between the two slots.
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5215 2-channel MMT Receiver Sensitivity comparison
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Figure 5.5 2-channel MMT receiver sensitivity versus BER employing analytical MZM model
and MQW-MZM at 40Gb/s and 100Gb/s.

Figure 5.5 depicts a comparison between the employment of single drive MQW-MZM
and analytical MZM model on 2-channel MMT system with respect to the receiver

sensitivity at bit rates 40Gbs/ and 100Gb/s. For single drive MQW-MZM model at BER =
10_9, the receiver sensitivity is equivalent to =—30.1 dBm for 40Gb/s system, while it is

equivalent to —26.1 dBm for 100Gb/s. The corresponding eye diagrams with each slot

Q-factor are shown in figure 5.6. The results agree well with the 2-channel MMT
utilizing MZM analytical model discussed in figure 5.2 with a 4dB penalty of increasing
the bit rate from 40G to 100G. Furthermore, a power penalty of 0.6 dB is observed with
the utilization of single drive MQW-MZM compared with the MZM analytical model.
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Figure 5.6 2-channel MMT Eye diagram at BER =10_9 :- (2) At 40Gb/s using single drive MQW-
MZM model, and (b) At 100Gb/s using single drive MQW-MZM model.

5.2.2  3-channel MMT with 3 bits/symbol
In this section, performance assessment on realizing the transmission of 3bits/symbol
employing 3-channel MMT at 40Gb/s and 100Gb/s system aggregate bit rates, in the

presence of pre-amplified receiver model.

5221 System setup using Analytical MZM

In the same manner as 2-channel MMT , figure 5.7 shows the system setup of 3-
channel MMT utilizing MZM analytical model at an aggregated bit rate 40Gb/s
equivalent to 13.3 G baud/sec. In the electrical domain, the MMT transmitter multiplexes
the data from 3 data channels using MMT mapping algorithm. The three channels of data

are presented by an input pseudo random bit sequence (PRBS) of 210 _1. The booster
amplifier has a gain G=10dB with noise figure NF=5dB, whereas the pre-amplifier has a
gain G=20dB with noise figure NF=5dB. Eye diagram for the 3-channel MMT electrical
signal at the sampling and decision device is shown in figure 5.7(a). The received optical
signal corrupted mainly by ASE noise is filtered by a 2nd order low pass Gaussian filter.
The electrical low pass filter cutoff frequencies are optimized to acquire
Af =1.05xbaudrate which corresponds to ~14GHz.
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Figure 5.7 3-Channel MMT system setup at aggregated bit rate 40Gb/s, (a) Eye diagram at BER=
10_9 ,(b) RF Spectrum and (c) Optical Spectrum.

As shown in figure 5.7(b), by the inspection of the RF optical spectrum
frp =26.7GHz with a spectral efficiency of 1.5 b/s/Hz. Moreover, the optical spectral

width exhibit f, =53.4GHz as figure 5.7 (c) depicts. This spectral width is equivalent to

a spectral efficiency of 0.75 b/s/Hz. By the inspection of the optical spectrum, 3-channel
MMT spectrum is shaped as continuous samples in the frequency domain, and a high
power discrete tone at the carrier center frequency corresponding to a 1550 nm
wavelength. Other weaker residual tones exist at multiples of the bit rate. 3-channel
MMT frequency spectrum exhibits a strong spectral content at line rate. This feature is

beneficial in simplifying the clock recovery.
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5.2.2.2 Receiver sensitivity Utilizing Analytical MZM and single drive
MQW-MZM

In the same manner as section 5.2.1, figure 5.8 depicts a receiver sensitivity
comparison between single drive MQW-MZM and the analytical MZM model for 3-
channel MMT system at 40Gbs/ and 100Gb/s. Table 5.1 shows the optimized modulator

device parameters for both setup configurations. For single drive MQW-MZM, the
receiver sensitivity at BER =107 s equivalent to =—26 dBm with OSNR=24.9 at

40Gb/s system. While, for 100Gb/s, it is equivalent to —22.1 dBmwith OSNR=27.6dB at
100Gb/s. On the other hand, using analytical MZM model, the receiver sensitivity at BER

=107 is equivalent to =—23.9dBm with OSNR=28.1 at 40Gb/s system. While, for

100Gb/s, it is equivalent to — 20dBm with OSNR=31.5dB. The power penalty due to the
increase in the aggregated bit rate from 40G to 100G is equivalent to 3.9 dB.
Furthermore, it can be deduced that there is a penalty of 2.1 dB due to the use of single
drive MQW-MZM compared with the analytical MZM model.
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Figure 5.8 3-channel MMT receiver sensitivity versus BER employing analytical MZM
model and single drive MQW-MZM at 40Gb/s and 100Gb/s.

Table 5. 1 3-channel MMT system setup optical modulators specifications

Analytical MZM Single drive Analytical MZM Single drive
MZM MQW-MZM
Parameters Model MQW-MZM Model Model At
At 40Gb/s Model At 40Gb/s At 100Gb/s
100Gb/s
Bias Not Vb= -1.8V Not Vb= -1.8V
Voltages Applicable Vb,= -1.1V Applicable Vb,= -1.1V
.. . _ Not Not
Extinction Ratio =18 dB Applicable 16 dB Applicable
Modulation Not Not
Voltage Applicable 15V Applicable 15V
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Figure 5.9 shows the eye diagram for the receiver sensitivity results presented earlier

at BER=10"°. The calculated eye diagram for 3-channel MMT is composed of multiple
levels with a fragmentation of main eyes to four smaller eyes with four different Q-
factors. Hence, an equal spacing between levels is essential. For analytical MZM with
sensitivity -23.9 dBm at 40Gb/s, The Q-factor (Q_eyel s1, Q_eyel s2, Q eye2 s2,
Q_eye3 s2) is equivalent to 10.35, 11.8, 7 and 5.7, respectively. However, as shown in
figure 5.9, for single drive MQW-MZM at 40Gb/s, the Q-factor (Q_eyel sl1, Q eyel s2,
Q_eye2 s2, Q _eye3 s2) is equivalent to 7.5, 8.1, 5.7 and 9, respectively. It is clear that
due to the optical optimization of the bias voltages in single drive MQW-MZM, the
levels are more distributed equally, as a result the noise is more evenly distributed on

each level. In a similar manner, 100Gb/s system exhibited better performance.
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Figure 5.9 3-channel MMT Eye diagram at BER =10 (a) at 40Gb/s using analytical MZM
model, (b) at 100Gb/s using analytical MZM model, (¢) At 40Gb/s using single drive MQW-
MZM, and (d) At 100Gb/s using single drive MQW-MZM model
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523 4-channel MMT with 4 bits/symbol
In this section, performance assessment on realizing the transmission of 3bits/symbol
employing 4-channel MMT at 40Gb/s and 100Gb/s system aggregate bit rate, in the
presence of pre-amplified receiver.

5.2.3.1 System setup using Analytical MZM

In the same manner as section 5.2.2.3, figure 5.10 shows the system setup of 4-channel
MMT using MZM analytical model at an aggregated bit rate 40Gb/s equivalent to 10G
baud/sec. In the electrical domain, the MMT transmitter multiplexes the data from 4 data
channels using MMT mapping algorithm. The four channels of data are modelled by an

input pseudo random bit sequence (PRBS) of 210

—1. The booster amplifier has a gain
G=10dB with noise figure NF=5dB, whereas the pre-amplifier has a gain G=20dB with
noise figure NF=5dB. Eye diagram for the 4-channel MMT electrical signal at the
sampling and decision device are given in figure 5.10(a). The received optical signal

corrupted mainly by ASE noise is filtered by a 2nd order low pass Gaussian filter.
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Figure 5.10 4-Channel MMT system setup at aggregated bit rate 40Gb/s, (a) Eye diagram at
BER=10"" ,(0) RF Spectrum, and (c) Optical Spectrum
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The electrical low pass filter cut-off frequencies are optimized to be

Af =1.2xbaudrate which corresponds to ~12 GHz. As shown in figure 5.10(b), by the
inspection of the RF optical spectrum fg =20GHz with a spectral efficiency of 2 b/s/Hz.
Moreover, the optical spectral width exhibit spectral bandwidth equivalent to
f, =40GHz acquiring a spectral efficiency of 1 b/s/Hz as shown in figure 5.10(c) with a

resolution filtered bandwidth 0.01nm.

5.2.3.2 Receiver sensitivity using Analytical MZM and single drive MQW-MZM

In the same manner as section 5.4.2.2, figure 5.11 depicts a comparison between the
employment of single drive MQW-MZM and the analytical MZM model on 4-channel
MMT system with respect to the receiver sensitivity at 40Gbs/ and 100Gb/s. Table 5.2
shows the modulator device parameters for both setup configurations, using analytical
MZM model and single drive MQW-MZM. For single drive MQW-MZM, the receiver

sensitivity at BER =107 is equivalent to =—22.8 dBm for 40Gb/s system, while it is
equivalent to —18.8dBm at 100Gb/s. On the other hand, using analytical MZM model,

the receiver sensitivity at BER =107 is equivalent to —23.6dBm with OSNR=28.1 for

40Gb/s system, whereas it is equivalent to —19.6dBm at 100Gb/s. The power penalty due
to increasing the aggregated bit rate from 40G to 100G is equivalent to 4 dB.
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Figure 5.11 4-channel MMT receiver sensitivity versus BER employing analytical MZM model
and single drive MQW-MZM at 40Gb/s and 100Gb/s.

Table 5. 2 4-channel MMT system setup optical modulators specifications.

Analytical MZM hs/llgg\;/:/e_&rév& Analytical MZM I\S/:g%:/e_&rgﬁ
MZM parameters Model Model Model Model
At 40Gb/s At 40Gb/s At 100Gb/s At 100Gb/s
Bias Not Vb= -2.8V Not Vb= -2.8V
Voltages Applicable Vb,= -1.8V Applicable Vb= -1.8V
L . Not Not
Extinction Ratio 29 dB Applicable 29 dB Applicable
Modulation Not Not
Voltage Applicable 15V Applicable 15V
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Furthermore, it can be deduced that there is a penalty of ~ 0.8dBdue to the use of

single drive MQW-MZM compared with the analytical MZM model. Figure 5.12 depicts
the calculated eye diagram for 4-channel MMT in which it is composed of multiple levels
with a fragmentation of main eyes to four smaller eyes with eight different Q-factors. For
analytical MZM with sensitivity -23.6 dBm at 40Gb/s, The Q-factor (Q_eyel s1,
Q_eye2 s1, Q eye3d sl, Q_eyel s2, Q _eye2 s2, Q_eye3 s2) is equivalent to 10.8, 6,
5.9, 11.1, 6.4 and 5.8, respectively. However, as shown in figure 5.12, for single drive
MQW-MZM at 40Gb/s, the Q-factor (Q_eyel s1, Q eye2 s1, Q eye3 s1, Q eyel s2,
Q _eye2 s2, Q eyed s2) isequivalent to 10.9, 5.6, 7.6, 10.5, 5.9 and 7.9, respectively.
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Figure 5.12 4-channel MMT Eye diagram at BER =10_9, (a) at 40Gb/s using analytical MZM
model, (b) at 100Gb/s using analytical MZM model, (c) At 40Gb/s using single drive MQW-
MZM model, and (d) ) At 100Gb/s using single drive MQW-MZM model
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524 Receiver Sensitivity Comparison between MMT and M-PAM

In the presence of EDFA amplifiers, the information capacity effect in terms of number
of bits/symbol (2, 3, and 4) on receiver sensitivity of MMT and PAM systems at an
aggregate bit rate of 40 Gb/s are shown in figure 5.13. In comparison with M-PAM
system, the transmission of 2, 3 and 4 bits/symbol using MMT system can improve the
receiver sensitivity by 7.4 dB, 11.3 dB, and 17.5 dB, respectively. This power penalty in
M-PAM is due to the higher number of levels in comparison to the MMT system, with
the fragmentation consequences of main eyes to the smaller eyes as shown in the eye
diagram in figure 5.13. It is worth noting that the difference in power penalty with respect
to the theoretical results is due to the employment of an EDFA booster and preamplifier
where the signal dependence on spontaneous beat noise dominates, which leads to an
additional power penalty to reach 8 dB. Furthermore, the penalty increase is reasoned to
the non-equal spacing that lead to increase the penalty, especially in higher order PAM
formats utilizing 8 and 16 levels [108], [204], [205].
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“=M-PAM
=0O=N-Channel MMT
0 1

1 2

Receiver Sensitivity at log,,(BER)
=
W

3
Number of bits per symbol

Figure 5.13 Receiver sensitivities comparison between 2, 3, and 4 bits/symbol transmission, using
M-PAM and MMT systems at an aggregated bitrate of 40 Gb/s .
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5.3 N-channel MMT evaluation in the presence of Fiber linear and

non-linear impairments

Optical amplifiers existence introduces a certain level of ASE noise, which is
dependent upon the gain[110], [206], [207]. The need for amplifier gain depends on the
transmission distance in which long fiber transmission links necessitate an increase in the
amplifier gain, which is translated to an more impact from the ASE noise. Also, due to
the attenuation characteristics in the fiber, the longer the fiber reach presuppose more
input power requirement. However, we cannot neglect the fact that increasing the input
power will stimulate the non-linear effects, thus leading to distortion of the propagating
signal. Furthermore, other practical deployment considerations that include the
optimization of components settings and the interplay between the signal characteristics

and fiber impairments must be taken into account.

Hence, a study and quantification for the impact of fiber non-linear impairments in
which the interaction between Group Velocity Dispersion (GVD), Self-Phase Modulation
(SPM) and intra-channel non-linearities, is crucial. Accordingly, there is a necessity in
choosing an adequate dispersion compensation scheme to compensate for the
accumulated residual dispersion in fiber transmission spans. Furthermore, the N-channel

MMT maximum system reach will be discussed for metro networks.

As such, in this section the exploration of N-channel MMT transmission format
behavior against fiber linear and non-linear impairments are essential to satisfy the thesis

objective (in section 1.3, objective number 4 ).
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5.3.1 Chromatic Dispersion Tolerance

The main system linear limitation for high rate optical systems on SMF is mainly due
to chromatic dispersion. Chromatic dispersion can be the dominant reason for signal 1SI
and it occurs due to the dependence relation between the operating wavelength and the
optical fiber index of refraction[208]-[210]. This leads to a pulse broadening in the time
domain envelope because of the change in the propagation speed of different spectral
component of the pulse. This broadening results in the signal distortions at the end of the

fiber with length L. The relation between the maximum dispersion length Lyand the

spectral width Af is given by[110]

C
L= (5.3)
D RDA2Af

3

where ‘¢’ is the speed of light in vacuum, ‘R’ is the bit rate, ‘D’ is the dispersion
parameter, and ‘1’ is the signal wavelength. It is clear that the pulse spectral width is
inversely proportional to both the dispersion parameter and the transmission length which
correspond to the pulse width. Hence, the signal with narrower spectral width exhibit
better chromatic dispersion tolerance than other higher spectral width schemes. Also, it
can be deduced the inverse proportionality relation between the link length and the bit
rate .For systems with higher order modulation formats, the bit rate in eq. (5.3) turn to be
the system baud rate. Accordingly, the less the baud rate will procure longer signal

propagation reach.
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5.3.1.1Comparison between N-channel MMT and M-PAM

As discussed in section 5.3.1, beside dispersion dependent variables that control the
amount of dispersion tolerance; also, optimization of component characteristics and
system configuration settings has an influence. Accordingly, dispersion tolerance may
vary due to the interaction of different components with each other.

The chromatic dispersion tolerance of 2-, 3-, and 4-channel MMT have been
investigated in a back-to-back configuration allowing an abstract quantification for MMT
system tolerance to chromatic dispersion. An analytical Mach-zehnder modulator model
has been employed in order to investigate the maximum optimized chromatic dispersion

tolerance for the schemes under study.

Figure 5.14 depicts the chromatic dispersion tolerance of 2-channel MMT, 3-channel
MMT and 4-channel MMT at 40 Gb/s and 100 Gb/s. At BER=10"°, 2-channel, 3-
channel and 4-channel MMT exhibit a dispersion tolerance of +158 ps/nm,
+246 ps/nmand +460 ps/nmat 40 Gb/s, respectively. While, at 100Gb/s, 2-channel,
3-channel and 4-channel MMT shows a dispersion tolerance of +28 ps/nm, +40ps/nm

and =76 ps/nm, respectively.

141



||||| - 1----

+28

hry [ae] w Lol =)

—
1 1 —
]

(aag) "'so1

-13
-15

150

-100

-150

Dispersion (ps/nm)

=O= Chromatic Dispersion at BR=100Gb/s

=C=Chromatic Dispersion at BR=40Gb/s

(a) 2-channel MMT

+40

-1

-3

~

=)

—
! —
]

(aag) *'3o1

-13
-15

300

-200 -100 0 100

-300

Dispersion (ps/nm)

=C=Chromatic Dispersion at BR=40Gb/s

=O= Chromatic Dispersion at BR=100Gb/s

(b) 3-channel MMT

142



Log,, (BER)

WL |

-400 -300 -200 -100 0 100 200 300 400

Dispersion (ps/nm)

=0= Chromatic Dispersion at BR=40Gb/s

=0O= Chromatic Dispersion at BR=100Gb/s

(c) 4-channel MMT

Figure 5.14. Dispersion tolerances in a back to back configuration for (a) 2-channel MMT, (b)3-
channel MMT and (c)4-channel MMT.

Figure 5.15 shows a comparison for the optical spectral width between 2-ch, 3-ch and
4-ch MMT systems at the same aggregate bit rate of 40 Gb/s. The optical spectral width
is equivalent to 80 GHz, 53.4 GHz and 40 GHz for 2-ch MMT, 3-ch-MMT and 4-ch
MMT, respectively. As (5.3) the narrower the optical spectrum, the more tolerance is the
modulation format to chromatic dispersion. Hence, it can be expected that 4-MMT
exhibit a superior chromatic dispersion tolerance when compared with 2-channel MMT
and 3-channel MMT. Moreover, for 100Gb/s, N-channel MMT observe less tolerance
since the signal pulse width is much less than its counterpart which lead to more 1ISI
effect. Furthermore, higher information capacity MMT channels leads to a reduction in

the symbol rate, which reflects more tolerance to chromatic dispersion.
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Figure 5.15 Optical spectrum of N-channel MMT formats at 40Gb/s.
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Figure 5.16 depicts the chromatic dispersion tolerance of 4-PAM, 8-PAM and 16-
PAM at 40Gb/s and 100Gb/s. System settings have been optimized to acquire the

maximum performance which is equivalent to a minimum BER. At an acceptable BER=

107°, 4-PAM exhibits a dispersion tolerance of +224ps/nmand +36 ps/nm, for
40Gb/s and 100Gb/s, respectively. While, at 40Gb/s, 8-PAM shows a dispersion
tolerance equivalent to +40 ps/nm. However, 8-PAM observes a BER floor of 6x107°
at 0 ps/nm dispersion for 100Gb/s system aggregated bit rate. In addition, 16-PAM also

shows a BER floor of 6x10™2 and 5x1072 at 0 ps/nm dispersion for 40Gb/s and
100Gb/s, respectively. The chromatic dispersion tolerance degradation for 8-PAM and
16-PAM is due to the exhibition of multiple amplitude of levels, which imposes an
inherent penalty as discussed in section 4.3. Thus, leads to a difficulty in acquiring an
equidistant spacing between levels as shown in the eye diagrams shown in figure 5.16(b)
and figure 5.16(c) at a dispersion tolerance of +5 ps/nm.

The 4-PAM results can be validated by comparing it to the analytical investigation
utilizing optimal electrical and optical receiver bandwidth settings combined with equal
level spacing utilizing more complex signal PDF approximation models as Karhunen-
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Leove expansion and saddle point approximation, in which 4-PAM have acquired
400ps/nm[204]. The superior tolerance for 4-PAM is due to the optimality assumptions
for electrical and optical receiver settings combined with the equal spacing between M-
PAM levels.
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Figure 5.16 Dispersion tolerances in a back to back configuration for (a) 4-PAM, (b) 8-PAM and
(c) 16-PAM.
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5.3.2 System Tolerance to fiber Non-linearity
5.3.2.1 Introduction

For fiber non-linearity investigation, an inclusion for the fiber Kerr effect in the fiber
channel model is necessary. Kerr occurs due to the dependence of the refractive index on
the launched fiber optical intensity[110]. For single channels, this leads the optical field
amplitude to have a self-induced phase modulation by the signal self-power, in which this
phenomenon is called Self Phase Modulation (SPM).

As the need for high power pulses for maximum reach and error free fiber optic link
systems, their performances are eventually limited by SPM effect . Since, the dominant
non-linear effect in transmission systems is self-phase modulation (SPM). Thus, in this
section, the effect of self-phase modulation is investigated over N-channel MMT optical
fiber links.

5.3.2.2 Self Phase Modulation

SPM appears due to the dependence of the refractive index on the signal intensity,
which leads to an induced phase change for the pulse propagating in the fiber [122],
[211]-[213]. The different parts of the pulse undergo different phase shifts, which give
rise to chirping of the pulses. Pulse chirping in turn enhances the pulse broadening effect
caused by CD. This chirping effect is proportional to the transmitted power, which turns
SPM effects to be more pronounced in systems employing high transmitted powers [214].
At the high power levels, Standard Single Mode Fiber (SSMF) has a large anomalous
dispersion due to the Group Velocity Dispersion (GVD) of ~ 16.75 ps/nm/km. Therefore,
necessities emerge to compensate the envelope time domain pulse broadening, which
leads to a chirp after propagation.

Methods which exploit the use of SPM effect in the compensation for the second and
almost the third order dispersion parameters have been previously proved effective by
using Dispersion Compensation Fiber (DCF) in pre and post compensation scenarios [6-
8].
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In this section, the dispersion balance and SPM effects in our transmission link
referring to non-linear Schrodinger (NLS) equation is modelled. Simulation is performed
in both dispersion post-compensated and combination of pre- and post-compensated
transmission links. The optimum value of dispersion pre-compensation is reported in

order to enhance the performance of MMT system in terms of SPM tolerance.
For SMF with operating wavelength A1=1550nm, g, =-20 ps?/km andD =
16.75 ps/kmnm. At 40Gb/s with symbol duration Tg, =100 ps(baudrate=10G). The

MMT signal can be considered as a Gaussian pulse with an incident pulse field in the
form [56]
—_t2

2T—2) (5.4)

E(0,t) = /P, exp(

where T, is the pulse width. The relation between the pulse width and the full width at

half maximum (Tg,ym) Can be expressed as

T
T ~ [FWHM 5.6
°~ 1.665 (5.6)

IR

Hence, by employing a default value for the Gaussian pulse for Ty, ym corresponds to
0.5 of the pulse width. Hence, 4-ch MMT pulse width at 40Gb/s (10Gbaud) corresponds
to a dispersion length Ly =45Km, while for 100Gb/s(25Gbaud) 4-ch MMT system,

corresponds  to a dispersion length Ly =7.2Km. As such values, a dispersion

compensation technique need to be employed in MMT to compensate for the residual

dispersion in medium range metro networks.

5.3.2.3 Post Compensation System Setup

In this study, a simulation system involving two software, MATLAB® and OptiSystem®
were employed to model the N-channel MMT system performance in both electrical and
optical domains. System BER performance has been evaluated using the BER model

described in section 3.4.2.
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System setup is shown in figure 5.17 for N-channel MMT where N corresponds to 2-,
3-, 4-channel MMT multiplexed and modulated using mapping algorithm discussed

earlier. System have been modelled for 40G/s and 100Gh/s, each channel is represented

by a PRBS=2'0 —1. The MMT symbol is used to modulate a Continuous Wave (CW)
laser, operating at 1550nm wavelength by the aid of Mach-zehnder modulator. The
modulator is biased by varying the bias voltages applied to the MZM arms. An optimized
extinction ratio hs been set in the modulator to operate at the linear region with a high
peak to average power ratio.
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Figure 5.17 Transmission setup in post compensation configuration used for the investigations of
maximum fiber reach and optimized power settings.
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The link is composed of Ng number of spans of SMF transmission fiber each 80Km

correspond to a loss of 16dB and a 13.4Km DCF fiber module with loss 6.7dB. A
commercially available DCF and SMF modules with the designated specification[113],
[215]. The noise figure in all of the amplifiers, including the optical pre-amp have a
typical noise figure =6 dB. In line amplifiers have been employed to compensate for the
link length attenuation and components coupling loss factors. It is worth noting that due
to the existence of EDFA amplifiers, thus, ASE noise have been considered with other

non-linear noise factors. Table 5.3 defines the SMF and DCF parameters specifications.

TABLE 5. 3 FIBER DESIGN PARAMETERS
SINGLE MODE FIBER (SMF) SPECIFICATION

Symbol Parameter Value
D Dispersion 16.75 ps/kmnm
Dispersion 2
S Slope 0.075 ps/nm“.km
Attenuation
o Coefficient 0.2dB/Km
Agts Effective Area 80um?
B GVD parameter -20 p32 /km
Non Linear
Ny Index of 26x107%1 m? /W
Refraction
L SMF Length 80 Km

DISPERSION COMPENSATED FIBER (DCF) SPECIFICATION

D Dispersion —100 ps/kmnm
Actt Effective Area 12 um2
Attenuation
« Coefficient 0.5dB/Km
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The length ratio has been designed to compensate for the normal and anomalous
dispersion regimes where the overall second-order dispersion is calculated to be zero.
Since, SMF operating in the wavelength region A =1550nm, thus, an anomalous
dispersion equivalent to D =16.75 ps/kmnmis observed. Hence, adjustment in the DCF
link length is employed in order for both fibers to compensate each other. The DCF

exhibit dispersion equivalent to D >100 ps/kmnm. Figure 5.18 shows the system

dispersion map employing post compensation on a span-by-span basis with an

accumulated dispersion equivalent to 1340 ps/nm.

For 2-channel MMT, MZM extinction ratio have been optimized to 22dB, with a
Bessel 1% order optical bandpass filter with cutoff frequency of= 2.1xBitrate and 2"

order electrical low pass Gaussian filter with cutoff frequency=1.2x Baudrate . For 3-

channel MMT, MZM extinction ratio has been optimized to 20 dB with a Bessel 2™ order
optical band pass filter= 3xBaudrateand 2" order electrical low pass Gaussian filter

with cutoff frequency=1.2x Baudrate . For 4-channel MMT, MZM extinction ratio have
been optimized to 22dB , with a Bessel 1% order optical bandpass filter= 2.1x Baudrate
and 2" order electrical low pass Gaussian filter with cutoff frequency= 1.2x Baudrate .
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Figure 5.18 Dispersion map of post compensation configuration.

151



5.3.2.4 Post compensation Results

In order to quantify the system non-linear tolerance, the link launched optical power
is increased continuously up till the non-linearity consequences are significant. This is
apparent by noticing a degradation in the performance due to Kerr non-linear effect. A
contour plot is a meaningful graphical representation for the relationship between three
variable in two dimensions[216], [217]. In order to define the system best performance
regions, a contour plot investigating the maximum Q-factor at an optimized fiber power
region. The system Q-factor is calculated with the variation of both the input launched

power to the SMF span (R, spe ) @nd the input propagated power in to the DCF (
Pin.ock )- The horizontal and vertical axis correspond to variation in the launched power
to the SMF (R, sme ) @nd DCF (B, s )» respectively. In order to secure a reliable

communication link, the transmission distance has been investigated over a maximum

number of fiber spans in which the system attains a Q-factor> 6 which corresponds to a

system BER <107°[218].
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Figure 5.19 shows the contour plot for 2-channel MMT at 40Gb/s over a transmission
distance of 11x80Km equivalent to 880KM. 2-channel MMT exhibit a wide input power
region in to the SMF for a Q-value of 6 where the input SMF power range from ~ —
5dBm to ~5 dBm. Also, contour plot shows two maximum Q-factor power regions. The
first at B, sme =—3dBm and Ry pcp =—6dBm. The maximum input SMF power have
achieved a R, sme =1dBm with K, pcg =—7dBm. Since the DCF fiber is designed to
work in the normal dispersion region where the DCF is manufactured with an effective

core area< 20x10°m?, while on the other hand the typical SMF effective area is in

the range between 50x107°m? to 80x107°m? [110]. Hence, the impact of Kerr non-
linearity effect on DCF will be larger than its counterpart in SMF, which is reflected on

larger non-linear tolerance due to increasing the power on SMF K, spe compared with
Fin,DCF -

2—channel MMT at 40Gb/s over 11x 80Km

DCF Input Power (dBm)

—6 —4 -2 0 2 4 6
SMF Input Power (dBm)

Figure 5.19 Contour plot at variable input power B, g\ and B for 2-channel MMT at

n, DCF
40Gb/s over 720 Km in a post compensation configuration
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Figure 5.20 shows the contour plot for 3-channel MMT at 40Gb/s over a transmission
distance of 3x80KM. At metro link equivalent to 240Km SMF transmission distance, 3-
channel MMT system exhibits a wide power region for a Q-value of 6 where the input

SMF power range from —3dBm to =~ 5.5dBm . The system shows one tiny maximum Q-

factor region at Q-factor=7, where B, gyeis between 1dBm and 2dBm with

Fin,DcF =—8dBm.

The reduced transmission distance compared to 2-channel MMT is mainly due to the
nonlinear characteristics effects on signal format that governs its SPM nonlinear impact.
This is aided by the fact of increasing the interplay between SPM and GVD in fiber with
the already existing ASE noise. Also, the multilevel power penalty and the division of the
main eye diagram into 4 small eye diagrams have induced different noise standard of

deviation on each level eye.

3—channel MMT at 40Gb/s over 3x 80Km

DCF Input Power (dBm)

-4 -2 0
SMF Input Power (dBm)

2

Figure 5.20 Contour plot at variable input power B, gpe and B pcg for 3-channel MMT at
40GDb/s over 240 Km in a post compensation configuration.
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Figure 5.21 shows the contour plot for 4-channel MMT at 40Gb/s over a transmission
distance of 3x80Km. At metro link equivalent to 240Km SMF transmission distance, 4-
channel MMT system exhibits a relatively less wide power region compared with 2-ch

and 3-ch MMT for a Q-value of 6 where the input SMF power range from —1dBm to
~ 4dBm . The system shows one tiny maximum Q-factor region at Q-factor=6.4 where

Pin svE is between ~1dBm and 2dBm with B, pcp =—7dBm.

4—channel MMT at 40Gb/s over 3x80KM

-

-6 —4 -2 0 2 4 6
SMF Input Power (dBm)

DCF Input Power (dBm)

Figure 5.21 Contour plot at variable input power B, s\eand B, e for 4-channel MMT at
40Gh/s over 240 Km in a post compensation configuration.
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Figure 5.22 shows the contour plot for 4-channel MMT at 100Gb/s over a
transmission distance of 80Km. As shown, 4-channel MMT system exhibits a wide
operating power region for both input power to SMF and DCF where for a Q-value of 7,
the input SMF power range from ~0dBm to ~4.5dBm and the input DCF power range
from~-10dBm to ~-1.5dBm . While, at Q-factor=6, the p,, g\,= range between

~-2dBm and ~6.5dBm . However, this large dynamic range region of operation is on

a tradeoff cost of limited transmission distance of 80Km. The higher the bit rate the
smaller the pulse width which are more susceptible to inter symbol interference. 4-
channel MMT system exhibits a relatively less wide power region compared with 2-ch
and 3-ch MMT for a Q-value of 6 where the input SMF power range from —1dBm to

~4dBm . The system shows one tiny maximum Q-factor region at Q-factor=6.4 where

Pin smE is between ~1dBm and 2dBm with B, pcp =—7dBm.

DCF Input Power (dBm)

SMF Input Power (dBm)

Figure 5.22 Contour plot at variable input power By, g\ and By, pcp for 4-channel MMT at
100Gb/s over 80 Km in a post compensation configuration.
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Figure 5.23 shows the contour plot for 4-PAM contour plot at 40Gb/s over a
transmission distance of 2x80Km. At metro link equivalent to 240Km SMF transmission
distance, 4-PAM system exhibits a less maximum transmission compared with 4-ch
MMT at the same spectral efficiency for a Q-value of 6 with power region ranging from

an input SMF power between ~-1dBm t0 ~4dBm. The contour plot shows a

maximum Q-factor region at Q-factor=6.5 where R, sye is between ~0dBm and 3dBm

with B, pcg ranging between ~ —7.6dBm to ~-5dBm.

4—-PAM at 40Gb/s over 2x80Km

DCF Input Power (dBm)

—4 -2 0 2 4
SMF Input Power (dBm)

=)

Figure 5.23 Contour plot at variable input power B, g\ and By, pcp for 4-PAM at 40Gb/s
over 160 Km in a post compensation configuration.

157



5.3.2.5 Pre-Post Compensation System Setup

In this section, an investigation for the employment of pre-post dispersion compensation
is presented. The employment of pre-post compensation scheme aims to enhance the
transmission characteristics of modulation formats under study. Instead of compensating
for all accumulated dispersion in a 100% post setup, pre-post configuration involves
applying pre- and post-compensation modules before and after the SMF transmission on

a span by span basis.

System setup of pre-post compensation have been shown in figure 5.24 with the same
settings as figure 5.17 except with an optimized pre-post compensation settings of 2.4Km
dispersion pre compensation DCF module and 11 Km dispersion post compensation DCF
module. The pre- and post-dispersion distances have been selected based upon an
optimization process for the lowest BER. The effect of SPM is neglected in the DCF as
the input power into the DCF is fixed to -7dBm. Figure 5.25 shows the system pre-post
dispersion map. The dispersion pre-compensation module accounts for -240 ps/nm, while
the dispersion post compensation module for 1100 ps/nm, in which both are equivalent to

the total dispersion of 1340 ps/nm.
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Figure 5.25 Dispersion map of pre-post compensation configuration.
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5.3.2.6 Performance comparison between Post and Pre-post Compensation

Results

In this section, performance evaluation comparison has been carried between N-
channel MMT and 4-PAM, in the presence of a post and pre-post dispersion
compensation techniques. The investigation has been carried by examining the maximum
performance input power to the SMF that enables a better characterization for the
transmission behavior, thus, enable increased system tolerance to nonlinear impairments.
The tolerance can be translated to a longer fiber in the presence of non-linear

impairments added to it linear impairments.

Although, the system performance has been investigated over multiple Ns spans at an

acceptable reliable transmission equivalent to BER<10~°. However, the transmission

reach exhibit longer distance by considering the addition of a Forward Error Correction

(FEC) module in which the FEC BER limit is =102 [219].
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5.3.2.6.1 2-Channel MMT at 40Gb/s and 100Gb/s

For 2-channel MMT, figure 5.26 shows the BER dependence on launched power at
variable transmission distances in a post compensation and pre-post compensation design
configuration at 40Gb/s and 100Gb/s. The SPM in the DCF can be neglected since the

launched power has been optimized, fixing it to -7 dBm.

At 40 Gb/s, 2-channel MMT system has been investigated over 880Km, 960 Km,
1040Km, 1200Km, 1280Km and 1360Km transmission distances in a post compensation
configuration. Figure 5.26(a) shows 2-channel MMT exhibiting a maximum transmission

distance equivalent to 960 Km (12x80Km) with an input SMF power =0 dBm at

Pin,SMF

acceptable BER data transmission.

On the other hand, by having a pre-post compensation configuration, with
transmission distances of 1040Km, 1200 Km, 1360Km, 1520Km, 1680Km and 1840Km,
the maximum performance has been shifted to be +1 dBm with an increased reach of
1200Km (15x80Km) at an acceptable BER data transmission.

At 100 Gb/s, 2-channel MMT system has been investigated over 480Km, 560 Km,
640Km, 720Km and 800Km transmission distances in a post compensation configuration.
Figure 5.26(b) shows 2-channel MMT exhibits a maximum transmission distance

equivalent to 480 Km (6x80Km) with an input SMF power B, ¢\, =1 dBm at error free

transmission (BER<107°). At 100 Gb/s, pre-post compensation does not observe an
enhancement in performance except for shifting the maximum input power to +2dBm

(this result is discussed in section 5.3.2.7.1).
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2-channel MMT Post Compensation at 40Gb/s
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(a)2-channel MMT at 40Gb/s Post-compensation and Pre-Post Compensation
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2-channel MMT Post Compensation at 100Gb/s
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Figure 5.26 BER as a function of the launch power for 2-channel MMT over multiple span
distances in both post and pre-post compensation configurations at (a)40 Gb/s and (b) 100Gb/s.
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5.3.2.6.2 3-Channel MMT at 40Gb/s and 100Gb/s

For 3-channel MMT, figure 5.27 shows the BER dependence on launched power at
variable transmission distances in a post compensation and pre-post compensation design
configuration at 40Gb/s and 100Gb/s. The SPM in the DCF can be neglected since the

launched power has been optimized, fixing it to -6.8 dBm.

At 40 Gb/s, 3-channel MMT system has been investigated over 240KM, 320KM, and
400KM transmission distances in a post compensation configuration. Figure 5.27(a)
shows 3-channel MMT exhibiting a maximum transmission distance equivalent to 240

Km (3x80Km) with an input SMF power =0 dBm at acceptable reliable

Pin,sMF
transmission of (BER<107°). On the other hand, by having a pre-post compensation
configuration, with transmission distances of 240Km, 320Km, 400Km, and 480Km, the
maximum performance has been shifted to be +1 dBm with an increased reach of 320Km

(4x80Km) at an acceptable reliable transmission of (BER<107°).

At 100 Gb/s, 3-channel MMT system has been investigated over 160Km, 240Km and
320Km transmission distances in a post compensation configuration. Figure 5.27(b)
shows 2-channel MMT exhibiting a maximum transmission distance equivalent to 160

Km (2x80Km) with an input SMF power PR, q,-=2 dBm at acceptable reliable

transmission of (BER<107°). At 100 Gb/s, pre-post compensation does not exhibit an

enhancement in performance except for shifting the maximum input power to +3dBm.
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3-channel MMT Post Compensation at 40Gb/s
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3-channel MMT Post Compensation at 100Gb/s
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Figure 5.27 BER as a function of the launched power for 3

distances

in both post and pre-post compensation configurations at (a)40 Gb/s and (b) 100Gb/s.
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5.3.2.6.3 4-Channel MMT at 40Gb/s and 100Gb/s

For 4-channel MMT, figure 5.28 shows the BER dependence on launched power at
variable transmission distances in a post compensation and pre-post compensation design
configuration at 40Gb/s and 100Gb/s. The SPM in the DCF can be neglected since the

launched power has been optimized, fixing it to -7 dBm.

At 40 Gb/s, 4-channel MMT system has been investigated over 160Km, 240Km, 320
Km, 400Km and 480Km transmission distances in a post compensation configuration.
Figure 5.28(a) shows 4-channel MMT exhibiting a maximum transmission distance

equivalent to 240 Km (3x80Km) with an input SMF power PR, =1 dBm at at

acceptable reliable transmission (BER<107°). On the other hand, by having a pre-post
compensation configuration, with transmission distances of 240Km, 320Km, 400 Km,
480Km, 560Km and 640Km, the maximum performance has been shifted 3dB to be +4
dBm with an increased reach of error free transmission to 320Km (4x80Km).

At 100 Gb/s, 4-channel MMT system has been investigated over 80Km, 160 Km,
240Km, 320Km and 400Km transmission distances in a post compensation configuration.
Figure 5.28(b) shows 4-channel MMT exhibiting a maximum transmission distance

equivalent to 80 Km (1x80Km) with an input SMF power B, ¢\, =2 dBm at acceptable

reliable transmission of(BER<107°). While, pre-post compensation at 100Gb/s with
transmission distances of 160 Km, 240Km 320Km and 400Km show a relatively better

performance with a maximum performance shifted 2dB to be =+4dBm with an

|:)in,SMF

increased reach equivalent to 160Km (2x80Km).
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4-channel MMT at 100Gb/s Post-compensation
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Figure 5.28 BER as a function of the launched power for 4-channel MMT over multiple span
distances in both post and pre-post compensation configurations at (a)40 Gb/s and (b) 100Gb/s.
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5.3.2.6.4 4-PAM at 40Gb/s and 100Gb/s

For 4-PAM, figure 5.29 shows the BER dependence on launched power at variable
transmission distances in a post compensation and pre-post compensation design
configuration at 40Gb/s and 100Gb/s. The SPM in the DCF can be neglected since the

launched power has been optimized, fixing it to -7 dBm.

At 40 Gb/s, 4-PAM system has been investigated over 80Km, 160Km, 240Km, 320
Km, 400Km and 480Km transmission distances in a post compensation configuration.
Figure 5.29(a) shows 4-channel MMT exhibiting a maximum transmission distance

equivalent to 160 Km (2x80Km) with an input SMF power =1 dBm at acceptable

Pin.smF
reliable transmission of (BER<107°). On the other hand, by having a pre-post
compensation configuration, with transmission distances of 240Km, 320Km, 400 Km,
480Km and 560Km, the maximum performance has been shifted 3dB to be +4 dBm with

an increased reach equivalent to 240Km (3x80Km).

At 100 Gb/s, 4-PAM system has been investigated over 80Km, 160 Km, 240Km, and
320Km transmission distances in a post compensation configuration. Figure 5.29(b)
shows 4-PAM exhibiting a maximum transmission distance equivalent to 80 Km

(1x80Km) with an input SMF power PR, ¢\,-=4 dBm at acceptable reliable transmission

of (BER<107°). At 100 Gb/s, pre-post compensation does not exhibit an enhancement

in performance.
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4-PAM at 100Gb/s Pre-Post Compensation
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5.3.2.6.5 Discussion on Results

From the results of N-channel MMT and 4-PAM modulation format non-linear
tolerance to SPM in addition to ASE and GVD. The curves are symmetrical around the
optimal maximum performance input power over various distances in which the system
nonlinear tolerance is defined. With the increase in the input power to the SMF, the non-

linear effects of SPM accumulate and degradation in the system BER is observed.

For 40Gb/s systems, N-channel MMT and 4-PAM pre-post compensation setup have
exhibited better tolerance when compared with 100% fully post compensation in which
the performance of the maximum input power is increased and shifted to higher levels.
This is reflected in increasing the error free fiber reach. The result was expected and the
reason is due to the existence of a combination between chromatic dispersion and SPM,

in anomalous dispersion regime where 8, <0, SPM induced chirp produce new

frequency component, which is red shifted in the leading edge and blue shifted in the
tailing pulse edges. Since red frequency components have a higher velocity than the blue
components. Thus, the effect of GVD and SPM accumulate, leading to fasten the rate of
pulse broadening when compared with the effect of GVD pulse broadening only; which
is the case when full post compensation is employed. However, in normal dispersion

region where g, >0, the GVD chirp is negative while the SPM induced chirp is

positive. This leads to pulse compression and thus leading to less pulse broadening;
which is the case when the pre-compensation DCF module has been employed.
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For 100Gb/s aggregated bit rate systems, although the systems are operating in a baud
rates of 20G, 33.3G, 25G and 50G baud/sec for 2-channel MMT, 3-channel MMT, 4-
channel MMT and 4-PAM, respectively, however, this high speed rates impose more
dominance of intra-channel non-linearity factors. This lead the pulse to be influenced by
nonlinear pulse inter-symbol-interference, timing jitter and amplitude jitter[89], [220],
[221].

The impact of intra-channel non-linearity is strongly dependent on the system
bitrate[55]. Accordingly, pre-post compensation of 100Gb/s systems has not depicted a
performance enhancement, except for a relatively better BER result for 4-channel MMT
as shown in figure 5.28(b). Intra-channel non-linearities are divided in to Intra-channel
Cross Phase Modulation (IXPM) and Intra-channel Four Wave Mixing (IFWM), which
interplay with SPM degrading the system performance.

5.3.2.7 IFWM and IXPM Investigation

In order to elaborate more on the IFWM and IXPM phenomenon, figures 5.30-5.38
show eye diagram comparison at different increasing input power values between two
configurations, first in which GVD and ASE noise exist but with disabled SPM effect.
The second is a system with SPM enabled coupled with all other linear impairments
(GVD and ASE). It is clear from the eye diagram that with increasing the input power
from 0 dBm to 6 dBm, the eye diagram performance degrades suffering from a clear
timing jitter between the dual N-channel slots. The input power to the DCF has been
chosen according to the defined contour plot power regions in figure 5.22 and figure
5.23. This is due to the impact of IXPM combined with SPM. Also, it is evident that at
the same power regions, eye diagrams showed a degradation in performance for systems
in which SPM is enabled, this degradation is noticeable with amplitude ghost
fluctuations, which can be reasoned to the impact of IFWM effect.
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IFWM and IXPM have direct proportionality with increasing the system baud rate.
This is due to the reduction in pulse width, which induces a rise in waveform amplitude
jitter. Moreover, multiple level formats suffer from amplitude fluctuations in all levels,
which cause more eye closure, thus, reducing the Q-factor. This can be verified by
observing the eye diagrams at 40Gb/s and 100Gb/s. Although, at 40Gb/s the implication
discussed for the IFWM and IXPM exists, however, it is not dominant as its counterpart
at aggregated bit rate of 100Gb/s.

It is worth noting that by comparison between 4-channel MMT and 4-PAM at both the
same spectral efficiency and aggregated bit rate, 4-channel MMT shows a better non-
linear tolerance. This can be justified by 4-channel MMT baud rate advantage, where 4-
channel MMT operate at half the baud rate compared with 4-PAM. At 40Gb/s and 100
Gb/s aggregated system bit rates, 4-channel MMT exhibit 10Gbaud/sec and 25Gbaud/sec,
while 4-PAM operate with 20Gbaud/sec and 50Gbaud/sec, respectively.

Since the nonlinear Kerr effect, which occurs due to increasing the input power, is
polarization dependent. Hence, a solution is proposed to suppress Kerr non-linearity
effect and thus, reducing the impact of IXPM and IFWM. The method is based upon the
transmission of adjacent bits in alternate polarizations [222]. This technique has been
reported enhancing the eye diagram by reducing the amplitude fluctuations and timing

jitter.
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2-channel MMT at 40Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
without SPM

==

=~

P f(a}[) dB ) )
in,smi= m Pin,smf= 3 dBm )
. v Pin,smf= 6 dBm
Distance 12x80Km =960 Km Distance 12x80Km =960 Km Distance 12x80Km =960 Km
Q-factor =7.7 Q-factor =9.8 Q-factor = 8.73

BER=4x10""° =3x10
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2-channel MMT at 40Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
with SPM
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(a) (b) (c)

Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= 6 dBm
Distance 12x80Km =960 Km Distance 12x80Km =960 Km Distance 12x80Km =960 Km
Q-factor = 6.26 Q-factor = 3.5 Q-factor = 3.5
BER=1x10"° BER=2x10" BER=2x10"

Figure 5.30 Eye diagrams comparison at 40Gb/s between 2-channel MMT in a configuration
without enabling the SPM effect and with SPM enabled at various input SMF power at fixed (a)

Pinsme =0dBm, (b) P, gme =3dBmand (C) B, sy = 6dBm.
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2-channel MMT at 100Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
without SPM
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Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= 6 dBm
Distance 6x80Km =460 Km Distance 6x80Km =460 Km Distance 6x80Km =460 Km
Q-factor = 6.45 Q-factor =7.4 Q-factor =7.88
BER=5x10" BER=5x10"" BER=1x10"

2-channel MMT at 100Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
with SPM
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Q-factor = 6.26 Q-factor =6 Q-factor =3.34
BER=1x10""° BER=7x10"" BER=4x10"

Figure 5.31 Eye diagrams comparison at 100Gb/s between 2-channel MMT in a configuration
without enabling the SPM effect and with SPM enabled at various input SMF power at fixed (a)

Pinsme =0dBm, (0) B, sme =3dBmand (€) B, s =6dBm.
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3-channel MMT at 40Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
without SPM

(a) (b) (c)

Pin,smf= 0 dBm ' Pin,smf= 3 dBm Pin,smf= 6 dBm
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Q-factor = 7.83 Q-factor = %.01 Q-factor=9.8
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3-channel MMT at 40Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
with SPM

(a)

Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= 6 dBm
Distance 3 x80 Km =240 Km Distance 3 x80 Km =240 Km Distance 3 x80 Km =240 Km
Q-factor = 6.83 Q-factor =5.18 Q-factor = 2.7
BER=4x10" BER=1x10" BER=3x10"

Figure 5.32 Eye diagrams comparison at 40Gb/s between 3-channel MMT in a configuration
without enabling the SPM effect and with SPM enabled at various input SMF power at fixed (a)

Pinsme =0dBm, (0) R, sve =3dBmand (¢) R, sme = 6dBm.
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3-channel MMT at 100Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
without SPM

Pin,smf=0 dBm Pin,smf= 3 dBm Pin,smf= 6 dBm
Distance 2 x80 Km=160Km Distance 2 x80 Km=160Km Distance 2 x80 Km=160Km
Q-factor =5.8 Q-factor = 6.9 Q-factor = 7.66
BER=3x10" BER=3x10™ BER=8x10"

3-channel MMT at 100Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
with SPM

(@) (b) (c!

Pin,smf= 0 dBm Pin.smé= 3 dBm Pinsmf= 6 dBm
Distance 2 x80 Km=160Km Distance 2 x80 Km=160Km Distance 2 x80 Km=160Km
Q-factor =6 Q-factor = 7.47 Q-factor =7.47
BER=3x10"" BER=7x10"%° BER=3x10"

Figure 5.33 Eye diagrams comparison at 100Gb/s between 3-channel MMT in a configuration
without enabling the SPM effect and with SPM enabled at various input SMF power at fixed(a)
Pin.sme = 0dBm, () R, g =3dBmand (¢) R, gy =6dBm.
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4-channel MMT at 40Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
without SPM

(a) (b) (c)

Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= 6 dBm
Distance 3 x80 Km =240Km Distance 3 x80 Km =240Km Distance 3 x80 Km =240Km
Q-factor =7.14 Q-factor = 8.71 Q-factor = 9.82
BER=4x10" BER=1x10"* BER=4x10"

4-channel MMT at 40Gb/s in post
compensation setup at fixed Pin,DcF=-7 dBm
with SPM

==

(b) (c)

Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= 6 dBm
Distance 3 x80 Km =240Km Distance 3 x80 Km =240 Km Distance 3 x80 Km =240 Km
Q-factor = 6.47 Q-factor =5.9 Q-factor = 3.5
BER=4x10™" BER=1x10" BER=2x10"

Figure 5.34 Eye diagrams comparison at 40Gb/s between 4-channel MMT in a configuration
without enabling the SPM effect and with SPM enabled at various input SMF power at fixed (a)
RPinsme =0dBm, (b) R, s =3dBmand () R sme = 6dBm.
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4-channel MMT at 100Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
without SPM
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Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= 6 dBm
Distance 2 x80 Km =160Km Distance 2 x80 Km =160Km Distance 2 x80 Km =160Km
Q-factor=5.9 Q-factor = 7.44 Q-factor = 8.8
BER=1x10" BER=4x10"* BER=4x10""°

4-channel MMT at 100Gb/s in post
compensation setup at fixed Pin,DCF=-7 dBm
with SPM

(a) (b) (<)

Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= 6 dBm
Distance 2 x80 Km =160 Km Distance 2 x80 Km =160Km Distance 2 x80 Km =160Km
Q-factor = 5.5 Q-factor = 5.55 Q-factor =3.9
BER=1x10" BER=1x10" BER=3x10"

Figure 5.35 Eye diagrams comparison at 100Gb/s between 4-channel MMT in a configuration
without enabling the SPM effect and with SPM enabled at various input SMF power at fixed (a)

Pinsme = 0dBm, (b) R, g =3dBmand () R, gy =6dBm.
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4-PAM at 40Gb/s in post compensation
setup at fixed DCF=-6 dBm
without SPM

(b)

Pin,smf=0 dBm Pin,smf=3 dBm Pin,smf= 6 dBm
Distance 2x80 Km = 160Km Distance 2x80 Km = 160Km Distance 2x80 Km = 160Km
Q-factor = 6.8 Q-factor=8.6 Q-factor = 10.08
BER=4x10"’ BER=4x10""* BER=3x10"

4-PAM at 40Gb/s in post compensation
setup at fixed DCF=-6 dBm
with SPM

Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= 6 dBm
Distance 2x80 Km = 160Km Distance 2x80 Km = 160Km Distance 2x80 Km = 160Km
Q-factor = 6.27 Q-factor = 6.3 Q-factor=4.1
BER=2x10"" BER=1x10"" BER=2x10"

Figure 5.36 Eye diagrams comparison at 40Gb/s between 4-PAM in a configuration without
enabling the SPM effect and with SPM enabled at various input SMF power at fixed,(a)
Pin.sme = 0dBm, () B, g =3dBmand (¢) R, gy =6dBm.
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4-PAM at 100Gb/s in post compensation
setup at fixed DCF=-6 dBm
without SPM

(a) (b) (c)

Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= ( 6 dBm
Distance 2x80 Km = 160Km Distance 2x80 Km = 160Km Distance 2x80 Km = 160Km
Q-factor = 6.27 Q-factor = 6.3 Q-factor=4.1
BER=2x10"° BER=1x10"° BER=2x10"

4-PAM at 100Gb/s in post compensation
setup at fixed DCF=-6 dBm
with SPM
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(a) (b) (c)

Pin,smf= 0 dBm Pin,smf= 3 dBm Pin,smf= ( 6 dBm
Distance 2x80 Km = 160Km Distance 2x80 Km = 160Km Distance 2x80 Km = 160Km
Q-factor = 4.32 Q-factor = 4.6 Q-factor = 3.6
BER=7x10"° BER=1x10"® BER=1x10"

Figure 5.37 Eye diagrams comparison at 100Gb/s between 4-PAM in a configuration without
enabling the SPM effect and with SPM enabled at various input SMF power at fixed, (a)
Pinsme =0dBm, (b) P spme =3dBmand (€) Ry, gy = 6dBm .

183



5.3.2.8 MMT Maximum Reach for Metro Networks

In this section, the maximum system reach is identifyed and compared between 2-, 3-
, 4-channel MMT and 4-PAM at 40Gb/s and 100Gb/s for metro-networks. The
maximum transmission system reach can be defined as the link SMF transmission length
in which the system obtain an acceptable reliable transmission at a Q-factor > 5.9
equivalent to BER<107°. By applying forward error correction (FEC) codes and
dispersion electronic equalization, a coding gain can be attained by reducing the signal to
noise ratio required to attain a BER =10"° requirement and thus, increasing the

maximum reach distance.

Figure 5.38 and figure 5.40 compare the relative performance of 2-, 3-, 4-channel
MMT and 4-PAM with respect to the maximum reliable data transmission at 40Gb/s and
100Gb/s, respectively. In order to highlight the optical signal to Noise Ratio effect in
obtaining a maximum transmission, figure 5.39 and figure 5.41 shows the corresponding
OSNR requirement for variable number of spans transmission distances at 40Gb/s and
100Gb/s, respectively. The design setup is following the pre-post design, configuration
due to its optimal performance, which is translated into maximization for the

transmission reach, as discussed earlier.

184



=+=2-ch MMT at 40Gb/s in pre-post compensation setup
“0-3-ch MMT at 40Gb/sin pre-post compensation setup

=0-4-ch MMT at 40Gb/s in pre-post compensation setup

€F4-PAM at 40Gb/s in pre-post compensation setup

QI

(o I ]
—

m9876543210

1039¢)-0)

80 1440 1600 1760 1920 2080

2
Transmsision Distance (Km)

1

0

112

800 960

480 640

320

Figure5.38 Q-factor performance of N-channel MMT and 4-PAM as a function of the

transmission distance at 40Gb/s aggregated bit rate.
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Figure 5.39 OSNR requirement of N-channel MMT and 4-PAM at variable transmission

distances at 40Gb/s aggregated bit rate.
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Figure 5.40 Q-factor performance of N-channel MMT and 4-PAM as a function of the
transmission distance at 100Gb/s aggregated bit rate.
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Figure 541 OSNR requirement of N-channel MMT and 4-PAM at variable transmission
distances at 100Gb/s aggregated bit rate.
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The results show that at 40 Gb/s system with baud rate = 20Gbaud/sec , 2-channel
MMT with an input launched power of 2 dBm exhibits a maximum transmission distance
of 1200Km, while at 100Gb/s with baud rate = 50Gbaud/sec, the maximum transmission
distance have been reduced to 480Km. This is can be justified by looking in to the OSNR
penalty difference between 2-channel MMT operating at 40Gb/s and 100Gb/s.

At 40Gb/s and 100Gb/s, figure 5.42 depicts the eye diagram of 2-channel MMT at
various transmission distances. The symbol rate increase has induced more noise, which
is translated into inter-symbol interference observed in the eye diagram for 2-channel
MMT at both baud rates with variable increasing fiber distances. The in band noise and
non-linearity effects are shown to scale with system baud rate. In addition, it is clear that
at 40Gb/s the OSNR equivalent distance requirement is less for 2-channel MMT
compared with increased number of levels formats. This can be justified by 2-channel
MMT format structure exhibiting two levels, which is reflected in the eye opening of 2-
channel MMT compared with 3-, 4-channel MMT and 4-PAM with four amplitude

levels.
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(c) 2-ch MMT at 40Gb/s (d) 2-ch MMT at 40Gb/s

(a) 2-ch MMT at 40Gb/s (b) 2-ch MMT at 40Gb/s
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Distance 11x80 Km =880Km Distance 15x80 Km Distance 17x80 Km Distance 23x80 Km=1840 Km
Q-factor = 8.03 Q-factor = 5.94 Q-factor =5.11 Q-factor =3.16
BER=4x10""° BER=1x10" BER=1x10" BER=8x10"*
OSNR=22.47 dB OSNR=19.45 dB OSNR=18.04 dB OSNR=14 dB

(i)2-channel MMT at 40Gb/s

| I
| |
| e
| :l,
N
| 1

,;

W U U —

(a) 2-ch MMT at 100Gb/s (b) 2-ch MMT at 100Gb/s () 2-ch MMT at 100Gb/s (d) 2-ch MMT at 100Gb/s
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(i)2-channel MMT at 100Gb/s

Figure 5.42 Eye diagram of 2-channel MMT transmission format with variable transmission
distances at aggregated bit rates of (i)40Gb/s and (i)100 Gb/s
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At an aggregated bit rate of 40Gb/s (baud rate = 13.3 Gbaud/sec), 3-channel MMT
with a launched input power to the SMF = 1 dBm demonstrates a maximum reach of 320
Km, in which the transmission distance is reduced to 80Km for 100Gb/s aggregated bit
rate with baud rate = 33.3 Gbaud/sec. The 3-channel MMT eye diagram degradation in
performance for various transmission distances at both 40Gb/s and 100Gb/s are shown in
figure 5.43. This can be justified as mentioned earlier by the nonlinear impairment
penalties caused by the combination between SPM and intra channel non-linearities
(IXPM and IFWM).

(a) 3-ch MMT at 40Gb/s (b) 3-ch MMT at 40Gb/s (c) 3-ch MMT at 40Gh/s (d) 3-ch MMT at 40Gb/s
at Pin,smf= 1 dBm,Pin,DcF=-7 dBm at Pin,smf= 1 dBm,Pin,bcF=-7 dBm at Pin,smf= 1 dBm,Pin,DcF=-7 dBm at Pin,smf= 1 dBm,Pin,DCF=-7 dBm
Distance 3 x80 Km=240Km Distance 4 x80 Km =320 Km Distance 7 x80 Km =560 Distance 9 x80 Km
Q-factor = 7.47 Q-factor = 6.26 Q-factor=3.3 Q-factor = 1.94
BER=3x10"" BER=4x10""° BER=5x10" BER=1x10"
OSNR=31.5 dB OSNR=30.07 dB OSNR=29.16 dB OSNR=27.6 dB

(i)3-channel MMT at 40Gh/s

(a) 3-ch MMT at 100Gb/s (b) 3-ch MMT at 100Gb/s (c) 3-ch MMT at 100Gb/s (d) 3-ch MMT at 100Gb/s
at Pin,smf= 1 dBm,Pin,ocF=-7 dBm  at Pinsmf= 1 dBm,Pin,pcF=-7 dBmM 5 pjy o= 1 dBm, Pin,ocr=-7 dBm at Pin,smf= 1 dBm,Pin,DcF=-7 dBm
Distance 1 x80 Km Distance 2 x80 Km=160 Km Distance 5 x80 Km=400 Km Distance 7 x80 Km =560 Km
Q-factor = 7.47 Q-factor = _51-02 Q-factor =3.3 Q-factor=1.9
BER=3x10" BER=1x10 BER=4x10" BER=2x10"
OSNR=35 dB OSNR=32.5 dB OSNR=29.3 dB OSNR=28.9 dB

(if)3-channel MMT at 100Gb/s

Figure 5.43 Eye diagram of 3-channel MMT transmission format with variable transmission
distances at aggregated bit rates of (i)40Gb/s and (i)100 Gh/s
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For 4-channel MMT with an aggregated bit rate of 40Gb/s ( baud rate = 10
Gbaud/sec), a maximum fiber reach of 320Km at an input launched power of 1 dBm is
shown. While, at 100Gb/s (baud rate = 25 Gbaud/sec), a reduced fiber transmission
reach of 240 Km is manifested at input launched power of 3 dBm. The eye diagram for 4-
channel MMT generated at variable distance fiber reach for 40Gb/s and 100Gb/s

aggregated bitrates is shown in figure 5.44.

(a) 4-ch MMT at 40Gb/s (b) 4-ch MMT at 40Gb/s (c) 4-ch MMT at 40Gb/s (d) 4-ch MMT at 40Gb/s
at Pin,smf= 1 dBm,Pin,ocF=-7 dBm at Pin,smf= 1 dBm, Pin,ocF=-7 dBm at Pinsmf= 1 dBm,Pin,ocF=-7 dBm  at Pinsmf= 1 dBm,Pin,ncF=-7 dBm
Distance 2 x80 Km =160Km Distance 4 x80 Km =320Km Distance 8 x80 Km =640Km Distance 10 x80 Km =800 Km
Q-factor = 10 Q-factor = 6.6 Q-factor = 4.01 Q-factor = 3:-3
BER=1x10% BER=2x10"! BER=3x10" BER=1x10
OSNR= 34.87 dB OSNR=31.2 dB OSNR= 26.75 dB OSNR= 25 dB

(i) 4-channel MMT at 40Gb/s

(a) 4-ch MMT at 100Gb/s (b) 4-ch MMT at 100Gb/s

at Pin,smf= 3 dBm, Pin,ncF=-7 dBm at Pinsmf= 3 dBm,Pin,0cF=-7 dBm i ko Sy e i
e - e at Pinsmf= 3 dBm,Pin,ncF=-7 dBm at Pinsmf= 3 dBm,Pin,DcF=-7 dBm
Distance 4 x80 Km =320 Km Distance 6 x80 Km =480Km Distance 8 x80 Km = 640Km
Q-factor =9.7 Q-factor =5.11 =
B 22 3 Q-factor =3.6 Q-factor =2.86
BER=1x10 BER=1x10 -4 2
OSNR=36.9 dB = SR i
d OSNR=31.9dB OSNR= 29.35 dB OSNR=27.5dB

(ii) 4-channel MMT at 100Gb/s

Figure 5.44 Eye diagram of 4-channel MMT transmission format with variable transmission
distances at aggregated bit rates of (i)40Gb/s and (i)100 Gb/s
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For 4-PAM with an aggregated bit rate of 40Gb/s (baud rate = 20 Gbaud/sec), a
maximum fiber reach of 240 Km at an input launched power of 4 dBm is observed.
While, at 100Gb/s and baud rate = 50 Gbaud/sec, a reduced fiber transmission reach of
80 Km is show at the same input launched power equivalent to 4 dBm. The eye diagram
for 4-PAM generated at variable distance fiber reach for 40Gb/s and 100Gb/s aggregated
bit rates are depicted in figure 5.45.

(a) 4-PAM at 40Gb/s (b) 4-PAM at 40Gb/s (c) 4-PAM at 40Gb/s (d) 4-PAM at 40Gb/s
at Pin,smf= 4 dBm,Pin,DCF=-7 dBm at Pin,smf= 4 dBm,Pin,DCF=-7 dBm at Pin,smf= 4 dBm,Pin,DCF=-7 dBm at Pin,smf= 4 dBm,Pin,DCF=-7 dBm
Distance 1x80 Km = 80Km Distance 3x80 Km =240Km Distance 6x80 Km = 480Km Distance 9x80 Km=720 Km
Q-factor = 11.8 Q-factor = 6.2 Q-factor =3.9 Q-factor =2.9
BER=2x10% BER=2x10"° BER=4x10" BER=1x10"
OSNR=38.5 dB OSNR=33.35 dB OSNR=29.5 dB OSNR=26.7 dB

(i)4-PAM at 40Gb/s

(d) 4-PAM at 100Gb/s

) (a) 4-PAM at ]:OOGb/s ) (b) 4-PAM at %OOGb/s ) (c) 4-PAM at ]:OOGb/s at Pin,smf= 4 dBm,Pin,DCF=-7 dBm
at Pin,smf= 4 dBm,Pin,DCF=-7 dBm at Pin,smf= 4 dBm,Pin,DCF=-7 dBm at Pin,smf= 4 dBm,Pin,DCF=-7 dBm Distance 11x80 Km =880Km
Distance 1x80 Km=80Km Distance 3x80 Km =240Km Distance 5x80 Km =400 km Q-factor = 1.86
Q-factor = 7.14 Q-factor = 3.9 Q-factor = 2.9 BER-3x10'.Z
= -13 . -5 = -3 =
BER=4x10 BER=5x10 BER=1x10 OSNR=24.9 dB
OSNR=38.24 dB OSNR=33 dB OSNR=30.2 dB

(i) 4-PAM at 100Gb/s

Figure 5.45 Eye diagram of 4-PAM transmission format with variable transmission distances at
aggregated bit rates of (i)40Gb/s and (ii)100 Gb/s
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5.3.2.9 Stimulated Brillouin Scattering (SBS) Non-linear Effect

Although, Stimulated Brillouin Scattering (SBS) impose a non-linear impact on optical
communication links, which is due to the interaction of light with acoustic modes in an
optically transparent medium. However, optical system designers may overcome the

effect of SBS by considering factors that help to overcome SBS reflections.

Accordingly, MMT design configuration employs a continuous wave laser with a
wide spectral width (spectral linewidth fj,5,,=100MHz) taking advantage of the narrow

gain bandwidth of the SBS (SBS gain bandwidth fggg=20 MHZ). In this case, most of

the laser power will fall outside the SBS bandwidth spectrum region and the power
threshold of SBS can be expressed by [55]

Pogs ~ -~ Pe {1+ f'aserj (5.7)
9B Leff fses

where fj5r is the spectral line width, A, is the effective area of fiber, ggis the Brillouin

, - , 1
gain coefficient which equal to5x107* m/W, Ly ~20Km for L>>-—"— and b take
4B

value between 1 and 2 depending on the relative polarizations of the pump and Stokes

waves.

For MMT system setup parameters, fjor =100MHz, A, =80um?,b=1, the SBS

threshold power is equivalent to Psgg ~11dBm. Since the input power to SMF for MMT

system is less than the SBS threshold in the dispersion compensation configuration.

Consequently, the SBS nonlinear effect will not influence neither MMT or M-PAM

configurations discussed.
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5.4 Concluding Remarks

In this chapter, a numerical investigation on the suitability of N-channel MMT for
deployment in metropolitan area networks in the presence of pre-amplified receiver has
been presented. The investigation comprised a study on the interaction between signal
format characteristics and their interplay with fiber linear and non-linear impairments
with an exploration for the optimized maximum power regions. An optimization for
system settings have been carried to acquire a maximum transmission reach in the

presence of fiber intra-channel non-linearities and dispersion inherent impairments.

Table 5.4 summarizes the performance difference between N-channel MMT and M-
PAM formats.

Beside refractive index related non-linearities, it was meaningful to highlight the
impact of scattering related fiber non-linearities. After calculating the SBS threshold, it
was demonstrated that N-channel MMT power regions of operation is below the SBS

threshold. Thus, N-channel MMT will not be influenced by SBS reflection penalties.

Table 5.5 shows an overall comparison between the performance of N-channel MMT
and other different modulation formats at aggregate bitrate of 40 Gb/s.

From these analysis, it is evident that at the same spectral efficiency and aggregated
bit rate, N-channel MMT observe more nonlinear immunity to fiber non-linearity which
is translated to a longer fiber reach when compared with 4-PAM. This is due to the 4-
channel design main feature in scaling the baud rate at fraction equivalent to % of the
aggregated bit rate. It is verified that 8-PAM and 16-PAM are non-feasible for
deployment in metro links due to their inherent high power penalty.
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Table 5.4 Performance comparison with respect to system tolerance to linear and non-linear
impairments for maximum system reaches at acceptable reliable transmission of BER = 10° in a
pre-post compensation setup.

. . Chromatic
Maximum Maximum . .
Dispersion
System Reach Input Power Tol .
(Km) (dBm) olerance Informa_tlon Sp_egtral
(ps/nm) Capacity Efficiency
At At At 40 At At 40 At (bits/symbol) (b/s/Hz)
40 1 1o00Gbis| Gbis | 290 | Gbis | 200
Gh/s Gb/s Gb/s
2-channel 2
MMT 1200 480 2 1 +158 128 bits/symbol 0.5
3-channel 3
MMT 320 80 1 1 +246 +40 bits/symbol 0.75
4-channel 4
MMT 320 240 1 3 +460 76 bits/symbol 1
2
4-PAM 240 80 4 4 1224 +36 bits/symbol 1
8-PAM N/A N/A N/A | N/A +40 N/A . 3 15
bits/symbol
4
16-PAM N/A N/A N/A | N/A | N/A N/A bits/symbol 2
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Table 5.5 Comparison between N-channel MMT and different systems at 40 Gb/s bitrate

Inform. Rx Optical Baud
Capacity CD Sens Spectral Tx Rate Ref
(bits/ (ps/nm) ( dBrﬁ) Effic. Complexity | (Gbaud/ ‘
symbol) (b/s/Hz) S)
NRZ- 1 +108 -29.5 0.5 Laser + MZM 40 [118]
OOK bits/symbol ps/nm dBm b/s/Hz +Photodiode
Laser
+ MZM
Duo- 1 +340 31 1 +p'5rée‘c’g('j‘;?' o | 1228
binary bits/symbol ps/nm dBm b/s/Hz +Driver for [224]
modulator
+Photodiode
2-channel 2 +158 307 0.5 L 2 ]
MMT bits/symbol ps/nm dBm b/s/Hz +Photodiode
3-channel 3 +£246 26 0.75 S 1333 ]
MMT bits/symbol ps/nm dBm b/s/Hz +Photodiode
4-channel 4 +460 228 1 +L|?/|S§:\/| L0 ]
MMT bits/symbol ps/nm dBm b/s/Hz +Photodiode
Laser
2 1224 -23.3 1
4-PAM . + MZM 20 -
bits/symbol ps/nm dBm b/s/Hz +Photodiode
Laser
3 +40 -14.3 15
8-PAM . + MZM 13.33 -
bits/symbol ps/nm dBm b/s/Hz +Photodiode
Laser
4 -5.3 2
16-PAM | pirsssymbol | VA dBm bis/Hz + MZM 10 -

+Photodiode
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6. Chapter 6: MMT Practical Consideration

Since, N-channel MMT has been proposed as a low cost modulation format, thus, it is
meaningful to highlight the practical implementation consideration, applicability and

feasibility of our MMT transceiver design.

The aim of this section is to highlight and emphasize on the practical applicability and
availability of CMQOS circuits adequate for future MMT transceiver implementation
utilizing state of the art CMOS circuits technology. Moreover, the commercial
components (with their part numbers) are demonstrated to verify the practicality of the
MMT format presented.

6.1 MMT Cost Consideration

The four available paths to increase the capacity in optical communication systems
were comprised in increasing either one or a combination of the following: the frequency,
the number of fibers, the number of wavelength per fiber and/or the number of
bits/symbol. By taking in to consideration the cost constraint in high-speed short and
metro range optical networks, industry and academic researchers have explored the

optimum trade-off that could acquire a low cost high capacity solution.

Optical components have been reported being the dominant cost element[30], [31].
Thus, in order to lower the cost of optical transceiver, reducing the number of optical
components is essential. Accordingly, IEEE standardization groups have reported that the
system cost is the lowest if (Ideally) the link comprised a single laser component and a

receiver[31].

As such, standardization bodies have leveraged the employment of higher order
modulation formats to transfer the complexity and cost from optics to electronics. This
approach was driven by the huge advances and maturity of electronic signal processing
techniques[225].
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Silicon Photonics (SiP) technology is providing unprecedented level of optoelectronic
components integration featuring a reduction in area, cost and power consumption[32],
[34], [226]-[228]. Nowadays, SiP is able to integrate CMOS circuits, communication
systems, signal processors, filters, dense memory elements, oscillators and photonic
components (such as laser, modulators and photo detectors), all integrated on a single
module[229]-[232]. This revolution enabled CMOS SiP to be considered as the most cost
effective, mass production, richly function solution for high speed optical transceivers
[229], [233]-[235].

Luxtera company has released a high speed optoelectronic transceiver based upon
CMOS photonics achieving a cost value equivalent to less than 1$ per
Gigabit/second[236]. In addition, the energy consumption of all these integrated
components and systems, are in its lowest order compared with conventional stand-alone
devices. This is due to the integration advantage in canceling the parasitic and low
impedance components interfaces which impose power losses in conventional
systems[227], [229], [233], [237]-[240].

As such and since the CMOS technology is mature enough to provide both low cost
and low power consumption for multilevel signaling, hence, the practical consideration to

implement MMT using CMOS circuits are presented.
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6.2 MMT Transmitter based upon CMOS circuits

For the MMT transmitter, the MMT symbol is composed of a dual slot and multiple
amplitude level. This is based upon the MMT amplitude waveform modulator which is

governed by the mapping table 3.1 and eq.(3.17).

By employing CMOS technology, Figure 6.1 shows the proposed block diagram of 4-
channel MMT, which can be further customized for 2- and 3-channel MMT. First, in
order to generate an amplitude-modulated waveform, the first cluster for the first slot is
encoded by using MOS Current Mode Logic (MCML). The MCML encoder converts the
input channels data in to a thermometer code as discussed in [241]. The MCML output is
then applied to D-flip-flop for synchronization purpose. Then, the thermometer coded
current steering digital to analog converter (DAC) is present to generate the four level
amplitude modulated waveform. Figure 6.2(a) shows the MCML logic gate design.
Figure 6.2(b) shows the truth tables of MCML circuit and thermometer code DAC as
discussed in [241].

The thermometer coded DAC circuit is composed of P-MOS or N-MOS CMOS
switches operating in the linear region in order to guarantee high-speed switching feature
needed for MMT system. Due to the dual slot design nature of MMT symbol, hence, a
delay circuit equivalent to half of the symbol period is required for the second slot
waveform. This delay can be implemented by employing an RC delay circuit as discussed
in [242]. Another alternative CMOS circuit design for generation of MMT signal can be
implemented by utilizing already reported Pulse Width Modulator (PWM) circuit which
features a duty cycle controller to govern the amplitude modulated slot, as discussed in
[242], [243]. Furthermore, other signal processing circuits (such-as pre-emphasis
techniques, feed-back equalizers,...) can be added to reduce the inter-symbol
interference (ISI1) as discussed and reported in [244]-[246].
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Figure 6.1 4-channel MMT generic transmitter block diagram based upon CMOS circuits.
Thermometer Code
Input MCML Encoder
DAC Generator
Channels - — — — 94— — — , —os
Cchl X f“w——f—*| circui |
D> ircuit Level 3
Ch2 -

Level 2

Level 1

—H
|

-

Level 0

|Cu rrent

Z”

Multilevel

source

|

Digital to Analog Signal

Clock Delay Circuit
(a) | cmos
MCML Encoder Thermometer Code Circuit |
Truth Table Truth Table | i ,

Input Output Input Output : | I
chi1|cCh2 | X | Y |Z X" 1Y |Z” | Amplitude | '_4 I—cl_ |
0 0 |ojJojo 0|0}|oO Level 0 | —

0 1 |ojof1 0 | 0| 1] Levell |

1 | 0o 1]z 0 | 1| 1| Level2 | ]

1 1 |1 ]1]1 1| 1|1 Level3 iias Jq |
(b) (<)

Figure 6.2 MMT Transmitter circuit blocks (a) MCML encoder, D-flip-flop and Thermometer
Code DAC generator, (b) MCML and Thermometer Code truth tables, and (c) CMOS Delay

Circuit.
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6.3 MMT Receiver based upon CMOS circuits

The CMOS circuit consideration for MMT receiver threshold detection based (discussed
on chapter 3, section 3.3.3.1), is demonstrated. A receiver that is based upon multilevel
threshold detection of four level signal has been reported in [165], [247], [248]. Figure
6.3 shows the general proposed circuit design for MMT receiver. The threshold detection
for a four level detected signal can be implemented by utilizing three comparators, which
compare the detected signal against three voltage thresholds. The MMT employs two
sampling instants for its dual slot MMT symbol structure. This can be realized by the
employment of a recent multilevel dual sampling D-flip flop circuit that has been
reported in [249]. The dual sampling flip-flop circuit outputs is driven to a decision and
regeneration unit for the data recovery, according to pre-set defined de-mapping rules
shown in table 3.2. Moreover, another alternative CMOS detection circuit can be
considered for MMT receiver implementation utilizing InP/InGaAs Heterojunction
Bipolar Transistors (HBTs) technology, has been reported in [248].

o amr [
Dual . Data Ch2
X Samplin
Xel®) i pone Recovery ch3
D-flip flop SR, Onit [
> —Ch4
+
Comp
30,8
Gra5 a5 Gu.as
Reference Voltage Clock
Generator

Figure 6.3 4-channel MMT generic receiver block diagram based upon CMOS circuits.
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6.4 DSP Technologies enabling MMT

Digital Signal Processor (DSP) offers a high level of performance in integrating multiple
signal processing circuits in one chip. This is enabled by the DSP richly-functions cost-
effective signal processing solutions (i.e signal generation, encoding, decoding, error
correction, noise cancellation, signal equalization, ..etc.)[235]. These features enable
direct compensation for fiber impairments[225]. Moreover, it enables the implementation
of customized advanced novel modulation formats that is able to satisfy the requirement

and limitations for a particular targeted application.

As such mentioned features, this section aims to highlight on the practical
applicability and availability of DSP technology for future implementation of MMT
based DSP module.

Field Programmable Gate Arrays (FPGA) is promising high functionality signal
processing chips, which features a customization capability according to a self-defined
software algorithms[250], [251]. The software-defined characteristics of FPGA make it
adequate to generate the MMT waveform based upon MMT waveform generator and
mapping table defined earlier (in section 3.3.2). A multilevel real-time software for the
generation of multilevel data transmission symbols has been realized operating with
28Gbaud by utilizing Xilinx Virtex5 FPGAs with the aid of MICRAM high speed DAC
[252]. On a similar manner, the MMT symbols can be generated by utilizing FPGA
device driven by MICRAM DAC as discussed in [252]. The system can multiplex the
data from 4-channel MMT, which enable realizing MMT 112Gb/s system. Recently,
DAC and ADC with a manufactured interface to FPGA chips have been released by
MICRAM with sampling rate 30GS/s and 2 times interleaver ADC with sampling rate
60GS/s[253].
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Although, FPGA provide adequate platform for a rapid prototyping of systems,
however, the main drawbacks are classified in to, the high power consumption and high
net system cost. Another mature technology that can be utilized for MMT
implementation enabling low cost and low power consumption is Application Specific
Integrated Circuits (ASIC) technology [254], [255]. Due to the custom design of
Integrated Circuits (IC), thus, it provides the ultimate optimization for both the area and

power.

6.5 System Requirements and Commercial components Enabling
MMT

Table 6.1 compares between the system requirements to implement 4-channel MMT, 4-
PAM and NRZ-OOK systems at 10Gb/s, 40Gb/s and 100Gb/s bitrates. Although, these
requirements are based upon optimal industry standards and manufacturers application,
however, these values may vary due to other dependent elements. For example , filters
with fast roll off rate induces a narrower bandwidth requirement[256], [257]. Although,
ideal oversampling ratio equivalent to 2 is optimal to guarantee non aliasing effect.
However, practical systems employ a minimum oversampling ratio equivalent to
5/4[258]. It is clear that 4-channel MMT offer a relaxation in the optical system
requirement compared with 4-PAM and NRZ-OOK. This advantage can be translated to

a reduction overall system cost.
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Table 6.1 show a comparison between 4-channel MMT, 4-PAM and NRZ-OOK with respect to
system requirements.

System Requirement
. DAC/ADC Filter TIA+
SEIREIS || [ZEU Rele Sampling BW photodiode

4x25= 25 OpOmal-10008/s 1 1875 18.75
100Gb/s | Gbaud/sec 62 5GS/s GHz GHz

A-channel | 4x10= 10 Og:”;f;fig;‘f/ S 75 75
MMT 40Gb/s Gbaud/sec 25GS/s GHz GHz
4x2.5= 25 OpOmal- 100685 1 1875 1.875
10Gb/s Gbaud/sec 6.95GS/s GHz GHz

2x50= 50 Optmal-1008Si | a7 375

100Gb/s | Gbaud/sec 62 5GS/s GHz GHz

cpam | 220 | w0 | Ol | s 15
40Gb/s Ghaud/sec 25GS/s GHz GHz

2x 5= > Opct)lrm F?rI;clt?c(;(I;:S/S 3.75 3.75

10Gb/s Gbhaud/sec 6.25GS/s GHz GHz

1x100= 100 Opmal-20008s 1 75 75

100Gb/s | Gbaud/sec 195GS/s GHz GHz

Optimal=80GS/s
1x40= 40 S 30 30
NRZ-OOK | 4oGhis | Ghaudssec Or Practical= GHz GHz
50GS/s
1x 10= 10 Optmal 1068 | 75 75
10Gb/s Gbaud/sec 12 5GS/s GHz GHz

For the above-mentioned requirement, it is meaningful to list state of the art commercial
components that are adequate to enable the implementation of 4-channel MMT system.
Table 6.2 list some of the commercial products fulfilling the requirements for the MMT
system at 10Gb/s, 40Gb/s and 100Gb/s required optical components in MMT system.
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Table 6.2 state of art commercial electrical and optical components.

Commercial Products

Components Reference
Company Performance Specs
Fujitsu® . _
40nm-CMOS Technology Sarrgr;ll(rslgaljste— [250],[260]
(Part No.LEIA-DAC) 8-bit resolution |
(PartNo.LUKE-ES-ADC)
MICRAM® .
DAC/ADC Sampling Rate=
. Vega-Technology 79 GSa/s DAC [261]
DSP (Part No. AWG6020)
Fujitsu® Sampling Rate=
Integrated
(Integ ) CHAIS- 56GSal/s ADC [262]
65nm CMOS Technology 6-bit resolution
. Sampling Rate=
Ciena®
65nm-CMOS Technology 56(.3861/5 DAC [263]
6-bit resolution
Finisar® _
1550nm/1330nm C”t'oﬁ)gé?_"f”cy' [264]
(Part No.XPDV412xR)
Finisar® -
1550nm/1330nm C”t'ogggggency' [265]
Photodetector (Part No.XPDV2320R)
Finisar®
1550nm/1330nm C”t'Of;JrGeﬂ‘;e”cy‘ [266]
(Part No.XPDV3120R)
Finisar® B
1550nm C”t'og;gﬁ;’e”cy' [267]
(Part No.XPDV3120R)
Transimpedan Gain=
Wide Band " Ophm e [268]
. (Part No.IN2844TA)
Trans-impedance
Amplifi idth=
i SIRENZA® TraB:er?r\:]v “(je:jhani(;%Haizn—
MICRODEVICES ko o [269]
InP HBT Technology '
Photodetector+ Bandwidth=38GHz
. INPHI® . .
Trans-impedance INP-HBT Technolo Trans-impedance Gain= [270]
Amplifier 9y 1KOhm at DC
Finisar®
Laser (Dlrectly-Modu.Iated Baud rate=10Gbaud
DFB laser chip)
Output Power= [271]
CML Technology 0-3 dBm
1550nm
(Part No.DM200-3/4)
Finisar® Baud rate=10Gbaud [272]
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Laser (CW Tunable Laser)
CML Technology Output Power=
1550nm 9-13dBm
(Part No. S7500)
EOSpace®
Li NbO; Bandwidth= [273]
Intensity Modulator 30GHz
Optical External 1550nm
Modulators Thorlabs®
20 GHz Analog Modulator Bandwidth= [274]
1550nm 20GHz
(Part No. LN58S-FC)
Erbium Flb_e_r Doped Finisar® Max Gain=
Amplifier 25dB
(EDFA) 1550nm Noise Figure= [202]
P . EDFA-PA-M N
“For Metro links” (Product ) 45dB
Standard Cornina® Following ITU-T
single-mode fibers Product: SI?/IF—ZS Recommendation [113]
(SMF) ' G.652A-D
Dlsper_smn . Corning® Dispersion for 80KM
Compensation Fiber ) _
(DCF) Product: Pure-form span= [215]
- - +
“For Metro links” DCM-SMF 1314 £26 ps/nm
Agilent®
40 Gb/s With maximum pattern
PRBS Generator Based upon ASIC technology length [199]
“For Test”
Product: 231 4
Keysight N4974A
. OSA Agilent® . .
Optical spectrum ] High resolution
Analvzer Product: 0.5nm [201]
y 714528 '
“For Measurement”
Optilab® Maximum gain
C-band =25dB
EDFA 1528nm-1563nm Noise Figure= [202]
Pre-Amp EDFA 4.5dB
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7. Chapter 7. Conclusion and Future

Directions

7.1 Conclusion

In this thesis, N-channel MMT has been proposed and investigated as a novel low-
cost, power-efficient and high-capacity data transmission solution for short-haul and
medium range optical links. The novel design has been motivated by the increase in
power consumption that exists in high-speed and dense data centers interconnects and
metropolitan area network. In this context, IM/DD system has been selected for N-
channel MMT transmission since it exhibit the least cost and power consumption in
contrast to coherent optical systems. The N-channel MMT has been compared with M-
PAM, as both feature a capacity expansion advantage with the eligibility for scaling the
baud rate with the limitations that exists in electronic and optical components operating at

a fraction of the aggregated data rate.

In chapter 3, the thesis has started with a discussion on the methodology behind
MMT format structure based upon Shannon channel capacity theory. Accordingly, the
MMT structural design has considered the impactful trade-off between system parameters
to satisfy the requirement and offer a solution to the thesis problem statement in realizing
a high capacity transmission format accompanied by a reduced power budget. As such,
N-channel MMT has been designed as joint multiplexing and modulation format utilizing
two slots only and multiple levels dependent upon system information capacity (in

bits/symbol) or channel count.

Afterwards, a benchmark classical methodology for modulation formats analytical
evaluation utilizing signal space analysis has been performed for N-channel MMT. The

signal space analysis has included the following:-

a) Orthonormal basis functions have been defined for N-channel MMT format in
which a representation of MMT symbols with respect to the basis function is
derived.
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b) N-channel MMT has been conveyed in a multi-dimensional signal constellation

following the optical channel non-negativity constraint.

Beside the signal space analysis, a development for the theory and governing rules behind
the data multiplexing and modulation of N-channel MMT system was essential. The
basic properties and waveform synthesis for 2-, 3-, and 4-channel MMT were defined.
The thesis has proposed two receiver detection designs: Optimal detection receiver and
threshold detection receiver. The optimal detection receiver was proposed based on the
maximum likehood criterion, where an optimal assessment for MMT can be achieved.
This model has been employed in chapter 4 analytical evaluation. The threshold detection
receiver exhibits a low complex BER model based upon the MMT dual slot and
multilevel MMT structure. This model has been adopted in chapter 5 numerical

evaluation.

In chapter 4, analytical performance metrics have been employed to evaluate the
performance of N-channel MMT. The signal space analysis has provided an appropriate
level of abstraction in assessing the power efficiency of N-channel MMT compared with
M-PAM. The evaluation metrics results and analysis can be summarized in the

following:-

a) Since, the BER is a key figure of merit in transceiver systems assessments; hence,
an explicit BER expression for computing the BER of 2-, 3-, and 4-channel MMT
with respect to the received optical power has been derived.

b) For system information capacity of 2, 3 and 4 bits/symbol, 2-channel, 3-channel
and 4-channel MMT formats have manifested a reduction in power penalty
equivalent to1.76dB, 2.2dB and 4dB compared with 4-PAM, 8-PAM and 16-
PAM, respectively relative to OOK format at fixed aggregated system bit rate.

¢) For system information capacity of 2, 3 and 4 bits/symbol, 2-channel, 3-channel
and 4-channel MMT formats have manifested a reduction in power penalty
equivalent to 3.27 dB, 3.94 dB and 5.5 dB compared with 4-PAM, 8-PAM and
16-PAM, respectively relative to OOK format at fixed system baud rate.

d) At bit rates of 10Gb/s, 40Gb/s and 100Gb/s, the optical receiver sensitivity results
have been calculated for N-channel MMT and M-PAM in the presence of directly
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9)

h)

modulated fiber link noise model for short-haul optical links. The results confirm
the optical sensitivity advantage of N-channel MMT compared with M-PAM.

A closed form expression to calculate the average electrical and optical power for
N-channel MMT symbols has been derived. With respect to the same information
capacity(in bits/symbol), the calculated results show that the energy per symbol
and per bit is less than their counterparts in 4-, 8- and 16-PAM, respectively.
Asymptotic power efficiency evaluation between N-channel MMT and M-PAM
has been demonstrated at both fixed bit rate and baud rate. The evaluation
validated the derived BER model and manifested an agreement between analytical
BER results and power efficiency asymptotic results relative to OOK.

The impact of the shot, thermal and relative intensity noise on N-channel MMT
and M-PAM signal characteristics have been examined. Although, the results
show that both formats exhibit different, but stable performance between each
other against varied noise levels. However, the overall performance cannot be
judged except by taking in consideration other dependent variables and system
requirements such as bitrate, baud rate, bandwidth, availability of commercial
optical components.

The electrical spectral efficiency has been calculated for M-PAM and N-channel
MMT. At fixed information capacity, M-PAM exhibits less spectral width
compared with N-channel MMT. Although, the transmission of 3 and 4
bits/symbol using 8-PAM and 16-PAM system has a spectral efficiency advantage
over 3-channel and 4-channel MMT, respectively. However, 8-PAM and 16-PAM
incur a significant power penalty disadvantage that act as a barrier between their
realizations in practical systems. Un-coded 8-PAM and 16-PAM have been
reported not practical for implementation in [11], [28], [30], [275], [276].
Although, for 8-PAM, a solution has been proposed to enhance the SNR by the
addition of error correction techniques, as block coding or forward error
correction codes (FEC). However, this caused an increase in one of the system

trade-off parameters which is complexity[41], [48], [50].
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i)

)

The results show that 4-channel MMT against N-channel MMT formats and 4-
PAM against M-PAM modulation formats exhibit superior performance and
optimum compromise with respect to power penalties and trade-off parameters.
Although, 4-PAM exhibit less power penalty compared with 4-channel MMT at
the same spectral efficiency. However, 4-PAM is operating at double the baud
rate of 4-channel MMT, which implicate a rise in the fiber non-linearities impact
that has strong direct proportional with the system baud rate of operation (as
discussed in chapter 5) [108], [110]. In addition, 4-channel MMT operating at half
the baud rate of 4-PAM offers a relaxation in the requirement of optical
components characteristics. This constraint possessed the major challenge for the
standardization of 100G and 400G Ethernet by IEEE Ethernet task forces [11],
[30].

In chapter 5, a numerical investigation for the adequacy of N-channel MMT

deployment in metropolitan area networks is presented. The investigation comprised a

study on the interaction between signal format characteristics and their interplay with

fiber linear and non-linear impairments. An optimization for system settings has been

carried to acquire a maximum transmission reach in the presence of fiber intra-channel

non-linearities and dispersion inherent impairments. The evaluation metrics results and

analysis can be summarized in the following:-

a)

b)

At 40Gb/s and 100Gb/s, the receiver sensitivity for N-channel MMT has been
examined in the presence of pre-amplified receiver. The results emphasize on the
power penalty advantage of 2-, 3- and 4-channel MMT compared with 4-, 8- and
16-PAM. At 40Gb/s system bit rate, in comparison with M-PAM system, the
transmission of 2, 3 and 4 bits/symbol employing N-channel MMT have
manifested receiver sensitivity improvement equivalent to 7.4 dB, 11.3 dB, and
17.5 dB, respectively.

Quantitative comparison between N-channel MMT and M-PAM transmission
formats in a back-to-back system configuration with respect to their tolerance
against chromatic dispersion has been demonstrated. The tolerance results
revealed that 4-channel MMT is outperform other N-channel MMT and M-PAM
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d)

formats with tolerances reaching +460 and +76 at 40Gb/s and 100Gb/s,

respectively. At BER =10~°, the results have marked a degradation in chromatic
dispersion tolerance for 8-PAM at 40Gb/s with tolerance +40. In addition, 8-PAM
at 100Gb/s and 16-PAM at both 40 and 100Gb/s showed a severe degradation in

performance showing a BER floor =6x107%, 6x10~2 and 5x1072, respectively.
Numerical exploration for the optimal dispersion compensation methodology
(Post compensation and Pre-post compensation) to compensate for the residual
dispersion in fiber spans for metro network data transmissions. The results
revealed pre-post compensation display a longer transmission reach and more
tolerance against fiber non-linearities

In this non-linearity investigation, the thesis has focused on the intra-channel non-
linearities and their interaction with fiber linear impairment in the presence of pre-
amplified receiver noise. Performance evaluation for N-channel MMT and M-
PAM has been explored utilizing dispersion post compensation and dispersion
pre-post compensation scenario in order to quantify the system tolerance to fiber
non-linearities i.e Self Phase Modulation (SPM), Intra-channel Cross-Phase
Modulation (IXPM) and Intra-channel Four-Wave Mixing (IFWM). The
investigation has been adopted over different numbers of fiber spans for metro
links applications. The results show that pre-post compensation configuration
exhibit longer fiber reach, which can be translated to more tolerance to fiber non-
linearities compared with post compensation.

By the employment of pre-post compensation to tolerate both residual chromatic
dispersion and non-linearities, performance above acceptable reliable data
transmission limit at 40Gb/s bit rate has been attained for 2-, 3- and 4-channel
MMT over spans lengths of up to 1200Km, 320 Km and 320 Km, respectively.
While, at an aggregated bit rate of 100 Gb/s, acceptable BER=10" data
transmission can be achieved for 2-, 3- and 4-channel MMT over spans lengths of
up to 480 Km, 80 Km and 160 Km, respectively.

The results clarified that at a high bitrate, the main dominant system limitation
was due to the strong impact of IXPM and IFWM non-linearities. Hence, it is

210



desirable to embrace higher order modulation formats operating at a baud rate
with a smaller fraction of the aggregated bit rates. As such, 4-channel MMT with
information capacity equivalent to four bits/ symbol featuring a capability for
scaling the system baud rate to ¥ of the aggregated bitrate, has shown superior
performance. At information capacities of three and four-bits/ symbol, un-coded
8-PAM and 16-PAM has been verified non-feasible or applicable for deployment
in metro links due to their inherent unambiguous high power budget.

g) By comparing 4-channel MMT and 4-PAM exhibiting an equivalence spectral
efficiency at 40Gb/s and 100Gb/s, 4-channel MMT system has demonstrated
better system immunity to fiber non linearities. This conjectured to 4-channel
MMT baud rate advantage, where 4-channel MMT operate at half the baud rate
compared with 4-PAM. Hence, the impact of intra-channel non-linearities on 4-
PAM operating at 20Gbaud/sec and 50Gbaud/sec, is more than its counterpart 4-
channel MMT exhibiting 10Gbaud/sec and 25Gbaud/sec systems.

h) Beside refractive index related non-linearities, it was meaningful to highlight the
impact of scattering related fiber non-linearities. After calculating the SBS
threshold, it was demonstrated that N-channel MMT power regions of operation is
below the SBS threshold. Thus, N-channel MMT will not be manipulated by SBS
reflection penalties.

In chapter 6, the thesis concluded by highlighting the practical applicability, feasibility
and availability of state of the art CMOS circuits technology enabling future MMT
transceiver implementation. In addition, a comparison between the system requirement
for 4-channel MMT, 4-PAM and NRZ-OOK has been presented. The results have
verified the potential advantage of 4-channel MMT offering a cost effective solution
compared with 4-PAM and NRZ-OOK.

To conclude, with respect to system trade-off compromise between spectral efficiency,
information capacity, power efficiency and immunity to fiber non-linearities, the thesis
argues that 4-channel MMT exhibit supremacy against other higher order multilevel

formats discussed in the thesis.
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7.2 Future Directions

N-channel MMT being a novel power-efficient transmission format paves the way for its

utilization in plenty of data transmission applications that are beyond the thesis

objectives. MMT may be extended in future works into the following directions:-

From both performance and implementation perspectives, CMOS Silicon
Photonics is providing unprecedented levels of optoelectronic component
integration with richly functional digital signal processing modules, featuring a
reduction in area, cost and power consumption. In our discussion, the practical
applicability and availability of CMOS circuits adequate for future MMT
transceiver implementation utilizing state of the art CMOS technology has been
highlighted. Other digital signal processing modules that are applicable for
integration with MMT and feature enhancement in MMT signal characteristics
can be classified into:-

v' Forward error correction (FEC) module has a good potential for
employment with MMT. This is based upon the availability of a DSP chip
with numerous functional capabilities beyond the MMT transmission
format requirement. This will offer an enhancement in the overall MMT
signal characteristics that is translated to a higher signal to noise ratio
gain. This acquired robustness can be exploited to increase the fiber reach
and/or tolerating imposed signal impairments.

v’ Electronic Dispersion Compensation (EDC) is a powerful module that is
able to overcome uncompensated chromatic dispersion effects. EDC
exhibits a much lower cost compared with conventional DCF modules
taking advantage of the cost effectiveness and richly functions of CMOS
digital signal processors. Maximum-Likelihood Sequence Detection
(MLSD) proposed for MMT optimal detection has been employed for
EDC. In fact, MLSE does not compensate for chromatic dispersion, but

take account for the dispersion effects during signal detection. MLSD has
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been extensively reported as a detection technique for EDC modules

[151], [159], [225].
Although, in this thesis, N-channel MMT performance investigation has
considered its deployment over SMF, however, MMT has a good potential to be
transmitted over multi-mode fiber for short-high capacity optical links. This is due
to the numerous commercial products and standardizations that are utilizing 4-
PAM format over MMF[12], [100], [106], [277], [278]. As such, characterization
for N-channel MMT tolerance to intermodal dispersion is an important figure of
merit to evaluate the MMT performance for such short link applications over
MMF.
Although, performance investigations for MMT have been carried exhibiting a
single wavelength channel due to cost constraints, however, with data hungry
applications and internet services, the necessity is expected to grow for expanding
the capacity in the order of 1T, 10T and beyond. As such, more investigations for
N-channel MMT need to consider increasing the signal dimensionality. This can
be achieved by the employment of a combination between Polarization Division-
Multiplexing (PDM) and Dense Wavelength Division-Multiplexing (DWDM)
with channel spacing in the order of 50GHz and 100GHz acquiring an overall
system bit rate that can reach 3.2 T b/s, 6.4 T b/s and 12.8 Th/s.
The thesis has proposed a novel modulation format for applications related, but
not limited to short-haul optical interconnects and metro networks. Since, N-
channel MMT is an intensity-modulated format that follows the optical channel
constraints, i.e. non-negativity constraint and average optical power constrained
due to eye and skin safety consideration. Hence, N-channel MMT has a promising
potential after further investigations in applying it for wireless optical applications
such as wvisible indoor light communication and free space optical

communications.
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Appendix A

V2(t)
Figure Al.1 Dual-Drive Mach-Zehnder Modulator Configuration

As shown in figure Al.1, the Mach-Zehnder structure follow the two waveguide arms

model discussed in section 2.5.1 .

In addition to many parameters, including the choice of the electro-optic wave
guide material, the orientation of the crystal with respect to the external electric field, as
well as to the polarization of the incoming light wave, the splitting ratios of the Y-branch
divider and the differential length between the arms of the modulator. For modeling the
output optical electrical field for the DD-MZ, The output of the modulator electric field

can be represented by equation [211]:

v -5 s 200 jagtg

exp(— [A“Z(VZ)} IABMVL)L - i, H

= 1V, V, ) exp(jg(Vi,V,)) (6)
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SR is the splitting ratio where SR=P, /P, a;/2 represents the attenuation constant;

¢ is the phase of the output signal and ¢, is equal 0 or 7z radian for conventional

modulator and phase-shift modulator, respectively . For i=12
Vi (t) = Vhiasi) +Vimod i) V(1) (7)

Where Vyjagi) is the DC bias voltage, for specifying the quadrature point of the

modulator; Vi) peak amplitude of the modulating voltage; v(t) is the peak

amplitude of one and an average value of zero for the modulating voltage. The electrical

input signal is normalized between 0.5 and -0.5. The model utilizes a single drive

modulation, i.e., Vipqcy is 0 in one of the arms. The model behavior resembles the

measured experimental absorption and phase of optical signal on the applied voltage for

each arm of a modulator.

6 o

5 =0O=Phase

={J=Absorption

: =

5 4 3 2 1 0

Phase (radian) and Absorption (dB)
[ ]

Voltage (Volt)

Figure A1.2 The MQW DD-MZ waveguide characteristics in terms of absorption (&) and phase
difference (Af ) dependence of the material with varying the applied voltage[211].
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