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Abstract

Tuneable add-drop multiplexer systems that are feasible and exhibit good performance
characteristics are highly desirable for building all-optical transmission systems. A novel
sparse tuneable optical add/drop multiplexer subsystem consisting of eight tuneable
single-ring resonator based optical filters, and two eight-channel phase array devices, is
proposed to allow sparse optical channels add and/or drop. The design takes advantage
of the main limitation of single ring resonator-based optical filters, namely the rather
limited free spectral range and in effect the limited number of communication chan-
nels that can be processed. The tuneable filters provide add and drop functions of the
selected channels whereas the phase array devices provide demultiplexing and multi-
plexing functions for the inbound and the outbound channels respectively. The coupled
mode theory, its transfer matrix formalism, and the theory of spectral analysis of sig-
nals are used to carry out preliminary performance analysis of the single-ring resonator
based tuneable add-drop filter, to optimize, and finally to characterize its performance.
This approach allows an accurate evaluation of filter characteristics, namely the transfer
functions between any ports of the device. A wavelength-domain simulation method,
coupled with a time/frequency-domain simulation method, is used to analyse the perfor-
mance of the tuneable OADM in linear, ring, and mesh all-optical wavelength-division
multiplexing networks/transmission systems. Our performance evaluation demonstrates
that the tuneable OADM could be successfully employed in linear, ring, and mesh all-
optical dense-division multiplexing networks/transmission systems with bit rates up to

10 Gbit/s.
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Chapter 1

Introduction

1.1 Overview

The tremendous growth of Internet traffic led to an increase in demand for data trans-
mission. It is a clear trend that while the voice traffic demand is steady increasing
linearly, the data traffic demand has surpassed the voice growth in a quasi-exponential
evolution.

A number of technologies such as optical time division multiplexing, optical code
division multiplexing, wavelength division multiplexing, and subcarrier multiplexing
have been considered [1] for realizing the next generation Optical Internet. It is generally
accepted that wavelength division multiplexing represents the most attractive transport
technology, offering extreme flexibility in terms of optical channel granularity and large
transport capacities.

The main requirements for the next generation all-optical networks at the photonic
layer are agility, scalability, intelligence, easy management and control, simplicity and
robustness, and low cost. Configurable wavelength division multiplexing transmission
systems [2] meet most of the requirements outlined above and offer significant perfor-
mance improvement over non-configurable counterparts in terms of agility, easy man-
agement and control, lower blocking probabilities, and improved network utilization.

. Extensive research and development effort is being dedicated to configurable optical
add-drop multiplexers for wavelength division multiplexing networks as they represent

key building blocks for realizing next generation, flexible optical networks.



1.2 Literature Review

1.2.1 All-Optical Networking

A number of multiplexing techniques have been studied for building the optical trans-
mission layer of next generation all-optical networks. Examples of such techniques are
optical time division multiplexing (OTDM) [3, 4], optical code division multiplexing
(OCDM) [5] wavelength division multiplexing (WDM) [6, 7], subcarrier multiplexing
(SCM) [8, 9, 10]. Hybrid solutions employing WDM in combination with SCM [11],
OCDM [12, 13], OTDM [14], and OCDM/OTDM (15] have also been proposed in an
attempt to decrease the complexity, to improve the flexibility, to increase the capacity,
and to decrease the costs of next generation all-optical networks.

OTDM has been demonstrated as an effective technology for building optical net-
works. In spite of difficulties in generating very short spectrally pure pulses, recent
experiments have demonstrated a record-length, 208 km standard singlemode fiber
transmission of an 80 Gbps optical time division multiplexing signal using a return-
to-zero modulation scheme [4]. Therefore, OTDM is viewed as the technology that
would tremendously increase the capacity of the optical networks.

OCDM is regarded as a stand alone or complementary transmission technology that
will allow for realization of next generation all-optical networks [5]. It was envisioned
that by increasing the number of optical codes, and by expanding the wavelength trans-
mission region to short (S), conventional (C), and long (L) band, the transmission capac-
ity can be potentially increased to 40 Th/s per optical fiber pair. A record of 1.6 b/s/Hz
spectral efficiency has been achieved in OCDM/WDM link by quaternary phase shift
keying and a transmission system of 6.4 Th/s OCDM/WDM has been experimentally
demonstrated [13].

SCM has been proposed as a cost effective approach for transmitting of a large
numbers of optical channels over optical fibers [8], and has been acknowledged as an
effective way of dividing WDM channels into low speed bit streams to mitigate the
mismatch of the speed of the electronics at the edge and of the speed of the optical
core [9]. SCM/WDM transmission systems have been successfully demonstrated for

high speed optical transmissions [10, 16], wireless backbones [11], and for distribution



networks [17], and has been shown to benefit from low cost, readily available, low speed
base-band electronics. However, the technology has fundamental limitations due the
analog modulation of the transmitted signals [8, 18].

WDM has been identified as a serious candidate for high capacity transport networks
[19] as a pure WDM optical network or as part of a hybrid solution. High capacity 10.92
Tbh/s (273 x 40 Gb/s) triple-band, ultra-dense WDM optical repeated transmission fully
utilizing S, C, and L band transmission window [6], and 10.2 Th/s (256 x 42.7 Gb/s)
PDM/WDM transmission over 100 km fiber with 1.28 bits/s/Hz spectral efficiency [7]
have been reported. Most of today’s commercial implementations are WDM optical

networks/transmission systems.

1.2.2 Benefits of Configurability

Configurable optical transmission systems offer significant performance improvement
over non-configurable counterparts. Lower blocking probabilities, improved network uti-
lization, and added flexibility can be achieved through configurable network elements,
wavelength translation, wavelength routing, and optimized wavelength assignment al-
gorithms.

Models to quantify the blocking probability in all-optical networks under various
assumptions have been proposed and described. Computationally intensive techniques
such as Markov chains [20], and more efficient techniques based on inclusion-exclusion
principle of combinatorics [21] or path decomposition approach [22] have been developed.

The above performance issues of all-optical network have been summarised in [2] and
issues associated with implementing flexible all-optical networks have been analysed in
[23]. Subramaniam et al. [24] introduced the concept of sparse wavelength conversion
as a mean of improving the network utilization and blocking probability of all-optical
networks and concluded that the performance improvement is highly dependent on the
architecture of the network.

It has also been demonstrated that sparse configurable networks are far more cost
effective than a fully configurable network [25, 26], and the blocking probability of a net-
work with sparse conversion converges to that of the same network with full conversion

if the network nodes have 25% to 50% reconfigurability capabilities [27, 28].



1.2.3 Configurable Optical Filters and Add-Drop Multiplexers

Significant research efforts have been dedicated to realizing configurable OADM for
WDM networks, as they have been identified as key building blocks for realizing next-
generation flexible optical networks [29]. Their main element is the tuneable wavelength-
selective add-drop filter.

Various technologies have been actively studied to build such filters, including Bragg
gratings (30, 31], acousto-optic effect [32, 33], Mach-Zehnder interferometer [34, 35|,
electro-optic effect [36], and a number of Fabry-Perot based on micromachined struc-
tures [37, 38], or Fabry-Perot based liquid crystals structures [39, 40]. A summary of
technologies employed in realizing tuneable optical filters can be found in [41]. Accord-
ing to their speed of tuning, we can categorize tuneable optical filters as (i) slow-speed:
generally thermo-optical or mechanical filters used in circuit switching optical networks,
and (ii) high-speed: generally acousto-optic or electro-optic based filters used in packet
switching optical networks. The first category is in advance stages of development while
the latter is still in early stages.

A number of configurable OADMs for WDM networks, based on various under-
lying technologies and device architectures, have been proposed, demonstrated, and
analyzed. They were based on Mach-Zehnder (MZ) interferometers in silicon-oxynitride
(SiON) [42] or Bragg grating assisted MZ interferometers [43], coupled semiconduc-
tor waveguides [44], semiconductor optical amplifiers (SOA) [45], liquid crystals [46],
fiber optical tapped delay lines [47], micro-electro-mechanical systems (MEMS) tilting
mirrors (48, 49], and acousto-optic tuneable filters (AOTF)[50]. Also, a large number
of solutions were based on Bragg gratings in conjunction with circulators [51, 52, 53,
54, b5, 56, 57|, thermally-tuneable Bragg gratings [58], MEMS pitch-tunable Bragg
gratings [59], Bragg-assisted multi-mode interferometer (MMI) coupler based OADM
[60], Bragg grating loaded directional coupler [61], polymer Bragg gratings [62], and
temperature-compensated fiber Bragg gratings (FBG) [63]. Most of the mentioned de-
signs suffer from inherited limitation in the underlying technology. SOA-based OADMs
suffer mainly from large fiber-chip insertion loss due to the large difference in the mode
size, limited bandwidth due to the amplification profile, and additional noise inherent

to the SOA. Liquid-crystal and MEMS add-drop filters suffer from long term stability



while Bragg gratings add-drop filters are relatively difficult to manufacture.

1.2.4 Tuning Mechanisms for Optical Filters

Each filter technology has a specific tuning technique [41]. Examples are temperature
tuning for ring resonators [64], current injection for semiconductor-based Fabry-Perot
filters [38], refractive index-shifting for long-period Bragg gratings [65], electro-optic
effect for electro-optic filters [36], radio frequency (RF') signal control for AOTF filters
[33, 50], micromachine for MEMS Fabry-Perot filters [48, 49], crystal orientation for
liquid crystals Fabry-Perot filters [66], and piezoelectric transducer for fiber-based Fabry-
Perot filters [67]. Although some methods are easier to design, implement and control
choosing the tuning mechanism is limited to the underlying technology. As an example,
the current injection tuning mechanism is simple to implement, it can prove very difficult

to control and is applicable to semiconductor based OADMs only.

1.2.5 Integrated Optics and Materials

The concept of integrated optics was introduced by Miller [68] as a way of manufacturing
solid state devices. The advantage, on one hand, is that a number of optical functions
can be achieved by integrating a number of distinct optical components onto the same
physical substrate. On the other hand, the fabrication processes can be automated
leading to high volume manufacturing, high fabrication yields, and consistent product
performance.

A number of optical materials have been characterized and employed for manufac-
turing integrated optical components. Semiconductor materials such as InGaAsP/InP
and GaAlAs/GaAs can be successfully used for monolithic integration of passive and ac-
tive components and exhibit good long-term stability, large thermo-optical coefficients,
but large waveguide and fiber-to-chip loss. Other materials such as Lithium Niobate
(LiNbO3), glass, and polymers exhibit better performance characteristics in terms of
waveguide loss and fiber to chip loss but do not allow for monolithically integrating
active and passive components, or do not exhibit a very good long term stability [69].

A fine balance between all the optical and mechanical properties must be achieved

in order for a specific optical material to allow for successfully manufacturing a given



integrated optical circuit. Important parameters to cousider are the thermo-optical
coefficient, thermal expansion coefficient, waveguide loss, fiber-to-chip loss, long-term

stability, wafer size.

1.2.6 Ring Resonator-Based Filters

Ring resonators were proposed for optical filters three decades ago by Marcatilli [70].
These filters are interferometric filters in which an incoming signal is split into multiple
wavelength independent paths, delayed and recombined to obtain the output signal.
The splitting and recombination ratios as well as the delays influence the frequency
response of the filter.

Since their first proposal as optical filters, ring resonators have found applications
in all-optical time recovering circuits, spectrum analysers, optical equalizers, soliton
generators, and pulse generators [71]. Oda et al. [72] proposed the first ring resonator
based filter for WDM applications and soon after a number of other applications have
been proposed and analysed: all-fiber compound ring resonator [73], ultra-compact
micro-ring silica on silicon resonator [74], vertically coupled resonators in Si-SiO2 [75],
semiconductor [64, 76] or in polymer [77], race track microrings [78] or periodically
coupled rings [79], multiple filters on an optical chip [80], and microring resonator arrays
for very large scale integration (VLSI) photonics [81].

The dielectric waveguides of the ring resonator filter can be parallel or crossed. The
first layout is advantageous due to the lack of cross talk between the two waveguides,
while the latter allows for effectively integrating multiple add-drop filters onto the same
substrate into add-drop filter arrays. The crossed waveguides design can feature a
single ring, a maximum of two rings cascaded in parallel, or a number of ring resonators
cascaded in series. Although cascading more rings improves the magnitude response,

it also renders more difficult the task of successfully tuning the add-drop filter to the

desired central wavelength.

1.2.7 Ring Resonator Building Blocks

A ring resonator based optical filter is comprised of optical waveguides and optical

couplers.



Optical Waveguides

Optical waveguides were identified as basic building blocks for integrated optical com-
ponents in general since the pioneering days of photonics by Wilmot [82], and for ring
resonator based filters in particular shortly after by Marcatilli [83].

An optical waveguide consists of a dielectric core embedded into a medium with a
lower dielectric constant and in general are rectangular in cross section. Rectangular
waveguides confines the waves in both lateral directions. The optical waves are bounced
back and forth between the four boundaries that may or may not have the same dielectric
constant. The propagation of light within the waveguides is described by the wave
equations that can be obtained from the Maxwell’s equations and can be solved as
described in [84].

In general, integrated optical components employ single mode dielectric waveguides.
A number of single mode waveguide designs in polymer [85], silicon [86], silicon-on-
insulator [87], or siloxane polymer on Cu-polyimide substrate [88] have been proposed

and analysed.
Directional Couplers

A directional coupler is made of two waveguides placed in close proximity. Coupling
occurs due to the overlap of the evanescent electromagnetic fields travelling through the
cladding of two wavegunides with the electromagnetic fields travelling through the core
of the other waveguide.

A number of guided-wave directional couplers have been proposed and analyzed in
search for integrated directional couplers with flat frequency response [89, 90, 91, 92, 93].
The featured interaction length between the two dielectric waveguides was in the range
of hundreds of microns to 1 mm. Takagi et al. [94] categorized them into four types:
uniform symmetric coupler, uniformly asymmetric coupler, point-symmetric tapered
coupler, and non-symmetric directional coupler. To analyse optical couplers one can
employ coupled mode theofy to derive the solutions of the coupled mode equations, as

presented in details in [95].



Multimode Interference Couplers

Multimode interference (MMI) couplers are based on the self-imaging property of mul-
timode dielectric slabs, suggested in [96] and further described in [97]. Self-imaging is
a property of multimode waveguides by which an input field profile is reproduced in
single or multiple images at periodic intervals along the propagation direction of the
waveguide. A detailed description of the operating principle of MMI couplers can be
found in [98].

Soldano et al. gave a theoretical description of self-imaging in multimode waveguides
[99] using the effective index method, a general matrix formalism of self-imaging in MMI
couplers has been presented in [100], and the theory of variable-ratio power splitting
multimode interference couplers has been presented in [101].

Recognizing the importance of small optical couplers for optical integrated circuits
a number of ultracompact multimode interference couplers [102, 103, 104] have been
proposed and analyzed. Along with the small size the MMI-based couplers can exhibit

a reduced sensitivity to fabrication tolerances [105, 106].

1.2.8 Ring Resonator Analysis Methods

A number of methods have been proposed to analyze optical structures in general and
optical ring resonator-based photonic circuits in particular. A signal processing method
[64, 107, 108, 109] based on the Z-transform technique, couple mode theory [110, 111,
112} with its matrix formalism [113, 114, 115], and finite difference time domain (FDTD)
method [116, 117], have been described and used to analyse ring resonator-based filters
designs. All these methods take advantage of a very important property of optical filters,
namely their full characterization by their magnitude and phase response.

The signal processing method uses the Z-transform digital filter analysis and design
techniques. Civen a desired magnitude and phase response of the filter, the method
allows the synthesis of its physical dimensions. Performance characteristics such as
free-spectral range (FSR), insertion loss (IL), adjacent and non-adjacent crosstalk, and
group-velocity delay (7), can be determined as extensively explained in [108].

The coupled mode theory has been developed in the 1950s to analyse and design

microwave waveguides and passive devices [118]. The approach was rather heuristic, as



the couple mode equations were determined from power considerations only. A rigorous
derivation of coupled mode theory was developed directly form the Maxwell’s equations
by expanding the unknown electromagnetic fields of the coupled systems in terms of
the known modes of the uncoupled systems [119]. Yariv [120] adapted the coupled
mode theory to optical waveguides in the 1970s. The coupled mode theory can be
employed by coupling the modes in time or by coupling the modes in space. The
coupling of modes in time approach can describe coupling of two resonators, parametric
amplification and oscillation, while coupling of mode in space is applicable to periodic
structures like gratings, periodic space-time phenomenon like an optical pump in a
parametric amplifier, waveguide coupler, and traveling wave tube [121].

The coupled mode theory approach is tedious and lengthy when solving a large
resonating circuit consisting of more than two directional couplers [122], and as a result
a matrix formalism, previously used for electrical circuits, has been extended to analyse
integrated optical circuits [114, 123].

The matrix formalism method transforms the simultaneously linear equations of the
electromagnetic field intensities into matrices [113] and is straightforward in deriving
the solutions of the coupling mode equations using computer algorithms [124]. Schwelb
proposed a generalized matrix formalism method for linear interferometric networks,
which simplifies the analysis and design of microwave and optoelectronic components
by rearranging the interferometric network into a chain of cascaded four-ports, single-
mode lumped-element 2 x 2 coupler with arbitrary coupling paths [115]. The method is
computationally efficient for analysis of a wide variety of lattice networks.

FDTD method has been used for microcavity ring and disk resonators analysis [116],
[117] and in modelling of photonic crystal structures [125]. Key optical design parame-
ters such as transmission characteristics, coupling efficiencies and resonant frequencies
can be obtained using FDTD solutions of the full-wave Maxwell’s equations. The results
include the effects of waveguide dispersion and bending and scattering losses [126]. A
complete mathematical description of the FDTD method for electromagnetics has been
provided by Kunz [127].

Although the FDTD method is the most accurate, its accuracy comes at the expense

of computational complexity. Comparison between the coupled mode theory and finite



difference time domain methods indicated that the difference in accuracy of the two is
within 1% making the coupled mode theory a very attractive method for analysing ring

resonator based filters [110].

1.3 Motivation

It is generally accepted that WDM represents the most attractive transport technology
as it offers extreme flexibility in terms of optical channel granularity and lends itself for
large capacity reconfigurable network architectures as pure WDM or a combination of
WDM with SCM, OCDM, and/or OTDM. Therefore, tuneable optical add-drop multi-
plexers that exhibit good performance characteristics are highly desirable for building
all-optical networks/transmission systems.

A number of solutions for tuneable optical add-drop multiplexers and add-drop fil-
ters, employing novel techniques, materials, and device architectures, have been sum-
marized in Section 1.2. Add-drop filters based on ring resonators are attractive due to
their dimensions, integrability, optical performance, and flexibility [72, 128]. However,
to the best of our knowledge, none of the proposals considered tuneable ring-resonator
filters to realize sparse tuneable OADMs, nor thoroughly analysed the performance of

such tuneable OADMs in all-optical WDM networks/transmission systems.

1.4 Objectives

The objectives of this thesis are to propose a novel ring-resonator-based sparse tuneable
add-drop multiplexer, to demonstrate its feasibility, and to evaluate its performance in

a number of all-optical WDM networks/transmission systems.

1.5 Methodology and Approach

To pursue our objectives, we shall propose a novel sparse tuneable OADM architecture
based on tuneable ring-resonator-based add-drop filters.
Next, we shall devise a mathematical model of the tuneable add-drop filter, based on

the coupled mode theory and its transfer matrix formalism, and implement the model
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in Matlab. Using the developed computer model we shall design a filter prototype,
determine its transfer characteristics, and optimize the design.

Next, we shall develop a computer program in Matlab, based on the theory of spectral
analysis of signals, which shall allow us to determine the performance parameters of
the tuneable OADM from the transfer characteristics of its constituent components.
Performance parameters such as insertion loss, channel pass bandwidth, adjacent cross
talk, non-adjacent cross talk, group-velocity delay, and operating temperature mapping
shall be determined.

Finally, we shall evaluate the performance of our tuneable OADM in linear, ring and
mesh all-optical networks/transmission systems in terms of optical power spectrum, bit
error rate, optical signal to noise ratio, maximum number of possible cascaded OADM,
and eye diagram. We shall accomplish this by employing an optical transmission system
simulator, Optsim [129], to run two-step simulations that couples a wavelength-domain
simulation step with a time-domain/frequency domain step. Since the simulator uses
a Monte-Carlo technique as presented in [130], all the stochastic processes shall be
randomly generated, the noise shall be propagated at the same time as the signals, and
all the optical signals shall be represented by sets of samples in time and frequency
domain as described in [131].

The simulation shall take into account all the linear and non-linear effects in the fiber,
in addition to transmission impairments such as amplified spontaneous noise, cross-talk,
polarization-dependant loss, polarization mode dispersion, chromatic dispersion, fiber

non-linearities, transmitter chirp, and signal distortion due to filtering.

1.6 Contributions

The contributions of this thesis are:

e Devising a novel ring-resonator based tuneable OADM that can be used in linear,

ring, and mesh all-optical networks/transmission systems

e Devising a mathematical algorithm that allows for designing and optimizing ring-

resonator based filters
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e Designing a tuneable add-drop optical filter, analysing and optimizing its perfor-

mance characteristics

e Characterizing the proposed tuneable OADM, determining its optimum channel

allocation plan, and proposing a possible physical layout

e Devising system level simulation scenarios and simulation models that accurately
reflect the performance characteristics of the tuneable OADM and of the simula-

tion scenarios

o Evaluating the performance of the proposed tuneable OADM in a number of all-
optical WDM networks/transmission systems and demonstrating its applicability

in linear, ring, and mesh all-optical network/transmission system.

1.7 Thesis Organization

The reminder of the thesis is organized as follows.

Chapter 2 presents the network architectures in which our sparse tuneable OADM
would operate. Next, it presents the architecture, the suggested physical layout, the
principle of operation, and the wavelength allocation plan of our sparse tuneable OADM.
The assumptions made throughout this research along with important definitions are
also presented for further usage and reference.

Chapter 3 presents a mathematical model, based on the coupled mode theory and
its matrix formalism, which determines the magnitude and phase transfer functions
of single-ring resonator based optical filters. It also gives the design, the performance
characteristics and the optimization of the tuneable add-drop filter, the main component
of our sparse tuneable OADM.

Chapter 4 presents the optimization of the design of the tuneable add-drop filter,
using the mathematical model developed in the earlier chapter, and summarizes its
design and performance parameters.

Chapter 5 presents the mathematical model based on the theory of spectral analysis
of signals, which determines the performance parameters of our sparse tuneable OADM.
Next, the performance parameters of our sparse tuneable OADM are determined and

presented.
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Chapter 6 evaluates the performance of our tuneable OADM in linear, ring, and
mesh all-optical networks/transmission systems. Component models, network models,
and simulation scenarios are devised and presented. Next, the performance is evaluated
in terms of optical power spectra, bit error rates, optical signal to noise ratios, eye
diagrams, and maximum number of cascadable sparse tuneable OADM by using Optsim,
an optical transmission system simulator.

Chapter 7 provides guidelines and considerations for designing sparse tuneable op-
tical add-drop multiplexers.

Chapter 8 concludes our research, and suggests further work.

1.8 Publications

The contents of Chapters 3 and 4 will be presented in [132] and that of Chapter 5 in
[133].

[132] V. Craciun and O. W.W. Yang, ” Ring resonatorbased sparse reconfigurable optical
adddrop multiplexer. Part I: Filter analysis”, Active and Passive Optical Components

for WDM Communications, ITCOM, 2003 - to appear.
[133] V. Craciun and O. W. W. Yang. ”Ring resonatorbased sparse reconfigurable optical

adddrop multiplexer. Part II: Node level analysis”, Optical Transmission Systems and

Equipment for WDM Networking, ITCOM, 2003 - to appear.
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Chapter 2
The Sparse Tuneable OADM

In this chapter, we shall presents the network architectures in which our sparse tuneable
OADM would operate. Next, we shall present the architecture, the suggested physical
layout, the principle of operation, and the wavelength allocation plan of our sparse tune-
able OADM. We shall also present for further usage and reference all the assumptions

made throughout this research along with important definitions.

2.1 The Applications

We envision a novel tuneable OADM that can be utilized in linear, ring, and mesh all-
optical WDM networks/transmission systems. As illustrated in Figure 2.1(a) the linear
network/transmission systems can have a number of optical add-drop nodes in between
two terminal nodes. The ring network/transmission system, depicted in Figure 2.1(b),
feature a terminal node along with a number of add-drop nodes and matched nodes.
The matched nodes allow the ring to connect to subsequent rings yielding multiple ring
architectures. The mesh network/transmission system features a number of optical add-
drop nodes along with a number of optical cross connects as one can see in Figure 2.1(c).

A number of add-drop nodes may be present in the all-optical network. The tuneable
OADM will allow any channel to be dropped providing the channel exists, will allow
any channel to be added providing wavelength blocking will not occur, or will allow any
channel to pass through towards its destination. The maximum number of channels
that could be added and/or dropped at any add-drop node is a fraction of the total
number of channels passing through the node.

The optical signals can be generated at any node and reach any other node within the
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Figure 2.2: The architecture of our sparse tuneable OADM

transmission system without undergoing any conversion to electrical domain, provided
that no wavelength blocking will occur. For example, in Figure 2.1 (a) an optical channel
could be generated at one of the terminal nodes, travel through the add-drop nodes and

arrive at the other terminal node, or could be dropped at any node along the path.

2.2 Architecture
2.2.1 Description

Our tuneable OADM is an integrated optical circuit with 32 optical channels at 0.8 nm
spacing, which can selectively add and /or drop any channel. Its add-drop factor is 0.25!
and therefore the maximum number of channels added and/or dropped at the same time
is eight. Since the tuneable OADM does not add and/or drop all the 32 channels at the
same time, we shall call it sparse tuneable OADM.

The design takes advantage of the main limitation of ring resonator-based optical

1The definition of the add-drop factor is provided in the Section 2.5.
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Figure 2.3: The phase-array demultiplexer

filters, namely the rather limited free spectral range and in effect the limited number
of communication channels that can be processed by such filters. This is achieved by
covering the desired pass bandwidth with an array of ring-resonator-based add-drop
filters, each with a fraction of the desired pass bandwidth. The main element of our
tuneable OADM is therefore the array of eight tuneable add-drop filters based on single-
ring resonators, as illustrated in Figure 2.2. The tuning mechanism is temperature

control, an inherent tuning mechanism for ring-resonator-based optical filters.

2.2.2 Constituent Components

The building blocks of our tuneable OADM are two eight-channel phased-array planar
devices and eight tuneable ring resonator-based filters. The first phased-array device
acts as optical demultiplexer, the tuneable ring resonator-based filters act as selective

add-drop filters, and the second phased-array device acts as optical multiplexer.

The Phased-Array Demultiplexer

In Figure 2.3 we show a schematic representation of the phased-array device. It consists
of two star couplers, connected by a dispersive grating in a planar grating arrangement.

Each star coupler is a waveguide slab of constant refractive index while the dispersive
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grating is an array of eight uncoupled waveguides with unequal lengths, such that the
difference between the lengths of two subsequent waveguides is constant I; — [;_; = [.
Each waveguide is a strip of constant refractive index bounded by strips of a different
refractive index. The phase array demultiplexer splits the incoming signal into eight

optical bands of equal bandwidths.

The Tuneable Add-Drop Filters

The tuneable add-drop filters consists of two dielectric waveguides, in a cross layout,
coupled to one resonator ring as depicted in Figure 2.4%2. The waveguides and the
resonator rings are strips of optical material of constant refractive index delimited by
material of a different refractive index. The dynamic ranges of the add-drop filters cover
the bandwidth of the equal optical bands resulted from the phase-array demultiplexer.
The tuneability of the add-drop filters is ultimately achieved by controlling the refractive
index and/or the physical dimensions of the optical resonator through temperature

variation, an inherent control mechanism for ring resonator filters.

2the control logic and the heating pad required for tuning the add-drop filter are not illustrated
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The Phased-Array Multiplexer

The phase-array multiplexer uses the same type of design as the phase-array demulti-
plexer, two star couplers connected by a dispersive grating, as depicted in Figure 2.5.
The only difference is that in this case the first star coupler has a number of eight input
waveguides and the second one only one output waveguide, which is just the opposite
of the phase-array demultiplexer. In fact the phase-array demultiplexer can function
as multiplexer due to the reversal principle that governs this type of optical device as
described by Marz [69].

A number of optical signals that occupy adjacent frequency bands of equal widths,
entering the phase-array multiplexer will be combined into one optical signal with width

equal to the sum of the widths of the constituent signals.

2.2.3 Physical Layout

The envisioned physical layout of the tuneable OADM is planar, as illustrated in Fig-
ure 2.6. The two phase-array devices and the single-ring resonator based tuneable
add-drop filters shall reside on a single optical substrate yielding a so-called integrated

optical circuit.
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2.3 Principle of Operation
The principle of operation of the OADM can be summarized in three main steps:

e signal demultiplexing in eight groups of four adjacent optical channels,

e drop and/or add maximum one individual optical channels at a time from each

group of adjacent channels.
e multiplexing the modified eight adjacent groups of four adjacent optical channels
Signal Demultiplexing

Light entering the in port will be coupled into the array grating via the first star coupler
of the phase-array demultiplexer, shown in Figure 2.3. In the first star coupler, eight

similar images with one eighth of the input signal intensity will be created in accordance
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to the self-imaging principle of multimode dielectric slabs suggested by Brynggahl [96]
and further described by Ulrich et al. [97].

Each image ¢ travels through its optical waveguide of length I; and enters the sec-
ond star coupler with a phase shift A¢ relative to the image i-1. The phase-shifted
images interfere constructively in the second coupler of the phase-array demultiplexer
and emerge as eight adjacent partial images of the original signal. The bandwidth of
each partial image spans over four adjacent optical channels, while their intensities will

be less than the intensity of the original input signal or equal in ideal conditions.
Channel Add-Drop

Each one of the eight partial images propagating out of the phase-array demultiplexer
is coupled into one of the tuneable add-drop filters, as shown in Figure 2.2, such that
the electromagnetic wave emerging from port i of the phase-array demultiplexer enters
the in port of the i-th tuneable add-drop filter.

The signal associated with a particular channel can be dropped from, or added to, the
in-through waveguide through energy coupling between the two waveguides of the add-
drop filter. Only the signal traveling through the first waveguide that have frequencies
around the resonant frequency of the ring-resonator will be transferred to the second
waveguide, while all the other signals will continue traveling through the first waveguide.

For example, assuming that signals associated with all four optical channel are
present at the in port and the optical filter is tuned to channel ¢, i < 4, signal i will
be dropped at the drop port while all the other signals will exit at the port through.
A new signal i* can be added instead through the add port and will exit port through
along with the other signals, as illustrated in Figure 2.4. The resulting optical signal
emerging from the port through will be a modified adjacent partial signal with respect

to the original input signal.
Signal Multiplexing

The modified adjacent partial signals enter the phase-array multiplexer shown in Fig-
ure 2.5 through ports 1 to 8, respectively. The modified adjacent partial signal interfere
constructively in the first star coupler and enters the waveguide grating as a signal with

the bandwidth of the original input signal but an eighth of its original optical intensity.
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Each image travels through its waveguide of length I; and enters the second star coupler
with a phase shift A¢ relative to image i-1. The geometry of the second star coupler en-
ables the phase-shifted images interfere constructively and emerge as a composed signal
at the out port of the phase-array multiplexer. The bandwidth of the resulting signal
spans over 32 adjacent optical channels, and its intensity is less than the intensity of

the modified adjacent partial signals or equal in ideal conditions.

2.4 Wavelength Allocation Plan

As per architecture presented in Section 2.2 our sparse tuneable OADM features a total
of 32 channels organized in eight groups of channels, each with four channels spaced at
0.8 nm apart. The channel spacing is done in accordance to the recommendations of
the International Telecommunication Union (ITU) [134].

In order to avoid significant performance degradation of the optical channels situated
close to the edges of the pass bandwidth of the group of channels, our sparse tuneable
OADM uses four consecutive channels and skips one before using the next block of four
channels, in a so-called four-skip-one architecture. The wavelength allocation plan is
presented in Table A.1 in Appendix A.

For the same reason the central wavelength of the add-drop filters in the all-through
position? is selected at a distance of two channels from the channel with the highest
wavelength of the related group. This can be seen by comparing Table A.2 with Ta-
ble A.1.

2.5 Definitions

A number of parameters are characteristics to our tuneable OADM design in particular
and optical networks/transmission systems in general. We shall define and/or present

the performance characteristics applicable to our design as follows.
(i) Channel Spacing

We define channel spacing of a WDM transmission system as the difference between the

central wavelengths of two adjacent optical channels.

3The definition of the all-through position is provided in Section 2.5.
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Figure 2.7: Tuneable OADM, the group of channels.

(ii))Group of Channels

We define a group channels of the tuneable OADM as the group of four adjacent optical
channels, as illustrated in Figure 2.7. The concept is specific to the tuneable OADM

and is inherent to its architecture.
(iii) All-Through Position

We define all-through position the position of the central frequency of the tuneable
add-drop filter at room temperature (24.6°C"). This is also referred to as ”parking”
position by some authors. In the all-through position the add-drop filter allows all the
channels within its bandwidth to pass through without affecting any them.

(iv)Insertion Loss

We define the insertion loss (IL) of our add-drop filter or tuneable OADM as the loss
in optical intensity experienced by the input electromagnetic field I;x(f) while passing

through the device and can be expressed as:

IL(f) = Iin(f) — Tour(f) (2.1)

where f is the frequency of interest and Ioyr is the intensity of the output optical signal.

23



Central
Frequency

0dB Input

\
Signal

IL Level

Filter
Magnitude
Response

Figure 2.8: Optical filter, the insertion loss.

(v) Central Frequency/Wavelength

The central frequency of the add-drop filter is the resonant frequency of the ring res-
onator. Ring resonators show resonant transmission peaks at frequencies given by the

following equation:

f 2Trn, (2:2)
or wavelengths given by
c
A= — 2.3
T (2.3)

where m integer, n. is the refractive index of the material, ¢ is the speed of light in
vacuum, .55 is the effective dielectric constant, and r is the radius of the resonator

ring,.
(vi) Add/Drop

We define add/drop the action of transferring one electromagnetic wave between the in

port and the drop port or the add port and the through port of the tuneable add-drop
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Figure 2.9: Optical filter, the pass bandwidth.

filter. Likewise, the transfer between the in port and any of the drop ports or any of

the add ports and the out port of the tuneable OADM.
(vii) Through

We define through the action of transferring one or more electromagnetic waves between
the in port and the through port of the tuneable add-drop filter. Likewise, it also refers
to the transfer between the in port and the out port of the tuneable OADM.

(viii) Filter Bandwidth

The bandwidth of a filter is defined as the width of its transfer function measured at a

given level from the peak-level of the transfer function.

(ix) Pass Bandwidth

We define the pass bandwidth as the bandwidth of a filter which allows the incoming
electromagnetic waves to be transmitted through the filter. All the frequencies outside
the pass bandwidth will not be transmitted through the filter. The measurement of the
pass bandwidth is done at the —3dB level as illustrated in Figure 2.9.
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(x) Stop Bandwidth

We define the stop bandwidth as the bandwidth of a filter which prevents the incoming
the electromagnetic waves from being transmitted through the filter. All the frequencies
outside the stop bandwidth will be transmitted through the filter. The measurement of
the stop bandwidth is done at the —3dB level as illustrated in Figure 2.10.

(xi) Add-Drop Factor

We define the add-drop factor as the ratio between the number of channels that can be

simultaneously added and/or dropped with respect the total number of channels.
(xil) Dynamic Range

We define the dynamic range of the add-drop filter as the difference between the highest

achievable central wavelength and the lowest achievable central wavelength.

AXo = Aomax — domin (2.4)

where Agprny is the minimum central wavelength and Agprax is the maximum central

wavelength.
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(xiii) Cross-Talk

The cross-talk of the filter is the amount of unwanted power in a given channel ¢ from
other channels, relative to the input power. There are two types of cross-talk character-
istic to optical filters, the adjacent cross-talk Xtalk,q and the non-adjacent cross-talk
Xtalkpon—agj, both illustrated in Figure 2.11. ITU-T [134] measures adjacent and non-
adjacent cross-talk as the difference between the magnitude of the transfer function of
the filter at the central wavelength and its magnitude at the edge of the adjacent and
non-adjacent channel respectively. The method is channel-width dependent and leads
to loss of generality.

As opposed to ITU-T, we define the adjacent cross talk as the difference between
the magnitude of the transfer function at the central wavelength of channel 7 and its
magnitude at the central wavelength of the adjacent channel i+1. We also define the
non-adjacent as the difference between the magnitude of the transfer function at the
central wavelength of channel i and its magnitude at the central wavelength of a non-
adjacent channel, e.i. i4+2.

We believe that our definitions will help in further analysis involving channels of

different widths, since they are channel-width independent.
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(xiv) Group Delay

The group delay of an optical signal traveling through a transmission medium is defined
as the rate of change of the total phase shift  with respect to angular frequency w. The
phase shift is the change in phase experienced by the input electromagnetic field while

traveling through the optical filter.

de df
=== 2.5
T 2 d(f) 25)
(xv) Free Spectral Range

The free spectral range (FSR) of an optical filter is the separation between two adjacent

resonant peaks with the frequencies f; and f;:

FSR = f; = fin1 (2.6)

For a ring resonator the free spectral range is

FSR = =< ¢

= 2.
Leff 27TTTle ( 7)

where Lgss is the effective length of the resonator ring, ¢ is the speed of light, n. is the

refractive index of the resonator ring, and r is the radius of the resonator ring.
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2.6 Assumptions and Considerations

The following is a list of assumptions used in our research:

(1) The optical material used for designing our tuneable add-drop filters is hybrimer,
a polymer proposed by Kang at al. [135]. The thermo-optical coefficient is —2.0 x 104
K™, the thermal expansion coefficient is 10® K~! and the refractive index at room
temperature (24.6°C) is 1.47875, since these are reported values.

(2) In our filter analysis, we disregard manufacturing variation and therefore the
coupling coefficients and the coupler loss coefficients between the ring-resonator and the
two waveguides have the same values. This is because the manufacturing variations are
highly dependent on specific manufacturing process and technique.

(3) Our tuneable optical filters are linear time-invariant, namely systems that behave
linearly with respect to their input and have all their parameters stationary in time.
This is because the tuneable add-drop filters behave like static filters while operating in
optical transmission systems.

(4) The loss coefficient in the waveguides is ignored. This is because it has been
established by Schwelb [115] that the loss coefficient does not have a significant influence
on the performance of ring-resonator-based filters.

(5) Only the magnitude and phase functions for the in-drop and in-out is considered
in the performance analysis of our add-drop filter. This is because the transfer functions
for the in-drop and add-out shall prove to be identical.

(6) The magnitude transfer function of the phase array devices is quasi-rectangular,
as per design proposed by Dragone [136] and the phase transfer function is ideal. This is
because we do not design the phase array devices and are interested in the ring-resonator
based tuneable add-drop filter.

(7) In our tuneable add-drop filters, only half of each resonator-ring is heated to
vary the central wavelength of the filter in an attempt to avoid unnecessary performance
degradation. This is because the optical couplers are sensitive to temperature changes.

(8) All optical cross connects employed in the mesh simulation scenario are ideal.
This is because particular optical cross connects designs will not be considered in our

performance analysis.
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Chapter 3

Tuneable Add-Drop Filter Design

The tuning mechanism of our add-drop filters is temperature variation of the resonator
rings. This will allow for selectively dropping and/or adding optical channels from/to
the all optical network/transmission system, as described in Section 2.3.

Since the add-drop filters perform the very function of dropping and/or adding op-
tical channels, it is reasonable to ascertain that they are the most important elements
of our tuneable OADM.

In this chapter, we shall present a mathematical model of our single-ring resonator
based add-drop filters. Next, we shall design a prototype of the tuneable add-drop filter,

determine and analyse its transfer functions and performance characteristics.

3.1 Mathematical Model of the Tuneable Add-Drop
Filters

As per our assumptions presented in Section 2.6 our tuneable add-drop filters can be
considered linear time-invariant systems, namely a systems that behave linearly with
respect to their input and have all their parameters stationary in time. Their perfor-
mance characteristics are fully described by, and can be obtained from, their magnitude
intensity, simply magnitude throughout this research work, and their phase transfer
functions [108]. The most important characteristics of our tuneable add-drop filters,
such as resonance frequency, free spectral range, bandwidth, adjacent and non-adjacent
cross-talk, insertion loss, finesse, quality factor and group-velocity delay, are defined in
Section 2.5.

The developed mathematical model is based on the coupled mode theory [121] and its

30



| ADD
OPTICAL

COUPLER
IN \ — THROUGH
B evvr—
o
_ CROSS
D> WAVEGUIDES
\ OPTICAL
/ COUPLER
UNCOUPLED 1
WAVEGUIDES DROP

1  WAVEGUIDES

Figure 3.1: Decomposition of our Add-Drop Filter

matrix formalism [113]. The magnitude and phase transfer functions of our single-ring
resonator based optical add-drop filter were obtained from its transfer and scattering
transfer matrices. The transfer matrix representation defines the relation between the
electromagnetic waves at the input ports and the waves at the exit ports, while the trans-
fer scattering matrix representation represents the liner relation between the incident
waves entering the filter and reflected waves exiting the filter.

In order to efliciently derive the transfer and scattering transfer matrices we de-
composed our single ring resonator based add-drop filter into basic components such
as optical couplers, uncoupled pair of waveguides, and pair of crossed waveguides. We
modeled the basic components as appropriate types of generalized lumped-element 2 x 2

couplers introduced by Schwelb [115].

3.1.1 Model Decomposition and Representation

By looking carefully at our ring resonator based add-drop filter, depicted in Figure 3.1,
we can identify its basic components. The filter is composed of two optical couplers,
two uncoupled pair of dielectric waveguides, and a pair of crossed dielectric waveguides.

In the Figure 3.2 we illustrate the schematic representation of optical couplers, un-
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coupled pair of transmission lines, and crossed waveguides, where q; is the incident wave
at port ¢, b; is the reflected wave at port ¢, ; is the phase delay of the electromagnetic
wave traveling through the transmission line 4, k is power coupling coeflicient, and = is
the scattering loss coefficient in the optical coupler.

The equivalent lattice network of our add-drop filter, depicted in Figure 3.3, is com-
prised of schematic representations of its basic components cascaded in series and par-
allel. To conveniently derive the transfer matrices of our add-drop filter we split the
obtained equivalent lattice network in two parts the add-drop filter without crossed

waveguides and the crossed waveguides.

3.1.2 Mode Number and Ring Radius

According to Suzuki et. al. [128], the mode number m,;,, of a ring-resonator-based
optical filter is
Less

Meyping = /\0 (51)

and the effective length L.s; of the resonator ring is

C

Lopr=—0
“/f = FSRy,

(3.2)
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where )¢ is the central wavelength of the filter, c is the speed of light in vacuum, and
FSRy, is the free spectral range of the filter.
By substituting Less into Equation (3.1) we obtain a more convenient equation for

the mode number my4,4 of a ring-resonator-based optical filter

C
ring — 3.3
Mring = Ny - FSRy, (3:3)
By the same account, the effective length Lss of the resonator ring is
Leff =L- Ne (34)
and
Leff = )\0 * Mying (35)

where L is the physical length of the resonator ring, n, is the refractive index of the
optical material, Aq is the central wavelength of the filter, and m,.;;,, is the mode number
of the ring.

The ring radius 7 of the resonator ring is simply

r=— (3.6)

and by substituting L from Equation (3.4) and L.s; from Equation (3.5), into Equa-
tion (3.6) we obtain a more convenient equation of the radius r of the resonator ring
Leff )\0 * Myring

= = 7
2T N, 27 - N, (3.7)
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3.1.3 The Transfer Matrices
The transfer matrix of the optical coupler Agoupier is
0 Vv1—k —é 0

7 —V1—-k 0 0 a
Acoupler - = L
vk -1 0 0  Vi-k

as shown by Schwelb [115], where

e k is the power coupling coeflicient,
e 7 is the loss coefficient in the optical coupler,

e a is the field magnitude loss, and is defined as the loss of magnitude of the elec-

tromagnetic field traveling through the optical coupler, a = /T — .

Likewise the transfer matrix of the uncoupled pair of waveguides Aypes is

el 0 0 0
0 e 0 0

Alines = . (39)
0 0 el 0

0 0 0 eI

where, j = v/—1 and 6; is the phase delay of the electromagnetic field traveling through
the transmission line ¢, or the half round trip phase delay of the resonator ring, and can

be expressed as it follows

0; = (B — jog)mrne (3.10)

where (3; is the propagation coefficient of the transmission line, ¢; is the loss coefficient
of the transmission line, r is the radius of the resonator ring, and n, is the refractive

index of the resonator ring.

35



Since we take into account the small optical power exchange between the two waveg-
uides, we shall model the pair of crossed waveguides as a type-2 generalized lumped-
element 2 x 2 coupler with small coupling and coupler loss coefficients. Therefore, its

transfer matrix Axw is

]\/E 0 _V1-k 0
4 0 javk 0 a/l1—k 211
xw = — . E . (3.11)
0 a/I—-k O javk

where a, j, and k have the same significance as described earlier in this section.
According to the classical theory of cascaded transmission networks [137], the trans-
fer matrix of our add-drop filter without crossed waveguides can be determined from

the transfer matrix of its constituent components as follows

AADF = Acoupler X Alines X Acoupler (3'12)

and by substituting Equations (3.8), (3.9), and (3.11) into Equation (3.12) we obtain
the transfer matrix of the add-drop filter without the crossed waveguides Aspp.

Once A4pr is obtained, the relation between the electromagnetic waves at the input
ports and the waves at the exit ports of our add-drop filter without crossed waveguides

can be expressed as follows

ay bs
bl as
— Aupr (3.13)
Ao b4
1)2 a4 ]

where a; and b;, i = 1,2, 3, 4, are the incident electromagnetic waves a; and the reflected
electromagnetic waves b; at port 4.
Likewise, given the transfer matrix Axy, the relation between the electromagnetic

waves at the input ports and the waves at the exit ports for the pair of crossed waveguides
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is

ay b3
b a
R I (3.14)
as b4
i b2 i | aq ]

By algebraically manipulating Equation (3.13) and Equation (3.14) such that

a; bg
b Q2
= Apr (3.15)
as b4
b3 a4
and
a) [ by
bl ao
asg b4
bs ay

we obtain the transformed transfer functions for the add-drop filter without crossed
waveguides A% ;- and the transformed transfer matrix for the crossed waveguides A%y,
respectively. The transformation is necessary due to the fact that the input signals are
entering the constituent transmission networks through ports 1 and 3 and exit through
ports 2 and 4 as opposed to entering through ports 1 and 2 and exiting through ports
3 and 4, as considered by Schwelb [115]. Therefore, according to the classical theory of

cascaded transmission networks, the transfer matrix of the equivalent lattice network

for our add-drop filter in Figure 3.3 is

AADFX = A;{W X A;DF (317)

and by substituting the two results results into Equation (3.17) we obtain the transfer
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matrix for our single-ring tuneable add-drop filter with crossed waveguides, Aaprx.

Now we can express the relation between the electromagnetic waves at the input

ports and the waves at the exit ports of our equivalent lattice network

ai b3

by az
= AapFx

5 by

bo a4

(3.18)

along with the liner relation between the incident waves entering our equivalent lattice

network and the waves reflected through the ports of our equivalent lattice network

by 1 @

b2 az
= Saprx

b3 Qas

bs a4

(3.19)

where a; and b;, i = 1,2, 3,4, are respectively the incident and the reflected electromag-

netic waves at port .

Comparing Equation (3.19) with (3.18) one can see that the transfer scattering

matrix Sappx is directly related to the transfer matrix Asppx. The transfer scattering

matrix can be readily derived as outlined in [115].

T.T;" Tp—-T. T 'T5

SADFX = 1 1
TCT —TB Ta

where Ty, T, T and Tp are 2 x 2 submatrices of T such that

Ty Tp
= | = HasAaprxas
Tc Tp

and
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(3.22)

[eo N e e
(=R = =]
(=Rl
= 0o O ©

We have therefore derived the transfer matrix Asprx and the transfer scattering matrix

Saprx of our single-ring resonator based add-drop filter.

3.1.4 The Magnitude Response

The magnitude response between port ¢ and port j of a linear system is the ratio between
the magnitude I; of the signal emerging from port j and the magnitude I; of the signal
entering the system through port ¢, I;; = I;/I;.

To determine the magnitude transfer function between port 1 and ports 1,2, 3,4 we
excite the equivalent lattice network through port 1 with a unity incident wave. This
is done by setting the incident waves a; = 1, ag = 0, a3 = 0, ay = 0. The relation
between the electromagnetic waves at the input ports and the waves at the exit ports

of the equivalent lattice network becomes

1 b3
by 0
= AADFX (323)
0 by
by 0

and through algebraic manipulations of Equation (3.23) we obtain the system of linear

equations (3.24)

I T [~ =

1 0 0 Auprx(1,1) Aaprx(l,3) b
0 -1 0 A 2,1) A 2,3 b
_ aprx(2,1) Aaprx(2,3) 2 (3.24)
0 0 0 AADFX(3a 1) AADFX(3;3) b3
| 0 0 -1 Aaprx(41) Aaprx(4,3) ) | b |

where Aaprx(i,7) are elements (7, j) of matrix Asprx.
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By solving the system of linear equations for b;, j = 1,2,3,4 we determine the
magnitude of the reflected waves b; of our equivalent lattice network.

The magnitude transfer function I;;(\) between port ¢ = 1 and port j = 1,2,3,4 is

12
2

L =2 (M5 e{1,2,3,4). (3.25)

where A is the wavelength of the optical signal.

Using a similar approach, we can derive the magnitude transfer functions between
any input port ¢ and output ports j = 1,2, 3,4 by exciting the equivalent lattice matrix
through port ¢ with a signal of unity intensity, i.e.

2

b

Li;i(\) = "

(V)5 € {1,2,3,4} (3.26)

3.1.5 The Phase Response

The phase response between port ¢ and port j of a linear system is the difference between
the phase @, of the signal emerging from port j and the phase ®; of the signal entering
the system through port ¢, ®;; = ®; — ®,.

To determine the phase transfer function between port 1 and ports 1,2, 3, 4 we excite
the equivalent lattice network through port 1 with a unity incident wave. This is done
by setting the incident waves a; = 1, a3 = 0, ag = 0, a4 = 0. Then we compute the
transfer scattering matrix as outlined in Section 3.1.3.

The phase transfer function ®,;(A) between port i = 1 and port j = 1,2,3,4 is

(I)lj(/\) - Im{SADFX(iaj)} (V)Z,j € {1,273a4} (327)

Using a similar approach, we can derive the phase transfer functions between any
input port ¢ and output ports j = 1,2,3,4 by exciting the equivalent lattice matrix

through port ¢ with a signal of unity intensity

q)zj()‘) = Im{SADFX(ivj)} (V)Z,] € {1’ 2’374}' (328)
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3.1.6 The Dynamic Range

At ¢y, the central frequency A of the filter in Figure 3.1 is given by

Ao = 2RT e (3.29)
mring

By inspection, we see that there are three parameters influencing the central wave-
length of the filter: the radius of the ring r; the refractive index of the ring waveguide n,;
and the mode number of the ring m;;,4. Since the mode number is a fixed parameter of
the filter, there are only two parameters we can vary in our attempt to tune the central
frequency of the filter. The two parameters are the radius of the ring and the refractive
index of the resonator ring waveguide.

Let r; be the ring radius at temperature ¢, k; the thermal expansion coefficient of
the material, 4 the ring radius at temperature g, and At the difference of temperature

t-tp, it follows that

Ty = rto(]- -+ ktAt) (330)

Likewise, let dn/dt be the thermo-optic coefficient of the material, ne|¢ the refractive
index of the material at temperature ¢, and ng;, the refractive index of the material at

temperature tg, then

dn,

Nelt = ety + "d_t_

At (3.31)

By substituting Equation (3.30) and Equation (3.31) into Equation (3.29) for ¢; we
obtain X,

2 dne
’I"t()(]. + ktAt) (nem) +

A =
! mm’ng dt

At) (3.32)

assuming the whole length of the ring being heated with At °K, between ¢y and ;.
It follows that the dynamic range of the filter is
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27ro AL dn. dn,
Al =|do— A ] = (kt + — + ky—-At) (3.33)
mm-ng dt dt

where ) is the central wavelength of the filter at ¢y and \; the central wavelength of

the filter at ¢;.

3.2 Filter Design Procedure

Using the assumptions of Section 2.6 and the mathematical model discussed earlier, we

can formulate the following design procedure:

(1) select the initial design parameters of the prototype filter in accordance to the target
architecture of our tuneable OADM presented in Section 2.2

(2) determine the mode number and the radius of the resonator ring using Equation (3.3)
and Equation (3.7), respectively

(3) determine the operating temperatures of the tuneable filter using Equation (3.33)
(4) determine the magnitude and phase transfer functions of the filter using the math-
ematical model presented in Section 3.1.4 and Section 3.1.5

(5) determine the performance characteristics of the filter from its transfer functions as
per definitions presented in Section 2.5

(6) repeat the above to fine tune the design

The mathematical model of the tuneable add-drop filter has been coded in Matlab
for further use in the design and analysis of our tuneable add-drop filters. Additional
Matlab code has been developed to compute the performance parameters of the add-

drop filter from its magnitude and phase transfer functions, as defined in Section 2.5.

3.3 Prototype Filter Design

(1) Initial Design Parameters

For the design of our tuneable add-drop filter prototype we shall select an ideal coupler

loss coefficient @ = 1 and an arbitrary coupling coefficient k = 0.07.
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In accordance to the architecture of the tuneable OADM presented in Section 2.2, the
initial design parameters for our tuneable add-drop filter prototype are channel spacing
C,; = 0.8nm, number of channels per group of channels N = 4, number of group of
channels N, = 8, total number of channels N, = 32. Likewise, in order to accommodate
four channels and account for the all-through position, we selected the free spectral
range of the tuneable add-drop filter FSRy, = 700G H 2.

Since the material considered for the design is hybrimer, as per assumption (1) in
Section 2.6, the thermo-optical coefficient is —2.0 x 10~* K !, the thermal expansion
coefficient is 107 K~ and the refractive index at room temperature (24.6°C) is 1.47875.

For reader’s convenience, a summary of the initial set of design parameters is pre-

sented as follows

Table 3.1: The initial design parameters of the tuneable
add-drop filter prototype.

Parameter Value Units Description
k 0.07 coupling coefficient
a 1 coupler loss coefficient
Ao 1533.57 nm central wavelength
AXg 4 nm dynamic range
Ne 1.47875 refractive index at 24.6°C
dn/dt -2x107*| K! thermo-optic coefficient
ky 10-¢ K~ | thermal expansion coefficient
Cs 0.8 nm channel spacing
FSRy, 700 GHz free spectral range

(2) The Mode Number and The Ring Radius

By substituting the central wavelength Ay and the free spectral range F SRy, into
Equation (3.3) we obtained the mode number of the resonator ring, Mring = 272.66.

Since the mode number must be an integer we truncated the value to Miping = 272.
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Next, by substituting m,», into Equation (3.7) we obtained the ring radius of our

filter prototype r = 44.895um.
(3) The Operating Temperatures

We obtained the temperature difference At = 7.71°C' for moving the central wavelength
of the prototype filter by A)g = 0.8nm from Equation (3.33) under the assumption!
that only half of the resonator-ring is heated.

The computed operating temperatures of our tuneable add-drop filter prototype are

presented as follows

Table 3.2: The operating temperatures of the tuneable
add-drop filter prototype.

Channel | Wavelength [nm] | Temperature [°C]
1 1529.57 63.17
2 1530.37 55.45
3 1631.17 47.74
4 1531.97 40.02
all-through 1533.57 24.6

(4) The Magnitude and Phase Transfer Functions

We determined the add, drop, and through magnitude and phase transfer functions of
our tuneable add-drop filter prototype. The results are presented in the following three
pages in Figures 3.4, 3.6, 3.8, and 3.9, respectively.

The add and drop magnitude transfer functions are almost identical, as one can see
in Figure 3.4. The difference between the two transfer functions are marginal, e.g. at
the resonant peak the difference is under 0.2dB as one can see in Figure 3.5. Although
the add and drop phase transfer functions are no identical as one can see in Figure 3.6,
their influence on performance, namely the group-velocity delay (7), is almost identical

as one can see in Figure 3.7. It is therefore reasonable to use the drop transfer functions

!The reason for making this assumption has been explained at point (7) in Section 2.6.

44



— add
—&— drop

-100

-150 1

Magnitude Response [dB]

200 1

-250 1 1 L 1 1 L 1
1.528 1.53 1.532 1.534 1.536 1.538 1.54 1.542 1.544
Wavelength [m] X107

Figure 3.4: The add and drop magnitude response of our tuneable add-drop filter pro-
totype.

-3 T T T
— add
-8~ drop
-3.051 b
-3.1F 1
-3.15| 4

Magnitude Response [dB]
w
N
o
T
L

=345 p

-35 L L
15335179 1.5335219 1.5335259 15335299
Wavelength [m]

Figure 3.5: The add and drop magnitude response of our tuneable add-drop filter pro-
totype, close up.



0.6 T T T T T T

0.4 1

0.2}

(=3

!
e
N

Phase Response [rad]

0. 1 1 1 1 1
1.528 1.53 1.532 1.534 1.536 1.538 1.54 1.542
Wavelength [m]

1] — add
—&- drop

Lol
T
L

Group Velocity Delay [s]
W ~
T T
i 1

N \ e

. 0 il 1
1.528 1.63 1.532 1.534 1.536 1.538 1.54 1.542
Wavelength [m] -6

Figure 3.7: The add and drop differential group delay for our tuneable add-drop filter
prototype.

46



Magnitude Response {dB]
&
=
T
L

-100}- : : . R

-120 L L L
153 1.535 1.54 1.545 1.55 1.555
Wavelength [m] x 1078

Figure 3.8: The through magnitude response of the tuneable add-drop filter prototype.

0.5 T T T T

0.4

0.3

0.2

01

Phase Response [rad]
=3
T

5 1 1 i 1
1.53 1.5635 1.54 1.545 1.55 1.555
Wavelength [m] x107°

Figure 3.9: The through phase response of the tuneable add-drop filter prototype.

47



to determine both performance characteristics, called add/drop characteristics in the
reminder of this work.

Our prototype filter exhibits a periodic add/drop and through magnitude and phase
transfer functions. For example, equally spaced transmission peaks and maxima/minima
of the phase values can be seen in Figure 3.4 and Figure 3.6, respectively. The shape
of the magnitude transfer function within the free spectral range?, indicates that the
periodicity of our add-drop filter is twice its free spectral range. This features is inherent
to our design due to the intersection between its in-out and add-drop waveguides. The
intersection leads to a small exchange of optical power between the two waveguides and
therefore introduces feedback path into the design. As a result, the transfer functions
are asymmetrical in respect to the resonant peaks and the values of the adjacent and

the non-adjacent cross talk are better on one side of the filter.

(5) The Performance Measures of the Prototype Filter

Using the additionally developed Matlab code, we computed the performance parame-
ters of our prototype filter from its add/drop and through transfer functions determined
at step (4).

The resulted performance measures are listed as follows

Table 3.3: The performance measures of the tuneable

add-drop filter prototype.

Parameter Value | Units Description
I Logq/drop 0.16 dB add/drop insertion loss
I Liproughads 0.25 dB through insertion loss for adjacent channel
I Linroughnon—ad; 0.2 dB | through insertion loss for non-adjacent channel
Xtalk,q -132.89 | dB worst adjacent crosstalk
Xtalkpon—adqj | -146.25 | dB _ worst non-adjacent crosstalk
BWerwam 0.037 nm pass bandwidth at -3dB

2 A definition of the free spectral range is provided in Section 2.5.
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The obtained performance parameters indicate that the tuneable add-drop filter is
feasible and may perform reasonably well in WDM transmission systems. However, as
one can see in Table 3.3 the filter prototype exhibits a narrow pass bandwidth and a
non-zero phase variation. The narrow pass bandwidth may prevent the optical signal
to pass in the presence of laser chirp and/or central frequency variations, while the
phase variation translates into group-velocity delays of the optical signal leading to
signal dispersion in time and consequently to inter-symbol interference and high bit
error rates [138]. It is therefore desirable to optimize the two transfer characteristics
of our tuneable add-drop filter, namely its magnitude and phase transfer functions, if

possible.
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Chapter 4

Tuneable Add-Drop Filter
Optimization

In this chapter, we shall optimize the design of our tuneable add-drop filter in an attempt
to improve its performance, namely to minimize its insertion loss, decrease its adjacent
cross talk, increase its add/drop pass bandwidth, and minimize its phase distortion. We
shall identify the factors influencing the performance of our tuneable add-drop filter,
analyse their influence; and determine their optimum values. Next, we shall design our

optimized tuneable add-drop filter.

4.1 Influence of Filter Parameters on Performance

By inspecting the mathematical model of our tuneable add-drop filter, presented in
Section 3.1, we can see from Equations (3.8) and (3.9) that the parameters influencing
its performance are the loss coefficient of the waveguide (v), the coupling coefficient
(k), the coupler loss coefficient (a), and the effective length of the ring (L.s). Since
the effective length of the ring is directly influenced by the operating temperature, as
detailed in Section 3.1.6, and the loss coefficient in waveguides does not have a significant
influence on the performance, as established by Schwelb [115], we will focus our analysis
on the variation of the operating temperature, the coupling coefficient, and the coupler

loss coeflicient.
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4.1.1 The Influence of Temperature

The effect of increasing the temperature of the resonator ring is a move of the central
wavelength of the our add-drop filter towards shorter wavelengths, while a decrease does
the opposite, as illustrated in Figure 4.1.

Along with the move of the central wavelength one can notice an increase of the
free spectral range, as illustrated in Figure 4.3. Assuming the filter is designed for a
free spectral range at least equal to the desired pass bandwidth at room temperature,
it follows that an increase in temperature will further increase the free spectral range.
Therefore, the free spectral range will be always larger or at least equal to the required
pass bandwidth at any given operating temperature and the add-drop filter will operate
properly.

However, in the case of building the add-drop filter from optical materials with
positive thermo-optical coefficients the free spectral rage can become smaller than the
required pass bandwidth of a channel, leading to more than one resonance peaks in the

pass bandwidth, and disrupting the intended way of the filter operation.
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As one can see in Figure 4.2, an increase in the operating temperature of the resonator
ring will sharply increase the phase distortion of the signal at the central wavelength of
the filter. Further increases in temperature will sharply decrease the phase distortion
followed by relative constant values and a sharp increase again. Decreasing the operating

temperature of the resonator ring will have the opposite effect.

4.1.2 The Influence of the Coupling Coefficient

The influence of the coupling coefficient on the add/drop magnitude transfer function
is illustrated in Figure 4.4', while its influence on the through magnitude is illustrated
in Figure 4.6. '

The add/drop magnitude transfer function at low coupling coefficient (e.g. 0.05)
exhibits pass bandwidths of a few tenths of a nm (from 1533.51 nm to 1533.53 nm)
and attenuations down to —150dB at longer wavelengths (around 1536 nm) or down
to —300dB at shorter wavelengths (around 1532 mm). As the coupling coefficients
increase towards unity the pass bandwidth of the filter increases towards infinity while
the attenuation decreases towards 0dB.

The through magnitude transfer function at large coupling coefficients (e.g 0.9)
exhibits a pass bandwidth of a few nm (from 1533 nm to 1539 nm) with attenuation
level around 20dB and a stop bandwidths around of a few tenths of nm (from 1533.5
nm to 1533.6 nm) with attenuation levels down to —300dB. As the coupling coefficients
decrease towards zero the stop bandwidth decreases until eventually vanishes, the pass
bandwidth increases towards infinity, and the attenuation levels approach 0dB.

The influence of the coupling coefficient is presented in Figure 4.5 for the add/drop
phase response and in Figure 4.7 for the through phase response.

For the add/drop phase response, it can be seen that the phase variation in respect
to the wavelength is large in the pass bandwidth of the filter and almost inexistent else-
where. As the coupling coefficients increase towards unity the phase variation decreases
in the pass bandwidth and increases elsewhere.

For the through phase response, one can see that for small coupling coefficients

the phase variation is large in the pass bandwidth of the filter and almost inexistent

Ifor better representation of features, the axis of coupling coefficient in Figure 4.4 are opposite to
the axis of the subsequent figures
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elsewhere. As the coupling coefficients increase the phase variation decreases in the pass

bandwidth and becomes present at all wavelengths.

4.1.3 The Influence of the Coupler Loss Coefficient

The influence of the coupler loss coefficient on the add/drop magnitude transfer function
is illustrated in Figure 4.8, while its influence on the through magnitude transfer function
is illustrated in Figure 4.10.

The add/drop magnitude transfer function exhibits at small coupler loss coefficients
(e.g. 0.3) an infinite stop bandwidth with signal attenuations around —150dB and no
pass bandwidth. As the coupler loss coefficients increase towards unity, the attenuation
levels approach 0dB (around 1533 nm and 1537 nm), remains —150dB at longer wave-
lengths (around 1536 nm), and decreases to —300dB at shorter wavelengths (around
1530 nm and 1532 nm). Likewise, the pass bandwidth is a few tenths of nm (from
1533.4 nm to 1533.6 nm) with attenuation levels of few dB.

The through magnitude transfer function exhibits at small coupler loss coefficients
(e.g. 0.01) an infinite stop bandwidth with signal attenuations around —250dB. As
the coupler loss coefficients increase towards unity, signal attenuations decrease down
to —250dB (around 1533 nm and 1539 nm) while the attenuation levels approach 0dB
elsewhere. Likewise, the pass bandwidth is around a few tenths of nm (from 1533.5 nm
to 1533.6 nm) with attenuation levels of few dB.

The influence of the coupler loss coefficient is presented in Figure 4.9 and Figure 4.11
for the add/drop and through phase transfer functions, respectively.

For both add/drop and through phase transfer functions one can see that there is
no phase variation in respect to the wavelength at small coupler loss coefficients (e.g.
0.1). As the coupler loss coefficients increase towards unity the phase varies between 0.3
and -0.2 rad around the resonance wavelengths (approx. 1533 nm and 1539 nm) and

marginally elsewhere.
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Figure 4.12: The influence of Coupler Loss Coefficient on the bandwidth, the adjacent
crosstalk, and the through and add/drop insertion loss of the filter.

4.2 Coupler Loss Coefficient Optimization

The goal is to determine the value of the coupler loss coefficient that will minimize the
add/drop insertion loss (I Lada/arep), the through adjacent insertion 10ss (I Linrough—ad;)s
and the adjacent cross talk (Xtalkegy), while maximizing the add/drop pass bandwidth
(BWadd/arop) at the same time.

Figure 4.12 illustrates the influence of the coupler loss coefficient on the add/drop
insertion loss, the through insertion loss, the adjacent crosstalk, and the pass bandwidth
of our filter. The presented parameters have been computed from the magnitude and
phase transfer functions of add-drop filters with different coupler loss coefficients using
the additional Matlab code developed in accordance with the definitions presented in
Section 2.5, while the transfer functions have been computed using our Matlab imple-
mentation of the mathematical model presented in Section 3.1.

As one can see in Figure 4.12, the minima of the add/drop insertion loss (I Laga/drop),
the through adjacent insertion loss (I Lihrough—ad; ), and the adjacent cross talk (Xtalk,q)

are exhibited at a = 1, while the maximum the add/drop pass bandwidth is exhibited
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Figure 4.13: The influence of Coupling Coefficient on the bandwidth, the adjacent
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ata =0.

Since it is obvious that no possible values of the coupler loss coefficient will fully
optimize our design, as per our optimization goal, it is reasonable to use for our filter
design and its performance analysis a high achievable value a = 0.998 of the coupler

loss coeflicient. Similar values have been used by other people, e.g. Schwelb [115].

4.3 Coupling Coefficient Optimization

The goal is to determine the value of the coupling coefficient that will minimize the
add/drop insertion loss (I Lagd/arop), the through adjacent insertion loss (I Lihrough—ads ),
and the adjacent cross talk (Xtalk,q), while maximizing the add/drop pass bandwidth
(BWadd/arop) at the same time.

Figure 4.13 illustrates the influence of the coupler loss coefficient on the add/drop
insertion loss, the through insertion loss, the adjacent crosstalk, and the pass bandwidth
of our filter. The presented parameters have been computed form the magnitude and

phase transfer functions of add-drop filters with different coupler loss coefficients using
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the additional Matlab code developed in accordance with the definitions presented in
Section 2.5, while the transfer functions have been computed using our Matlab imple-
mentation of the mathematical model presented in Section 3.1.

As one can see in Figure 4.13, the minimum add/drop insertion loss (I Lodd/drop) 18
achieved at k = 0, while the minimum of the through adjacent insertion loss (1 Lihrough—ads)
and the minimum of the adjacent cross talk (Xtalk,4) are exhibited at k = 1. Likewise,
the maximum of the add/drop pass bandwidth is exhibited at k£ = 0. It is obvious that
no possible values of the coupler loss coefficient will fully optimize our design. However,
the optimum coupling coefficient for obtaining the minima for the add/drop and the
through insertion loss is & = 0.15, while the optimum value of the coupling coefficient k&
that will maximize the add/drop pass bandwidth and minimize the adjacent cross talk
is k = 0.26.

In general, larger add/drop pass bandwidths and smaller adjacent cross talk values
are more desirable than smaller add/drop and through insertion losses. It is there-
fore reasonable to use for our filter design, & = 0.26, a coupler coefficient value which
minimizes the Xtalk,q4 and the pass bandwidth BW4d/drop, While keeps the add/drop
(I Laddjdrop) and the through adjacent insertion loss (I Lihrough—-ag;) 10t far from their

minima.

4.4 The Parameters of the Add-Drop Filter

Using the Matlab implementation of the mathematical model presented in Section 3.1,
we computed the magnitude and transfer functions for all our tuneable add-drop filters
with central wavelengths as presented in Section 2.4. Subsequently, we computed their
performance parameters from its magnitude and phase transfer functions as defined in
Section 2.5, using the additionally developed Matlab_code.

In our computations, we used the coupling coefficient ¥ = 0.26, the coupler loss
coefficient a = 0.998, and all the design parameters presented in Table 3.1 with the
exception of the coupling coefficient k and the coupler loss coefficient a. Since design
parameters for the eight tuneable add-drop filters and their performance parameters are

similar, we shall only present the parameters for filter ADF1.
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Table 4.1: The initial set of design parameters for the
tuneable add-drop filter ADF1.

Parameter Value Units Description
k 0.26 coupling coefficient
a 0.998 coupler loss coefficient
Ao 1533.57 nm central wavelength
Al 4 nm dynamic range
Ne 1.47875 refractive index at 24.6°C
dn/dt -2x 107 | K1 thermo-optic coefficient
k; 10-¢ K1 thermal expansion coefficient
Cs 0.8 nm channel spacing
FSRy, 700 GHz free spectral range
Achl 1529.57 nm central frequency of channel 1
Ach2 1530.37 nm central frequency of channel 2
Ach3 1531.17 nm central frequency of channel 3
Achd 1531.97 nm central frequency of channel 4
Aali—through 1533.57 nm | central frequency in all-through position
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Table 4.2: The computed performance measures of the

tuneable add-drop filter ADF1.

Parameter Value | Units Description
BWewmum 0.221 | nm add/drop pass bandwidth
I'Ladd/drop 0.77 dB add/drop insertion loss
I Liproughads 2.7 dB through adjacent insertion loss
I Liproughnon—adj | 1.15 dB through non-adjacent insertion loss
Xtalkyg -43 dB worst adjacent crosstalk
Xtalknon—ad -62.2 | dB worst non-adjacent crosstalk
tont 63.15 | °C' | temperature for channel 1 add/drop
tena 55.44 | °C temperature for channel 2 add/drop
tens 47.73 | °C | temperature for channel 3 add/drop
tena 40.02 | °C temperature for channel 4 add/drop
Lali—through 24.6 °C' | temperature for all channels through
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Chapter 5

Performance Characteristics of the

Tuneable OADM

In this chapter, we shall analyse the performance of our sparse tuneable OADM by
determining its performance parameters such as insertion loss, channel pass bandwidth,
adjacent cross talk, non-adjacent cross talk, and group delay. We shall present the
mathematical model developed to determine the magnitude and phase transfer func-
tions of our tuneable OADM from the transfer functions of its constituent components.
Next, we shall determine its magnitude and phase transfer functions and present its
performance parameters.

The mathematical model shall reflect the fact that our sparse tuneable OADM is
comprised of two eight-channel phased-array planar devices interconnected through eight
tuneable ring resonator-based filters in a so-called transmission lattice, as illustrated in

Figure 2.2, and described in Sections 2.2 and 2.3.

5.1 Mathematical Model

The phase array devices, namely the optical multiplexer and optical demultiplexer, are
time-invariant systems that behave linearly with respect to their input and have all their
parameters stationary in time. Likewise, our sparse tuneable OADM is a time invariant
system as per considerations in Section 2.6.

The classical theory of spectral analysis of signals [137, 139] has demonstrated that
the response of linear time-invariant systems can be expressed in Z-domain as the equiv-
alent transfer function obtained through multiplication of the transfer functions of its

constituent components, while the equivalent phase shift is the sum of the phase shifts
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Figure 5.1: The equivalent representation of our tuneable OADM for the add (a), the
drop (b) , and the through (c).

of its constituent components.

In accordance with its architecture, we can therefore represent our sparse tuneable
OADM as a transmission lattice, illustrated in Figure 5.1 (a), (b), and (c) for add, drop
and through, respectively.

The add and drop equivalent transmission lattice are equivalent, since the add and
drop transfer functions are identical, as determined at point (4) in Section 3.3, and
both addition and multiplication are commutative. It is therefore reasonable to use
the equivalent representation in Figure 5.1 (a) to determine the transfer functions for
both add and drop e‘quivalent network lattices. For through we shall use the equivalent

representation from Figure 5.1 (c).
The add/drop magnitude response I; qqq/drop(A) for channel i of our tuneable OADM
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is
Ii,add/drop()‘) = IDMUXi(/\) : IADFi,add/drop(A) (51)

while its through magnitude response Iiprougn(A) is

8
Lihrough(X) = Z(IDMUXi()\) “IapFithrough(A) * Inuxi(A)) (5.2)

i=1

where Ipyuxi(A) is the magnitude response of the i channel of the phase-array demul-
tiplexer, I4pr; through(A) is the magnitude response of the i tuneable add-drop filters,

and I xi(A) is the magnitude response of the i** channel of the phase-array multiplexer.

Likewise, the add/drop phase response ®; qdd/arop(A) of channel i of our tuneable

OADM is

D; aad/arop(A) = Pomuxi(A) + P apriadd/arop(A) (5.3)

while its through phase response ®iprougn(A) is

8
@ihrough(A) = Z(‘I’DMUXi()\) + @ ApFithrough(A) + Pruxi(N)) (5.4)

i=1

where ®puyuxi(A) is phase response of channel i of the phase-array demultiplexer,
@ ApFithrough(A) is the through phase response of the i* tuneable add-drop filters, and

®ruxi(A) is the phase response of the i** channel of the phase-array multiplexer.

5.2 Performance Characteristics of the Constituent
Components

The magnitude transfer functions of the phased-array demultiplexer Ipppx;(A) and

phase-array multiplexer Inypx;(A), @ = 1,..,8, are considered quasi-rectangular as per
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Figure 5.2: The add/drop magnitude response of ADF1 in all-through position.
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Figure 5.3: The add/drop phase response of ADF1 in all-through position.
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Figure 5.4: The through magnitude response of ADF1 in all-through position.
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design proposed by Dragone [136], while the phase transfer functions ®pppxi(\) and
®puxi(N), ¢ =1, ..,8, are ideal as per assumption (5) in Section 2.6.

The magnitude I4pr;(A) and the phase ® spr;(A) transfer functions have been com-
puted for all eight add-drop filter using the optimum filter design parameters determined
and presented in Section 4.4. Since all the add-drop filters exhibit similar transfer char-
acteristics, we shall only present here the transfer functions for tuneable add-drop filter
ADF1. Its add/drop and through magnitude and phase transfer functions are presented
in Figure 5.2, 5.3, 5.4, and 5.5, respectively.

One can see in Figure 5.2 and 5.4 that the magnitude transfer functions exhibit peri-
odic variation with the wavelength. The add/drop magnitude transfer function exhibits
magnitude peaks around the central wavelengths and magnitude valleys elsewhere, while
the through magnitude transfer function exhibits magnitude valleys around the central
wavelengths and magnitude peaks elsewhere. In both cases, the magnitude peaks favour
the transmission of optical signals with wavelengths in that region while the magnitude
valleys block their transmission.

The phase transfer functions also exhibit a periodic variation with the wavelength
for the add/drop and through signals, as one can see in Figure 5.3 and 5.5. This kind of
phase variation is detrimental to the performance of the add-drop filter in transmission
systems, since phase variations within optical signals lead to group delay variations, bit
pulse dispersion, inter-symbol interference, and therefore increased bit error rates.

All the other tuneable add-drop filters exhibit similar characteristics with the only
difference that their central wavelengths, in the all-through position, are 1541.57, 1545.57,
1549.57, 1553.57, 15657.57, and 1561.57 nm, respectively.

5.3 The Performance Characteristics

The magnitude and phase transfer functions of our sparse tuneable OADM can now
be obtained by substituting the transfer functions of its constituent components into
Equations (5.1), (5.2), (5.3) and (5.4). Subsequently its performance parameters can
be determined and its performance evaluated.

The magnitude transfer functions for the add/drop and through are presented in

Figure 5.6 and 5.8, respectively. One can see that the tuneable OADM properly adds,
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drops, and /or passes through the selected channel without affecting the other channels.

The phase transfer functions for the add /drop and through presented in Figure 5.7
and 5.9 show that the tuneable OADM exhibits certain phase distortions in the pass
bandwidth of the selected add/drop and outside of the stop bandwidth in the through
channels.

Subsequently, we computed the performance parameters such as insertion loss, chan-
nel pass bandwidth, adjacent cross talk, non-adjacent cross talk, and group delay from
the magnitude and phase transfer functions presented in Figure 5.6, 5.8, 5.7 and 5.9.
All the performance parameters have be computed according to their definitions pre-

sented in Section 2.5.

A summary of the design parameters of the tuneable OADM is listed bellow

Table 5.1: The design parameters for the sparse tuneable

OADM.
Parameter | Value | Units Description
B C-band transmission band
N, 32 number of channels
N, 8 number of group of channels
Neg 4 number of channel per group
ADftqctor 0.25 add-drop factor
Cs 0.8 nm channel spacing in nm

The performance parameters of the tuneable OADM are presented as follows

Table 5.2: The performance parameters for the sparse

tuneable OADM.

Parameter Value Units Description
BWerwnm 0.221 nm add/drop pass bandwidth
I Loga/arop 0.77 dB add/drop insertion loss
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I Liproughadi 2.7 dB through adjacent insertion loss
I Ltproughnon—ad; 1.15 dB | through non-adjacent insertion loss
Xtalkyg -43 dB worst adjacent crosstalk
Xtalknon—ad; -62.2 dB worst non-adjacent crosstalk
Tadd/drop less than 2 DS add/drop group delay
Tthrough less than 1.8 | ps through group delay

The operating temperatures of the filter ADF1 are listed bellow

Table 5.3: The operating temperatures for the tuneable
add-drop filter ADF1.

Parameter | Value | Units Description

Aehl 1529.57 | nm | central frequency at 63.15°C

Ach2 1530.37 | nm | central frequency at 55.44°C

Ach3 1531.17 | nm | central frequency at 47.73°C

Acha 1531.97 | nm | central frequency at 40.02°C

Aali—through | 1533.57 | mm | central frequency at 24.6°C

All the obtained values for the performance parameters such as insertion loss, chan-
nel pass bandwidth, adjacent cross talk, non-adjacent cross talk, and group delay
strongly indicate the our tuneable OADM can be employed in WDM optical net-
works/transmission systems.

The operating temperatures are bounded between 24.6°C and 63.15°C, as one can see
in Table 5.3, and are strictly characteristic to the add-drop filter ADF1. The operating
temperatures for all the other add-drop filters ADF2, ADF3, .., ADFS can be the same,
given that the tuneable add-drop filters are designed accordingly, or slightly different

but within similar bounds.

73



Chapter 6

Performance Evaluation in
All-Optical Networks

In this chapter, we shall evaluate the performance of our tuneable OADM in linear, ring,
and mesh all-optical networks/transmission systems using Optsim, an optical transmis-
sion systems simulator. We shall devise and present the component models, the network
models, and the simulation scenarios that shall be used to evaluate the performance in
terms of optical power spectra, bit error rates, optical signal to noise ratios, eye dia-

grams, and maximum number of cascadable sparse tuneable OADM.

6.1 Simulation Approach

Our performance evaluation employs an optical transmission system simulator, called
Optsim [129]. We shall use it to devise and develop component models, simulation sce-
narios, and network models. The simulation model of the tuneable OADM shall reflect
its architecture presented in Section 2.2 and performance characteristics determined in
Section 5.3, while the network models shall reflect the devised simulation scenarios. Ad-
ditional component models shall be developed for other required network components
such as optical transmitters and optical receivers. All additional component models

shall reflect the behaviour of realistic devices.
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Our simulation approach shall comprise two steps:

o A general frequency-domain simulation of the entire network to identify the most

affected channel and the worst-case simulation scenario

¢ A frequency/time-domain simulation of the most affected channel in the worst-case

scenario

The first step represents a preliminary understanding of the performance. The simu-
lation employs a so-called spectral simulation technique where optical signals are prop-
agated as power spectra and each component is characterized by its magnitude transfer
functions. Spectral simulation technique is a simplified technique that does not consider
phase distortion and fiber non-linearities (e.g. Raman effect). Average signal powers,
optical spectra, and optical signal to noise ratio shall be estimated at every point in the
network/transmission system and the worst-case path shall be identified.

The second step, a frequency/time-domain simulation [129], shall be performed to
determine the performance of the most affected channel in the worst-case scenario. The
simulation shall consider the phase distortion in various components and the linear
and non-linear effects in the transmission media. A preliminary spectral propagation
technique simulation shall be run to initialize the component requiring the value of the
input average power in order to be properly modeled (e.g. optical amplifiers). Next, a
frequency/time-domain variable bandwidth simulation technique shall be employed to
estimate average signal powers, optical spectra, optical signal to noise ratios, and bit
error rates at desired points in the network/transmission system.

All the electromagnetic fields are assumed to have arbitrary modulations, frequencies,
phases, and polarizations and shall be simulated as stochastic processes using a Monte-
Carlo approach. The simulations shall take into account all the linear and non-linear
effects in the fiber, along with additional transmission impairments such as insertion
loss, cross talk, polarization-dependant loss, polarization mode dispersion, chromatic
dispersion, transmitter chirp, and both magnitude and phase distortion due to filtering.
The noise shall be propagated at the same time with the signals, and all signals shall

be represented by sets of samples in time and frequency domain as described in [131].
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Figure 6.1: The linear/mesh/single-ring (a) and double-ring (b) scenario.

During the second simulation step, we shall evaluate the performance of our tune-
able OADM in terms of optical signal to noise ratio, bit error rate, eye diagrams, and
maximum number of cascadable OADM in linear, single-ring, double-ring, and mesh

all-optical networks/transmission systems.

6.2 Simulation Scenarios

Since at the transmission level all-optical mesh networks/transmission systems with ideal

optical cross-connects! and single-ring all-optical networks/transmission systems are

LAll the optical cross connects are ideal as per assumption (8) in Section 2.6.
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fundamentally linear, we devised two simulation scenarios for our performance analysis:
a linear/mesh/single-ring and a double-ring scenario. All-optical networks /transmission
systems with more than two rings are supersets of the double-ring scenario featuring
additional drop-add connections and will not be considered because we do not think

their analysis will provide additional information and insight.
The Linear/Mesh/Single-Ring

In the linear/mesh/single-ring simulation scenario a tuneable OADM is connected to an
upstream OADM in a out-in manner, as illustrated in Figure 6.1 (a), and any channel
can be added and/or dropped at any add-drop node while the other channels pass
untouched towards their destination. The maximum number of channels that can be

added and/or dropped at any add-drop node is eight.

The Double-Ring

In the double-ring simulation scenario a tuneable OADM is connected to the upstream
OADM in a out-in manner with the exception of the two OADMs connecting the two
adjacent rings which are also connected in a drop-add manner as illustrated in Fig-
ure 6.1 (b). Any channel can be added and/or dropped at any add-drop node while
the other channels pass unaffected towards their destination. The maximum number of

channels that can be added and/or dropped at any add-drop node is eight.

6.3 Simulation Models

We developed a system model of our sparse tuneable OADM that reflects its function-
ality and performance characteristics. In addition, we developed system models of the
optical receivers, the optical transmitters, and both linear/mesh/single-ring and double-

ring scenarios used in our simulations.

6.3.1 The Component Models
The Tuneable OADM Model

The tuneable OADM component model illustrated in Figure 6.2 is comprised of one de-

multiplexer model (DMUX), eight add-drop filter models (ADFi, I = 1,2,..,8), and one
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Figure 6.2: The tuneable OADM model.

multiplexer (MUX) model. The transfer characteristic of the multiplexer and demulti-
plexer models reflects the magnitude and phase transfer functions as per assumptions
outlined in Section 2.6, while the tuneable add-drop filter models reflect the magnitude
and phase transfer functions of the respective filter computed in Section 4.4.

The position of the central wavelength of the add-drop filter can be selected such that
it can simulate all the optical channel passing through, add-drop filter in all-through

position, or add/drop any of the optical channels covered by the tuneable add-drop
filter.

The WDM Transmitter Model

The WDM transmitter model, illustrated in Figure 6.3, represents a generic single chan-
nel transmitter equipped with a pseudo-random-bit-sequence data source (Datasource),
a non-return to zero (NRZ) data encoder, a Lorenzian continuous wave laser (CW

Lorenzian), and an external Mach-Zehnder modulator (sin?MZ).
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Figure 6.3: The single channel WDM transmitter model.

The simulation parameters of the optical transmitter as presented as follows

Table 6.1: The simulation parameters of the optical

transmitter model

Characteristic Default Value | Units
PRBS sequence degree 7
laser central wavelength 15629.57 nm
laser power 0 dBm
laser linewidth 0.1 nm
bit rate 1 Gbit/s
modulator extinction ratio 30 dB
modulator chirp factor 0
modulator excess loss 3
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Figure 6.4: The optical receiver model.

The Optical Receiver Model

The optical receiver model, depicted in Figure 6.4, has been developed as a modified
version of a asynchronous ASK single-channel optical receiver present in the Optsim
library. The model consists of an ideal PIN photodiode (PD_PIN), and a 5th order
lowpass Bessel filter (EL_FILTER) with selectable 3 dB bandwidth.

The parameters of the optical receiver model are presented as follows

Table 6.2: The simulation parameters of the optical re-

ceiver model

Characteristic Default Value | Units
Type PIN Photodiode
Quantum Efficiency 0.798
Responsivity 1 A/W
Quantum noise Off
Dark Current 0 nA
Single-Pole Electrical Filtering Oft
-3dB Bandwidth 0.1 GHz
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Figure 6.5: The liner/mesh/single-ring network model.

6.3.2 The Simulation Scenario Models
The Liner/Mesh/Single-Ring Model

In the liner/mesh/single-ring scenario model, all N tuneable OADM models are out-in
connected in a single chain as illustrated in Figure 6.5. The multichannel transmitter
model from the terminal site is connected to the in port of the first tuneable OADM
model, the out port of the 7" tuneable OADM model is connected to the in port of the
(1+1)* tuneable OADM model, and the multichannel receiver model is connected to the
out of the last tuneable OADM model. Additional traffic can be added through the add
port of any tuneable OADM, while traffic can be dropped through any drop port of any
tuneable OADM model. Terminal sites do not contain any tuneable OADMs but allow
adding and/or dropping of all the channels at the same time. Virtual optical instruments
such as optical scopes, optical power meters, and electrical scopes are readily available
in the Optsim library and can be freely employed to evaluate the performance of any

optical channel.
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Figure 6.6: The double-ring network model.

The Double-Ring Model

The double-ring scenario model illustrated in Figure 6.6 is comprised of two rings of N1
and N2 tuneable OADM models, respectively. The multichannel transmitter model at
the terminal site is connected to the i¢n port of the first tuneable OADM model, the
out port of the i** tuneable OADM model is connected to the in port of the (i 4 1)
tuneable OADM model in Ring 1, and the multichannel receiver model is connected to
the out of the last tuneable OADM model in the Ring 2. The two rings are arbitrarily
connected through the drop port of any of the tuneable OADM model from the first
ring and the add port of any tuneable OADM model form the second ring. Additional
traffic can be added through the add port of any tuneable OADM. Terminal sites do
not contain any tuneable OADMSs and allow adding and/or dropping of all the channels
at the same time. Optical instruments such as optical scopes, optical power meters,
and electrical scopes can be freely employed to evaluate the performance of any optical

channel.
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Figure 6.7: The most affected channel for the linear/mesh/single-ring (a) and the double-
ring (b) scenario.
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Figure 6.8: The simulated worst-case for the linear /mesh/single-ring (a) and the double-
ring (b) scenario.

6.4 Performance Evaluation

As outlined in the beginning of the chapter, at first we shall identify the most affected
channel and next we shall evaluate the performance of the most affected channel in the
two simulation scenarios described in Section 6.2. In the latter step, we shall evaluate
the cross talk, the optical signal to noise, the eye diagrams, and the ratio the bit error
rate for a variable number of cascaded OADMs. The cross talk and the optical signal
to noise ratio shall be estimated using optical scopes, while the eye diagrams and the
bit error rate shall be obtained using electrical scopes, both virtual instruments of the
transmission system simulator. The number of simulated bits shall be 512, the bit rate
10Gbit/s, the total simulated time 51.2ns, the number of samples per bit is 568, the
overall amplitude error 0.01dB, the overall group delay error 0.04, and the confidence
interval is 95% of the times. The simulated optical fiber spans shall have lengths of 0
km (back-to-back scenario) and lengths of 10 km. The back-to-back scenario shall be

used as a performance baseline.
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Figure 6.9: The variation of the BER with the number of cascaded tuneable OADMs.

6.4.1 The Most Affected Channel and the Worst-Case Scenario

We shall identify the most affected channel by running frequency-domain, spectral prop-
agation technique simulations in the linear/mesh/single-ring and the double-ring simu-
lation scenarios. Next, we shall analyse additional factors that further impact the most
affected channel and identify the worst-case simulation scenario for each case.

We launched 32 optical channels, ¢ = 1,2, .., 32 as per channel allocation plan in Sec-
tion 2.4, through both the linear /mesh /single-ring and the double-ring scenario models.
In the linear/mesh/single-ring case the number of tuneable OADMs was N = 1, while
in the double-ring case the number of tuneable OADMs were N; = 1 and N, = 2 in the
first ring and in the second ring, respectively.

All the launched signals had initially the same optical power, 0 dBm or 1 mW, but
experienced different levels of attenuation after passing through the two transmission
systems. In both cases, the most affected channel was the fourth channel of each group of
channels, as one can see in Figure 6.7(a) and (b) where two adjacent groups of 4channels
are shown. The attenuation of its optical power was approximately 0.25 dB larger than

the one experience by the second channel of each group, which is the least affected
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Figure 6.10: The variation of the OSNR with the number of cascaded tuneable OADM:s.

channel. Since the most affected channels are 4, 8, 12, 16, 20, 24, 28, and 32 and the
channels are equally affected, it is reasonable to focus our further performance analysis
only on channel 4.

Optical signals transmitted through an optical channel experience a number of ad-
verse effects such as transmitter chirp, linear and non-linear effects in transmission
media, phase and magnitude distortions incurred in the add-drop nodes, and receiver
noise. Our simulations take into account all those adverse effects in the component
models: transmitter chirp in the transmitter model, liner and non-linear effects in the
fiber in the fiber model, phase and magnitude distortion in OADM nodes in the OADM
model, and receiver noise in the receiver model.

The influence of the tuneable add-drop filters is dependent on their overall config-
uration and tuning position. We shall therefore analyse the performance of channel 4
while adding and dropping channel 3 at each OADM site, as illustrated in Figure 6.8. It
is reasonable to assert that this is the worst-case for the two simulation scenarios, since
by systematically adding and dropping channel 3 we shall maximize the influence of the
insertion loss and cross talk on channel 4, already the most affected optical channel.

The total number of simulated channels is eight because of limited simulation capa-
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Figure 6.11: The eye diagrams for channel 4 