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Kurzfassung

Photonische Netze sind wahrscheinlich die beste Lösung, um den ständig wach-

senden Anforderungen an die Bandbreite im künftigen Internet gerecht zu wer-

den. Die sehr hohe Bandbreite optischer Glasfasern kann unter Verwendung eines

Multiplex-Verfahrens in der Wellenlängen-, Zeit- oder Code-Domäne in gewissen

Maßen genutzt werden. Dennoch erfordern neue Telekommunikationsanwendun-

gen ein dynamisches optisches Netz hoher Kapazität, das die Fähigkeit besitzt,

heterogener Datenverkehr zu übertragen. Dies kann nur schwer unter Verwendung

einer kanalbasierten oder leitungsvermittelten Technologie erreicht werden.

Diese Dissertation konzentriert sich auf das Design von Zugriffsknoten für rein-

optische Netze, die einen dynamischen hochbitratigen Zugriff auf optische Glass-

fasern ermöglichen. Das kann durch die Vermittlung von Datenpaketen auf einer

sehr hohen Datenrate in der optischen Domäne erreicht werden. Solche hohen

Datenraten können unter Verwendung von so genannten optischen Ratenkonver-

sionseinheiten im Sende- und Empfangsknoten erzeugt werden. Die zu sendenden

Datenpakete können in diesem Fall im Sendeknoten komprimiert und nach der

Ankunft im Empfangsknoten wieder dekomprimiert werden. Die schnelle optis-

che Headerverarbeitung in Transit-Knoten des rein-optischen Netzes sorgt für

eine rasche Paketvermittlung, niedrige Netzlatenz und Transparenz in Bezug auf

Datenrate und Format der übertragenen Datenpakete.

Die im Netzknoten befindlichen und für die Erreichung hoher Bitraten und

schneller Paketvermittlung erforderlichen Hochgeschwindigkeitssysteme sind der

Schwerpunkt dieser Arbeit. Nach der Einleitung wird eine Übersicht über Tech-

nologien, die für die Implementierung sehr schneller Funktionen des Medien-

zugriffs verwendet werden können, gegeben. Außerdem wird eine Implemen-

tierungsstrategie für ultraschnelle Netzknoten vorgestellt. Die in dieser Arbeit un-

tersuchten optischen Subsysteme umfassen vor allem Quellen von kurzen Pulsen,

optische Schalter und Headerverarbeitungs- und Taktrückgewinnungssysteme. Fe-

rner werden neue Techniken für die optische Ratenkonversion (bzw. Komprimie-



rung und Dekomprimierung von langen optischen Paketen), Verarbeitung des

Paket-Headers, Verbesserung der Paket-Übertragungseffizienz und der Kaskadier-

barkeit von Komponenten und Netzknoten ebenso wie Multicastfähigkeit in der

optischen Domäne vorgeschlagen. Adäquate Modelle basierend auf analytischen

und numerischen Methoden können während des Knotenentwurfsprozesses von

großem Nutzen sein. Verschiedene Methoden für die Modellierung von Kom-

ponenten und Funktionsbausteinen eines rein-optischen, paketvermittelten Netz-

es werden beschrieben und dazu verwendet, die Verhaltensweise, Interaktionen,

und Einschränkungen des Systems vorherzusagen. Die Untersuchungen haben

gezeigt, dass die mit optischen Hochgeschwindigkeitssubsystemen ausgestatteten

Netzknoten das Senden, Empfangen und Vermitteln von Datenpaketen in einer

effizienten Weise auf hohen Bitraten von über 100 Gbit/s ermöglichen. Daher

können sie für die Realisierung eines dynamischen paketvermittelten Netzes ho-

her Kapazität verwendet werden, das im Stande ist, heterogenen Datenverkehr

zu übertragen.



Abstract

Photonic networks are probably the most appropriate solution to meet growing

bandwidth requirements in the present as well as in the future Internet. The very

high bandwidth of optical fibers can be exploited to some extent by multiplexing

the data either in the wavelength, in the time or in the code domain. However,

new telecommunication applications require a dynamic, high-capacity optical net-

work with the capability to carry heterogeneous network traffic. This cannot be

obtained by employing a channel-based or a circuit-switched technique.

This thesis concentrates on the design of access nodes for all-optical networks

that provide a dynamic high-speed access to the optical fiber. This can be achieved

by transmitting data packets in a dynamic manner at a very high bit rate. In

order to achieve very high bit rates, the data rate of the packet to be transmitted

is up-converted in an optical rate conversion unit located at the node. The pack-

ets are then transmitted through the all-optical packet-switched network, while

fast optical header processing at the transit nodes allows fast switching, data

rate/format transparency, and a low network latency.

High-speed subsystems that are required in the network nodes to attain ultra

fast bit rates and fast switching on the packet-by-packet basis are investigated

in this work. First, a survey on technologies for implementing the high-speed

functions and an implementational strategy for ultra fast network nodes are given.

The fast optical subsystems including short pulse sources, fast optical switches,

header processing and clock recovery units are reviewed.

Further, novel techniques for optical rate conversion (i.e., compression and

expansion of large optical packets), processing of packet’s header, improvement of

transmission efficiency and component/node cascadibility as well as architectures

supporting multicast in the optical domain are proposed. Appropriate models

based on analytical and numerical methods are exceedingly useful during the

design process. Different methods for modelling the components and the main

building blocks of an all-optical packet-switched network node are described and



used to predict the behavior, interactions, and limitations of the system. This

thesis shows that network nodes, when equipped with the proposed high-speed

optical subsystems, can provide transmission, reception, and switching of optical

packets at high bit rates beyond 100 Gbit/s in an effective manner, and thus can

build a dynamic high-capacity packet-switched network capable of dealing with

heterogeneous network traffic.
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1 Introduction

1.1 Motivation

The fast growth of aggregated Internet traffic and development of new telecom-

munication applications such as supercomputer interconnections, interactive TV,

multimedia as well as telemedicine applications are subject to a tremendous band-

width demand. This demand on more and more bandwidth can be satisfied by

employing optical fibers, and thus, photonic networks.

Currently, most research efforts in photonic networks concentrate on three pri-

mary techniques for multiplexing data onto a single fiber: wavelength-division

multiplexing (WDM), optical time-division multiplexing (OTDM) and optical

code-division multiplexing (OCDM). The major part of that research is devoted

to WDM systems. An important reason lies in the fact that the basic technologies

used in WDM networks are to a large extent commercially available (e.g. optical

filters, WDM demultiplexers, sources with narrow linewidth, etc.). On the other

hand, OCDM has been receiving considerable attention in recent years. How-

ever, the implementations of the OCDM technology are yet restricted to LAN

applications using a star topology.

High-speed packet-switched OTDM may be a natural choice when some users

in a network occasionally require very high data rate (according to the bandwidth-

on-demand principle). Furthermore, OTDM systems overcome some of the dif-

ficulties associated with WDM transmission, e.g. four wave mixing (FWM) and

lacking gain-uniformity of fiber amplifiers with respect to wavelength. Recently,

very high bit rate point-to-point transmission up to 1.28 Tbit/s of return to zero

(RZ) optical signal over a 70 km dispersion-managed fiber has been reported

[Nakazawa00]. This high link capacity offers promising opportunities for the

so-called Next-Generation Internet (NGI). Moreover, introducing a new design

strategy for access nodes and using all-optical processing techniques as well as
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high-speed electronics, a medium access node capable of handling very high data

rates can be designed [Aleksić01b].

Relying on the processing technology that is available today, the network nodes

operate with up to 40 Gbit/s electronics. In the future, the network nodes should

be able to accept data beyond 100 Gbit/s. At such high bit rates, signal processing

in the electrical domain is very difficult to realize. To overcome the electronic

processing bottleneck, high-speed all-optical signal processing have to be used in

network nodes.

All-optical networks allow optical signals to remain in an optical format on

their route between source and destination. By avoiding the bottleneck due to

the electro-optic and optoelectronic conversions, this type of networks can pro-

vide high bandwidth, bit rate/format transparency, and fault-tolerant communi-

cations.

In principle, there are two types of all-optical networks: circuit-switched and

packet-switched. The circuit-switched networks are in general less efficient than

the packet-switched networks because packet-switching allows a more efficient use

of the available bandwidth by dividing it into small portions, i.e. into frames or

packets, which can be assigned to the network nodes in a dynamical manner.

In the packet-switched all-optical networks, an optical packet consists of a fixed-

length header and a payload section. Usually, the header contains the destination

address and optionally other information that describe type, format, and bit rate

of the payload. All transit nodes must be able to receive and to process the packet

header on the fly and to perform routing decision within the shortest time. At

ultra high bit rates, this can only be achieved by the use of all-optical processing

techniques.

By employing the processing in the optical domain, very high-speed access to

the optical fiber even at Tbit/s rates can be achieved. In this context, ultra-fast

optical switching, optical packet rate conversion and all-optical header recognition

may play an important role in the future. On the one hand, all-optical header

recognition will allow packets to remain in an optical format until they arrive at

their destination, so the throughput bottleneck caused by the electronic process-

ing can be eliminated. On the other hand, by the use of the so-called optical

rate conversion technique, very high-speed access to the optical medium could be

possible.
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All-optical packet-switched networks could be used to satisfy the enormous

demand on bandwidth in the Next-Generation Internet. Since they provide a

dynamic access at high bit rates and an efficient bandwidth utilization, they are

well suited for applications such as multimedia, telemedicine, high-speed access to

large databases, clustering, and grid computing. It is imaginable to use the packet-

switched OTDM in realizing high-performance storage area networks (SANs),

especially when several local SANs have to be connected over very large distances

(distant SANs).

1.2 Objectives of the Thesis

The goal of this thesis is to investigate node architectures and high-speed subsys-

tems that can be used in packet-switched OTDM network nodes. In this sense,

methods for optical rate conversion and all-optical header recognition are of partic-

ular interest in achieving ultra-high speed access to the optical medium and fast

all-optical switching. Furthermore, generation of high-quality optical pulses as

short as several picoseconds is crucial because it enables a successful transmission

of optical signals at bit rates beyond 80 Gbit/s over larger distances. Disper-

sion and nonlinear effects in fibers have to be taken into consideration because

they can limit the achievable transmission distance severally. Analytical and/or

numerical models of optoelectronic components and optical subsystems are very

useful in designing and planing processes. They allow us to understand the basic

processes, to recognize interdependencies, and to investigate the influence of main

parameters on the system behavior.

The main open issues in designing high-speed packet-switched networks are

pointed out in Figure 1.1. This thesis concentrates on network node architectures

that allow a high-speed access to the optical medium by employing techniques

such as short pulse generation, optical packet compression/expansion, and all-

optical header processing. These techniques are investigated analytically and

by means of numerical simulations, and additionally, new approaches to optical

packet processing are introduced. The influence of the node design on optical

signal transmission and network performance assuming a simple ring topology is

also studied. For reasons of simplicity, effects of polarization mode dispersion

(PMD) and polarization dependent loss (PDL) are not taken into account in the

numerical models used through this thesis. An overview on optical clock recovery
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techniques can be found in this work, while a detailed study of clock recovery

methods suitable for packet-switched OTDM networks is a subject of further

research.

All-Optical
Packet-Switched

Networks

Node

Access

Optical Rate 
Conversion Clock Recovery

Network
Performance

High-Speed
Optical

Transmission

Short Pulse 
Generation

All-Optical Header
Processing

E/O O/E

HE

Optical Rate - Conversion

Access 
Protocol

Header
Extraction

Header
Coding

Clock Recovery and 
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Figure 1.1: Open issues in designing all-optical packet-switched networks

1.3 Outline of the Thesis

The thesis is organized as follows:

Chapter 2: This Chapter presents a brief overview of the state-of-the-art

technologies that can be used in designing ultrafast photonic

network nodes. It also gives an implementation strategy and

introduces a node architecture for packet-switched OTDM net-

works.
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Chapter 3: High-speed subsystems that represent building blocks of the

high-speed node are described in Chapter 3. The principle of

operation and basic configurations of short pulse sources, header

processing, and clock recovery units are explained and discussed.

The main effects associated with the propagation of short optical

pulses in fibers are also explained here.

Chapter 4: In Chapter 4, main principles and physical basics as well as ana-

lytical and numerical models of short pulse sources, semiconduc-

tor optical amplifiers (SOAs), and optical fibers are presented

and analyzed. The models are applied to study both the steady-

state and dynamic behavior of mode-locked lasers and SOAs.

Chapter 5: The objectives of Chapter 5 are to design and investigate dif-

ferent methods for optical rate conversion, compensation of the

pattern effect in SOA, and all-optical header recognition. Fur-

thermore, three node architectures supporting multicast in the

optical domain are proposed and analyzed concerning cascad-

ability and network scalability.

Chapter 6: Chapter 6 summarizes this work.
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With the increase of transmission bandwidth provided by the optical fiber com-

munication technology, the communication bottleneck has been transferred from

the transmission medium to the protocol-processing unit. Consequently, a new

design strategy has to be developed to eliminate the protocol-processing bottle-

neck. Various methods can be employed to solve this throughput preservation

problem and to improve medium access control (MAC) protocol performance, for

example:

• Use of ultra high-speed optical systems and high-speed electronics for the

realization of ultra fast MAC protocol functions.

• High level of parallelism, both multiple data parallelism and multiple pro-

cessing parallelism.

• Optimal trade-off between optics, electronics, and software concerning im-

plementation of various protocol functions.

• Design of a simple and efficient medium access protocol.

• Optimizing interprocess communication.

2.1 Bit-Interleaving vs. Packet-Interleaving

OTDM technology can be used to maximize the utilization of the optical fiber

by circumventing the electronic bottleneck, thereby providing high-speed access

to the optical fiber. The access to the high-speed optical TDM network can be

realized by using one of the two main multiplexing techniques: bit-interleaved

OTDM and packet-interleaved OTDM.

In bit-interleaved OTDM systems, low bit rate optical signals are multiplexed

in a bit-interleaved manner, i.e., the specific time slots identify each low bit rate
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channel in a bit-interleaved manner. The bit-interleaved OTDM-systems can be

described as follows. At the transmitter, an optical pulse source produces short

pulses at the low bit rate Bb (basic bit rate that can be processed electrically) as

shown in Figure 2.1. This train of picosecond duration optical pulses is split into

N by an 1 ×N optical splitter. Each pulse-train is individually modulated by a

tributary electrical data signal at the basic bit rate Bb. The resulting return-to-

zero (RZ) signals are then multiplexed using passive optical delay lines and an

N × 1 optical coupler to produce a high-speed OTDM RZ-signal at the aggregate

bit rate B, where B = N ×Bb.

Pulse 
Source

Splitter

1 x N

Ch 1

Ch 2

Ch 3

Ch N

Electrical Signal at the
Basic Bit-Rate B b

Coupler

N x 1

ττττ

2 · ττττ

(N – 1) · ττττ

Transmitter Transmission Link

Channels:

High-Speed
OTDM Signal

N ,...., 3, 2, 1

MOD

MOD

MOD

MOD

N · ττττ

t

Figure 2.1: Bit-interleaved OTDM transmitter

At the receiver, a demultiplexer splits the incoming high-speed OTDM signal

into individual low-speed channels, which can be detected and further processed

electronically. A clock recovery circuit recovers the clock from the incoming signal.

The recovered clock is used to synchronize optical demultiplexing (see Figure 2.2).

Optical add/drop multiplexers are required to extend the OTDM point-to-

point transmission to an optical network domain. The add/drop functionality

consists of dropping a single low-speed channel from the incoming high-speed

OTDM signal and inserting a new low-speed channel into the vacant time slot as

indicated in Figure 2.3.

Synchronization in OTDM networks is an important issue. Especially in bit-

interleaved OTDM networks, the synchronization at the bit-level is required and

the bit rate/format transparency is not provided. Furthermore, intra- and inter-

channel interferometric cross-talk and walk-off caused by mismatched wavelengths



2.1 Bit-Interleaving vs. Packet-Interleaving 9

Channels:

Splitter

Clock 
Recovery 

Circuit

OTDM 
Demux

Rx 1

Rx 2

Rx 3

Rx N

Incoming
High-Speed

OTDM Signal

Transmission Link Receiver

N,....., 3, 2,1

Figure 2.2: Bit-interleaved OTDM receiver
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Figure 2.3: Bit-interleaved OTDM add/drop multiplexer

of the pulse sources at the remote add/drop multiplexers can seriously impair the

optical signal and severely limit the cascadability.

Otherwise, walk-off and inter-channel interference are no more the critical is-

sues in packet-interleaved (packet-switched) OTDM networks. Packet interleaved

OTDM networks provide high-speed access to the optical medium on a packet-by-

packet basis. Here, the packets are rate-converted optically. This can be achieved,

for example, by employing the optical packet compression/expansion technique.

In the following, we call this type of networks packet compression OTDM (PC-

OTDM) networks. Moreover, they can provide bit rate and format transparency.

Figure 2.4 shows the generic scheme of a packet-switched OTDM network node.

Processing of the incoming high-speed optical packets by the node can be ex-

plained as follows. First, a small fraction of the incoming optical signal is tapped

off for clock recovery and header processing in the clock recovery and header pro-
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cessing unit. An optical delay line is deployed in the optical path to compensate

for the header processing latency. If the packet’s destination address matches the

node’s destination address, the incoming high-speed optical packet is dropped by

the optical switch located at the node. After the packet’s header is removed, the

payload is expanded to a lower data rate for electronic processing. On the trans-

mitter side, the low bit rate packet acquired from the transmitting queue must be

first up-converted to the high medium data rate. The packet’s header generated

in the medium access control (MAC) unit is coded and attached to the payload.

After that, the whole high-speed packet is inserted into the network by replacing a

dropped or an empty slot. The essential part of a packet-switched OTDM access

node is the optical rate conversion unit, responsible for rate conversion of ultra

high-speed optical data streams to lower rate data streams that can be detected,

saved and processed electronically.

Clock Recovery and                          
Header Processing Unit Packet 
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Packet 
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High-Speed
Payload

Packet Header
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Payload
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Network
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Network
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MAC Protocol
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Switching
Element

Interface to User / Next Layer

Header
Generation

Header
Coding

Header
Extraction

HE

Figure 2.4: Architecture of a packet-switched OTDM node (L-S In /Out: Low-Speed In-
put/Output; H-S In/Out: High-Speed Input/Output)

Regardless of whether the bit-interleaved or the packet-interleaved multiplexing

technique is used, it may be possible to define a common protocol implementation

strategy. Figure 2.5 depicts a design strategy for ultra high-speed OTDM network

nodes. In this figure, the network node is divided into five implementation units.
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In each unit, a subset of protocol functions has to be implemented using the same

implementation technology.
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Figure 2.5: A protocol implementation strategy for high-speed OTDM network nodes

The first part is the medium attachment unit (MAU), which represents the

physical attachment to the high-speed OTDM network. The rate conversion unit

(RCU) converts the rate of the data signals in order to enable data transmission

and receiving at ultra-high speeds. These two implementation units are manly

implemented in optics. Other high-speed medium access protocol functions can be

implemented either optically or electronically, while the slower protocol functions

are usually implemented in electronics only. The slower functions such as mem-

ory management, counters, timers, creating and updating of traffic matrixes are

in the most cases realized using dedicated hardware. High-level solutions using

both hardware and software can be used for higher-layer functions and high-end

users. As it can be seen from Figure 2.5, the processing speed can be decreased

by increasing parallelism, thereby making possible an implementation of slower

protocol functions in conventional electronics.

In this thesis, we mainly address the design and modelling of high-speed proto-

col functions belonging to the three upper implementation units (MAU, RCU and

high-speed MAC-protocol functions). Because these functions have to deal with

very fast optical signals, they are mainly implemented using high-speed optical

and opto-electronical components and structures. Before we start to explain and
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investigate the high-speed components and subsystems that can be deployed in

the OTDM nodes, a short description of an appropriate implementation strategy

for various protocol functions and a brief overview on available technologies will

be given.

2.2 Medium Attachment Unit

The medium attachment unit (MAU) interfaces the node to the high-speed OTDM

network. Since high-speed data rate is required, the MAU-functions has to be im-

plemented in optics. The functions implemented in the MAU are, e.g., high-speed

optical switching, optical signal pre-amplification and boosting, optical signal

splitting and coupling as well as generation and receiving of short optical pulses.

Losses and cross-talk in switches, amplified spontaneous emission (ASE) noise

accumulation, and polarization dependant loss (PDL) in optical components in-

fluence the optical signal and lead to limited node cascadability. Therefore, the

MAU block is partly embedded into the high-speed network as depicted in Figure

2.5.

2.3 Rate Conversion Unit

To achieve ultra high data rates various methods can be used. Ultra fast all-optical

switches with a switching window in the ps-range can be used to parallelize the

incoming high-speed data or to demultiplex it in a bit-interleaved manner (see also

Subsection 3.4). Another technique suitable for packet-switched networks is the

optical packet compression/expansion method addressed in Subsection 5.3. Both

techniques allow an ultra fast access to the optical medium beyond 100 Gbit/s

[Schubert01, Nakamura00, Dennis00, Toda99, Patel97, Toliver99, Aleksić01a].

2.4 High-Speed Medium Access Control Functions

High-speed MAC-protocol functions can be implemented in optics, in high-speed

electronics or in optoelectronics. If ultra high processing speed is required, the

protocol functions must be implemented in optics. An example of such a func-

tion is all-optical header recognition. There are several methods for all-optical

header recognition reported [Glesk94b, Cotter95, Shen95, Shin96, Cardakli00,
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Krajinović01]. They allow ultra fast header processing on the fly without need

for optical/electrical (O/E) conversion. Thereby, the header-processing latency

can be strongly reduced. However, there are some restrictions concerning header

length and processing complexity if all-optical header processing is employed (see

Section 5.5).

Another possibility is to implement the high-speed MAC protocol functions

in electronics. Electrical serial-to-parallel conversions (electrical TDM multi-

plexing/demultiplexing) up to 40 Gbit/s have been reported in [Yoneyama00,

Gottwald96]. The fundamental components for high-speed digital integrated cir-

cuits (ICs) implementing decision, multiplexing, and demultiplexing functionali-

ties are D-flip-flops. In the last years, different high-speed electronic ICs for opti-

cal fiber communication systems have been developed using various technologies.

The most used technologies are Si-bipolar, GaAs metal semiconductor field effect

transistors (MESFETs), SiGe heterojunction bipolar transistors (HBTs), GaAs

HBT, InP HBT, and InP high electron mobility transistor (HEMTs). Table 2.1

summarizes the speed performances of the fabricated ICs.

technology

IC bipolar FET/HEMT HBT

Si GaAs InP SiGe GaAs InP

decision 25 Gbit/s 40 Gbit/s 50 Gbit/s 40 Gbit/s 40 Gbit/s –

MUX 40 Gbit/s 45 Gbit/s 70 Gbit/s 40 Gbit/s 40 Gbit/s 40 Gbit/s

DEMUX 40 Gbit/s – 40 Gbit/s – 30 Gbit/s –

Table 2.1: High-speed electronics

InP-based high electron mobility transistors (HEMTs) can potentially offer

the highest speed performance. They provide a record fmax (maximum oscilla-

tion frequency) of 500 GHz and fT (current-gain cut-off frequency) of 300 GHz

[Yoneyama97]. The speed of conventional D-flip-flops is limited to around one

fifth to one fourth of the fT for FETs. Consequently, using InP-based HEMTs, a

70 Gbit/s D-flip-flop is feasible. HEMTs consisting of the InAlAs/InGaAs struc-

ture on InP substrate have grown to uniform devices, which can be applied to a

wide variety of ICs for millimeter-wave and optical fiber communication systems.
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2.5 Slower Medium Access Control Functions

As shown in Figure 2.5, a reduction of processing speed is achieved by increas-

ing the parallelism. High-speed medium data rate can be down-converted to the

lower data rate by the use of high-speed MAC protocol functions such as optical

packet compression/expansion or OTDM multiplexing/demultiplexing. Slower

MAC protocol functions that need not to be processed on the fly can be real-

ized in electronics and partly in software. Such functions are counters, timers,

reading and updating of state vectors, rate control, memory management, cre-

ating and updating of traffic matrix, computation of minimum/maximum val-

ues etc. An optimal trade-off between hardware- and software-implementation

must be obtained. For dedicated hardware entities, programmable logic devices

(PLDs) can be used. Optoelectronic field-programmable gate arrays (FPGAs)

[Campenhout99] are probably a good choice if very large aggregate bandwidths

and higher processing speeds associated with high interconnection requirements

are needed. Of course, an implementation in hardware is favorable when costs

and complexity are not the limiting factors.

Today, commercially available processors (e.g. Intel Pentium IV) are man-

ufactured using 0.18-micron process technology and run above 2 GHz (on-chip

clock). The off-chip clock rates show a slower rise and will require redesigned

I/O drivers, assuming shorter inter-chip wiring or use of optical interconnects, in

order to achieve higher frequencies. At present, commercially available dynamic

random access memories (DRAMs) containing 1 Gbit per chip are manufactured

in 0.13-micron technology (Samsung). The memory access time is still quite large

resulting in high memory-access latency (MAL) values.

Application specific integrated circuit (ASIC) devices play an important role

in user-specific designed circuits. ASIC devices allow so-called system-on-a-chip

design. The design of such a system-on-a-chip is being made practical by im-

provements in megafunctions, programmable interconnects, and computer aided

engineering (CAE) simulation tools. Future improvements in ASIC technology

are based on sub-tenth-micron lithography feature sizes. Figure 2.6 summarizes

the ASIC feature size trend.

Programmable logic devices (PLDs) have the advantage that they are customiz-

able by the user in the laboratory or field. FPGAs and complex programmable

logic devices (CPLDs) are most common in use. Commercially available PLDs
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Figure 2.6: ASIC feature size trend

incorporate over 50 million transistors and up to 8 million system gates using a

0.15-micron CMOS process with 8 metal layers (Virtex FPGA device family from

Xilinx Inc.).

2.6 Higher-Layer Functions and High-End Users

Higher protocol layers usually have to be implemented in a dedicated protocol

processor. Protocol units that execute functions of higher layers can be pro-

grammed in microcode. By designing the appropriate microprogram, enabling

functions and event actions, it is possible to implement layer bypassing. Thereby,

a separate processing path that involves only a small subset of the complete pro-

tocol can be identified and optimized resulting in a so-called fast path. Protocol

data units (PDUs) transmitted or received on the fast path are treated differently

by pieces of code/hardware designed especially for this purpose resulting in an

additional performance gain.

High-end users such as supercomputers, video-databases, and cluster comput-

ing require a large communication bandwidth for supporting high performance

applications. Multiprocessor architectures are the logical way to reach a per-

formance level not accessible with a monoprocessor machine. Today, processors

run at 2 GHz and issue as many as 4 instructions/cycle. The performance of

microprocessors has increased much more rapidly than that of memory systems.

Therefore, the most critical and prevailing issue in stored program computer ar-

chitectures is the memory-access latency (MAL). Moreover, in highly connected



16 General Node Design

multiprocessor architectures with a distributed shared memory concept, the inter-

connection (network) latency can also be a severe limitation factor. Top-of-the

range supercomputers use more than 1000 processors. In such systems, interpro-

cessor connections must provide at least a few Gbit/s bit rate per link and average

access times to shared data in the nanosecond range.

Optical interconnects (OI) can be justified for this purpose offering a multi-

tude of advantages over their electrical equivalent (e.g. larger bandwidth, lower

losses, larger interconnection distances, no electromagnetic interference, galvanic

isolation, and potentially higher interconnect density). The one area in which

optics could have advantages over electronics is the high-density interconnection

of large data busses in a network-based parallel computer with distributed-shared

memory architecture, as found in supercomputers. Thereby, the OIs should min-

imize the latency of the network-based memory access by providing both high bit

rates and high pin-outs. Moreover, the implementation of a ring-structured back-

plane in optics makes it possible to achieve a very large data rate (on the order

of Tbit/s for highly parallel links). OIs may have an important role in reconfig-

urable architectures and in dedicated optoelectronic processors. In FPGA arrays,

the introduction of a new routing layer can essentially increase its processing

speed. A three-dimensional (3-D) field-programmable system that uses islands of

conventional electronic FPGAs arranged in planes and interconnected with optical

light-emitting diodes has been proposed [Depereittere94]. The optical intercon-

nections between electronic FPGAs can be established by the use of a standard

optical imaging system [Szymansky00], a parallel fiber-ribbon [Campenhout99],

guided wave or holographic optical interconnects [Feldman94]. The optical hard-

ware needs to be further miniaturized and to be made commercially compliant,

especially in terms of connections to the outside world.



3 High-Speed Subsystems

In order to achieve high bit rates and fast data processing in the network nodes,

high-speed all-optical and optoelectronical subsystems such as generation of short

pulses, header coding and recognition, high-speed optical signal transmission, and

clock recovery as well as data rate conversion have to be investigated. In this

Chapter, the basic principles, physics, and various realization possibilities for the

high-speed subsystems are addressed.

3.1 Short Pulse Sources

High-quality optical pulse sources are needed for generation of both data and

control signals in high-speed optical communication systems. Sufficiently short

pulses with well-defined characteristics are essential for all-optical signal process-

ing. The performance of optical transmission systems is among others determined

by a combined effect of several parameters of employed pulse sources, of which the

most important are the pulse repetition rate, pulse width, chirp, pulse tail extinc-

tion ratio, and timing jitter. Different system designs make different demands on

the parameters of the employed pulse sources. Therefore, it is an important issue

to properly understand and model the physical effects that occur in the optical

pulse sources. In this section, an overview on the most used optical pulse sources

for communication systems is given. Furthermore, the structure and principal

operation of these devices are explained. In Section 4.1, different pulse genera-

tion techniques are modelled and investigated with respect to their usability in

high-speed optical communication networks.

The width and shape of generated pulses as well as chirp characteristics of the

pulse source determine the achievable bit rate and transmission distance. The

pulse width, τp, has to be chosen large enough to minimize pulse broadening due

to the dispersion effects, but at the same time it should be chosen small enough
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to minimize inter-symbol interference at the receiver. The initial pulse shape is

mostly hyperbolic secant (sech2) or Gaussian. The good transmission performance

can be achieved by the use of transform-limited or pre-chirped pulses. A Gaussian

approximation is often used to model the output of short pulse sources. Here, a

linearly chirped Gaussian pulse is usually expressed as

u(t) =
√

P0 exp

[
− t2

2τ 2
p

(1 + iCλ)

]
, (3.1)

where P0 is the peak power of the pulse, τp is the 1/e pulse width, and Cλ denotes

the dimensionless linear chirp parameter.

The repetition rate of a pulse source has to meet requirements determined

by the used system. That is, for a high-speed transmitter operating at a high

aggregate bit rate, pulse sources with high repetition rates are needed. Otherwise,

in OTDM systems, where the transmitter operates at a lower basic bit rate, which

is usually between 1 and 10 Gbit/s, the repetition rate of the pulse source is lower.

Timing jitter and pulse tail extinction ratio can seriously impair the bit error

rate at the receiver, especially in the case of a high bit rate transmission. The

higher bit rate of the transmitted signal is, the higher requirements on the timing

jitter and the pulse tail extinction ratio of the optical pulse source. The pulse

tail extinction ratio is defined as the ratio of the pulse peak power and the power

of the pulse tail at the central point between two neighboring pulses. A low

pulse tail extinction ratio causes inter-symbol interference at the receiver or a

high interferometric inter-channel cross talk in OTDM systems. The standard

deviation of the timing jitter in the receiver, which is a sum of the jitter induced

by the pulse generation process and an additional jitter accumulated over the

transmission link, should be less than 10% of the bit-period [Agrawal92] to avoid

an additional power penalty due to the signal-to-noise ratio degradation at the

receiver induced by the an exact sampling of the decision circuit.

Note that the effects of the above mentioned parameters on a transmission

system are in most cases very complex and can not be considered separately.

However, the impact of some important parameters can be isolated when inves-

tigating the behavior of a particular system design. The combined effects of the

pulse parameters as well as the linear and nonlinear effects in the transmission

link considering high-bit rate transmission systems are treated in Sections 3.6 and

5.6.
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Optical pulse sources that generate short pulses within the picosecond rage

for the 1.3 µm and 1.5 µm communication windows have extensively been in-

vestigated in the last two decades. They are of particularly importance for

many applications, e.g. for optical sampling techniques [Shirane00], clock genera-

tion and recovery [Sartorius98, Lach96] and OTDM/OCDM/WDM transmitters

[Aleksić01b, Huang00]. A rapid progress in the physics and technology of new

structures for short pulse sources has been seen in recent years.

In general, optical pulse sources (pulsed lasers) can be classified into three main

groups depending on the used pulse generation technique, namely into active,

passive and hybrid devices. Passive pulse generation techniques need no external

driving signal because the laser configuration inherently maintains pulsed opera-

tion. This can be achieved by exploiting nonlinear properties of the medium, e.g.

by insertion of a saturable absorber within the laser cavity [Kunimatsu99]. Even

through the passive technique allows the generation of high-quality pulses with

a very high repetition rate, the drawback of this technique is that the repetition

rate can not be controlled externally. However, the pulse repetition rate can be

externally controlled if a driving signal is applied to the device. Such a technique

is called active technique [Bowers89]. The drive signal is used to modulate the

optical gain and to determine the repetition frequency of the device.

The advantages of the good features of both the passive and the active tech-

niques are combined in so called hybrid techniques. These techniques allow the

generation of short pulses by employing a saturable absorber within the laser cav-

ity as well as the tunability of the repetition rate using an external driving signal.

Employing the hybrid technique, pulse sources that generate transform-limited

pulses in the femtosecond range with an adjustable repetition rate about 10 GHz

have been realized [Ludwig95].

3.1.1 Distributed Feed-Back Lasers with Pulse Compression

By modulating a biased single-mode distributed feed-back (DFB) laser diode with

a pulsed electrical signal we can obtain a pulse train by exploiting the well known

gain switching method. Due to the strong carrier depletion governed by the

interaction between photon and carrier densities that takes place in the laser

cavity during the pulse generation, the refractive index of the active region is

changed. The change of the refractive index during the evolution of the pulse

envelope induces a strong, almost linear frequency chirp, which is red-shifted,
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i.e., the wavelength increases with the progress in the pulse envelope. This pulse

chirp, which is usually disadvantageous in communication systems, can be used

here to further compress the generated pulses in a dispersive medium. For this

reason, normal dispersion of dispersion-shifted single-mode fiber (DSF) is often

used for the pulse compression as shown in Figure 3.1. This implies that the laser

should have a large linewidth enhancement factor, α, in order to allow a large

frequency chirp, and hence, a high pulse compression efficiency. Thus, the pulses

are compressed in time by applying a down-chirp compensation technique.

By a proper adjustment of the fiber dispersion, nearly transform-limited 5 - 7

ps short pulses can be generated using this technique, while the repetition rate can

be easily tuned to an arbitrary frequency between 1 and 20 GHz. If shorter optical

pulses are needed (i.e., pulses shorter than 3 ps), a nonlinear pulse compression

technique such as an adiabatic soliton compression [Chernikov91] or pulse shaping

in a nonlinear loop mirror [Smith90] should be incorporated together with the

linear pulse compression.
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Figure 3.1: DFB laser with linear pulse compression

3.1.2 Mode-Locked Lasers

Another way of producing ultrashort optical pulses is the mode-locking technique,

i.e., the locking of multiple axial modes in the laser cavity. It is achieved by mod-

ulation of the optical field synchronous with the round-trip time in the cavity.
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Thus, a pulsed radiation can be produced by enforcing the phase locking of dif-

ferent modes. The pulses are shortened on every pass through the resonator until

the bandwidth of the generated pulses has reached the finite bandwidth of the

laser gain or another pulse lengthening mechanisms comes into action.

Mode-locking can be achieved using either active, passive or hybrid mode-

locking techniques. Further, pulse sources for fiber communications can be built

using a semiconductor laser diode with an internal cavity (monolithic mode-locked

semiconductor lasers) [Avrutin00] or by placing the active medium into an exter-

nal cavity (free-air or fiber external cavity lasers).

Harmonic mode-locked erbium doped fiber ring lasers (EDFRL) can generate

a purely transform-limited pulse train in the 10 GHz region without the need for

any pulse compression or chirp compensation technique. The laser cavity of an

EDFRL usually consists of an erbium doped fiber amplifier, a modulator as the

mode-locking element and an optical bandpass filter (Fabry-Perot etalon), which

is placed into the cavity to achieve single-mode operation. Since the EDFRL

cavity is very long, mode-locking occurs at very high harmonics of the cavity mode

spacing. This causes thermal and mechanical instabilities, which are reduced by

the use of a high-finesse Fabry-Perot etalon or by implementing a polarization

maintaining cavity with active controlled length.

Almost transform-limited pulses with less than 1 ps duration at a high rep-

etition rate (40 - 375 GHz) can be produced using colliding-pulse mode-locking

(CPM) operation, where a saturable absorber is placed in the center of the device.

In the steady state of mode-locking, two pulses coexist in the cavity and collide in

the absorber. In order to achieve a lower repetition frequency, the laser cavity has

to be extended. However, the main drawbacks of this method are relatively large

spectral widths compared with the transform-limited condition and no tunability

of repetition frequency.

Principle of Mode-Locking

In general, the main principle of mode-locking (ML) is multi-mode lasing in

the laser cavity with a definite phase relation between all lasing modes. Thus,

the laser emits light in several modes with a constant phase relation, i.e., with

equidistantly separated frequencies. It can be seen by the use of simple Fourier

analysis that in this case short optical pulses occur periodically at the laser output

with a repetition frequency equal to the longitudinal mode spacing of the laser
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cavity. Usually, the term ”mode-locking” refers to the amplitude modulation ML,

i.e., to the regime where an optical pulse is reshaped every time when it circulates

in the cavity. The reshaping mechanisms include pulse shortening due to saturable

absorption and external modulation, pulse broadening due to the gain saturation

and dispersion effects (gain and group velocity dispersion) as well as self-phase

modulation (SPM) due to the changes in the refractive index during the pulse

propagation through the cavity.

Another mode-locking regime is the so-called frequency modulation ML, where

a phase modulator is placed in the laser cavity in place of the amplitude modula-

tor used for the amplitude modulation ML. A further difference between the two

ML regimes is that the phase difference between all lasing modes in a frequency

modulation ML is not approximately zero as in the case of the amplitude modula-

tion, but approximately π. This corresponds to periodic oscillations of the lasing

frequency when observed in the time domain.

Since amplitude modulation ML is solely responsible for the generation of short

pulses, we will concentrate on a description and analysis of the mode-locking tech-

niques in the amplitude modulation regime. However, both the amplitude and the

frequency modulation ML occur simultaneously in mode-locked lasers and there

is no purely amplitude modulation ML. In amplitude-modulated laser diodes,

the frequency modulation becomes manifest in a pulse chirp, which is mainly

due to the existence of ultra fast refractive-index nonlinearities in semiconductor

medium. Thus, the SPM effects due to the change of the refractive index dur-

ing the pulse propagation in the laser cavity, i.e., the SPM-induced pulse chirp,

has also to be taken into account while investigating and modelling mode-locked

lasers.

Mode-locking can be easily explained when considering the laser cavity to be

an interferometer, which allows the propagation of only defined waves. In this

instructive example, we assume first a free-space laser cavity placed between two

mirrors. Considering an initial plane wave normal to the mirror and a wave that

is full reflected from the mirror experiencing a π phase shift, an interference of

the two waves results in the so-called standing wave given by

Estand = Re{Eei(ωt−kz) + Eei(ωt+kz+π)}
= 2E sin(kz) cos(ωt) , (3.2)
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where E is the amplitude, ω is the angular frequency, k is the wave vector,

z is the longitudinal direction, and c.c. is the complex conjugated term. In the

laser cavity, standing waves are formed due to the reflection from both mirrors

with wave nodes placed on the mirrors (z = 0 and z = L). This standing waves,

which occur at different frequencies and can interfere with each other, are called

longitudinal laser modes.

Let consider now that all oscillating longitudinal modes have equal amplitudes

and are in phase at t = 0. The intensity of the electromagnetic field due to m

modes equally spaced by ∆ω is then given by

Em(t) =
m−1∑
j=0

E0e
i[(ωc+j∆ω)t+jϕ0] = eiωct

m−1∑
j=0

E0e
ij(∆ωt+ϕ0) , (3.3)

where E0, ωc, and ϕ0 are the amplitude, frequency, and phase of the central

mode, respectively. In Equation 3.3, exp(iωct) represents the carrier wave and

the remaining part is the time dependant amplitude A(t). The field intensity is

then given by

I(t) = |A(t)|2 = I0
sin2[m(∆ωt + ϕ0)/2]

sin2[(∆ωt + ϕ0)/2]
. (3.4)

The field intensity is a periodic function with a separation of maxima by ∆t =

2π/(∆ω) = 1/(∆fc) = 2L/vg, where L is the cavity length and vg is the group

velocity in the cavity. It can be seen from Figure 3.2 that the pulse amplitude

increases and the pulse width decreases if the number of modes m increases.
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Figure 3.2: Field intensity in the laser cavity

Considering the general case, the laser modes are not locked in phase. Thus,

a noisy optical field consisting of the modes with the independent and accidental
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phases occurs at the laser output. To achieve mode-locking in the laser cavity,

either active or passive or a combination of these two techniques can be used.

Active Mode-Locking

ML can be explained either in the frequency or in the time domain. From

a time domain point of view, the short pulse generation can be described by

interaction of the pulse broadening and narrowing effects that occurs in the laser

cavity, i.e., by the pulse reshaping mechanisms. In the frequency domain, ML

can be explained by coupling of the modes that are locked in phase, which is

governed by an external force. This method is referred to as the active mode-

locking, which is most easily realized by modulating the optical gain by injection

current modulation. The effect of the amplitude or phase modulation in the laser

cavity is to generate sidebands on each mode, which are placed at the frequencies

ωj ± ΩM , where ωj and ΩM are the frequencies of the j-the mode and of the

external modulation signal, respectively. That is, in the laser cavity are then

present both the longitudinal laser modes separated by ∆ω and the sideband

frequencies separated by ΩM as shown in Figure 3.3. The mode-locking occurs

when the extern modulation frequency equals the mode separation, i.e, when

ΩM = ∆ω. In this case, the sidebands of any one mode are placed closed to

its neighboring modes, thereby acting as a driving force of this modes. They can

injection-lock to the neighboring modes leading to the phase-locking of the modes.

Frequency

Intensity

ΩM
ΩM

∆ω∆ω
modes

sidebands

Figure 3.3: Frequency domain description of mode-locking
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Passive Mode-Locking

A different mechanism that can be used for obtaining short optical pulses is the

passive mode-locking, which exploits a nonlinear interaction of the laser modes

with the optical medium. Such nonlinearities can be caused, for example, by

adding of a saturable absorber (SA) into the laser cavity. A saturable absorber

is characterized by a large ground state absorption coefficient and relatively long

lifetime of the excited state. High optical nonlinearities have been observed in

saturable absorbers at relatively low levels of optical fields. Since the recovery

time of semiconductor materials due to the spontaneous emission recombination

is in order of several hundred picoseconds, the saturable absorber made with this

material cannot recover quickly enough to the large absorption state after the

passage of the optical pulse. Thus, fast recovery of the saturable absorber is im-

portant for achieving high repetition rates. Hence, a most convenient method for

increasing the achievable repetition rate in a passively mode-locked semiconduc-

tor laser is to incorporate a waveguide saturable absorber [Derickson92] with the

absorption recovery time of less than 15 ps.

By the use of the passive mode-locked technique, the generation of extremely

short pulses in the picosecond or even in the femtosecond range is possible, where

the balance between SPM and group velocity dispersion (GVD) is very important

for reducing the pulse duration and achieving a stable operation. However, it

is not possible to adjust externally the repetition rate and the pulse width of

the passive mode-locked lasers, thereby making this technique less suitable for

practical high-speed optical communication networks.

Hybrid Mode-Locking

Hybrid mode-locking can be achieved by addition of a separate gain or phase

modulation segment to the passive mode-locked laser with an incorporated sat-

urable absorber. Since the passive mode-locking is the dominant mechanism for

achieving very short pulses, the requirements on the electrical modulation sig-

nal are reduced, i.e., the signal waveform and the capacitance of the modulation

segment are not of the particular interest any more.

An external cavity hybrid mode-locked laser consisting of a gain section, a

fast saturable absorber section, and an external cavity has been reported in

[Schmidt99]. The generated pulses are tunable in wavelength from 1440 to 1560
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nm, in fundamental mode repetition rate from 1 to 14 GHz and in pulse width

from 180 fs to 17 ps by changing the position and angle of the grating, which is

located at the external feedback mirror. To achieve hybrid mode-locking, the gain

section can be modulated either by applying an electrical radio frequency (RF)

signal or optically by injecting optical pulses into the cavity.

External Cavity Mode-Locked Lasers

The earliest demonstrations of both active and passive mode-locking in laser

diodes (LD) were achieved by the use of a cavity extension, which is formed by

coupling the output light of a laser facet through specially designed collimating

optics onto an external reflector placed several millimeters to several centimeters

away from the facet as shown in Figure 3.4. Thereby, repetition rates in the

interval from several GHz to several tens of GHz can be achieved. The pulse

repetition frequency of the laser is then approximately equal to the cavity round-

trip frequency

FR ≈ c/ne

2Lc

, (3.5)

where c is the velocity of light in vacuum, ne is the averaged group refractive

index in the laser cavity of length Lc. The mode-locking is thus achieved either

by modulation of one of the laser parameters at the frequency FR or by exploiting

nonlinearities of the medium, e.g. by introducing a saturable absorber into the

laser cavity.
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Figure 3.4: External cavity mode-locked lasers: a) free-air external cavity and b) fibre external
cavity

Figure 3.4 shows the most common implementation, in which both the gain

section and the SA section are realized together on the laser chip. Here, the gain

section is forward biased, while the SA section is reverse biased. The advantages of

the external cavity MLLs are their repetition rate tunability that can be achieved
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by mechanically moving the external reflector and the controllability of the laser

spectra by the use of a diffraction grating for the external reflector. Further, the

cavity extension can be achieved either by a free-space cavity as shown in Figure

3.4a or by the use of the so called quasi-monolithic construction, in which the

laser cavity is extended with a fiber segment, thereby avoiding the need for the

collimating optics and ensuring the robustness of the laser construction. In such

a construction, an external grating reflector can be substituted by a fiber grating

as shown in Figure 3.4b.

External cavity mode-locked lasers have been extensively investigated in the

last decade [Yu95, Katagiri96, Morton92] because of their potentially good appli-

cability in fiber communication systems. However, the repetition rate of optical

pulse sources is expecting to increase in the future. Shorter external cavities will

be needed in order to achieve a higher repetition rate. Since the fabrication of

shorter external cavities becomes increasingly ponderous as the repetition rate is

increased, other techniques for achieving the high repetition frequency have to be

sought.

Monolithic Cavity Mode-Locked Lasers

A completely monolithic construction can be made by replacing the external

cavity with a semiconductor waveguide with a length between several hundreds of

µm and a few mm resulting in an integrated monolithic cavity mode-locked laser

structure. Monolithic cavity devices are very small and there are no instabilities

associated with the mechanical elements in an external cavity. In such a structure,

it is possible to achieve repetition rates of several tens of GHz by the use of the

active mode-locking. Very high repetition rates up to several hundreds of GHz are

made possible by the very fast absorbtion recovery times of waveguide saturable

absorbers.

The most simple structure used for producing optical pulses with a duration of

less than 10 ps in a monolithic cavity is a two-section construction shown in Figure

3.5a. In such structures, repetition frequencies of 8 - 15 GHz have been achieved

with a 3 - 5 mm long laser cavity of which 80 µm was the reverse biased saturable

absorber section [Camacho96, Wang96]. There are also implementations in which

one of the two sections is used as an electro-absorption modulator (EAM) but not

as a saturable absorber [Sato96]. These constructions allow generation of pulses

as short as 1 ps at repetition frequencies of 20 - 100 GHz.
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Figure 3.5: Monolithic cavity mode-locked lasers: a) two-section, b) extended cavity (Fabry-
Perot), and c) DBR extended cavity

A disadvantage of the structure discussed above is its high current consump-

tion. Because the active layer of such a structure is very long, it tends to exhibit

relatively high threshold currents, which usually lie from tens to a few hundreds of

mA. A long active layer may lead to a noisy output due to amplified spontaneous

emission (ASE), while the high currents normally cause some thermal problems.

To overcame these problems a laser structure with a shorter gain section and an

extended passive waveguide cavity has been sought [Bryce97, Camacho98]. This

construction shown in Figure 3.5b combines the easy manufacturability and the

mechanical stability of a monolithic laser diode with the advantages of the external

cavity MLL such as thermal stability, lower threshold currents, and a lower noise

level at the output. However, the extended cavity Fabry-Perot lasers may be less

suitable for applications in which the tunability of the repetition frequency is

required. Moreover, due to the fact that the nonlinear media occupies only a

fraction of the laser cavity, some laser parameters such as chirp and pulse shape

tend to be smaller and less controllable than in the all-active structures.

By adding of a distributed Bragg reflector (DBR) into the monolithically ex-

tended laser cavity, the centre wavelength and bandwidth of the lasing spectrum

can be well controlled. Recently, very extensive efforts have been devoted to pas-

sive, active, hybrid and synchronous mode-locking in monolithic DBR extended

cavity lasers [Derickson92, Ahmed96, Kim95].

In contrast to the Fabry-Perot laser depicted in Figure 3.5b, the typical struc-

ture of the DBR extended cavity laser includes two extra sections implemented in

the passive waveguide cavity as shown in Figure 3.5c. The two extra sections are

the Bragg reflector and an additional phase section for adjusting the initial phase

of the grating. The centre wavelength is then defined by the Bragg wavelength,

while the bandwidth of the lasing spectrum is determined by the reflectivity band-
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width. The inverse reflectivity bandwidth of the integrated DBR limits, however,

the reachable pulse width that can be generated by a mode-locked DBR extended

cavity laser to several ps. The pulse width in the experiments was typically

around 10 ps, which is several times larger than the pulse widths achieved in the

Fabry-Perot extended cavity lasers.

Colliding Pulse Mode-Locked Lasers

One can place the saturable absorber in the middle of the cavity rather than

at the laser facet as shown in Figure 3.6a. In this case, a pulse passing through

the absorber saturates its loss not only for itself but also for the laser radiation

in the opposite direction, i.e., for the optical pulses traversing the absorber sym-

metrically from the other side. Thus, in the steady state of mode-locking two

pulses coexist in the laser cavity. They collide in the centrally placed saturable

absorber, thereby allowing a stronger bleaching of the absorber, and thus, pro-

ducing of shorter pulses than in the simple two-section construction. This effect,

which is referred to as incoherent colliding pulse effect, may lead to a stable op-

eration even for very short pulses.

Another effect that contribute to the pulse shortening is the coherent colliding

pulse effect, which is assisted by a diffraction gating created in the absorber by

the interference of the two counter-propagating pulses. Since two pulses coexist in

the cavity, mode-locking is achieved not at the fundamental repetition frequency

but at the second harmonic of the cavity round-trip frequency, i.e.

FR ≈ Mh(c/ne)

2Lc

; Mh = 2 . (3.6)

This means that by the use of the colliding pulse mode-locking (CPM) technique

not only shorter pulses can be provided but also a higher repetition frequency can

be achieved (because of Mh=2).

To achieve a very high repetition frequency, the laser can be forced to operate

in a dynamic regime with one, two, three, or four pulses coexisting in the cavity

by the use of a structure with three individually controllable saturable absorbers

as depicted in Figure 3.6b. The repetition frequency, FR, can be then calculated

using Equation 3.6, where the harmonic number Mh is set to 1, 2, 3 or 4, depending

on the number of the coexisting pulses in the laser cavity. Using a three-SA

structure that operates in the Mh=4 regime, high repetition rates up to 375 GHz



30 High-Speed Subsystems

and pulse widths of around 1 - 3 ps have been achieved in a 400 µm long multiple

colliding pulse mode-locked quantum-well laser [Martinis-Filho95].
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Figure 3.6: Colliding Pulse mode-locked (CPM) lasers: a) CPM construction, b) multiple CPM
laser (Mh=4)

Fiber Ring Mode-Locked Lasers

High quality short pulses can be generated using a fiber ring mode-locked laser.

In such a structure, a fiber ring is used to build a long laser cavity (see Figure 3.7).

To compensate for optical losses, and thus, to enable mode-locking, an optical am-

plifier is inserted into the cavity. Usually, an erbium-doped fiber amplifier (EDFA)

is used for the amplification of circulating optical pulses, although semiconduc-

tor optical amplifiers are also well suited and have already been used in similar

configurations [Kim99b]. An intensity modulator (e.g. LiNbO3 Mach-Zehnder

modulator) is used as the mode-locking element, while a narrow linewidth optical

bandpass filter (OBPF) ensure the single-mode operation by filtering out only

one operating mode (often referred to as the dominated supermode). Optical iso-

lators and polarization controllers are inserted into the cavity in order to ensure

unidirectional pulse propagation and a stable operation due to the polarization

sensitivity of the optical components in the cavity.

The principle of ML in fiber ring mode-locked lasers is the same as in the

semiconductor MLLs. The only difference is that in the erbium-doped fiber ring

laser (EDFRL), in contrast to the semiconductor mode-locked lasers, active mode-

locking is performed by loss modulation rather than by gain modulation. For

this purpose, an intensity modulator is used to modulate the loss of the cavity,

thereby causing the pulse shortening effect. Otherwise, the fiber dispersion and

the spectral shaping of the bandpass filter are responsible for the pulse broadening

effect.
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An advantage of EDFRLs is the generation of high-quality pulses with respect

to their shape, i.e., they can inherently support ideal optical pulses, either Gaus-

sian or sech2 shape. If non-linear effects such as SPM can be ignored, an EDFRL

will produce a pulse train of Gaussian shape. On the other hand, the laser will

become a soliton laser generating pulses of sech2 shape if self phase modulation

is participating in the pulse generation process. Moreover, high values of fiber

dispersion and SPM imposed upon the signal by the loss-modulating element can

also cause an additional chirp, and thus, a broadening of the spectrum to more

than the transform limit. Therefore, the modulator incorporated in the laser cav-

ity should be able to perform a pure amplitude modulation without affecting the

phase of the optical signal.

OBPF
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Figure 3.7: Schematic of an erbium-dopped fiber ring laser (EDFRL)

Since mode-locked fiber ring lasers are usually tens of meters long, the cavity

round-trip frequency, and thus, the mode spacing of such lasers is in the MHz

range. For this reason, EDFRLs have to be mode-locked at a very high harmonic

of the fundamental ring frequency, e.g. a harmonic order of 1000 (Mh = 1000), if

repetition rates in the GHz range are required. Thereby, a competition between

many sets of supermodes can occur. This can cause instabilities in the pulse

generation, which are additionally enhanced by fluctuations of polarization states.

Moreover, because cavity lengths of fiber ring mode-locked lasers are relatively

long, temperature changes affect the cavity length resulting in considerable cavity

length variations. Therefore, EDFRLs has to be stabilized by a technique that

suppresses the mode-competition and minimizes the fluctuations in cavity lengths

and polarization states. To suppress the mode-competition, a narrow linewidth
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Fabry-Perot etalon can be inserted in the laser cavity, where the free spectral

range of the etalon has to be set to an integer multiple of the fundamental cavity

resonance frequency, i.e., of the cavity mode spacing.

Another method is to control the laser cavity length using an adjustable op-

tical delay line. The delay line is actively controlled ether by implementing a

phase-locked loop that monitors the phase difference between the optical sig-

nal in the cavity and the RF signal applied to the modulator or by measuring

the power of a suppressed supermode spectral component close to the dominat-

ing supermode in order to generate a feedback signal to control the laser cavity

length. Additionally, a polarization-maintaining cavity can be used to elimi-

nate the mode-competition due to the fluctuations of polarization states. To

build a polarization-maintaining cavity, all the fibers within the cavity has to be

polarization-maintaining single-mode fibers (PM-SMF) and a polarizer has to be

inserted to ensure single-polarization operation.

Fiber ring mode-locked lasers have received particular attention in investigating

short pulse sources for high-speed optical systems. The active mode-locking of

erbium-doped fiber lasers is an attractive solution because it can offer a nearly

jitter-free, transform-limited train of pulses of width in the picosecond (or even

subpicosecond) range and a repetition rate of 10 GHz and higher [Pfeiffer93,

Ellis99, Bakhshi00].

3.1.3 Gating of Continuous Wave Light

An alternative approach for generating short optical pulses for high-speed telecom-

munications applications is to use a fast external amplitude modulator to carve a

pulse train from the output of a stable continuous wave (CW) laser diode. Usu-

ally, a distributed feed-back (DFB) laser diode is used for the generation of CW

light, while an electroabsorption modulator (EAM) is employed for gating of the

CW light. In this approach, the nonlinear transmittance of InGaAsP electroab-

sorption modulators with respect to applied voltage can be exploited to generate

nearly transform-limited 14 ps soliton pulses with 15 Gbit/s repetition frequency

[Suzuki92]. However, pulse widths of 2-4 ps are needed for various high-speed

applications. Indeed, the minimum pulse width possible is determined by the

duty ratio of the device, which is normally higher than 5 % for EAMs and does

not allow generation of ultrashort pulses.
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One possible way to overcome this limitation is to apply a nonlinear pulse

compression technique to the pulses generated by a DFB-EAM arrangement. A

nonlinear pulse compression technique using a dispersion-decreasing fiber (DDF)

as a soliton adiabatic compressor has been demonstrated to obtain transform-

limited pulses with durations as short as 2.5 ps [Suzuki93], 1.2 ps [Guy95a], and

190 fs [Guy95b].

Figure 3.8 shows the schematic of the short pulse generator consisting of a

CW DFB laser, an electroabsorption modulator, and few additional components

used for chirp compensation and pulse compression. The CW light obtained from

the DFB laser diode is first modulated by the EAM driven at 10 GHz to gener-

ate a pulse train. The generated pulses are chirped, so a chirp compensation is

performed in the dispersion-compensating fiber (DCF), thereby obtaining nearly

transform-limited 6 ps pulses. After chirp compensation, the pulses are amplified

in a high-power EDFA and launched into the DDF. The pulses emerging at the

output of the configuration are compressed by a factor that depends on the design

of the DDF used. A compression factor of approximately 25 has been obtained

by the use of an DDF that is optimized for a specific input pulse duration and

power [Guy95b].

DFB LD

RF (10 GHz)

DC Bias

EAM Output 
Signal 

DCF DDF
EDFA

Figure 3.8: Short pulse generation using an electroabsorption modulator (EAM) with pulse
compression (DFB-LD: distributed feed-back laser diode, RF: radio frequency, DCF: dispersion
compensating fiber, EDFA: erbium-doped fiber amplifier, DDF: dispersion-decreasing fiber)

Another possibility to generate short pulses using electroabsorption modulators

is to deploy an integrated tandem travelling-wave EAM structure as shown in

Figure 3.9.

Travelling-wave EA modulators (TW-EAMs) have the advantage of overcom-

ing the RC limitation associated with lumped EAMs, resulting in longer devices

with increased extinction ratios and higher bandwidths. The two EAMs based

on a travelling-wave electrode structure are separated by a 20 µm long optical
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Figure 3.9: Tandem electroabsorption modulator (EAM) structure (DFB-LD: distributed feed-
back laser diode, DC: direct current, TW-EAM: Travelling-wave electroabsorption modulator)

waveguide and driven by an RF sinusoidal signal, which is delayed by an electri-

cal delay between the two EAMs. Using such a structure, optical pulses of 4 - 6

ps width at more than 30 GHz repetition frequency with a high extinction ratio

and optical power have been generated [Kaman00].

3.2 Header Coding Techniques

In packet-switched OTDM networks, medium access control information (usually

transmitted in the packet’s header) has to be attached to every data packet (re-

ferred to as the packet’s payload) in order to route an optical packet through

the network from a source node to a specific destination node. There are sev-

eral methods for coding the header onto the optical medium. In general, these

methods can be classified into three basic categories, namely time-domain coding

(TDC), frequency-domain coding (FDC) and code-domain coding (CDC) (Figure

3.10).

Time-domain coding (TDC) is the most utilized method in telecommunication

networks [Olsson00, Krajinović01, Glesk94b, Cotter95], where the header is trans-

mitted at the same wavelength as the payload. Here, the same modulation format

(ASK) is used for both data and control signals. Header and payload sections of

a packet are transmitted consecutively in a serial manner. In Optical pulse in-

terval (OPI) signaling, the data rates of the header and the payload sections are

the same. Alternatively, if the header is transmitted at a lower bit rate than the

payload, it is called mixed rate (MR) signaling.

In FDC, the header is transmitted on a frequency band separate from the

frequency on which the payload is transmitted. Here, the payload and header can

be transmitted in parallel.
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Figure 3.10: Header coding techniques

Using the optical subcarrier multiplexing (SCM) technique, the payload and the

header are encoded as radio frequency (RF) sidebands on the optical carrier, each

at a distinct sideband frequency [Meagher00, White00, Lin00]. In the network

nodes, header information is separated from the payload by electrical filtering

the sidebands from the optical carrier (see Figure 3.13). The recovered control

information can be processed electronically in the header processing unit.

In the multi-wavelength (MW) approach, control information is transmitted in

a parallel manner on N wavelengths. The time-skew between header bits on dif-

ferent wavelengths caused by the group velocity dispersion (GVD) can seriously

limit the achievable transmission distance in MW coding. Since the bit-parallel

MW coding requires a large number of wavelengths, a large number of transceivers

have to be deployed at each node. This makes the system more expensive and re-

stricted in terms of transmission length. Dual-wavelength (DW) coding is similar

to the SCM approach, with the slight difference that instead of two RF sidebands,

two separate wavelength channels are dedicated to carry the payload and the con-

trol information. That is, the control information is transmitted on a separate

wavelength channel in parallel with the payload.

Code-domain coding (CDC) is well suitable for easy and fast all-optical de-

tection of high-speed labels that can represent the nodes’ destination addresses

[Wada01, Kitayama01, Aleksic02]. The code sequences can be easily assigned to
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the destination addresses in a network. Consequently, the header processing can

be fully accomplished optically in an OCDM decoder only by the detection of the

autocorrelation peak. In general, there are two types of CDC coding techniques,

namely incoherent and coherent CDC.

Incoherent techniques comprise direct sequence (DS) coding and optical fre-

quency hopping (OFH). The first one uses the on-off-keying (OOK) pulse code

sequences, where control information is coded in the time domain using sequences

of short pulses called chips [Prucnal86, Santop87]. The second one is a frequency

or a time-frequency domain approach, where short-duration wide-band pulses are

encoded/decoded using specially designed optical filters, e.g. chirped Moiré grat-

ings [Chen00] or a cascade of filters (an array of uniform fiber Bragg gratings)

[Fathallah99]. OFH-CDC uses unipolar codes, where the i-th pulse is coded in

the frequency domain according to a set of discrete frequencies Sf = {f1, f2, ., fq}
placed around the carrier frequency fc

fj = hp(j)
B0

q
, j = 1, 2, ...Ns ; 1 ≤ hp(j) ≤ q , (3.7)

where B0 denotes the available frequency bandwidth, hp(j) is the placement op-

erator, q represents the number of available frequencies, and Ns is the number of

time slots in an OFH system.

Coherent CDC techniques provide a larger ratio of the central autocorrelation

peak to the side lobes resulting in a better code detection [Wada99]. Here, the

control information is coded not only in time, magnitude or frequency but also

the phase of the optical signal is modulated. If the phase is changed in discrete

manner using two values (φ = π or φ = 0), the coding is named binary coherent

coding, while codes incorporating a change of carrier phase between four values

(φ = 0, π/2, 3π/2 or π) are called quadrature coherent codes [Lee98].

Different header coding techniques are investigated in this thesis in order to

find an optimal method that allows easy and efficient processing of the packet

header (see Section 5.5).

3.2.1 Time-Domain Coding

Optical Pulse Interval

Optical pulse interval is the most used method in communication networks.

In packet-switched OTDM networks, a very high bit rate can be achieved by
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employing the optical packet rate conversion technique (see Section 5.3). If the

packet’s header is transmitted at the same bit rate as the payload, an all-optical

header processing technique has to be deployed.
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Figure 3.11: Optical pulse interval (OPI) signaling

At high bit rates, OPI can only be realized by employing all-optical signal pro-

cessing. The implementation of an all-optical header processor in the time domain

is still difficult and usually restricted in terms of supported header lengths. How-

ever, this technique can significantly reduce node latency and header-processing

time.

Mixed Rate

Header processing can be implemented fully electronically if the header bit rate

is chosen to be lower than the bit rate of the payload. The payload is processed

only by the receiving node, while the header has to be processed by all transit

nodes in the network. As it can be seen from Figure 3.12, the header is first

generated at the transmitting node, then converted into the optical domain by

the optical transmitter (Tx), and finally transmitted by the transmission line in

the front of the payload. At the receiving (or a transit) node, the low bit rate

header is received by the optical receiver (Rx) and processed electronically.
Mixed rate (MR) signaling makes the nodes cheaper and easier to realize. Since

the header processing is implemented in electronics, very complex MAC protocol

functionalities, which require a complex header structure, can be implemented.

Moreover, optical transparency can also be achieved by bit rate variable payloads

and a header at a fixed lower bit rate. However, due to the low bit rate of the

header, signaling overhead and node latency are mostly large.



38 High-Speed Subsystems

Control
Logic

Header 
Extraction

Control
Logic

Transmission 
Line Receiving

Node
Transmitting

Node

Header (λλλλ1)

Payload (λλλλ1)

Header
Generation

Header
Processing

Tx Rx

Optical 
Coupler

Payload Payload

Figure 3.12: Mixed-rate (MR) signaling

3.2.2 Frequency-Domain Coding

Optical Subcarrier Multiplexing

Optical subcarrier multiplexing technique is efficient in terms of optical spec-

trum utilization at the expense of bit rate. The payload bit rate is constrained

to be lower than the subcarrier frequency, while the payload and header data

rates dictate the separation of the sidebands. In SCM signaling, the subcarrier

header recovery is based upon optical and microwave direct detection. A signifi-

cant advantage of SCM is that microwave devices such as microwave oscillators,

filters, and mixers are usually cheaper and more mature than optical devices. The

header data rate can be lower than the payload rate. Thus, the header recognition

unit only needs to operate over the narrow electronic bandwidth of the control

channel.

At the transmitting node, the packet header modulated on a subcarrier fre-

quency (fsc) is impressed together with the payload onto an optical carrier using

an optical modulator as shown in Figure 3.13. When packets arrive at the re-

ceiving node, a small fraction of the optical power is tapped off for SCM header

detection and processing. The packet header is easily extracted by filtering the

signal after receiver in a bandpass filter (BPF) with center frequency fsc, then

demodulated, and finally processed electronically in the header processing unit.

The main limitation for SCM in high-speed all-optical networks is the necessity

for the electronic processing of header and payload. At a receiving (or a transiting)

node, the payload and header has to be separated electronically in order to access

the header information. Thereby, the data rate of the payload is limited by the

electronics bottleneck. Moreover, due to the fact that both header and payload are

transmitted on the same optical carrier, the transmitter needs to supply sufficient
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Figure 3.13: Optical subcarrier multiplexing (SCM) signaling

power levels to both signals. In other words, the optical power going into each

signal is reduced, thereby inducing an additional power penalty and increasing

the bit error rate of the transmission.

Bit-Parallel Multi-Wavelength

Control information can also be transmitted in a bit-parallel manner on N

wavelengths as shown in Figure 3.14. Each of the N parallel bits of control

information is used to modulate an optical source at a different wavelength. The

wavelengths are then multiplexed in a WDM multiplexer and launched into the

fiber. A receiving (or a transiting) node recovers the control information using

a WDM demultiplexer and N receivers. The N -bit parallel electrical signal is

then processed by the control logic that generates control signals for the photonic

packet switch. Note that the header and the payload can be transmitted either at

the same time in a parallel manner as shown in Figure 3.14 or sequentially, i.e.,

in separated time slots.

The major problem in bit-parallel MW systems is the time skew among bit-

parallel signals transmitted at different wavelength channels. This bit skew is

caused mainly by the group delay dispersion of the optical fiber, i.e., by the

chromatic dispersion.

The maximum bit skew of an N -bit parallel control signal transmitted on N

wavelengths in the total spectral range ∆λ = [λ1, λN ] over distance L is given by

[Agrawal92]
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Figure 3.14: Bit-parallel multi-wavelength (MW) signaling

∆τg = L ·∆λ ·D(λc) . (3.8)

Here it is assumed that there are N equally spaced wavelength channels within

∆λ with a central channel at λc, where λc À ∆λ.

Figure 3.15 shows the maximum achievable bit rate as a function of the SSMF

length relating to different values of ∆λ. The maximum achievable bit rate per

wavelength channel is defined by the maximum allowed bit skew equal to the bit-

period, i.e. Bc = 1/∆τg. The central wavelength is chosen to be at λc = 1.54µm

and the dispersion coefficient at this point D = 14.7 ps/(nm·km).
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Figure 3.15: Maximum allowed bit rate as a function of the fiber length

It can be seen that for a total system bandwidth of ∆λ = 1 nm (≈ 125 GHz at

1.5 µm wavelength), in which two wavelength channels can be placed, less than

10 Gbit/s is allowed for distances up to 7 km, while 2.5 Gbit/s bit-parallel signal

can be transmitted over 20 km. If more than 10 wavelengths are required, the
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total bandwidth has to be at least 10 nm, which means a maximum allowed span

length of 3 km for a channel bit rate of 2.5 Gbit/s.

The hard restrictions caused by the bit skew make the bit-parallel MW sig-

naling impractical and difficult to implement. Moreover, N transmitters and N

receivers are required at each node making the implementation relatively expen-

sive. However, since the control information can be transmitted in a parallel

manner, no parallel-to-serial and serial-to-parallel conversions are needed and the

bit rate per channel can be kept low because the aggregate bit rate is Ba = N ·Bc.

Recently, a number of bit skew compensation techniques have been proposed.

A significant improvement has been achieved by the use of a dispersion-shifted

fiber (DSF) in order to minimize the chromatic dispersion near 1.55 µm wave-

length. Using this method, a transmission experiment with ∆λ = 15 nm and a

channel bit rate of 1 Gbit/s over 25.2 km of the Corning DSF have been reported

[Morookian98]. However, influence of nonlinear effects such as FWM and XPM

on the bit-parallel MW transmission increases by the use of DSF. Introducing

shepherding pulses can additionally improve the transmission capabilities of bit-

parallel MW systems [Bergman00]. This shepherding effect is based on XPM

occurring when high power shepherd pulses on one wavelength co-propagate to-

gether with low-power data pulses in a bit-parallel MW system, thereby reshap-

ing (compressing) the data pulses and concurrently enhancing the time alignment

along the fiber.

In reference [Zhou01], a bit-parallel non-return to zero (NRZ) WDM transmis-

sion over 27.5 km of DSF has been demonstrated by sampling the bit-parallel

WDM data at the receiver, thereby synchronizing them before de-multiplexing.

The experimental data rate was about 2.5 Gbit/s with a total system bandwidth

of 24 nm. A bit-parallel MW transmission experiment has been demonstrated

over 30 km of dispersion-managed fiber (DMF) with four channels at 10 Gbit/s

and a total system bandwidth of ∆λ = 4.74 nm using an optical bit skew compen-

sator (OBSC) located at the receiver and based on a circulator and chirped fiber

gratings [Segatto00]. Moreover, seven WDM bit-parallel channels have been trans-

mitted with a total spectral range of ∆λ = 15 nm over 2.5 km pre-compensated

SSMF with less than 3 ps bit skew corresponding to possible channel rate beyond

100 Gbit/s [Shen99]. The recent experimental demonstrations are summarized in

Table 3.1.
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data rate no. tot. spectr. distance compensation source

per ch. Bc of ch. range ∆λ L method

1 Gbit/s 12 15 nm 25.5 km DSF [Morookian98]

2.5 Gbit/s 3 24 nm 27.5 km DSF + sampling [Zhou01]

10 Gbit/s 4 4.47 nm 30 km DMF + OBSC [Segatto00]

> 100 Gbit/s 7 15 nm 2.5 km DCF + SSMF [Shen99]

Table 3.1: Experimental demonstrations of broadband transmission using bit-parallel WDM

Dual-Wavelength

Dual-wavelength approach could be a good choice because of a relative simple

and less expensive implementation. For this purpose, an additional transmit-

ter/receiver pair in combination with a WDM multiplexer/demultiplexer have to

be used in the node (see Figure 3.16).
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Figure 3.16: Dual-wavelength (DW) Signaling

To transmit the packet header, a separate wavelength λh is used, which can

be easily separated at the receiving node using a WDM demultiplexer. Here,

the header can be transmitted in parallel with the payload. Consequently, the

header-processing latency can be minimized even for a lower header bit rate. A

lower header bit rate implies an easier implementation of the header processing

unit in electronics, thereby making the node realization cheaper. Unlike the SCM,

dual-wavelength coding sets no limits to the payload bit rate. Moreover, the cross-

talk between the header and data signals can be reduced by choosing an optimal

wavelength spacing between λd and λh.
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3.2.3 Code-Domain Coding

Code-domain coding (CDC) technique can be implemented directly in the optical

domain if the nodes’ destination addresses are assigned to a set of code sequences.

The code sequences can also represent the packet labels in a label-switched all-

optical network. The code sequences are detected in OCDM decoders using the

optical code correlation. The correlation properties of the codes used in the

network should enable an error-free label detection.

The generic diagram of the transmitter/receiver pair incorporating CDC tech-

nique is shown in Figure 3.17. At the transmitter side, a short pulse is fed into

an encoder to generate an OCDM label consisting of l-chips that is transmitted

in the packet header. An OCDM decoder with matched filter geometry is em-

ployed in the receiving node to detect the appropriate label. If the incoming label

matches the local address, the autocorrelation peak is detected at the output of

the decoder. Thus, CDC could be an easy and efficient way to realize all-optical

label processing for high-speed packet-switched networks.
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Figure 3.17: Code-domain coding (CDC) signaling

Direct Sequence Code-Domain Coding

In incoherent CDC techniques, the phase of the light pulses is not modu-

lated. The correlation procedure incorporates incoherent direct detection based

on power summation of optical pulses. Direct sequence CDC (DS-CDC) is a sim-

ple incoherent coding method originating from spread spectrum communications.

There are three possible correlator structures, namely all-parallel, all-serial, or a

combination of these two.
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The all-parallel structure depicted in Figure 3.18a comprise a 1 × W optical

splitter, W optical delay lines, and a W × 1 power combiner, where W is the

weight of the implemented code [Kamakura01]. It allows generation of any code

sequence by selecting a proper combination of activated delay line paths. How-

ever, due to the large power loss in the splitter and the combiner, the parallel

configuration is less suitable for the implementation of large codes. That is to

say, the encoding and decoding process of a prime code sequence with the weight

W leads to a minimum power loss in the coder and decoder circuits by a factor of

2 ·W if the all-parallel structure is used. Furthermore, the autocorrelation peak

in DS-CDC is only W , while the ratio of the central autocorrelation peak to side

lobes is (W − 1).
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Figure 3.18: Direct sequence code-domain coding (DS-CDC) encoder configurations, a) all-
parallel and b) all-serial structure

The all-serial structure (Figure 3.18b) has lower optical power loss than the

parallel one [Kwong94]. It consists of (n + 1) two-by-two optical couplers and n

optical delay lines for generating or correlating any codeword with weight W = 2n.

Therefore, the serial configuration is suitable for implementing large 2n prime

codes.

Finally, using a combination of the serial and parallel structures, an incoher-

ent asynchronous OCDM en-/decoder implementing Gold codes can be realized

[Tančevski94]. By the use of additional precoding and balanced detection, this

configuration has shown superior performance over the prime code approach in

the case of a large number of nodes.
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Optical Frequency Hopping Code-Domain Coding

Two-dimensional coding can also be used to transmit the control information.

That is, the header bits (or labels) can be coded in both time and frequency

domain. Optical frequency hopping is one of the techniques that employ two-

dimensional coding. For this purpose, an array of fiber Bragg gratings (FBG) can

be used, where the FBG center frequencies correspond to a number of contiguous

frequency slots defined in Equation 3.7.

As shown in Figure 3.19, a broadband pulse is used to generate a pulse se-

quence with a defined time-frequency pattern. The particular code sequence is

determined by choosing an appropriate arrangement of FBGs in the encoder. At

the output of the encoder, the code sequence consists of W optical pulses with

different wavelengths. The OFH decoder has the same structure as the encoder,

but with the slight difference that the FBGs are inversely arranged.
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Figure 3.19: Optica frequency hopping code-domain coding (OFH-CDC) encoder configuration
(FBG: Fiber Bragg Gratings)

Because of the fact that the optical pulses with different frequencies have to

be transmitted over a long single-mode fiber, the change of the relative positions

among these pulses due to the difference of group velocities will cause additional

limitations on the achievable transmission length. Therefore, a compensation

scheme for group velocity has to be deployed in order to circumvent the walk-off

effects and thus increase the allowed transmission length.

Coherent Code-Domain Coding

A better code detection than in DS-CDC systems can be achieved if addition-

ally the phase of the optical pulses is modulated. The coherent CDC correlator

can be built in a similar way as the incoherent DS-CDC correlators depicted in

Figure 3.18, with the difference that in each delay-line path an additional phase
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shifting element need to be inserted.

Usually, the phase of the optical pulses (chips) is coded in a discrete manner,

either binary (φ = π or 0 radians) or quaternary (four possible phase shifts

φ = π, 3π/2, π/2, or 0 radians). Here, the central autocorrelation peak is W 2

due to the stronger interference at the coupler, while the ratio of the central

autocorrelation peak to side lobes is also larger than the ratio of DS-CDC - it

amounts to (W − 1)2 in this case.

Note that in coherent CDC systems, the coherence length of the light source

has to be greater than the chip length. Moreover, the difficulties associated with

the coherent transmission has to be taken into account.

3.3 Semiconductor Optical Amplifiers

Semiconductor optical amplifiers (SOAs) are basically semiconductor lasers with

anti-reflection (AR) coated facets that prevent oscillations in the cavity. The

original application of these devices was their use as in-line amplifiers in optical

fiber links. At the end of the eighties, erbium doped fiber amplifiers were widely

and successfully deployed for in-line amplification due to their compatibility with

optical fibers and lower noise compared to the basically higher intrinsic noise of

semiconductor optical amplifiers. On the other hand, nonlinearities in SOA and

its compact construction allow for use in all-optical signal processing systems and

in photonic switching matrixes as efficient and compact optical gates.

In general, there are two different types of SOAs depending on the residual

reflectivity of its facets. The first one is the resonant SOA with a residual reflec-

tivity of approximately R = 10−2, which has a high gain ripple and a very narrow

bandwidth. In contrast to the resonant SOA, the travelling wave SOA (TW-

SOA) with R ≤ 10−4 has a low gain ripple (< 2 dB) and a high bandwidth (≥ 3

THz). In communication systems, TW type SOA is used for a wide spectrum of

applications such as high-speed optical switching, wavelength conversion, in-line

amplification for metro networks, preamplification in optical receivers, and opti-

cal amplification and reshaping (2R), & retiming (3R) regenerators for long-haul

transmission systems.

A typical construction of a SOA is schematically depicted in Figure 3.20. It

consists basically of a central active region, which is usually a few hundred mi-

crometers (sometimes up to 2 mm) long, and two short passive waveguides on
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both sides of the active waveguide. The active layer is tapered over a length of

150 µm to allow efficient optical coupling to the passive waveguides. The optical

power injected into the SOA (Pin) is amplified in the active region according to

Pout = PinG = Pin exp(gnetL), where G, L, and gnet are, respectively, the single

pass gain, the length, and the net gain of the TW-SOA. The net gain in its sim-

plest form is given by: gnet = Γg−αint, where Γ is the optical confinement factor,

g represents the material gain, and αint is the optical loss coefficient in the SOA.

IInjection
Current

AR-Coated Facet
(R < 10 -4)

AR-Coated Facet
(R < 10 -4)

Passive 
Waveguide

Taper Active
Waveguide

L

outPinP

Figure 3.20: Schematic view of a typical semiconductor optical amplifier (AR: anti-reflection)

In general, a SOA should have a high material gain and a low optical loss to

allow low dive current operation (∼ 100 mA), while achieving a high net gain

(as high as 30 dB). Furthermore, a high output saturation power and polarization

insensitivity are required in most applications. The requirements for high material

gain and low optical loss as well as low residual reflectivity can be satisfied by

the use of multi-quantum well (MQW) SOA structures. A high output saturation

power can be achieved by using a specific construction such as gain-clamped SOA,

which is described in Section 5.4.

3.3.1 Fast Processes

Ultrafast gain and index dynamics in semiconductor optical amplifiers have ex-

tensively been exploited in high-speed optical signal processing applications such

as fast optical switching, wavelength conversion, clock recovery, and OTDM add-

drop multiplexing.

The gain and index dynamics are governed by fast physical processes that

describe the change of carrier energy distribution depending on the optical power
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that is injected into the active semiconductor medium. However, under quasi-

equilibrium condition, the carrier energy distribution can be parameterized by

the carrier density. The dynamic processes can be divided into two categories:

interband and intraband processes.

The interband transitions do not affect the carrier distribution within a band,

but involve the exchange of carriers between the bands. The basic interband

process is the carrier injection (pumping or carrier density pulsation).

Intraband transitions lead to a change of the distribution of carriers in energy

within the conduction and valence bands. They do not influence the carrier den-

sity. The intraband processes include in general two phenomena, namely spectral

hole burning (SHB) and carrier heating (CH) (temperature) relaxation.

Carrier Dynamics

The dynamic processes that occur after an ultrashort optical pulse has been

injected in the active waveguide of a SOA are schematically depicted in Figure

3.21.
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Figure 3.21: Carrier dynamics in semiconductor optical amplifier (ρc: carrier distribution func-
tion, SHB: spectral hole burning, CH: carrier heating)

For reasons of simplicity, only the carrier distribution in the conduction band

is shown. In the quasi-equilibrium situation, i.e., before the optical pulse has been
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injected, the distribution of carriers in the conduction band corresponds to the

Fermi distribution. The stimulated emission caused by injecting an optical signal

burns a hole in the carrier distribution. This very fast process is called spectral

hole burning (SHB). The SHB relaxation, characterized by the time constant

τSHB, is associated with restoring the Fermi distribution (due to the carrier-

carrier scattering). During this process, the ”cold” carriers at low energy levels

close to the band edge are removed by stimulated emission or transferred to higher

energy levels by free carrier absorption. The carriers are heated up, so that the

resulting carrier temperature becomes higher than the lattice temperature. The

temperature relaxation (governed by the carrier-phonon scattering), also called

carrier heating (CH) relaxation, is characterized by the time constant τCH , which

is usually of the order of several hundreds of femtoseconds.

The starting Fermi distribution is fully restored when the carriers are cooled

down to lattice temperature, but the carrier density is still reduced. The recovery

of the carrier density in the active region is governed by carrier injection (pump-

ing). This intraband process is characterized by the time constant τCI , which

represents the effective carrier lifetime. The lifetime can be reduced, and thus,

the bandwidth of SOA increased, by applying a higher bias current to the SOA.

Another method to accelerate the recovery of carriers is to inject an external

assist light into the SOA, which causes a suppression of the carrier dynamics.

This can be achieved either by using a specific construction called gain-clamped

SOA (GC-SOA) or by applying a separate ”holding” beam (see Subsection 5.4).

Gain Dynamics

The temporal characteristics of the above mentioned processes and their influ-

ence on dynamics of the SOA gain are shown in Figure 3.22. These effects cause

bandwidth limitations and gain suppression in semiconductor lasers.

Experimentally, the gain dynamics has been investigated by pump-probe mea-

surements employing ultrafast optical pulses [Hall99]. The results of these in-

vestigations have shown that in the first 100 fs after an ultrashort optical pulse

has been injected, the coherent (instantaneous) processes such as two-photon ab-

sorption (TPA) and optical Kerr effect provide the dominant contribution to the

gain dynamics. The intraband processes (SHB and CH) contribute significantly

to the gain saturation when the pulse width is in the range of several hundred

femtoseconds to several picoseconds.
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Figure 3.22: Contributions to the gain dynamics in semiconductor optical amplifier (SHB:
spectral hole burning, CH: carrier heating)

Refractive Index Dynamics

Due to the coupling of the refractive index and the gain coefficient governed by

the Kramers-Kronig relation, gain saturation in a SOA will also induce a change

in refractive index. That is, when the SOA gain saturates the refractive index is

changed, and consequently, the optical signal experiences a phase shift.

The coupling between the phase shift and change in gain is usually described

by the following expression ∆ϕ(t) = −g(t) · α/2, where g(t) is the SOA gain and

α is the linewidth enhancement (or Henry’s [Henry82]) factor.

The temporal change of the induced phase shift is shown in Figure 3.23. The

induced phase shift (also the gain saturation) depends on the SOA injection cur-

rent as well as on the power and wavelength of the injected optical signal.

It has been shown in experiments that a phase shift recovery of π, which is of

particular importance in interferometric switches, can occur within 130 ps if an

injection current of 100 mA is applied to SOA. By increasing the injection current

to 200 mA and inserting an external CW light (holding beam) into the SOA, a

π-phase shift has been demonstrated in only 12.5 ps [Manning95].
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Figure 3.23: Refractive index dynamics in semiconductor optical amplifier

3.3.2 Cross-Gain Modulation

The saturation effect in a SOA can be used in optical processing systems. When

two optical signals at different wavelengths (say λ1 and λ2) are injected in the

amplifier, the amplifier gain is modulated by the variation of the optical intensities

of both signals.

For example, a signal at λ1 experiences a gain that is influenced not only

by its own intensity but also by the intensity of the optical signal at λ2. This

effect, where an optical signal is intensity modulated by the gain change caused

by another signal, is referred to as cross-gain modulation (XGM).

The simplest scheme utilizing XGM is shown in Figure 3.24, where the am-

plitude of a continuous wave (CW) signal (probe) at λ1 is modulated according

to the change in gain caused by a modulated optical signal (control) at λ2. This

scheme has been utilized for wavelength conversion and OTDM demultiplexing.

The signal at the output of the amplifier (at λ1) is inverted and chirped due to the

large gain modulation. That means that in the case of an OTDM demultiplexer,

the pulses at the output only occur in absence of the control signal.

The speed of this scheme is limited by the effective carrier lifetime. Therefore,

this scheme is not suitable for OTDM demultiplexing at high bit rates because the

gain needs to recover completely within the time period between two successive

pulses. However, wavelength conversion by using XGM has already been reported

at data rates up to 100 Gbit/s [Ellis98]. Higher data rates (above 100 Gbit/s) can
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be achieved by utilizing the cross-phase modulation in an interferometric structure

as shown in Section 3.4.
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Figure 3.24: Examples of signal processing utilizing cross-gain modulation in semiconductor
optical amplifier

3.3.3 Cross-Phase Modulation

Third order nonlinearities are responsible for an intensity dependence of the re-

fractive index in an optical medium (Kerr effect). The phase of an optical signal

can be modulated by injecting an additional control signal with high power that

modulates the refractive index of the SOA. This effect is referred to as cross-phase

modulation (XPM). It has extensively been exploited in fast optical switches,

where phase modulation is converted into amplitude modulation by using SOA-

based interferometric structures (Figure 3.25).

SOA

Linear Medium

Control

Signal

Output

Figure 3.25: Principle of fast optical switching using cross-phase modulation in semiconductor
optical amplifier
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The interferometer has to be balanced such that no data pulse occurs at the

output in absence of the control pulses. The control pulses induce an additional

phase shift to the signal guided through the SOA, which disturbs the balance and

enables the data pulses to be routed to the output port. The mostly used interfer-

ometric structures for fast optical switching are the Mach-Zehnder interferometer

and the Sagnac interferometer, which will be described in Subsection 3.4.

3.3.4 Four-Wave Mixing

Wave mixing in SOA is a third-order ultrafast nonlinear process with bandwidths

of the order of several THz, since the contributions to the nonlinear susceptibility

include intraband carrier dynamics that are only limited by the carrier-phonon

and carrier-carrier scattering lifetimes, being on of the order of several hundred

femtoseconds. It has been shown that both carrier heating and spectral hole

burning contribute significantly to four wave mixing in SOAs, especially for large

frequency detunings [Uskov94].

The situation illustrated in Figure 3.26 can be found in many applications

of four-wave mixing such as wavelength conversion, investigation of the material

response, optical PLLs, and all-optical switching. Such a configuration, where

only two input signals are injected into the amplifier, is referred to as pump-

probe configuration. In this case, a high power pump signal at frequency fp and a

low power probe signal at frequency fq are assumed to generate only one signal at

the frequency fk. This assumption can be made because the pump signal is much

stronger than all other waves, so that only this signal saturates the medium. Due

to the beating of pump and probe waves, dynamic gain and index gratings are

formed. These gratings diffract the pump wave, thereby generating a so-called

conjugate signal at the frequency fk = fp − ∆f , where ∆f = fq − fp is the

detuning frequency. That is, two sidebands are generated due to the modulation

of the medium at the beat frequency ∆f . One of these sidebands is produced at

the frequency fk, while the other sideband is at fq.

It has been shown that for ∆f < 4 THz, FWM is mainly mediated by pump-

ing (carrier injection - CI), spectral hole burning (SHB) and carrier heating (CH)

effects [Koltchanov96]. At very low detuning (∆f < 10 GHz), the main contribu-

tion to FWM is carrier density pulsation. For higher detuning, the contributions

of the intraband effects such as spectral hole burning and carrier heating are dom-

inant. FWM is mainly caused by CH when the frequency of the pump wave is
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Figure 3.26: Pump-probe configuration

above the gain peak. Otherwise, the dominant contribution is due to SHB. An

expression describing the contribution of four-wave mixing on the conjugate signal

due to CI, SHB and CH when ∆f À 10 GHz can be found in Appendix A.1.

FWM Conversion Efficiency

Four wave mixing in travelling wave SOAs has been used in several applica-

tions for optical signal processing [Tatham93, Schnabel93, Ludwig94, Ludwig93,

Kawanishi94, Morioka96]. An advantage of the use of SOAs over the use of pas-

sive nonlinear devices is the high conversion efficiency due to the high amplifier

gain, which amplifies the nonlinear mixing products created in the SOA. The

FWM conversion efficiency is defined as the ratio of the FWM signal power at

the output of the SOA to the power of the probe at the input, i.e.,

ηFWM =
Pk(L)

Pq(0)
. (3.9)

The conversion efficiency can be expressed as a function of frequency detuning by

assuming that the saturation power is constant along the propagation direction

and that the power of the conjugate signal is lower than the power of the probe

signal. The second assumption is always true for ∆f > 10 GHz. By using these

approximations and solving the field propagation equations analytically, one can

obtain the following expression for ηFWM [Mecozzi95]

ηFWM =
1

4
Gs

(
ln

G0

Gs

)2 |F(∆f)|2
(1 + σ)2

, (3.10)

where G0 = exp [(Γg0 − αint)L] is the small-signal gain, Gs is the saturated gain,

and σ is the ratio between probe and pump power (σ = Pq/Pp). The saturated

gain, Gs, is determined by the following implicit expression
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Pin = Ps

(
Γg0

αint

− 1

)
1− (Gs/G0)

αint/(Γg0)

Gs − (Gs/G0)αint/(Γg0)
, (3.11)

where Pin = Pp(0) + Pq(0) is the total input power. Here is assumed that the

gain of the SOA is independent on frequency. F(∆f) is a normalized response

function of the semiconductor nonlinearity given by

F(∆f) = FCI + FCH1 + FCH2 + FSHB + FUF . (3.12)

Expressions for the contributions to FWM given by carrier injection (FCI), free-

carrier absorption (FCH1), stimulated recombination (FCH2), spectral hole burn-

ing (FSHB), and ultrafast processes such as two-photon absorption (TPA) and

Kerr effect (FUF ) are given in Appendix A.1.

3.4 All-Optical Switches with Semiconductor Optical Am-

plifiers

Common to various fast optical switch configurations utilizing SOAs is the ex-

ploitation of the saturation effects in the active region. The simplest method is to

exploit cross-gain modulation (XGM), where the gain of the SOA is modulated

by injecting a high-power control signal (see also Subsection 3.3.2). In absence

of the control signal, the SOA gain is high, which corresponds to the ”on” state

of the switch. If the control signal is present, the gain of the SOA saturates, and

consequently, the switch is set to the ”off” state. Due to the relatively large gain

recovery time (usually several hundred picoseconds), this method is not suitable

for applications that require ultrahigh switching speeds.

Very promising candidates for fast optical switching are interferometric schemes

that exploit cross-phase modulation (XPM) in SOA. The most investigated inter-

ferometric switch configurations are the symmetric and asymmetric Mach-Zehnder

interferometer (MZI), the Sagnac interferometer (SI), and the Michelson interfer-

ometer (MI). The first experiments were performed using hybrid fiber-chip ar-

rangements called semiconductor laser amplifier in a loop mirror (SLALOM) or

terahertz optical asymmetric demultiplexer (TOAD). Recently, monolithically or

hybrid integrated interferometric structures with SOAs were realized as fast op-

tical switching elements [Hess98, Nakamura00, Ludwig00]. Using these elements,

switching experiments at data rates above 160 Gbit/s have been performed.
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It is also possible to use FWM in SOA for fast optical switching. This method

allows high-speed operation in a compact device. The pump-probe configura-

tion (Figure 3.26) can be used as an optical gate by inserting an optical band-

pass filter at the output of the SOA with the center frequency equal to the

frequency of the conjugate signal, while the control and data pulses are in-

jected at the pump and probe inputs, respectively. Experimentally, polarization-

insensitive demultiplexing using FWM in SOAs up to 200 Gbit/s have been re-

ported [Kawanishi94, Morioka96].

3.4.1 Mach-Zehnder Interferometer

One of the most used interferometric configurations for fast optical switching is

the Mach-Zehnder interferometer (MZI). The structure where the two arms of the

interferometer are identical to each other is referred to as symmetric MZI (Figure

3.27a). In such a structure, control pulses usually enter the interferometer through

two couplers placed in both interferometer’s arms. The time delay between the

control pulses propagating in the upper and lower arm, ∆τ , determines the width

of the switching window. The asymmetric MZI configuration depicted in Figure

3.27b can be used as a fast optical switch if the control and data pulses propa-

gate in opposite directions (the counter-propagating scheme). Here the switching

window is determined by the asymmetry of the two arms of the interferometer,

i.e., by the spatial displacement of the SOAs.
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Figure 3.27: Fast optical switches using a) symmetric and b) asymmetric Mach-Zehnder inter-
ferometer structure
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The formation of the switching window in a Mach-Zehnder interferometer is

illustrated in Figure 3.28. In the case of a symmetric MZI, the control pulses

copropagate with the data pulses. Because the control pulse in the bottom arm is

delayed by ∆τ , SOA 2 saturates later than SOA 1. Therefore, the data pulses that

propagate in the bottom arm experience a delayed phase shift. If the interferome-

ter is balanced properly, the phase difference at the output coupler, ∆Φ = Φ1−Φ2,

is about π only during the time period when SOA 1 is saturated and SOA 2 is

in the small-signal regime. During this time, which is referred to as switching

window, the data signal is transmitted to the upper output port (Data Out). The

switching window is closed after the SOA 2 has saturated. The small trailing

window exists because the phase shift in SOA 1 is already reduced when SOA 2

saturates. This trailing window can be suppressed by introducing an additional

phase shift in one arm of the interferometer and by adjusting different saturation

conditions for the two SOAs. Thus the phase shift in SOA 2 can be reduced

such that there is no phase difference after the switching window has been closed

(dotted lines).
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Figure 3.28: Switching window of a SOA-based Mach-Zehnder interferometer switch

The switching performance of a MZI can be characterized by the following

equation that can also be used in other interferometric configurations [Kang96]

Pout =
Pin

4

[
G1(t) + G2(t)− 2

√
G1(t) ·G2(t) · cos (Φ1(t)− Φ2(t))

]
, (3.13)

where G1,2(t) and Φ1,2(t) are the single-pass gain and the nonlinear phase shift

experienced by the optical signals propagating through SOA 1 and SOA 2, re-

spectively.
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3.4.2 Ultrafast Nonlinear Interferometer

The ultrafast nonlinear interferometer (UNI) is a single-arm interferometer based

on polarization discrimination in a symmetric MZI configuration. Since it con-

sists of only one arm, the external stabilization is much easier than in the MZI.

However, it is inherently polarization dependent, so that the polarization of the

incoming signal has to be effectively controlled, i.e. the input data signal has to

be linearly polarized. The principle of operation is as follows. The input data

pulses are firstly split into two orthogonal polarization components by launching

linearly polarized signal into a highly birefringent fiber (polarization-maintaining

fiber, PMF) as shown in Figure 3.29. The polarization of the data signal is chosen

such that it has equal components in both axes of the PMF. Because the optical

signal propagates along both the slow and the fast axes, two orthogonal polarized

pulses with equal amplitudes and a time delay ∆τ relative to each other exit the

PMF. After passing the SOA, the delay between the two pulses is canceled by

launching the signal into a second PMF in such a way, that the slow component

is launched into the fast axis and the fast component into the slow axis. In the

absence of the control pulses, both pulses experience the same phase shift, so

that the polarization of the recombined pulse remains unchanged. When a con-

trol pulse is launched into the SOA in the time period between two data pulse

components, the refractive index of the SOA is changed and the slow component

experiences a higher phase shift then the fast one. Consequently, the polarization

of the recombined pulse is changed. The polarizer at the output of the structure

is adjusted such that the signal pulse is parallel to the polarizer in the presence

of the control pulse and orthogonal to the polarizer when the control pulse is not

present. Thus, the data pulses occur at the output only in presence of the control

pulse.

SOA

Data In

Coupler

Isolator

PMF PMF
Polarizer

∆τ

Control In

Data Out

Figure 3.29: Ultrafast nonlinear interferometer (PMF: polarization-maintaining fiber)
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Using the configuration of UNI as shown in Figure 3.29, optical switching ex-

periments up to 100 Gbit/s have been demonstrated [Hall98, Patel96]. Another

UNI configuration that uses only one polarization maintaining fiber for both func-

tions, i.e. for separating the two data pulse components and for cancelling the

delay between them after passing the SOA, has been used to demultiplex 10 and

40 Gbit/s data from a 160 Gbit/s OTDM data stream [Toptchiyski02]. In this

configuration, the SOA was placed in a loop yielding a simplified setup and im-

proved switching performance.

3.4.3 Sagnac Interferometer

Semiconductor optical amplifiers can be placed in a Sagnac interferometer (SI)

as shown in Figure 3.30. This is then referred to as terahertz optical asymmetric

demultiplexer (TOAD) [Sokoloff93] or semiconductor laser amplifier in a loop

mirror (SLALOM) [Eiselt95].

SO
A

∆x
Data In

Data Out

Control In

CKLW Puse

C-CKLW Puse

Coupler

Coupler

PC

Figure 3.30: SOA in a Sagnac interferometer configuration (TOAD/SLALOM)

In a TOAD (or SLALOM), the fiber loop is formed by connecting the two

branches of a 3 dB coupler. A SOA is placed asymmetrically with respect to

the center of the loop, and a polarization controller (PC) and a coupler are also

inserted in the loop. The polarization controller serves as the interferometer

balancing element. The data signal is split into clockwise (CLKW) and counter-

clockwise (C-CLKW) components travelling around the loop. The control pulses

enter the device through the loop coupler, saturate the SOA gain, and induce

a change in its refractive index. Because the SOA is positioned asymmetrically

in the loop, the CLKW pulse experiences a different gain (and thus refractive

index) than the C-CLKW pulse. This is because the CLKW pulse will arrive at
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the SOA just before it has been saturated, and the C-CLKW pulse will arrive

thereafter. The pulses return to the main coupler at the same time and interfere

constructively or destructively depending on the phase difference. A pulse emerges

at the output port only if the phase difference is about π, i.e., when the SOA

parameters and the energy of the control pulses are adjusted in such way that data

pulses experience a phase shift of π after the control pulse has passed through

the SOA. The temporal switching window of the device is defined by the loop

asymmetry, ∆x, and is twice the transit time from the loop’s midpoint to the

SOA (i.e., ∆τ = 2 ·∆x/vg).

The Sagnac configuration is of particular importance as it can be made in a

hybrid fiber-chip technology. Such a hybrid arrangement possesses a high ro-

bustness in terms of phase stability because both interferometer arms are made

up by the same waveguide. It is possible to achieve very short switching win-

dows by precisely controlling the offset position of the SOA. Demultiplexing of a

single channel from a data stream with bit rates as high as 250-Gb/s has been

demonstrated [Glesk94a].

3.4.4 Michelson Interferometer

Michelson interferometric (MI) switches may be a practical approach to inte-

grated switching because only two fiber-to-chip couplings are necessary and anti-

reflection coating has only to be applied to one side of the structure. They can be

seen as a folded version of a Mach-Zehnder interferometer. However, the switch-

ing speed of such a structure is limited by the SOA gain recovery mechanism.

To overcome this limitation, the control pulses can be injected into both SOAs,

thereby making possible much shorter switching windows on the same principle as

in the Mach-Zehnder interferometer. The schematic of a Michelson interferometer

is shown in Figure 3.31. The data pulses enter the device through a circulator.

They are then split at a Y junction and launched into the SOAs. The control

pulses are injected into both SOAs. The refractive index difference between the

two SOAs is controlled by gain saturation due to the injected control pulses. The

temporal delay between the control pulses determines the switching window of

the device. The two data signals reflect off the right facets and recombine at the

Y junction. In the absence of the control pulses, the signals interfere destructively

and there is no pulse at the output. Otherwise when a control pulse enters the

device, the signals interfere constructively as long as there is a phase difference.
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That is, the data signal is transmitted to the output port during the time ∆τ ,

which represents the switching window of the device.

Data In

Data Out

SOA 1

SOA 2

SOA – based MI

Φ1

Φ2

∆τ

Control 1 In

Control 2 In

Mirrored for Data Signal

Figure 3.31: SOA-based Michelson interferometer switch

The SOA-based MI is inherently very power efficient because the fibers are

coupled directly to the SOAs. The data signal traverses the Y junction twice,

so that any power splitting asymmetry does not influence the output signal sig-

nificantly. Using an integrated Michelson interferometer, a SOA-based optical

switch successfully demultiplexed a 10 Gbit/s signal from a 40 Gbit/s incoming

data stream [Vaa96].

3.5 Clock Recovery

Clock recovery is one of the key functions of a digital communication system. Es-

pecially in high-speed optical transmission systems, extraction of a high-quality

clock from the received optical signal is an important task. An accurate tim-

ing extraction is required by all transmission subunits such as 3R regenerators,

OTDM demultiplexers, and packet compression/expansion units. The main re-

quirements on the extracted clock signal include low timing jitter, low ampli-

tude fluctuation, polarization independence, and short acquisition time (clock-

synchronization time). The latter requirement is extremely important in packet-

and burst-switched systems.

Electrical Clock Recovery

Electrical timing extraction circuits usually use a microwave mixer as a phase

detector in the phase-lock loop (PLL). The operating speed of such circuits is
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limited by the phase detector to about 40 GHz. Figure 3.32 illustrates a generic

clock and data recovery (CDR) architecture.

PC LPF VCO

Re-timing and 
Synchronization

Data Input Data Output

Figure 3.32: Generic electrical clock and data recovery circuit

In this architecture, a voltage-controlled oscillator (VCO) is phase-locked to

the input data by means of a phase comparator (PC) and a low-pass filter (LPF).

The VCO generates the recovered clock, which is then used to sample and re-

time the data. A high-speed CDR, which is capable of clock recovery from a 43

Gbit/s received data, has been implemented using such an architecture in InP

high electron mobility transistor (HEMT) technology [Murata01].

In packet-switched networks, optical packets can arrive at unequal time inter-

vals at the receiver side. Two successive packets at the receiver may be sent from

two different source nodes. Because distances to the source nodes are usually un-

equal and transmitters are not ideally synchronized, optical power and packet ar-

rival time at the receiver fluctuate dynamically with each packet. Therefore, clock

recovery circuits for such networks must provide a short clock-synchronization

time and a large input power dynamic range. Burst-mode clock recovery modules

that are able to synchronize with a 10 Gbit/s incoming data stream within less

than 40 bits [Yamada99] or even less than 9 bits [Tajima99] have been proposed.

The main advantage of approaches using a PLL is that the phase of the in-

coming signal is constantly compared with the phase of the local oscillator. Con-

sequently, a low relative phase error can be achieved. However, the operational

speed of the conventional electric PLLs is limited by the response time of the

phase comparators.

All-Optical Clock Recovery

To overcome the speed limitation of electrical timing extraction circuits, various

methods employing photonic technology have been studied [Sartorius98, Lee00,

Jinno92, Miyamoto93, Kim00, Barnsley93, Cisternino98, Yamamoto01, Tong00,
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Carruthers01, Wang02, Mao02]. They can be classified into three categories

[Saruwatari00]: optical tank circuits, injection locking techniques, and techniques

employing a phase-lock loop (PLL).

The configuration of an optical tank circuit is quite simple. It can be built

by using a Fabry-Perot etalon or Brillouin gain in fiber. At the transmitter, the

optical signal generated by RZ-modulation contains, in addition to the carrier

spectral component fc, two more line spectral components at the frequencies

fc±f0. At the receiver, the clock extraction is achieved by separating the spectral

components from the incoming signal, thereby extracting the clock frequency f0.

By the use of an optical tank circuit based on Brillouin gain in fiber [Miyamoto93],

the optical clock has been extracted from 5 Gbit/s incoming data. An all-optical

timing extraction from 2 Gbit/s PRBS data has been achieved by employing a

Fabry-Perot optical tank circuit [Jinno92].

High-speed clock recovery can be obtained by injection locking of self-pulsating

laser diodes (SP-LDs), mode-locked laser diodes (ML-LDs), and mode-locked ring

lasers. It is also possible to use optical inverters that alternate between TE and

TM modes. The repetition frequency of such a device is locked to that of the

injected optical signal. However, this type of circuit is quite complicated and not

easily tunable.

The semiconductor laser based approaches such as SP-LD and ML-LD have the

advantage of being compact and mechanically stable. The laser is synchronized

with the incoming signal by injection locking. Thus, the clock is generated all-

optically. Self pulsations can be achieved in two or three section laser structures

[Barnsley93] by exploiting the Q-switching of the laser cavity as shown in Figure

3.33. By the use of a self-pulsating three section distributed-feedback (DFB)

laser, a wavelength and polarization independent clock recovery module with a

tunable frequency from 5 to 22 GHz has been developed and tested in a 10 Gbit/s

transmission experiment [Sartorius98]. A successful 40 Gbit/s all-optical clock

recovery for both RZ and NRZ data modulation formats has been demonstrated

using a scheme based on a self-pulsating two section DFB laser [Mao02] with a

SOA, which is used to extract the clock component from the NRZ data, and a

narrow-band filter that acts as a frequency modulation to amplitude modulation

(FM-to-AM) converter.

A phase-locked loop with an all-optical or optoelectrical phase comparator

could overcome the speed limitation of conventional electrical circuits caused by
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Figure 3.33: Generic scheme of an optical clock recovery module by the use of a SP-LD

large response times of the phase comparator, especially when a subharmonic

clock extraction from data signals beyond 100 Gbit/s is required.

A semiconductor optical amplifier (SOA) can be used as an optical phase com-

parator. In this approach, the phase difference between the incoming optical

signal and the local clock pulses is detected by exploiting either the gain mod-

ulation effect or four-wave mixing (FWM) in SOA. Optical PLLs that use the

fast FWM process in SOA are of the particular interest because of their small

size and stable, ultrahigh-speed response [Kim00]. Clock recovery has been re-

ported from 400 and 160 Gbit/s OTDM signals using this technique [Kamatani96].

Other promising candidates for phase comparators are electroabsorption modu-

lators (EAMs) [Tong00] and interferometric optical switches based on SOAs such

as the terahertz optical asymmetric demultiplexer (TOAD) [Lee00, Xiang98], the

symmetric Mach-Zehnder interferometer (SMZI) [Tajima93], semiconductor laser

amplifier in the loop mirror (SLALOM) [Phillips97], and the ultrafast nonlin-

ear interferometer (UNI) [Patel96]. A subharmonic clock extraction from a 160

Gbit/s pseudo random bit stream has been experimentally demonstrated by using

EAM and SLALOM in a PLL configuration.

3.6 High-Speed Optical Signal Transmission

The development of key technologies for high-speed optical signal transmission

such as transform-limited short pulse sources, fast optical switches (OTDM mul-

tiplexer/demultiplexer) and timing extraction circuits has made possible trans-

mission experiments at very high bit rates.
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The first 100 Gbit/s transmission over 100 km was conducted by multiplex-

ing eight OTDM channels with twofold polarization-division multiplexing (2-

PDM) [Kawanishi93]. As it can be seen from Figure 3.34, OTDM transmis-

sion technologies have been made good progress since 1993. Using return-to-zero

(RZ) and dispersion-managed (DM) soliton propagation, 160 Gbit/s over 200 km

[Nakazawa95, Ludwig00, Mikkelsen99], 200 Gbit/s over 100 km [Kawanishi95],

640 Gbit/s over 92 km [Yamamoto00], and lately 1.28 Tbit/s over 70 km OTDM

transmission experiments [Nakazawa00] have been successfully carried out.
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Figure 3.34: All-optical point-to-point transmission experiments

In the following two subsections, physical background of the most important

effects that occurs in fibers such as dispersion and nonlinear effects will be ex-

plained. These effects are of particular interest in short pulse transmission, espe-

cially when the power of the transmitted signal is high. The interaction of these

effects can be exploited in the so called dispersion-managed solitons, which are

addressed in Subsection 3.6.3.

3.6.1 Dispersion in Single-Mode Fibers

Single-mode fibers are used in high-speed transmission systems because of the

absence of intermodal dispersion. However, the pulse broadening due to both

chromatic and polarization dispersion occurs anyhow. This is because the fre-

quency dependence of group velocity associated with the fundamental mode as
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well as fiber birefringence are still present. Dispersion plays a critical role, espe-

cially when propagating short optical pulses over single-mode fibers.

Chromatic Dispersion

Chromatic dispersion describes the tendency for different wavelengths to travel

at different speeds in a fiber. In general, it consists of two components: mate-

rial and waveguide dispersion. The material components depend on the dispersive

characteristics of the dopants and silica host used to make the fiber. It is not possi-

ble to significantly change this component in order to adjust the fiber’s dispersion.

The waveguide dispersion components refer to the tendency of the effective refrac-

tive index of a mode to change with frequency. If the area occupied by the mode in

relation to the fiber’s refractive index profile is large, the change of the refractive

index with frequency is also large. As the core diameters in single-mode fibers

are small, the waveguide contribution to the chromatic dispersion becomes com-

parable to the material contribution in such fibers. The waveguide contribution

shifts the zero-dispersion wavelength slightly toward longer wavelengths. This

feature is used to adjust the zero-dispersion wavelength of the fiber by altering

fiber-design parameters such as core diameter and core-cladding index difference.

For example, the zero-dispersion wavelength is adjusted to be near 1310 nm for

standard single-mode fibers and near 1550 nm for dispersion-shifted fibers.

At wavelengths where chromatic dispersion is high, optical pulses tend to

broaden in time, which leads to intersymbol interference and produce an unac-

ceptable bit error rate. This is because different spectral components associated

with the pulse travel at different speeds given by c/n(ω). The chromatic dis-

persion can severely impair the signal in high-speed optical transmission systems

because of the fact that short pulses occupy a large spectrum in the frequency

domain. To minimize temporal pulse broadening, it is desirable to operate at

wavelengths where the fiber’s chromatic dispersion is small.

The mode-propagation constant β(ω) can be expanded in a Taylor series about

the center frequency of the pulse spectrum ωc as

β = β0 + (ω − ωc)β1 +
1

2
(ω − ωc)

2β2 +
1

6
(ω − ωc)

3β3 + ... (3.14)
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The parameters β0, β1, β2, ... are given by

βn =

(
dnβ

dωn

)

ω=ωc

, n = (0, 1, 2, ...) . (3.15)

The second order propagation constant, β2 [ps2/km], accounts for the dispersion

of the group velocity vg = c/ne = 1/β1 and is responsible for pulse broadening.

β2 is also known as the group velocity dispersion (GVD) parameter. Depending

on the sign of the GVD parameter, the dispersion region can be classified into

two regions, normal (β2 > 0) and anomalous (β2 < 0). Qualitatively, in the

normal dispersion region, higher frequency components of an optical signal travel

slower than the lower frequency components. By contrast, the opposite occurs in

the anomalous dispersion region. Fiber dispersion can also be expressed by the

dispersion parameter, D [ps/(nm·km)], which has the opposite sign of β2. D is

defined as

D =
d

dλ

(
1

vg

)
= −2πc

λ2
β2 . (3.16)

The standard single-mode fibers provide an anomalous GVD for wavelengths

beyond 1.3 µm. The fibers in which the zero-dispersion wavelength is shifted

to the wavelength region beyond 1.6 µm exhibit a large negative value of D

in the 1.3 µm and 1.5 µm communication windows. Those fibers are called

dispersion-compensating fibers (DCFs). By using multiple cladding layers, so

called dispersion-flattened fibers (DFFs) can be designed. These fibers have a

low dispersion over a relatively large wavelength range including both 1.3 µm and

1.5 µm communication windows. Moreover, special fibers in which dispersion is

varied along the fiber length can be made. For example, dispersion-decreasing

fibers (DDFs) can be made by tapering the code diameter along the fiber length.

Polarization Mode Dispersion

The polarization vector of the optical signal can be resolved into two mutually

orthogonal components corresponding to the state of polarization (SOP). Due

to birefringence in the fiber, i.e., because the modal refractive indices for the

two orthogonal polarization states are slightly different, these polarization modes

travel at different speeds. The two axes of the fiber are called principal state of

polarization (PSP). The axis along which the group velocity is larger for light

propagating in that direction, i.e, the mode index for this axis is smaller, is called
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the fast axis. Similarly, the other axis with the larger mode index is referred to as

the slow axis. The difference in travel time between the two polarization modes,

∆τ , is called the differential group delay (DGD).

In real fibers, the modal birefringence is not constant along the fiber because

of changes in the core shape and anisotropic stress. That is, the birefringence

changes in a random fashion. Therefore, light launched into the fiber with a

fixed SOP changes its polarization randomly, too. If short pulses exciting both

polarization components are transmitted over long distances, the difference in

group velocity between the two components changes randomly resulting in pulse

broadening at the output end. This phenomenon is called polarization mode

dispersion (PMD). PMD is given by the root-mean-square (RMS) value of ∆τ

obtained after averaging over random perturbations as [Agrawal89a]

σ2
τ = 〈(∆τ)2〉 = 2(∆′lc)2

[
exp

(−L

lc

)
+
−L

lc
− 1

]
, (3.17)

where ∆′ is the intrinsic modal dispersion and lc is the correlation length defined

as the length over which the two polarization components remain correlated (lc ≈
10m). For longer fiber spans where L > 100 m, the two polarization components

are no more correlated because of L À lc. In this case, στ ≈ ∆′√2lcL ≡ Dp

√
L,

where Dp is the PMD parameter.

The impact of the polarization mode dispersion on optical communication sys-

tems is relatively small in comparison to the chromatic dispersion. However, in

high-speed transmission systems, PMD becomes a major limiting factor for trans-

mission distance, especially for wavelengths near the zero-dispersion wavelength of

the fiber. This is because the chromatic dispersion can be compensated relatively

easily, while PMD is difficult to compensate because of its random nature.

3.6.2 Nonlinear Effects in Optical Fibers

Nonlinearities in optical fibers can be divided into two categories. Into the first

category fall inelastic scattering effects such as stimulated Raman scattering (SRS)

and stimulated Brillouin scattering (SBS). The second category includes the op-

tical Kerr effect, i.e. a change in the refractive index with induced optical power.

While stimulated scattering effects are responsible for intensity dependent gain

or loss, the nonlinear refractive index is responsible for intensity dependent phase

shift of the optical signal.
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Stimulated Scattering

In stimulated inelastic scattering, the optical field transfers part of its energy

to the nonlinear medium. Both stimulated Raman and Brillouin scattering are

related to vibrational excitation modes of silica.

To describe this effects, a simple quantum-mechanical model can be used. In

this model, a photon at a lower frequency belonging to the Stokes wave and a

phonon with the right energy and momentum are generated from a photon of

the incident field (pump) due to the energy and momentum conservation rules.

In the case that a phonon of right energy and momentum is available, a higher-

energy photon at the so-called anti-Stokes frequency can also be created. The

main difference between the two effects is that optical phonons participate in

SRS, while acoustic phonons participate in SBS. There are different dispersion

relations for acoustic and optical phonons. Consequently, in optical fibers, SBS

occurs only in the backward direction whereas SRS can occur in both directions.

SRS and SBS occur when the light launched into the fibre exceeds a threshold

power level for each process. Under the conditions of stimulated scattering, optical

power is more efficiently converted from the input pump wave to the scattered

Stokes wave.

Stimulated Brillouin Scattering (SBS)

In the case of SBS, the scattered wave is frequency-shifted from the pump

and propagates in the opposite direction. A strong optical wave travelling in the

forward direction provides narrow band gain for the scattering light. Some of the

forward-propagating signal is redirected to backward resulting in power loss at

the receiver. This means that the amount of optical power leaving the far end of

the fibre no longer increases linearly with the input power. The maximum launch

power becomes clamped and the excess is simply reflected back out of the fibre.

The threshold power at which the scattered power becomes as large as the input

power in the undepleted pump approximation is proportional to [Aoki88]

P th
bs ≈

1

gbs

(
1 +

∆νs

∆νbs

)
, (3.18)

where gbs, ∆νs, and ∆νbs are the Brillouin gain coefficient, the linewidth of the

source, and the Brillouin linewidth, respectively. Equation 3.18 indicates that

the threshold power increases with increasing the source linewidth. The Brillouin
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linewidth for standard single-mode fibers is about 20 MHz at 1.3 µm. That

is, the effect of SBS will be smaller for signals modulated at higher bit rates.

Further, practical optical amplifiers have one or more optical isolators that prevent

accumulations of the backscattered light originated from SBS. Therefore, although

SBS could be an impairment factor in optical communication systems, system

limitations are usually set by other nonlinear effects [Chraplyvy94].

Stimulated Raman Scattering (SRS)

Stimulated Raman scattering (SRS) describes the scattering of photons by

the fiber’s molecular vibrations. The vibrational frequencies of the molecules are

washed out to bands that overlap and constitute a continuum. Thus, the Raman

gain in fibers extends continuously over a large frequency range, thereby making

possible broadband amplification.

Unlike in Brillouin scattering, here the scattered waves propagate in both di-

rections. The backward-propagating power can be eliminated by inserting optical

isolators in the transmission line. Therefore, the forward-propagating power is

of more concern. The threshold power for SRS is defined as the incident power

at which half of the power at the output of a fiber span is lost due to SRS

[Agrawal89a]

P th
rs ≈

16Aeff

grsLeff

, (3.19)

where Aeff , Leff , and grs are the effective core area, the effective interaction

length, and the Raman gain coefficient, respectively. The effective interaction

length is given by Leff = [1− exp(−αfL)]/αf , where αf denotes the attenuation

coefficient of the fiber.

The Raman gain coefficient is smaller by about three orders of magnitude than

the Brillouin gain coefficient. The SRS threshold power for a low-loss single-mode

fiber is about 600 - 900 mW. In optical communication systems, the launched

power is typically about 1 to 10 mW. Therefore, in general, the contribution of

SRS to attenuation can be neglected. However, the bandwidth of the SRS gain is

about six orders of magnitude greater than that of SBS. The large gain bandwidth

of SRS, which is of the order of 12 THz, can cause a performance degradation in

WDM systems. If a large number of WDM channels is transmitted within the

gain bandwidth of SRS, a crosstalk between the channels due to SRS can occur.
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In single-channel systems, the signal degradation due to SRS can be neglected

because of the high SRS threshold. In such systems, other nonlinearities caused

by nonlinear refractive index represent more important limiting factors.

Optical Kerr Effect

At low optical power levels, the refractive index of silica fibers remains constant.

If the power is increased, the refractive index changes slightly. The dependence

of the refractive index on optical power is given by [Stolen72]

n = n0 + n2I(t) , (3.20)

where n0 ≈ 1.5 and n2 ≈ 2.6 · 10−20 m2/W, n2 is the nonlinear refractive index,

while I(t) represents optical intensity in a silica optical fiber. Because of n2 ¿ n0

the refractive index is a very weak function of signal power. However, the change

of the refractive index is no more negligible if an optical signal with high power

is transmitted over a long transmission distance. Three nonlinear effects includ-

ing self-phase modulation (SPM), cross-phase modulation (XPM) and four-wave

mixing (FWM) are due to the intensity dependent refractive index. Generally,

these effects are undesirable in optical communication systems because they in-

duce signal distortion and crosstalk in WDM systems. However, the nonlinear

effects can also be beneficial. The nonlinear nature of those effects can be used to

transmit very short pulses over long distances, where SPM and XPM are used as a

countereffect to chromatic dispersion (soliton transmission). In optical processing

components and systems, various logic functions can also be built by exploiting

the nonlinear effects in glass fibers and semiconductors.

Self-Phase Modulation (SPM)

The effect of a modulated optical signal on its own phase is referred to as self-

phase modulation (SPM). A nonlinear phase shift occurs due to the dependance

of the refractive index on optical intensity. Since the pulse edges of a modulated

optical signal represent a time-varying optical intensity, the refractive index is

changed during the pulse propagation. The time-varying refractive index modu-

lates the phase of the transmitted signal, thereby producing the nonlinear phase
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shift given by

Φnl =
2π

λ
n2I(t)z , (3.21)

where λ and z represent the wavelength and the propagation distance, re-

spectively. This broadens the spectrum of the optical signal, which can cause a

temporal broadening of the pulse when combined with chromatic dispersion. Un-

der some circumstances, combined effect of SPM and chromatic dispersion can be

beneficial. One example is the interaction of SPM with chirp and positive chro-

matic dispersion to temporally compress transmitted pulses. Another extreme

example is the soliton transmission (see also Subsection 3.6.3).

Cross-Phase Modulation (XPM)

In a multi-channel system, additionally to SPM, which is related to the effect of

an optical pulse on its own phase, also the effect of a pulse on the phases in other

channels is present. This nonlinear effect is referred to as cross-phase modulation

(XPM). The nonlinear phase shift of an optical signal propagating at the center

wavelength, λi, in a multi-channel system can be calculated from [Peckham98]

Φnl =
2π

λi

n2z

[
Ii(t) + 2

∑

i6=j

Ij(t)

]
. (3.22)

In Equation 3.22, the first term is due to SPM and the second term is responsible

for XPM. Although the second term is at least two times larger than the first term,

the impairment of the signal caused by XPM is not necessarily more than twice

as significant as that of SPM. This is because XPM is effective only when pulses

in other channels collide with the pulse at λi. Moreover, the effects of XPM are

more complex because chromatic dispersion plays a dual role in determining the

impairment produced by these collisions. On the one side, chromatic dispersion

broadens in time the spectrally-broadened pulses. On the other side, the impair-

ment of XPM is reduced by the walk-off effect, i.e., when the pulses at different

wavelengths travel at different group velocities due to dispersion. Consequently,

when dispersion in a multi-channel system is large, the interaction between the

pulses at different wavelengths is weak because the walk-off distance is relatively

short, and thus, the effect of XPM is reduced. However, the spectrum of the

signal will be broadened due to XPM. This will induce more significant temporal
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broadening of the pulse when large dispersion is present, so the walk-off distance

is increased and the effect of XPM is becoming more significant.

Four-Wave Mixing (FWM)

When two or more signals at different wavelengths (channels) are launched into

a fiber, the beating between this signals causes generation of one or more new

frequencies at the expense of power depletion of the original channels. In the case

of three incident waves at frequencies fi, fj, and fk, new frequency components

are generated at fFWM = fi+fj−fk. Here, three wavelengths interact to produce

a fourth. Therefore, this effect is referred to as four-wave mixing (FWM). In two

channel systems, where two optical signals at frequencies f1 and f2 are transmitted

over a fiber, an intensity modulation at the beat frequencies modulates the fiber’s

refractive index to produce a phase modulation at the difference frequency, and

thus, two sideband frequencies are generated as shown in Figure 3.35.

f1 f2 2 f2 – f12 f1 – f2 f

Original Frequencies

New Frequencies generated by FWM

Figure 3.35: Generation of new frequencies by FWM in a two channel system

The efficiency of FWM, ηFWM , can be expressed as the ratio of the power of

sideband signals generated by FWM to the output power per channel. Assuming

the same input power for all channels, ηFWM is proportional to [Peckham98]

ηFWM ∝
[

n2

AeffD(∆λ)2

]
. (3.23)

In Equation 3.23, Aeff denotes the fiber effective core area, ∆λ is the channel

spacing, and D is the dispersion coefficient of the fiber. It is evident from this

equation that an increase of either channel spacing or dispersion can reduce the

effect of FWM.
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3.6.3 Dispersion-Managed Soliton Propagation

The advantage of the dispersion-managed (DM) soliton propagation is reduction

of the waveform distortion due to nonlinear effects such as cross-phase modulation

(XPM) and self-phase modulation (SPM). Such pulse propagation is characterized

by a higher peak power than in standard RZ transmission and a significantly

lower peak power than in an ideal soliton propagation. Thus, the DM solitons

are not affected by the Raman effect, which can seriously degrade performance of

ideal solitons at high bit rates [Agrawal89a]. Figure 3.36 shows how DM solitons

propagate.
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Figure 3.36: a) Ideal and b) dispersion-managed solitons

In contrast to the ideal solitons, the DM soliton transmission includes fiber

spans with a normal group velocity dispersion (GVD) and optical amplifiers (ED-

FAs) to compensate for fiber loss, making it far from ideal because its amplitude

and pulse width change simultaneously. This is referred to as breathing soliton,

which has the shape of a chirped Gaussian pulse. Usually, normal GVD is induced

by inserting a dispersion-compensation fiber (DCF) before each EDFA in order

to keep the average dispersion at a small constant value. The DM solitons behave
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like a linear pulse such that the pulse broadening due to positive (anomalous)

GVD can be compensated by negative (normal) GVD. However, the DM soli-

tons retain its soliton nature over the average soliton period. The physics of this

mechanism is very similar to that of frequency modulation ML, where the phase

(frequency) modulation is generated by an average SPM (see Section 3.1.2).

Usually, DM soliton systems employ fibers that have alternating anomalous

and normal GVDs. This is to decrease the probability of phase matching due

to four-wave mixing. By the use of DM solitons, not only GVD is compensated,

but also some other nonlinear effects such as FWM, XPM, and SPM can be

eliminated.
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4 Modelling of Fast Optical

Subsystems

This chapter is devoted to the techniques of modelling fast optical subsystems.

Various techniques for modelling of short pulse generation and transmission sys-

tems as well as physical processes in optoelectronic devices such as semiconductor

lasers and optical amplifiers are described and compared. Using these techniques,

we can build accurate models suitable for functional simulation of the high-speed

subsystems and for determination of the main physical parameters that can be

used in the designing process.

4.1 Modelling of Short Pulse Sources

In this section, appropriate techniques for modelling both monolithic semicon-

ductor and fiber ring mode-locked lasers (MLLs) are addressed. These techniques

are reported briefly and compared with each other in terms of their ability to

study not only the steady-state mode-locking but also the laser dynamics under

aperiodic conditions.

The choice of an appropriate model is often affected by the degree of accu-

racy required for a particular application. The main laser parameters such as

pulse width and shape, output power, timing jitter, and spectral properties of

the pulses are expected to be predictable. Analytical models describe the mode-

locking very well. They are able to predict the main parameters under steady-state

conditions. However, some applications require a prediction of transients. The

prediction of dynamics and operation under both periodic and digital external

modulation requires often the use of an numerical model. Here, computation

time and complexity of the algorithm are important parameters for the model

selection.
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As we have already seen in Subsection 3.1.2, mode-locking is mainly forced by

three effects occurring in the laser cavity. These effects are

1. pulse shortening due to the external modulation and saturable absorption,

2. pulse broadening caused by dispersion and gain saturation, and finally,

3. self phase modulation (SPM) due to the change of the refractive index during

the pulse evolution in the laser cavity.

Although the basic theory of mode-locking can also be applied to monolithic

semiconductor mode-locked lasers, there are some important properties associated

with this kind of lasers.

The very high density of population inversion in the gain section and the broad

energy spectra of the semiconductor active media lead to several effects that affect

the pulse generation process, and thus, alter the main laser parameters. One of

these effects is a strong SPM due to the coupling between gain and refractive

index changes that produces a chirp in the output pulse.

Another peculiar property of semiconductor MLLs is the fact that the satura-

tion of the gain (and also the saturation of the absorption in a saturable absorber)

has both ”slow” and ”fast” components. The ”slow” component is a result of the

change of total carrier density with a time constant that is longer than the pulse

duration, while the ”fast” component of the gain/absorption saturation is due to

the fast nonlinearities. These nonlinearities include phenomena such as dynamic

carrier heating (CH) and spectral hole burning (SHB), which are associated with

the dynamic deviation from the quasi-equilibrium condition concerning the energy

distribution of electrons and holes in the energy bands.

A further important point peculiar to monolithic semiconductor MLLs is their

short cavity length, which is made possible by the high gain coefficients of semi-

conductor active media. Thus, the ratio of the cavity length to the pulse length,

also referred to as duty cycle of the laser, becomes small, i.e., it is on the or-

der to several tens. In comparison with dye lasers, the duty cycle of monolithic

semiconductor MLLs is hundred to thousand times smaller. This has important

implications for modelling the semiconductor mode-locked lasers, so that the ac-

curate models should also take into account the exact laser geometry in order to

be able to predict the laser behavior properly.
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The general theory of mode-locking has long been established [Haus75, New74,

Haus00]. However, because of the complex phenomena peculiar to monolithic

semiconductor mode-locked laser diodes mentioned above, new theoretical ap-

proaches are being actively pursued. These approaches can be classified into two

groups time-domain and frequency domain mode-locking models [Avrutin00].

The frequency domain modelling techniques are most suitable for a general de-

scription and understanding of the physics of mode-locking. On the other hand,

the large-signal distributed time-domain modelling techniques are likely to be

most suitable for a practical laser design because they take into account dynam-

ics and spatial inhomogeneities of the active layer. Some of the techniques are

not restricted to modelling of ML, they can also be used to model other active

optoelectronic components such as optical amplifiers and modulators. In particu-

lar, as it will be shown in Subsection 4.3.2, the distributed time-domain technique

can be successfully applied to model the large-signal behavior of semiconductor

optical amplifiers.

4.1.1 Frequency-Domain Approaches

Frequency-domain techniques base on a description of the optical field evolution

in the laser cavity in the form

E(r, t) = Ψ(x, y)
∑

j

Ej(t)uj(z)ei[ωjt+ϕj(t)] , (4.1)

with Ψ(x, y) being the transverse waveguide mode profile and Ej(t), ωj, and ϕj(t)

being the amplitude, frequency, and phase of the mode j, respectively. uj(z) are

defined as the functions that satisfy the resonant condition for the laser cavity.

These equations are nothing else but the wave equations with reflection boundary

conditions at the laser facets. Although in a realistic cavity there is a weakly

time dependance of the functions, these dependence is usually neglected in the

frequency-domain approach.

The dynamics of the gain and saturable absorption is considered to be slow,

i.e. with time constants longer that the round-trip time of the cavity, so that the

carrier density in the gain and saturable absorber sections are described by the

standard rate equations with no z dependance
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dNe(t)

dt
=

J(t)

ed
− Ne(t)

τg

− vgggS(t) , (4.2a)

dNe(t)

dt
= −Ne(t)

τa

− vggaS(t) , (4.2b)

where Ne denotes the carrier density and J is the pump current density. τg,a

and gg,a are, respectively, the spontaneous recombination lifetimes and the gain

coefficients for the gain (index g) and absorber (index a) sections. e is the electron

charge and d is the thickness of the active layer. Note that the gain coefficient

within SA sections, ga, has a negative sign and could be replaced by −as, where

as denotes the absorption coefficient. vg = c/ne is the group velocity of light in

the laser waveguide and S(t) is the photon flux density given by

S(t) =
∑

j

|Ej(t)|2 . (4.3)

Thus, a system of differential equations in the form

∂Ej

∂t
= [gnetj + i(Ωj − ωj)]Ej +

∑
p

CpEj+p (4.4)

describes the dynamics of the mode amplitudes and phases, where Ej is the

complex amplitude of the j-th mode, i.e. Ej = Ej(t) exp[iϕj(t)]. In Equation

4.4, Ωj is the eigenfrequency of the j-th mode, while the net gain gnetj is given by

gnetj =
vg

2
[Γ(rggg + raga)−∆gj − αintj] , (4.5)

where rg = Lg/Lc and ra = La/Lc are fractions of the cavity occupied by gain and

saturable absorber (SA) sections and αintj and ∆gj being the intrinsic cavity loss

and the difference in the net gain due to gain and SA dispersion for the mode j.

The last term in Equation 4.4 describes the interactions between modes separated

by p fundamental intermodal intervals ∆Ω = πvg/Lc that lead to mode locking.

The strength of the interactions Cp is [Martinis-Filho95]

Cp =

(∑
j

EjE
∗
j+p

)
[−ξ(a)

p ga(κ
a
s + κa

f )− ξ(g)
p gg(κ

g
s + κg

f )
]

, (4.6)

where the first factor in the above equation is the component of the light os-

cillating at the frequency p · ∆Ω, which is due to beating between modes. The
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second factor (the square brackets) is the response of the medium to these light

intensity oscillations. The first term in the square brackets is the response of the

saturable absorber (index a), while the second term is introduced to describe the

response of the gain section (index g) to these oscillations. The coefficients ξ
(a,g)
p

are the overlap factors taking into account the geometry of the laser cavity. They

characterize spatial overlap between the light intensity oscillations and the laser

sections (gain and saturable absorber). These factors are given by [Avrutin94]

ξ(a,g)
p =

∫

a,g

dz · (uju
∗
j+p) cos

[
pπ

L

(
z +

L

2

)]
. (4.7)

In Equation 4.7, uj are the wave functions of the cavity and z = 0 is assumed

to be in the center of the cavity. The spatial profile of the net gain pulsations

(i.e., pulsations of gain and saturable absorption) is given by the cosine factor in

Equation 4.7. The parameters κa,g
s and κa,g

f represent the response of the active

medium due to the pulsations of total carrier density (the ”slow” component) and

to the fast nonlinearities (the ”fast” component), respectively. They are given by

κa,g
s =

vg(1 + iαa,g)aa,gτ
a,g
t

1− ipτa,g
t ∆Ω

and κa,g
f =

εa,g

1− ipτa,g
nl ∆Ω

, (4.8)

where αa,g represent the linewidth enhancement factors, aa,g are the differential

gain coefficients, and εa,g are the nonlinearity coefficients for the absorber and

the gain section, respectively. The parameters τa,g
t denote the total recombination

times that are calculated as a sum of non-stimulated and stimulated recombination

times. Finally, τa,g
nl are the relaxation times of the nonlinearities in the laser

sections.

When the gain of an MLL is modulated by an external source, which is the

case in active or hybrid mode-locking, expressions 4.6 and 4.7 should be modified

to

C(mod)
p = Cp + gmξ(mod)

p , where (4.9a)

ξ(mod)
p =

L/2∫

−L/2

dz ·Dm(z) cos

[
pπ

L

(
z +

L

2

)]
, (4.9b)

where Dm(z) is the spatial profile of the gain modulation caused by the external

source at the frequency p ·∆Ω, and gm is the amplitude of this gain modulation.
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4.1.2 Time-Domain Mode-Locking Models

A model in the time domain describes mode-locking as the propagation of an

optical pulse through a waveguide. The optical field in the laser cavity is usually

represented using two components propagating in opposite directions, say in the

right and left longitudinal (i.e., z) direction. Thus, the evolution of the optical

field in the laser cavity is given by

E(r, t) = Ψ(x, y) [ER exp(−ik0z) + EL exp(ik0z)] exp(iωct) , (4.10)

where, respectively, ωc and k0 = n(ωc)ωc/c are the optical central frequency and

corresponding wave vector. The starting point of almost all time-domain models

is a set of reduced equations, which includes the following expression for slowly

varying amplitudes EL,R

± 1

vg

∂EL,R

∂z
+

∂EL,R

∂t
= Γ(ĝ + i∆β̂ − αint)EL,R + iKRL,LRER,L . (4.11)

In Equation 4.11, both saturation nonlinearity and frequency dependance are

included by introducing the operators ĝ and ∆β̂, which describe the gain and

the variable part of the propagation constant, respectively. The last term in the

above equation need to be included only for the sections containing a grating like

in DBR and DFB sections. The model is completed by standard rate equations

for carrier densities (within the gain and absorber sections) and photon densities

∂Ne(z, t)

∂t
=

J(z, t)

ed
− Ne(z, t)

τg

− vgggS(z, t) , (4.12a)

∂Ne(z, t)

∂t
= −Ne(z, t)

τa

− vggaS(z, t) (4.12b)

S(z, t) = |ER(z, t)|2 + |EL(z, t)|2 . (4.12c)

The equations above are the simplest and most common form of the rate equa-

tions. They can be upgraded in order to achieve more accurate and compete

models. For example, by changing the first pumping term in Equation 4.12a

and introducing a separate rate equation for the carrier density in the cladding

layer, carrier transport effects can be taken into account [Vassilovski96]. The

dependance of gain and saturable absorption on carrier density and wavelength
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can be taken into account by using either the quadratic or the cubic approxima-

tion Finally, the most common way to include fast nonlinearities is to use the

phenomenological nonlinear coefficients εg,a, which are also known as the gain

compression coefficients. Thus, the following expression for gain can be obtained

by using the quadratic formula and including the fast nonlinearities

gg,a =
aa,g(Ne −N g,a

et )− bg,a(λ− λg,a
p )2

1 + εg,aS
. (4.13)

Lumped-Element Models

In the specific case that pulses experience a small gain over one round-trip in

the cavity and the pulse width is much smaller than the cavity length, the model

can be simplified significantly. The amplification and dispersion may then be sepa-

rately treated in two independent stages. Thereby, the distributed amplifier in the

gain section can be approximately substituted by a lumped gain element. Analo-

gous to the gain section, the saturable absorber can also be considered as a lumped

element. These two elements performs the functions of amplification/absorption

and self-phase modulation (SPM). Usually, they take into account only ”slow”

components of the gain/absorption saturation, although there are few approaches

that also include ”fast” effects.

The dispersion of material gain and refractive index as well as other dispersive

elements present in the cavity such as DBR or DFB gratings are combined in a

lumped dispersive element. The main mode-locking equation is obtained by com-

bining the lumped gain and dispersive operators under condition that the shape

of the pulse is conserved over the repetition period. This equation can be solved

analytically by making an additional assumption that the pulse energy is much

smaller than the saturation energy of the amplifier. This assumption leads to

a model, which can only be used for the small-signal regime. To overcome this

limitation, the main mode-locking equation can be solved numerically without

making the small-signal approximation. The gain and saturable absorption op-

erators are kept unchanged and realistic laser geometries are taken into account.

Such numerical lumped-element models are large-signal models, which are easily

extendable to the case of hybrid mode locking.

Frequency-domain and semi-analytical lumped time-domain models can be

used for a general insight into the physics of mode-locking. They are suitable
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for easy and fast determining the main pulse parameters. However, they are not

suitable for modelling of dynamic regimes involving transients in the laser cavity,

especially not for practical laser design. For this purpose, large-signal distributed

time-domain models can be used.

Distributed Time-Domain Models

In fully distributed time-domain (DTD) models, Equations 4.11 and 4.12 are

solved directly numerically. Using this models, a realistic picture of fast laser dy-

namics can be obtained. Unlike the lumped time-domain methods, the distributed

models need no trial pulse at the beginning. They produce a mode-locking pulse

train from spontaneous noise after the laser is turned on. Therefore, they can

straightforwardly model the transients associated with the initial phase of the

laser operation. To achieve this self-starting, Equation 4.11 is extended with a

noise source that describes spontaneous emission. Usually, it is implemented nu-

merically by adding complex random numbers to the propagating fields. Thereby,

not only transients in the starting phase can be modelled, but also the noise/jitter

properties can be accurately predicted.

Several studies of laser dynamics using DTD models have pointed out some

important results. Firstly, the fast nonlinearities in saturable absorber have a

significant influence on the mode-locking parameters. Especially in models of

short-cavity laser diodes, where the repetition period T = 2L/vg < τa (τa is the

relaxation time in the absorber), these effects play an important role in ensuring

that mode-locking is observed at all. The fast nonlinearities have less influence

on simulations of long-cavity MLLs (T > τa). However, it can be observed that

their inclusion has an effect on pulse parameters.

Secondly, SPM caused by carrier density variation and refractive index change

in the active medium of an MLL is the main reason for the chirp of the ML

pulses. The dispersive properties of the cavity play a less important role in the

chirp formation.

Finally, the time constant associated with the reaching the mode-locking regime

after the turn-on of the laser is of the order of several tens to hundreds of repe-

tition periods. The results obtained by simulations show a good agreement with

experiments when the laser parameters are precisely adjusted.

In the following subsection, a mathematical lumped-element method in the

time-domain called ABCD matrix formalism is described and used to determine
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the main pulse parameters of fiber-ring mode-locked lasers. Afterwards, a large-

signal dynamic DTD model named transmission-line laser model (TLLM) will be

described. Applications of DTD models are not restricted to modelling of MLLs.

They have also been successfully used to model other components such as DFB

lasers and semiconductor optical amplifiers (see also Subsection 4.3.2).

4.2 ABCD Model of Fiber-Ring Lasers

The time-domain ABCD matrix method has been shown to be a very useful

tool to determine pulse parameters such as pulse width and chirp of mode-locked

fiber-ring lasers (FRLs). It can be used to obtain an analytical steady-state so-

lution using the Gaussian approximation. This method has been developed by

Nakazawa et al. [Nakazawa98] by adapting the spatial-domain model based on

the Hermite-Gaussian beam, which has been used to analyze stable resonator

modes in the laser cavity in the 1960’s [Kogelink66, Siegman65, Boyd62, Fox61].

Recently, the time-domain model based on the ABCD law has been used to in-

vestigate pulse parameters of actively mode-locked lasers using both frequency

and amplitude modulation [Nakazawa98, Zhang01, Li99, Poti01]. To take into

account dispersion and nonlinear effects more accurately, the model can be ex-

tended by distributing the amplifier gain and fiber linear and nonlinear effects

along the cavity and solving the steady-state equation numerically using an iter-

ative algorithm [Poti01, Li99]. However, an analytical model has the advantage

of better understanding the basic processes. It also enables a fast determination

of the most important laser parameters. Therefore, we will here derive analyti-

cal expressions for pulsewidth and time-bandwidth product of a SOA-EAM ring

mode-locked laser using the ABCD matrix method.

As already mentioned above, the pulse shape is assumed to be Gaussian in the

time-domain ABCD matrix formalism.

The q-parameter comprising the width (τp) and chirp (Cλ) of the Gaussian

pulse defined in Equation 3.1) that propagates through optical elements is given

by

1

q
=

1 + iCλ

τ 2
p

. (4.14)

Figure 4.1 shows a simplified schematic of a mode-locked fiber-ring laser. The

optical elements in the cavity such as amplifiers, filters, modulators, dispersion,
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and lumped SPM elements are characterized by ABCD matrices of the form

(
A B

C D

)
(4.15)

The determinants of all matrices must satisfy AD − BC = 1. When a Gaussian

pulse passes through an optical element characterized by an ABCD matrix, the

q-parameter at the output is

qout =
Aqin + B

Cqin + D
. (4.16)

Output 
Signal 

MOD

OBPF

Gain Loss

Isolator
A1 B1

C1 D1

A2 B2

C2 D2

A3 B3

C3 D3

Figure 4.1: Simplified representation of a mode-locked fiber-ring laser with ABCD matrices
describing the optical elements in the cavity (MOD: modulator, OBPF: optical bandpass filter)

In the case that several optical elements are cascaded, the matrices are to be

multiplied. Hence, the steady-state solution for a laser cavity of length L can be

obtained by using the relationship 1/q(0) = 1/q(L) = 1/q.

Then, form Equation 4.16 one can obtain:

1

q
=

(D − A)±
√

(A−D)2 + 4BC

2B
. (4.17)

By choosing a solution of Equation 4.17 that satisfies Re{1/q} > 0 (τ 2
p is always

positive) and introducing this solution in Equation 4.14, expressions for τp and

Cλ can be found.

The time-domain matrix formalisms of some basic optical elements are sum-

marized in Table 4.1. The derivation of these matrices can be found in Subsection

4.2.3 and Appendix A.2.

This method can be employed to analyze active AM and FM mode-locking that

have a Gaussian solution. However, detuning between the modulation period and

the round-trip time is not covered. Now, a simple mathematical analysis of active
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optical element ABCD matrix parameters definition

amplitude

modulator

0
B@

1 0

M(2πfm)2 1

1
CA

M : amplitude modulation depth

fm: modulation frequency

phase

modulator

0
B@

1 0

i∆m(2πfm)2 1

1
CA ∆m: phase modulation depth

optical

bandpass filter

0
B@

1 2µ

Ω2
f

0 1

1
CA

Ωf : half width at half maximum filter bandwidth

µ: transmittivity of the filter

dispersive line

0
B@

1 iβ2z

0 1

1
CA β2: second order dispersion

z: transmission distance

lumped SPM

0
B@

1 0

i 4π
λc

n2I0z
τ2

p
1

1
CA

n2: nonlinear refractive index

I0: optical intensity at the pulse center

λc: central wavelength

electroabsorption

modulator

0
B@

1 0

Vm
V0

(2πfm)2 1

1
CA

Vm: amplitude of modulation voltage

V0: bias voltage where the extinction ratio of

the modulated optical signal is 1/e

fm: modulation frequency

semiconductor

optical

amplifier

0
B@

1 2Gs
Ω2

g

0 1

1
CA

Gs = exp(gsL): saturated gain

L: length of the device

Ωg : gain bandwidth

Table 4.1: ABCD matrices of five basic optical elements

AM and FM mode-locking will be performed to show the applicability of the

method and a good agreement with conventional analytical results.

4.2.1 Active Mode-Locking Using an Amplitude Modulator

In AM mode-locking, the pulse forming process is mainly determined by amplitude

modulation, spectral filtering, dispersion, and nonlinearities in the cavity. In this

simplified model, we assume ideal fibers without dispersion and nonlinearities

and an amplifier with an infinite bandwidth. The amplifier is represented by

the matrix
(

1 0
0 1

)
, so that it does not affect the pulse parameters. Under these

assumptions, the total ABCD matrix for the cavity configuration as shown in

Figure 4.1 is given by
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TAM =




1 0

M(2πfm)2 1







1 2µ
Ω2

f

0 1







1 0

0 1




=




1 2µ
Ω2

f

M(2πfm)2 1 + 2M(2πfm)2µ

Ω2
f


 =




AAM BAM

CAM DAM


 (4.18)

In most cases is fm ¿ Ωf , and consequently 2M(2πfm)2µ ¿ Ω2
f . Hence, the

second term of the matrix element DAM is much smaller than unity and therefore

it can be neglected. Thus, the matrix element DAM ≈ 1. Using Equation 4.17

one can obtain the q-parameter as

1

q
=

√
CAM

BAM

=

√
M(2πfm)2Ω2

f

2µ
. (4.19)

Thus, the pulse width and chirp can be easily obtained from the above equation

as

τp = 4

√
2µ

M(2πfm)2Ω2
f

and Cλ = 0 . (4.20)

The expression for τp we obtained is the Kuizenga-Siegman formula [Kuizenga70]

for the pulse width of an actively mode-locked laser.

4.2.2 Active Mode-Locking Using a Phase Modulator

The total ABCD matrix of FM mode-locking can be obtained in a similar way to

AM ML by using a phase modulator instead of the amplitude one. That is,

TFM =




1 0

i∆m(2πfm)2 1







1 2µ
Ω2

f

0 1







1 0

0 1




=




1 2µ
Ω2

f

i∆m(2πfm)2 1 + i2µ∆m(2πfm)2

Ω2
f


 =




AFM BFM

CFM DFM


 (4.21)
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Neglecting the second term of the matrix element DFM and using 4.17 we obtain

the q-parameter of FM ML as

1

q
=

√
CFM

BFM

=
1√
2
(1− i)

√
∆m(2πfm)2Ω2

f

2µ
. (4.22)

Finally, one obtains the following expressions for FM mode-locking

τp = 4

√
4µ

∆m(2πfm)2Ω2
f

and Cλ =

√
∆m(2πfm)2Ω2

f

4µ
, (4.23)

which also agree with results of Kuizenga-Siegman [Kuizenga70] and of Haus

[Haus75].

4.2.3 Fiber Ring Laser with Semiconductor Optical Amplifier

Now we will develop an analytical expression for width and time-bandwidth prod-

uct of linear chirped Gaussian pulses produced by a fiber ring mode-locked laser

(MLL) with a SOA and an electroabsorption modulator (EAM). Similarly to the

general case of an AM MLL, we will write down the overall matrix for the ring

laser configuration shown in Figure 4.2. Additionally to the ABCD matrix for an

optical bandpass filter given in Table 4.1, we need to derive the matrices for SOA

and EAM.

Output 
Signal 

EAMOBPF

Isolator
SOA

Isolator

Coupler

RF Drive 
Signal

Figure 4.2: Schematic diagram of a SOA-based ring mode-locked laser configuration (EAM: elec-
troabsorption modulator, OBPF: optical bandpass filter, SOA: semiconductor optical amplifier,
RF: radio frequency)
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Electroabsorption Modulator

Modulation characteristics of an electroabsorption modulator (EAM) can be

expressed by its transmission function as follows [Oshiba98]

TEAM = exp

[
−

(
V (t)

V0

)rm
]

, (4.24)

where V (t) represents the reverse modulation voltage. The parameters rm and

V0 determine the modulation efficiency. V0 is defined as the bias voltage where

the extinction ratio of the modulated optical signal is 1/e. The technological

parameter rm is close to one for most bulk modulators, so we can neglect it in

the following derivations. The modulation voltage of a sinusoidal drive signal is

expressed by

V (t) = Vb + Vm cos(2πfmt) , (4.25)

where Vb is the bias voltage, fm is the modulation frequency, and Vm is the

amplitude of the modulation voltage. Using the approximation cos(2πfmt) ∼=
1− 1

2
(2πfm)2t2 and Equations 4.25 and 3.1 one can obtain

uEAM(t) = u(t) · TEAM

=
√

P0 exp

[
− t2

2τ 2
p

(1 + iCλ)

]
exp

(
−Vb + Vm cos(2πfmt)

V0

)

∼=
√

P0 exp

(
−Vb + Vm

V0

)
exp

[
− t2

2τ 2
p

(1 + iCλ)− Vm

2V0

(2πfm)2t2
]

. (4.26)

Thus, the q parameter at the output of EAM can be expressed by

1

qout

=
1 + iCλ

τ 2
p

+
Vm

V0

(2πfm)2 , (4.27)

and finally, the ABCD matrix of an EAM can be written as

(
1 0

Vm

V0
(2πfm)2 1

)
. (4.28)
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Semiconductor Optical Amplifier

An optical amplifier is an active element represented by its gain and gain

bandwidth. The same matrix used for an optical bandpass filter can also be used

for an amplifier while replacing filter transmittivity by amplifier gain coefficient,

g, and filter bandwidth by gain bandwidth, Ωg.

The saturated gain of a semiconductor optical amplifier (SOA) is given by

Gs = exp(gsL) = exp[g0L/(1 + P/Ps)], where Ps is the saturation power given

by Ps = Aeffhfc/(Γaτc), P = P0

√
πfmτp is the average input power, and g0 is

the small-signal gain. For pulse widths much smaller than the carrier lifetime τc,

i.e., if the input pulses are shorter than 50 ps, the amplifier gain has no time to

recover in pulse duration. It recovers from its saturated value, gs, to a higher

value, gr, in the time period between two pulses TR = 1/fm. The recovery of the

gain can be estimated by [Peng02]

gr = (gs − g0) exp

(
−TR

τc

)
+ g0 . (4.29)

When the pulse repetition rate is high, the gain of the SOA can not recover com-

pletely in the time between two successive pulses. Therefore, the pulses experience

a gain lower than the small-signal gain. Thus, the saturated gain of the SOA for

a pulse train with high repetition rate and high power can be expressed as

gs =
gr

1 + P/Ps

= g0
1− exp(−TR/τc)

1− exp(−TR/τc) + P/Ps

. (4.30)

Thus, the ABCD matrix of a SOA is given by

(
1 2Gs

Ω2
g

0 1

)
, (4.31)

where Gs = exp(gsL). Thus, the overall ABCD matrix of the laser is
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TMLL = TEAM ·TOBPF ·TSOA

=




1 0

Vm

V0
(2πfm)2 1







1 2µ
Ω2

f

0 1







1 2Gs

Ω2
g

0 1




=




1 b

m mb + 1


 =




AMLL BMLL

CMLL DMLL


 , (4.32)

where

b =
2Gs

Ω2
g

+
2µ

Ω2
f

and m =
Vm

V0

(2πfm)2 , (4.33)

By introducing the matrix elements into Equation 4.17 the q parameter can be

obtained as

1

q
=

m
(
1 +

√
4

mb
+ 1

)

2
. (4.34)

Finally, the pulse width, τp, can be calculated from

τp =
√

q =

√√√√ 2

m
(
1 +

√
4

mb
+ 1

) . (4.35)

The phase of the optical field at the output of the SOA, ϕout(t), is given by

[Agrawal89b]

ϕout(t) = ϕin(t)− α

2
h(t) , (4.36)

where ϕin(t) is the optical phase at the input of the SOA, α is the linewidth

enhancement factor, and h(t) represents the integrated gain at each point of

the pulse profile, i.e., h(t) =
∫ Lc

0
g(z, t)dz . Because the maximal phase shift is

obtained at the point where the light intensity reaches its maximum, the frequency

chirp parameter can be estimated roughly at the pulse center (t = t0) by
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Cλ = −α

2
g(t0)

= −α

2
· g0L

(
1− exp(−TR/τc)

1− exp(−TR/τc) + P/(
√

πfmτpPs)

)
. (4.37)

In Equation 4.37, P0 = P/(
√

πfmτp) is the peak power of the linearly chirped

Gaussian pulse. The time-bandwidth product of such a pulse is given by

∆t∆f =
2 ln(2)

π

√
1 + C2

λ . (4.38)

Thus, by using Equations 4.38, 4.37, 4.35, and 4.33, the pulse width and time-

bandwidth product of a pulse train generated in the SOA-EAM mode-locked laser

can be estimated.

Figure 4.3 shows the calculated pulse width vs. modulation depth (Vm/V0)

for three different optical bandpass filters. The higher the modulation depth is,

the shorter pulses can be generated. The pulse width is also influenced by the

bandwidth of the OBPF inserted in the loop. Filters with larger bandwidths allow

formation of shorter pulses. Optical pulses as short as 5.5 ps are possible by using

an OBPF with 4 nm FWHM bandwidth.
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Figure 4.3: 3 dB pulse width vs. modulation depth Vm/V0 (fm = 10 GHz)

When the optical power level increases, the ratio P/Ps becomes larger. Conse-

quently, the SOA saturates and the gain of the device is reduced. The stimulated

carrier lifetime in the active region decreases, thereby increasing bandwidth of the

device and enabling formation of shorter pulses. Figure 4.4 shows the dependance
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of the pulse width on the ratio P/Ps while driving the EAM with 1 GHz and 10

GHz electrical signals and using three different loop filters.

It can be seen that quite short pulses can be obtained for P/Ps > −6 dB

(i.e., P > 0.25 · Ps) and filter bandwidths ≥ 4 nm. Note that the optical power

in the loop must not be increased too much, because the SOA can not provide

sufficient gain for lasing if it is deeply saturated. At a very high power level, the

mode-locked laser may die out or become unstable.

The time-bandwidth product of the generated pulse train increases if the optical

power level becomes lower. The dependencies of the time-bandwidth product on

the ratio P/Ps for repetition rates of 1 GHz and 10 GHz are plotted in Figure

4.5. By using a 4 nm filter, ∆t∆f becomes larger than 1.0 for P/Ps < −8 dB

and fm = 1 GHz. For optical powers larger than 0.63 · Ps (P/Ps > −2 dB) a

time-bandwidth product of less than 0.5 can be achieved for fm = 10 GHz.

P / Ps [dB]

3 
d

B
 P

u
ls

e
 W

id
th

 [
p

s]

P / Ps [dB]

3 
d

B
 P

u
ls

e 
W

id
th

 [
p

s]

6

7

8

9

10

11

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6

OBPF 0.8 nm

OBPF 2.4 nm

OBPF 4 nm

GHz 10=mf

20

25

30

35

40

45

50

55

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6

OBPF 0.8 nm

OBPF 2.4 nm

OBPF 4 nm

GHz 1=mf

Figure 4.4: 3 dB pulse width vs. P/Ps (Vm/V0 = 2)



4.2 ABCD Model of Fiber-Ring Lasers 95

0

0.5

1

1.5

2

2.5

3

3.5

4

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6

 fm = 1 GHz ;   OBPF 0.8 nm

 fm = 1 GHz ;   OBPF 4 nm

 fm = 10 GHz ; OBPF 0.8 nm

 fm = 10 GHz ; OBPF 4 nm

T
im

e-
B

an
d

w
id

th
 P

ro
d

u
ct

P / Ps [dB]

mf

mf

mf

mf
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Effects of small-signal gain on the pulse parameters are shown in Figures 4.6

and 4.7. A large gain will broaden the temporal width of the pulses, especially

for lower optical powers and higher bandwidths of the loop filter. If the optical

power at the input of the SOA is slightly lower than the SOA saturation power

(for example for P/Ps = 0.8), the pulse width remains low even for higher values

of the small-signal gain.

The larger the small-signal gain is, the larger the carrier density induced change

of the gain and the refractive index in the SOA. That is, a large small-signal

gain leads to a large red shift in frequency (shift to the lower frequencies), which

broadens the spectrum of the amplified signal. Thus, the time-bandwidth product

is increased because both spectral width and temporal width of the pulse train

are increased. This effect is especially noticeable for lower power levels (e.g. for

P/Ps = 0.1) as it can be observed from Figure 4.7. If the optical power at the SOA

input is increased to a value slightly lower than the saturation power, the amplifier

gain is reduced, and consequently, the time-bandwidth product is decreased. For

example, if P/Ps is set to 0.8, the time-bandwidth product remains low even for

large gain values (g0 = 30 dB).

The analytical model of SOA-based MLL derived here can be used to predict

the main laser parameters such as pulse width and chirp. Although this model is

quite simple, it allows a sufficient accurate prediction of the main laser parameters

under steady-state conditions. For example, by setting the gain of SOA to 20 dB,

the bandwidth of the loop filter to 1.2 nm, the linewidth enhancement factor to

4, the modulation depth of the EAM to Vm/V0 = 0.365, and the ratio P/Ps to
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0.4, one can calculate a pulse width of 18.4 ps and a time-bandwidth product of

0.69. This is in a very good agreement with the experimental results reported in

[Kim99a].

4.3 Transmission-Line Laser Model

A transmission-line laser model (TLLM) was firstly introduced by Lowery to

analyze dynamics of different laser cavities [Lowery87, Lowery88b, Lowery89b].

This distritbuted time-domain model is very flexible and can be used to model

Fabry-Perot lasers, DFB/DBR lasers, external cavity lasers, and semiconduc-

tor optical amplifiers. Recently, it has been extended to model tapered laser

structures [Wong00]. TLLM is based on the transmission-line modelling (TLM)

method, which was originally developed to model the propagation of electric and

magnetic fields (or diffusion potentials and fluxes) within metallic waveguides

[Johns71, Johns74, Hoeffer85]. Here, voltages and currents in networks of trans-

mission lines are used to mimic the field propagation. Time and space are dis-

cretised by assuming that the transmission lines provide a unit delay over a unit

distance. Thus, TLM can be easily modelled on computers.

In TLLM, a laser cavity is divided into longitudinal sections represented by

scattering nodes. The scattering nodes are placed at regular time intervals along

the transmission lines (time step ∆τs) and connected with each other by using

connection nodes. A scattering node, represented by a scattering matrix, accounts

for optical gain, loss, spontaneous emission and coupling due to the Bragg grating

in DFB lasers. It operates on complex-valued incident forward and backward

waves thereby generating reflected waves as shown in Figure 4.8a.

The optical fields are represented by its slowly-varying complex envelope (base-

band signal transformation) of the form E(t) =
√

P (t) exp(j2π∆f ·t), where P (t)

is the optical power (the field is normalized such that the optical power is repre-

sented by the square of its modulus), ∆f is the offset between the emission fre-

quency and the central (optical carrier) frequency fc. The real-valued electric field

of a modulated optical signal can be then written as Ẽ(t) = E(t) exp(j2πfct)+c.c.,

where ”c.c.” is the complex conjugation of the first term. TLLM is a one-

dimensional model because the field is assumed to be equal over the whole cross-

sectional area of the active waveguide. In this way, the x- and y-dependence are

eliminated and the field propagation along the longitudinal (z) direction is calcu-
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lated in a discrete manner. Thus, only time dependence remains, which simplify

the calculation significantly.

Connection nodes represent coupling between the scattering nodes (Figure 4.8

b). They allow the reflected waves to propagate to the adjacent nodes. In the

next time step, these waves become incident waves for the adjacent scattering

nodes to participate in the next scattering process.

S(n) S(n) S(n + 1)

Before Scattering

Incident Waves

After a Time Step (∆τ)

Reflected Waves

After Scattering

a) b)

S(n)

After Scattering

Reflected Waves

S(n) S(n + 1)

Incident Waves

Figure 4.8: a) scattering and b) connection process

The rate Equations 4.12 extended by introducing the nonlinear coefficient, ε,

as in Equation 4.13 are solved for each longitudinal section of the laser cavity.

That is, the model operates on local optical fields and the carrier densities within

the laser sections are calculated for every time step. The laser parameters are

assumed to be homogenous within a section, but not along the whole laser cav-

ity. Therefore, if the time step, i.e., the length of the longitudinal sections, is

sufficiently short, the longitudinal inhomogeneities can be taken into account ac-

curately. Thus, the model includes the spatial hole burning (SLHB) and allows

modelling of short pulse propagation inside the cavity.
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Optical Gain Calculation

The material gain within a section of the length ∆L is governed by the carrier

density within this section. It is calculated using the following expression

gm = aΓ∆L(Ne −Net)
S

1 + εS
(4.39)

Because the carrier density is assumed to be constant across a section, the un-

saturated gain factor is also constant. The material gain nonlinearity induced

phenomenologically by the gain compression parameter, ε, and caused by the

finite intraband relaxation times of the carriers implies a reduction of gain by

1/(1 + εS). Thus, the gain saturates for high photon densities. The intraband

processes include effects such as spectral hole burning and carrier heating (see

also Section 4.3.2), which do not affect the carrier density, but lead to a change in

the carrier distribution within the conduction and valence band. To describe the

non-instantaneous nature of the gain nonlinearity, a time constant (τnl) is used to

filter the instantaneous photon density in the calculation of the nonlinear gain.

Figure 4.9 shows an equivalent circuit of a TLLM scattering node, which char-

acterizes stimulated emission, spontaneous emission, and wavelength independent

attenuation processes such as free-carrier absorption and waveguide scattering.

For simplicity, the equivalent circuit is shown only for one field propagation di-

rection. Note that the circuit for the opposite direction has the same structure.

The amplification of the field within a section of the length ∆L is given by

Eo
R(∆L) = Ei

R(0) exp [G(1 + iα)] , (4.40)

where G represents the field gain coefficient and α is the linewidth enhancement

factor. Eo
R and Ei

R are waves at the input and the output of a model section,

respectively. The real part of the above expression represents the field ampli-

fication. After expanding into a two-term Taylor series, it can be expressed as

follows

Eo
R(∆L) = Ei

R(0) + G · Ei
R(0). (4.41)

As it can be seen from Figure 4.9, the gain coefficient G is calculated in the

bottom signal path. It is then multiplied by Ei
R(0) thereby producing the second

term of the Taylor series. The first term of the series is represented by the top
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Figure 4.9: Equivalent circuit of a TLLM scattering node representing the gain process in one
wave direction

signal path. To obtain the gain coefficient the instantaneous photon density is

firstly calculated according to

S =
vg(|V i

R|2 + |V i
L|2)

hfcZpm2
, (4.42)

where vg is the group velocity of light within the cavity, VR = ER ·m and VL =

EL · m are the incident voltages representing incident electric waves (indices L

and R stand for the left and right wave direction), hfc is the photon energy, Zp is

the cavity wave impendence (see Appendix A.3), and m is a unity constant with

units of meters. Then, the carrier density is calculated by

dNe

dt
=

J

ed
− ArNe −BrN

2
e − CrN

3
e − vgaΓ(Ne −Net)

S

1 + εS
, (4.43)

where J is the injection current density, e is the electron charge, d is the thick-

ness of the active layer, and Ar, Br, and Cr are the monomolecular, bimolecular,

and Auger recombination coefficients, respectively. Finally, the gain is obtained

by using Equation 4.39. The frequency dependance of the gain is introduced

by adding an optical bandpass filter in the bottom path. If bandwidth of this

second-order bandpass filter is significantly less than the simulation bandwidth,

the spectral dependance of the gain coefficient will fit the shape of a Lorentzian fil-

ter. The attenuation processes (free-carrier absorption and waveguide scattering)

are represented by an attenuator placed after the adder.
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Spontaneous Emission Noise

Spontaneous emission noise is included in the model by a random-value current

source at every node. The source generates a Gaussian white noise, which is

then filtered using a bandpass filter in order to specify the spectral shape of the

spontaneous emission.

The spontaneous emission noise from a gain section over a bandwidth B0 can

be calculated from [Henry86]

Pn = (G− 1)hfcB0nsp
g

g − αsc

, (4.44)

where nsp is the population inversion factor, g = aΓ(Ne −Net) is the gain factor,

G = exp[(g−αsc)∆L] is the power gain across a section, and αsc is the waveguide

attenuation factor. The magnitude of the Gaussian white noise source can be

found by comparing Equation 4.44 with the output power of a TLLM section for

an open cavity laser (facet reflectivity R = 0) given by [Lowery90]

Pn = 〈i2〉wdZp

4m2
exp(−αsc∆L) , (4.45)

where w and d are active region width and thickness. Thus, the mean square of

the current source used to model the spontaneous emission noise over the model’s

bandwidth of 0.5/∆τs = vg/(2∆L) is given by

〈i2〉 =
2hfcnspm

2vg

wdZp∆L

g

g − αi

[exp(g∆L)− exp(αsc∆L)] . (4.46)

Phase Shift

The imaginary part of Equation 4.40 represents phase modulation. In TLLM,

the carrier density dependent phase shift is induced by a phase shifter (see Figure

4.9). It shifts the phase of the optical carrier across the amplifier length in depen-

dance of the carrier concentration induced refractive index change and according

to

∆ϕ = −Γa ·∆Ne · α ·∆L

2
. (4.47)

Because the field is represented by complex numbers, each sample contains the

phase of the optical signal during a time step. The phase shift is implemented

as a complex multiplication of the field samples travelling between the scattering
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nodes by exp(i∆ϕ). The absolute delay that the optical field experiences due to

the change in refractive index is not modelled, because this would cause unequal

field propagation times through the sections. Thus, the pulses would not arrive at

scattering nodes from the section boundaries in synchronism anymore. However,

this do not influence the accuracy of the model significantly, because the fractional

change in absolute delay across a section is small, so it has little effect on the

laser dynamics. In contrast to the absolute delay, the change in phase is crucial

in modelling the spectral characteristics of a laser.

Active Region Matrix

The generalized scattering matrix of the laser active region representing stim-

ulated emission (optical gain), spontaneous emission and attenuation processes is

shown in Figure 4.10 [Lowery86].

S(n)

i
RV

r
LV

i
bCV

r
RV

i
LV

r
bCV i

bLV
r
bLV

CY LY

i
tCV r

tCV i
tLV

r
tLV

CY LY

s
τ∆

2
s
τ∆

Stub

Figure 4.10: Active region scattering matrix

The electric fields E are represented by the voltage pulses V = m·E, where m is

a unity-valued constant with dimensions of meters. The open-circuited and short-

circuited transmission-lines stubs with the admittances of YC and YL represent

the capacitor and inductor. They form an RLC bandpass filter with a center

frequency and Q factor that can be adjusted by setting the values of YC and YL.

The stubs are one-half a time step long in order to ensure that waves induced into

the stubs return after an iteration time step (∆τs).

Let CV i
t and LV i

t be the incident pulses to the node from the capacitive and

inductive stubs that are placed at the top of the scattering matrix as shown in



4.3 Transmission-Line Laser Model 103

Figure 4.10. Using Thévenin equivalents of the lines, the voltage v of the node

for waves propagating in one direction can be calculated from

v = (RV iGsc + 2CV i
t YC + 2LV i

t YL)/(1 + YC + YL) , (4.48)

where Gsc = exp(gm/2)− 1 and RV i is the incident voltage into the section. The

output of the node is then

RV r =R V i + v . (4.49)

The voltages reflected into the capacitive and inductive stubs are

CV r
t = v −C V i

t , and LV r
t = v −L V i

t . (4.50)

After a time step, these reflected voltages become new incident voltages to the

node.

Attenuation of the wave in one section of the model is represented by a con-

stant power attenuation factor per unit length, αsc. The forward and backward

travelling waves are simply multiplied by a loss factor Asc = exp(−αsc∆L/2).

Thus, the scattering process in n-th model section is described by




RV r(n, j + 1)

CV r
t (n, j + 1)

LV r
t (n, j + 1)

LV r(n, j + 1)

CV r
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=
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Y
S(n)




RV i(n, j)
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LV i
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LV i(n, j)

CV i
b (n, j)

LV i
b (n, j)




+




isZpAsc/2

0

0

isZpAsc/2

0

0




, (4.51)

where Y = 1 + YC + YL, j is the iteration number, is is the filtered Gaussian

distribution noise current with a mean-square value given by Equation 4.46, and

S(n) is the scattering matrix of the n-th section given by

S(n) =




Asc(Gsc + Y ) 2AscYC 2AscYL 0 0 0
Gsc 2YC − Y 2YL 0 0 0
Gsc 2YC 2YL − Y 0 0 0
0 0 0 Asc(Gsc + Y ) 2AscYC 2AscYL

0 0 0 Gsc 2YC − Y 2YL

0 0 0 Gsc 2YC 2YL − Y
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Passive Region Matrix

The scattering matrix for the passive region is simple because there is no stim-

ulated emission. It simply represents the attenuation across each section. The

scattering operation is then characterized by

(
RV r(n, j + 1)

LV r(n, j + 1)

)
=

(
Asc 0

0 Asc

)(
RV i(n, j)

LV i(n, j)

)
(4.52)

Bragg Region Matrix

It is necessary to have a model of laser gratings in order to incorporate DBR

sections in laser structures such as DFB lasers, hybrid mode-locked lasers, and

gain-clamped SOAs. TLLM enables an effective modelling of DBR sections by

introducing two new connection matrices that are placed between ordinary active

or passive region scattering matrices, thereby making an active or a passive DBR

section, respectively. These matrices mimics the propagation of optical fields

through the laser gratings by modulating the admittances of the transmission

lines by ±∆Y from their mean admittance Y . By this means, two matrices for

low-high and high-low impedance transitions are defined.

For small values of ∆Y , the change of the admittance is related to the Bragg

coupling coefficient, κ, by ∆Y/Y = κ∆L [Lowery89a]. Here, the length of a model

section ∆L is equal to half the model’s grating period Λ. Thus, the connection

matrix representing the low-high impedance transition is given by

CDBRl−h
=

(
1 + κ∆L −κ∆L

κ∆L 1− κ∆L

)
, (4.53)

while the high-low impedance transition is represented by

CDBRh−l
=

(
1− κ∆L κ∆L

−κ∆L 1 + κ∆L

)
. (4.54)

These two matrices are applied alternately along the length of the DBR region.

If a quoter-wave-shifted grating is required, an identify matrix (a zero-reflection

interface) is inserted between the impedance transition matrices.
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4.3.1 Model of Hybrid Mode-Locked Laser

Hybrid mode-locked lasers allow generation of very short pulses with high repeti-

tion frequencies and a small chirp. An external cavity configuration enables large

tunability in wavelength, pulse width, and repetition frequency by changing the

resonator length mechanically [Schmidt99]. However, the mechanical elements in

the laser cavity can induce instabilities due to the environmental factors such as

change in temperature and mechanical stress.

Monolithic hybrid MLLs allow a more stable operation. They exploits the

advantage of the passively mode-locking concerning generation of short pulses at

high repetition frequencies, while the large phase noise associated with passively

ML is suppressed to sufficiently low levels by modulating the saturable absorber

with an RF signal. The frequency of the RF signal can be chosen to be at the

fundamental resonance frequency of the laser, thereby obtaining the so-called

fundamental hybrid mode-locking (FH-ML), or at a subharmonics of the cavity

round-trip frequency, which is then referred to as subharmonic hybrid mode-

locking (SH-ML).

The transmission line model of an integrated hybrid mode-locked laser consist-

ing of a saturable absorption region, a gain region, and an active DBR region is

shown in Figure 4.11.
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Figure 4.11: Transmission-line laser model of a monolithic hybrid mode-locked laser

A model section is represented by a scattering matrix consisting of a photon

model and a carrier model (see also Appendix A.3 for more details about the

photon field and carrier diffusion models). In photon models, the instantaneous

photon density is calculated from incident fields according to Equation 4.42. The

instantaneous photon density and injection current are used in the carrier density
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models to calculate the change in carrier density according to Equation 4.43.

The incident wave is then amplified by the frequency dependant gain, G, that is

calculated in the carrier density models. The spontaneous emission noise given by

Equation 4.46 is added to each section as shown in Figure 4.9. The laser end facet

is represented by an unmatched termination determining the facet reflectivity R.

The saturable absorption (SA) region is modelled using p sections represented

by scattering matrices, which are of the same form as the matrices for the gain

(active) region with a slight difference that the gain coefficient, g, is replaced by

−as, as being the saturable absorption coefficient. The absolute delay in the laser

cavity is given by (p + q + r + s) ·∆τs, where q is the number of passive sections.

The purpose of the passive sections is to provide sufficient delay to pulses because

the absolute delay that the optical pulses experiences through the cavity is not

modelled in TLLM. The gain region is represented by r active sections (active

region matrices). The active DBR region sections consist of s active scattering

matrices and alternatively placed connection matrices 4.53 and 4.54

Simulation Results

The TLLM model shown in Figure 4.11 can be used to study the dynamics of

an integrated hybrid MLL as well as to asses the influence of design parameters on

the generated pulse train. The following simulations were designed to investigate

the influence of the sinusoidal drive signal that is applied to the SA region on

main pulse parameters. In this particular case, the lengths of the DBR, saturable

absorbtion, and active region are 200 µm, 100 µm, and 500 µm, respectively.

The laser is divided into 64 model sections by setting the simulation bandwidth

to 5.12 THz and the timestep to 195.3 fs. The main simulation parameters are

summarized in Table 4.2.

The generated pulse train that is obtained by feeding a 40 GHz RF signal into

the SA region is shown in Figure 4.12a. Pulses as short as 4.34 ps (FWHM) are

produced by applying a current of 150 mA. Optical spectrum of the output signal

(see Figure 4.12b) is obtained by transforming the time-domain signal into the

frequency domain using the fast Fourier transformation (FFT). The spectra is

broad and has a symmetric profile indicating the longitudinal mode separation of

40 GHz. Such a spectral profile is typical for mode-locking.

Both timing jitter and fluctuation of the pulse amplitude can be minimized by

applying high currents to the SA section. In Figure 4.13, eye diagrams for three
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parameter value parameter value

wavelength 1.55 µm time step ∆τs 195.3 fs

SA region length 100 µm group effective index (SA region) 4

no. of sections in the SA region 7 SA reverse bias 70 mA

gain region length 500 µm group effective index (gain region) 4

no. of sections in the gain region 34 gain bias 200 mA

active region width 2.5 × 10−6 m active region thickness 0.04 × 10−6 m

DBR region length 200 µm group effective index (DBR region) 3,7

no. of sections in the DBR region 13 DBR bias 0 mA

Bragg coupling coefficient (κ) 3000 no. of sections in the passive region 10

left facet reflectivity 0.32 right facet reflectivity 0.1

Table 4.2: Key parameters used for simulating hybrid mode-locked laser

a) b)

SA Drive Current = 150 mA SA Drive Current = 150 mA

Pulses at the Output Optical Spectrum at the Output

Figure 4.12: Temporal shape and spectrum of the generated optical signal at the output of
hybrid mode-locked laser

different currents are shown. A very large timing jitter and pulse broadening can

be observed for low currents (e.g., for 5 mA), while high-quality short pulses with

a low timing jitter (125 fs) can be generated by applying a current of 170 mA

(Figure 4.13c).

The dependence of the main pulse parameters on the SA drive current is shown

in Figure 4.14. The pulses can be shortened from 6.15 ps to 4.23 ps by increasing

the current from 20 mA to 180 mA. A larger peak power can be obtained for higher

currents and shorter pulses. The amplitude fluctuation is reduced from 3.34 mW

(by 20 mA) to 2.46 mW (by 180 mA), while the time-bandwidth product is slightly

increased (from 0.58 to 0.67) by increasing the current. A significant reduction

of the timing jitter can be observed from Figure 4.14. A timing jitter of 381 fs,

measured by 20 mA, can be reduced to 124 fs by applying a current of 180 mA.



108 Modelling of Fast Optical Subsystems

b)

SA Drive Current = 20 mA

c)

SA Drive Current = 170 mA

a)

SA Drive Current = 5 mA

Figure 4.13: Eye diagrams for different saturable absorber (SA) drive currents

The effects of the frequency detuning are illustrated in Figure 4.15. The mea-

surements were performed by applying a DC bias of 70 mA and an RF drive

current of 150 mA.
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Figure 4.14: Pulse parameters in dependence on saturable absorber (SA) drive current

Detuning of the RF frequency with respect to the cavity resonance frequency

produces a cyclic instability. That is, if the drive frequency is too low, the pulses

arrive back before the saturable absorber has fully recovered. Thus, the growth

of a new pulse after the returning pulse has passed the SA is favored. Otherwise,

if the drive frequency is too high, generation of a new pulse before the circulating

pulse has arrived back is favored. This induces a large timing jitter as shown

in Figure 4.15. Even lower frequency detunings (e.g., 50 MHz) produce a large
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Figure 4.15: Pulse parameters in dependence on saturable absorber (SA) drive frequency

timing jitter (2 ps). A further increase (or decrease) in drive frequency away from

the cavity resonance produces instabilities. Thus, an accurate tuning of the RF

drive frequency is of crucial importance.

4.3.2 Dynamic Model of Semiconductor Optical Amplifier

As already mentioned in Section 3.3, the travelling-wave semiconductor optical

amplifier (TW-SOA) is one of the key components for linear amplification, wave-

length conversion, and fast optical switching. TW-SOAs have a nonresonant

cavity, so that they provide a relatively flat frequency response over a wide fre-

quency range as well as a high bandwidth and low noise. However, an input

signal at a higher power level causes a depletion of the carrier concentration, and

consequently, the gain of the amplifier saturates. The spectral width and peak of

the gain curve as well as the refractive index depend on the carrier concentration.

The carrier dynamics has to be taken into account in order to model accurately

the transient response of the SOA under modulation and fast intensity changes of

the injected optical signal. Inhomogeneities of the active medium and variation

of the carrier and photon densities along the cavity influence the gain saturation.

A distributed time-domain model taking into account all of the above mentioned

effects is used in this thesis to predict the temporal and spectral responses of
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SOAs. It is based on the transmission-line laser modelling (TLLM) method. A

description of the model is given in the following section.

The bidirectional amplifier model consists of q sections placed between two

anti-reflection coated facets as shown in Figure 4.16. The sections are represented

by scattering nodes, which are placed at regular intervals along the transmission

line string. Each scattering node is implemented by using the matrices given by

Equation 4.51. An equivalent circuit for one section including field and carrier

diffusion models is shown in Appendix A.3. The length of a model section, ∆L,

is related to the time step, ∆τs, and the group velocity inside the active region,

vg, by ∆L = ∆τs · vg = ∆τs · c/ne, where c and ne are the velocity of light in

vacuum and the group effective index of the active waveguide. Note that this

model supports only x-polarization mode, thus polarization dependence can not

be taken into account.
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Figure 4.16: Transmission-line laser model of a semiconductor optical amplifier

Simulation Results

The main physical and numerical parameters used in simulations are summa-

rized in Table 4.3. The bulk SOA device is assumed with some arbitrariness to

be 500 µm long. It is divided into 32 sections by setting the time step to 195.3

fs, which corresponds to the simulation bandwidth of 5.12 THz. The gain com-

pression coefficient, ε, which represents the gain dynamics due to SHB and CH

effects, is set to 1.0 × 10−23 m3. The corresponding nonlinear time constant, τnl,

is assumed to be 300 fs. It describes non-instantaneous nature of the nonlinear

processes. The model filters the instantaneous photon density using a first or-

der filter with this time constant, before the calculation of the nonlinear gain is

performed.
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To investigate the response of carrier density in a SOA to a fast change in

optical intensity at the input of the device, an optical sech2 pulse as short as 2.4

ps FWHM with a central wavelength equal to the gain peak wavelength of the

SOA (1.55 µm) was employed. The change of the mean carrier density averaged

through all model’s sections was observed. The time dependence of the mean

carrier density for three bias currents and three peak powers of the injected pulse

can be seen in Figure 4.17.

parameter value parameter value

wavelength 1.55 µm time step (∆τs) 195.3 fs

FWHM pulse width 2.4 ps pulse peak power 2 - 40 mW

SOA length (L) 500 µm group effective index (ne) 3.7

width of the active region (w) 2.5 µm thickness of the active region (d) 0.2 µm

differential gain coefficient (a) 3.0 × 10−20 m2 gain compression coefficient (ε) 1.0 × 10−23 m3

nonlinear gain

time constant (τnl)
300 × 10−15 s

carrier density at the

transparency point (Net)
1.5 × 1024 m−3

no. of sections (q) 32 bias current (Ib) 100 - 200 mA

confinement factor (Γ) 0.3 linewidth enhancement factor (α) 3

left facet reflectivity 1.0 × 10−4 right facet reflectivity 1.0 × 10−4

Table 4.3: Key parameters for simulating semiconductor optical amplifier

The intensity of the current applied to the SOA influences significantly the

carrier injection process. Therefore, the recovery of carrier density can be accel-

erated by applying a higher current. The carrier density is fully recovered in 250

ps when a current of 200 mA is applied, while only 30 % of the carriers recover in

the same time period if 100 mA are applied. Here, the peak power of the injected

pulse was set to 10 mW.

The strength of the nonlinear effects including spectral hole burning, carrier

heating, and ultrafast processes such as two-photon absorption and Kerr effect

depends on the injected optical power. In Figure 4.17b, the influence of these

processes on carrier density pulse response for different peak powers of the injected

pulse can be seen. A high-power pulse induces a strong depletion of carriers driven

by the fast processes. The carrier density recovers faster for lower powers of the

injected pulses because the carrier depletion is weaker. For example, by injecting

a pulse with a peak power of 2 mW, a reduction of the carrier density of 0.27

× 1024 m−3 can be observed within 23 ps. The carrier density is fully recovered



112 Modelling of Fast Optical Subsystems

within 200 ps. If a pulse with 40 mW peak power is injected, the carrier density

is reduced from 3.3 to 2.72 × 1024 m−3 (a change of 0.58 × 1024 m−3) in 16 ps

and fully recovered within 325 ps.
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Figure 4.17: Carrier density pulse response depending on a) bias current and b) peak power

Figure 4.18 shows the change in optical phase due to a carrier density induced

refractive index variation. A phase shift of about 3π/4 can be obtained when

a pulse with 10 mW peak power is injected. Applying a stronger bias current

results in a slightly higher phase shift, but it decreases significantly the time in

which the phase shift falls back to zero.

As shown in Figure 4.18b, the higher the pulse energy, the larger is the phase

shift. With the SOA being 700 µm long, a phase shift of nearly 5π/4 can be

obtained by applying a bias current of 200 mA and by injecting an optical pulse

with 10 mW peak power (in contrast to 3π/4 phase shift obtained in a 500 µm

long SOA - see Figure 4.18a). A larger phase shift in a SOA can be obtained by

using longer devices and employing higher pulse powers.
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Figure 4.18: Phase shift of an optical signal in a semiconductor optical amplifier due to a pulse
excitation as it depends on a) bias current and b) peak power

However, if a train of short pulses at a high repetition rate (FR > 1/τCI) is

injected, the carrier density in SOA cannot recover completely in the time period

between two successive pulses and the change in phase is lower than the maximal

achievable phase shift in the case of a single pulse. Therefore the energy of control

pulses needed to achieve a π phase shift is usually higher in fast all-optical switches

when they are used as OTDM demultiplexers than in arrangements where a single

short pulse is occasionally injected into the SOA. Several fast all-optical switching

schemes that use SOA as nonlinear switching element will be described in the

following section.

4.4 Modelling of Short Pulse Transmission

By increasing the bit rate, the transmission of light pulses through fibers becomes

increasingly more difficult. The influence of dispersion and nonlinear effects in

fibers has to be compensated effectively in order to increase the achievable trans-

mission distance and to allow error-free signal detection at the receiver. The
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propagation of short optical pulses through the fiber can be effectively modelled

by the nonlinear Schrödinger equation (NLSE). In this model, different propaga-

tion effects such as chromatic dispersion, stimulated inelastic scattering, self- and

cross-phase modulation as well as four-wave mixing can be taken into account.

The NLSE and a numerical algorithm to solve this equation is described in Ap-

pendix A.4. The specific model we used to predict the transmission characteristics

and to determine the main transmission parameters is called symmetrical split-

step Fourier algorithm. This model solves the generalized nonlinear Schrödinger

equation in the form of

∂E(z, t)

∂t
= (L̂ + N̂)E(z, t) , (4.55)

where where L̂ is the linear operator (also called dispersion operator), N̂ is the

nonlinear operator and E(z, t) is the slowly varying envelope of the electric field.

A numerical solution of Equation 4.55 used in the symmetrical split-step Fourier

algorithm to estimate the electric field envelope, E(z, t), propagating from z to

z + ∆z is given by

E(z + ∆z, t) ≈ exp

(
∆z

L̂

2

)
exp




z+∆z∫

z

N̂(z′)dz′


 exp

(
∆z

L̂

2

)
E(z, t) . (4.56)

A deteiled description of the model can be found in Appendix A.4. This model

does not take into account effects associated with polarization mode dispersion

(PMD). A linearly polarized light is assumed and the polarization is maintained

along the fiber. In real systems it can be achieved to some extent by using

polarization-maintaining fibers (PMFs) or by employing a PMD compensation

scheme [Sandel03, Sunnerud02, Westlund02, Bulow03, Krajinovic03].



5 Design of Packet-Switched

OTDM Network Nodes

5.1 Introduction

As already mentioned in Chapter 2, packet-switched OTDM networks have several

advantages over bit-interleaved OTDM systems such as insensitivity to walk-off

and inter-channel interference, no need for synchronization among all network

nodes, and providing of bit rate/format transparency. The main building blocks

of a packet-switched OTDM network node are the optical rate conversion unit,

the clock recovery and header processing unit, and the optical switching element

(see Figure 2.4).

The most important part of such a node is the optical rate conversion unit,

which provides an ultra high-speed access to the optical fiber medium by com-

pressing/expanding the packets to be transmitted/received by the node. Thereby,

a more efficient transmission and a better utilization of the transmission medium

can be achieved. Furthermore, all-optical header processing allows fast switching

on the packet-by-packet basis, and consequently, the node latency can be mini-

mized. Clock recovery has to be fast and of high quality. It should support the

burst mode because incoming packets can originate from different sending nodes,

so that they usually do not have the same time base. Finally, the switching ele-

ment should have a short response time to enable fast switching and the use of

short inter-packet gaps.

In this chapter, the main building blocks of packet-switched OTDM network

nodes are investigated regarding their functionality, feasibility, and influence on

the optical signal and network performance. The investigations are performed by

means of numerical simulations using the models described in Chapter 4. Particu-

lar attention is paid to the design and analysis of the optical rate conversion unit,
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which is the essential part of a node. Furthermore, all-optical header generation

and recognition by employing optical label processing techniques are studied. A

survey of clock recovery techniques is given in Section 3.5. Fast burst-mode clock

recovery is a part of further research and is beyond the scope of this thesis. Three

different methods for compensating the pattern effect in SOA are described and

compared with each other in Section 5.4. An effective compensation of the pattern

effect can improve the transmission performance and cascadibility of amplifica-

tion and signal processing subsystems based on semiconductor optical amplifiers.

Finally, in the last section of this chapter, three architectures of packet-switched

network node supporting multicast are presented and investigated regarding the

network scalability.

5.2 Optical Rate Conversion Units

Bit rates above the limitation of electronics can be achieved by processing of data

streams in the optical domain. The conversion of lower bit rate data into a high

data rate (up-conversion) can be accomplished by the use of a technique similar to

the bit-interleaved OTDM multiplexing that is described in Section 2.1. It is im-

portant to generate sufficiently short optical pulses and to have precisely adjusted

optical delay elements in order to meet strong timing requirements associated with

the short bit-period of the high-speed signal. If low bit rate packets are acquired

from a transmitting buffer in parallel, the same structure as for the OTDM mul-

tiplexer (see Figure 2.1) can be used. Instead of N separate electrical signals at

the basic bit rate, the parallel data representing the low-speed packet can be used

to modulate the pulse trains in the branches. The number of branches, N , has to

be the same as the conversion rate K = T0/τ0, where T0 is the bit-period of the

low-speed data and τ0 is the bit-period of the high-speed signal (H-S Out). In

principle, the up-conversion scheme is similar to the electronic serializers, which

transform N -bit wide parallel data into a serial signal with an N -times higher bit

rate. Therefore, this scheme can be referred to as optical serializing method.

Down conversion is more complex because single bits have to be separated from

the incoming high-speed signal. A way to accomplish this is to use fast optical

switches (FOSs) treated in Section 3.4. Figure 5.1 shows a possible realization of

the optical serializer/parallelizer. In the optical parallelizer, the high-speed data

pulses (H-S In) are split into N branches and selected by all-optical switches such
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that the first pulse is selected by the first FOS, the second pulse by the second

FOS and so on. The selected pulses are then delayed by the delay lines in order

to ensure that all pulses arrive concurrently at the receivers. Thus, the high-

speed data packet dropped by the node is down-converted and can be processed

electronically in a bit-parallel manner at an N -times lower bit rate.

Short 
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τ0 (N – 1) τ0

MOD 2 MOD NMOD 1

Transmitting Buffer Receiving Buffer

1 0 1

1

0
1

τ0

T0

(N – 1) τ0
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(N – 1) τ0

1
0

1

(N – 2) τ0

Rx 1 Rx 2 Rx N

1 0 1

H - S Out H - S In

Optical Serializer Optical Parallelizer

FOS 1 FOS 2 FOS N

Figure 5.1: Optical serializer/parallelizer (MOD: modulator, FOS: fast optical switch, Rx: re-
ceiver, H-S: high-speed)

This rate conversion scheme allows up conversion and down conversion of op-

tical packets not limited in length if the level of parallelism is high enough, i.e.,

if the number of branches equals the conversion rate (N = K). For N < K, only

short packets with a maximum length of N bits can be handled. In practical sys-

tems, conversion rates of ten, hundred or even several hundreds could be required.

For example, a possible application is the conversion of parallel data clocked at

several hundreds of MHz into a 100 Gbit/s data stream, which is then transmit-

ted through a high capacity packet-switched OTDM network. Thus, applications

requiring conversion rates of several tens to several hundreds are likely to be the

most relevant. To reach such high conversion rates, a very large number of fast

optical switches need to be used, which results in a quite complex arrangement

and difficult stabilization. Furthermore, the incoming optical signal has to be
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split in a large number of branches, thereby causing large splitting losses. There-

fore, the optical serializer/parallelizer shown Figure 5.1 is impractical when large

packets and high conversion rates are required, which is the case in most practical

applications.

5.3 Optical Packet Compression/Expansion Techniques

Optical packets that are to be transmitted or received by a network node can

also be rate-converted using an optical compression/expansion unit. Recently,

several methods for optical packet compression and expansion have been proposed

[Toda99, Patel97, Toliver99]. Most of these methods are based on an optical buffer

(optical recirculation loop) and a sampling technique. However, there are some

restrictions concerning bit rate and packet size if this technique is used. Those

restrictions are caused by difficulties in buffering of ultrahigh-speed large optical

packets for a larger period because of the optical signal impairing caused by

dispersion and amplified spontaneous emission (ASE) noise accumulation during

amplification. A further technique for optical packet compression is a feed-forward

delay-line structure consisting of q = log2(N) stages reported in [Toliver99]. This

technique allows simultaneous compression and expansion of N -bit large optical

packets using the same device. However, the maximal packet size, Nmax, is limited

by the compression rate, K, as follows

Nmax = K − 2

⌈
tgate

τ0

⌉
, (5.1)

where K = T0/τ0 is the compression rate, tgate denotes the response time of the

optical gate (see Figure 5.3), while T0 and τ0 represent the bit periods of the low-

and high-speed signal, respectively. Consequently, for K = 100, τ0 = 10 ps, and

tgate = 40 ps, Nmax is limited to 91 bits. Such short packets are usually impractical

in many applications. Moreover, the large rate conversion time (Tprc = KNτ0)

can significantly impair the network performance.

In this section, some basic schemes for optical packet compression/expansion

are shown. An analytical analysis concerning power budget and ASE noise accu-

mulation is performed. Furthermore, the scheme using the feed-forward delay-line

structure (optical delay line structure, ODLS) is modelled by means of numerical

simulations.
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5.3.1 Compression/Expansion Loop

The optical packet rate conversion scheme based on a recirculation loop [Toda99,

Patel97] is shown in Figure 5.2. The loop length is chosen to be T0 − τ0 in order

to allow a compression rate of K = T0/τ0.
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Figure 5.2: Optical packet a) compressor and b) expander using a recirculation loop; αo denotes
the overall loss in traversing the loop once (FOS: fast optical switch, SW: switch)

The principal operation of an optical packet compressor based on the recircu-

lating loop scheme is shown in Figure 5.2a. Low-speed input packets (1) enter the

loop through the coupler. The switch (SW) is set to be in the ”bar” state during

the compression operation. After the first pulse has finished a round-trip and

passed the coupler (t = T0 seconds), the second pulse enters the loop. It follows

the first pulse by the bit-period of the compressed packet τ0. After N ·T0 seconds

(N is the packet length in bits), N bits spaced by τ0 are circulating in the loop

(2). The switch is then set into the ”cross” state, whereby the whole compressed

packet is coupled at the output (3). Note that the pulses, from which the packets

are generated, must be sufficiently short to produce high-speed output packets

with the bit-period τ0 without inter-bit interferences, i.e., τp < τ0.

Figure 5.2b shows an optical packet expander using the recirculating loop

scheme. High-speed optical packets (1) enter the recirculating loop through the

switch (SW), which is initially set to be in the ”cross” state. After the whole

high-speed packet has entered the loop, the switch is set to the ”bar” state and

remains in this state up to the end of the expansion operation. The packet circu-

lates in the loop N -times (2), while in each round-trip a fraction of the high-speed

packet is coupled at the output of the loop. Consequently, N copies of the packet
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are produced (3). Because the round-trip propagation time in the loop is adjusted

to be (T0 − τ0), each copy of the packet is delayed with respect to the next copy

by (T0− τ0). A fast optical switch (FOS) selects bits spaced at the bit-period T0,

thereby expanding the whole high-speed input packet (4).

However, this method leads to some restrictions concerning bit rate and packet

size. To prevent bit overlapping in the loop, the number of bits in a packet (N)

must be smaller than the compression rate, i.e., N < K−1. Moreover, the switch

must change its state arbitrarily quickly, namely in the time gap between the last

bit and the first bit of the packet in the loop. Since the recirculation loop length

is chosen to be (T0 − τ0) and the length of the high-speed packet is N · τ0, the

switching time can be calculated from tsw = (T0− τ0)−N · τ0 = τ0 · (K − 1−N).

For example, assuming a compression rate K = 100, a switching time tsw = 200

ps, and τ0 = 10 ps, the maximal packet length, Nmax, is limited to 79 bits.

5.3.2 Optical Delay Line Structure

The optical packet compressor/expander using an optical delay line structure

(ODLS), an optical gate, and a FOS for the expansion operation is shown in

Figure 5.3. It allows the compression of packets to be transmitted simultaneously

with the expansion of the received packets using the same device. The number of

stages increases logarithmically with the number of bits to be processed. Because

of the fact that the complete compressed packet occurs in the gap between two

bits of the low-speed signal, the number of bits in the packet is, similar to the

recirculating loop scheme, limited by the compression rate as follows N < K − 1.

If the response time of the gate (tgate) is taken into account, the limitation of the

packet size is given by Nmax < K − 1 − 2 · (tgate/τ0). If larger packet sizes are

needed, a larger compression rate or a parallel arrangement of optical delay line

structures (ODLS) can be used.

The principal operation of an optical packet rate conversion unit based on

an optical delay line structure can be easily explained using a simple example

depicted in Figures 5.4 and 5.5. In this particular case, the ODLS consists of two

stages. Each stage is composed of a 3 dB coupler and an appropriate delay line.

As it can be seen from Figure 5.4 depicting the compression operation, a four bit

low-speed input packet is first split into the two arms by the 3 dB coupler. The

signal in the upper arm of the first stage is delayed by (T0 − τ0) and combined

with the undelayed packet by the next coupler. The resulting signal is once more
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Figure 5.3: Packet compressor/expander using an optical delay line structure (ODLS)

delayed in the upper arm of the second stage by 2 · (T0 − τ0). At the output,

each input pulse is copied four times and spaced from its neighbor by (T0 − τ0).

An optical gate at the output of the delay line structure selects the complete

compressed packet, which occurs in the middle of the output sequence.
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Figure 5.4: Optical packet compression operation

By adding an additional fast optical switch, the high-speed packets can be

expanded using the same device in the inverse direction (Figure 5.5). The high-

speed optical packet enters the device at the high-speed input port. In each stage,

it is delayed by an appropriate delay line in the upper arm and combined by a

3 dB coupler with the undelayed signal, thereby making four copies of the high-

speed input packet at the output of the ODLS . Each copy of the input packet is

delayed with respect to the next copy by (T0− τ0). An ultrafast all-optical switch
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selects bits spaced at the bit-period T0 by a very narrow switching window. Thus,

the expanded low-speed output signal has the same bit pattern sequence as the

compressed packet.
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Figure 5.5: Optical packet expansion operation

5.3.3 Power Budget Analysis

This subsection is devoted to the analytical analysis of the optical power required

to compress and expand an N -bit optical packet. Limitations on the packet size

caused by the losses in the compressor/expander are shown for the realizations

described above. Moreover, ASE noise accumulation and the impact of insufficient

loss compensation in the compression/expansion units on the allowed packet size

are investigated and discussed.

Passive Compression/Expansion

First, let us consider a compressor/expander without loss compensation. In other

words, there is no amplifier in the system. Moreover, losses in the FOS, which is

used for the expansion operation, are not taken into consideration. Consequently,

we obtain complete mirror symmetry of the compressor and the expander making

the analytical study easier. Figure 5.6 shows the system under consideration,

which consists of a transmitting node with an optical packet compressor and a

receiving node containing an optical packet expander.
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Figure 5.6: System under consideration (MLL: mode-locked laser)

Short pulses with the repetition frequency 1/T0 are generated at the transmit-

ting node using a mode-locked laser (MLL). Let Pp be the pulse peak power of

the MLL. An N -bit packet generated by the short pulses is first compressed by a

compressor, then transmitted through the transmission line characterized by the

attenuation αL, and finally decompressed by an expander located in the receiving

node. PT and PR denote the peak power of the optical pulses after the compressor

in the transmitting node and after the expander located in the receiving node,

respectively.

Optical Delay Line Structure

First, it is considered that the compressor/expander consists of an optical delay

line structure (ODLS) as shown in Figure 5.3. Let αc, αd, and γG denote the

coupling coefficient of the passive coupler, the optical loss in the delay line with a

delay of T0 − τ0, and the insertion loss of the gate, respectively. Thus, the power

level of the j-th pulse after the N -bit compressor, PT,j, is

PT,j = PpγGα
(N−j)
d α(q+1)

c . (5.2)

For αL = 0 (no losses in the transmission line), the peak power after the expander

located at the receiving node can be expressed as

PR,ODLS = PT,jγGα
(j−1)
d α(q−1)

c = Ppγ
2
Gα

(N−1)
d α2(q+1)

c . (5.3)

Assuming a receiver operating at the quantum limit of 10 photons (Np= 10 for

BER = 10−9), i.e.

τpPR,ODLS

hfc

= 10 , (5.4)
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where h represents the Planck’s constant, fc is the optical carrier frequency, and

τp is the pulse width, the average power required from the mode-locked laser can

be calculated from

P ql,ODLS =
Ppτp

T0

=
10hfc

T0γ2
Gα

(N−1)
d α

2(q+1)
c

. (5.5)

Optical Recirculation Loop

In the case of the optical packet compression/expansion via a recirculating loop

(Figure 5.2), the received peak power, PR,Loop, can be expressed as [Acampora90]

PR,Loop = Ppα
N
o α2

c(1− αc)
N , (5.6)

where αc represents the coupling coefficient of the passive coupler, αo denotes the

optical loss in a round-trip in the loop including the fiber loss and the insertion

losses of the coupler and the switch, and N represents the packet length. Differ-

entiating expression 5.6 with respect to αc one can find the coupling coefficient

for the maximum received power as αc,opt = 2/(N +2). Using expression for αc,opt

and assuming an ideal receiver operating at the quantum limit of 10 photons, the

average power required from the mode locked laser can be calculated as follows

P ql,Loop =
Ppτp

T0

=
10hfc(N + 2)(N+2)

4T0αN
o NN

. (5.7)

In real systems, one always has αL > 0. Therefore, it can be revealing to compare

the allowable loss margins for both rate conversion schemes (recirculating loop

and ODLS). The allowable loss margin can be calculated from

LM = P laser − P ql . (5.8)

Figure 5.7 shows the calculated allowable loss margin versus N for selected values

of the optical loop loss (αo) and the insertion loss of the gate (γG), whereby the

average power of the MLL is selected to be P laser = 10 mW at 1.55 µm wavelength

with the repetition frequency of 1 GHz (T0 = 1 ns). Because we assumed an ideal

receiver with Np= 10 for BER = 10−9, the loss margins of a real system will be

lower than the results presented in Figure 5.7. Therefore, these results represent

an upper limit for the available loss margin.
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Figure 5.7: Allowable loss margin (ODLS: optical delay line structure)

In the case of an optical packet compressor/expander using a recirculating

loop and for a loop loss of 1 dB, 20-bit large packets will have a link margin of

20 dB relative to the quantum limit, while for the loop loss parameter αo = 4

dB, only 7-bit large packets are achievable if the same link margin is required.

Unlike the scheme using a recirculating loop, the compressor/expander using an

ODLS allows compression/expansion of packets consisting of more than 100 bits

for chosen values of γG = 1 dB and LM = 20 dB. Even for γG = 4 dB, the scheme

still allows the packet lengths up to 55 bits for LM = 20 dB.

Compressor/Expander with Loss Compensation

As we have already seen in the previous subsection, optical losses in the compres-

sor/expander do not allow the formation of longer packets. To compensate these

losses, optical signal amplification during compression/expansion operation can

be applied, thereby making an active compressor/expander structure. However,

the added amplifiers induce additional noise caused by amplified spontaneous

emission (ASE). The impact of the optical signal-to-noise ratio (OSNR) degrada-

tion caused by the ASE noise accumulation and by insufficient loss compensation

on the maximal achievable packet length is investigated in this subsection. The

gain of the amplifiers should be selected such that the optical losses in the com-

pressor/expander are completely compensated. However, the overall gain of the

recirculating loop (product of the amplifier gain and losses in the loop) has to be

slightly less than unity to prevent oscillation. Furthermore, we assume the pres-

ence of an optical band pass filter (OBPF) in the system for limiting the noise
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bandwidth. The power of ASE noise produced at the output of the amplifier can

be expressed as

Pn = 2nsphfc(G− 1)B0 , (5.9)

where nsp is the population-inversion factor, G denotes the amplifier gain, and B0

is the optical bandwidth.

Active Optical Delay Line Structure

At first, we consider an optical packet compressor/expander consisting of an

ODLS with loss compensation. The losses can be compensated by adding ad-

ditional amplifiers, for example after each fourth ODLS stage. Therefore, the

overall gain in a segment consisting of four ODLS stages and an amplifier is given

by δ = α5
cG (neglecting the losses in the delay lines because of αd << αc). The

number of these segments in a compressor-expander constellation as shown in

Figure 5.6 is 2 · dq/4e. The symbol ”e” denotes the rounding down operation.

The received signal power at the receiver is then

PR,ODLS = Ppα
(N−1)
d αLγ2

G · δ2dq/4e . (5.10)

The noise produced at the output of an amplifier can be calculated as the sum of

any noise appearing at its input amplified by the gain G, plus the spontaneously

generated noise in the amplifier. Therefore, the noise level after 2 · dq/4e stages is

PN = Pn ·
2dq/4e−1∑

i=0

δi = Pn
1− δ2dq/4e

1− δ
. (5.11)

Also, the noise power at the output of the expander located in the receiving node

is given by

PN,Out = α
(N−1)
d γ2

GαLPn
1− δ2dq/4e

1− δ
. (5.12)

The OSNR can be calculated from

OSNRODLS =
PR,ODLS

PN,Out

=
Pp

Pn

(1− δ) · δ2dq/4e

1− δ2dq/4e . (5.13)
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Assuming ideal loss compensation (δ = 1, and consequently, PN = 2Pn dq/4e),
the OSNR is given by

OSNRδ=1
ODLS =

Pp

Pn

1

2dq/4e . (5.14)

Active Optical Recirculation Loop

Now a compressor-expander pair using the recirculation loop scheme with an

amplifier inserted in the loop for loss compensation is considered. The overall

gain in traversing either loop is δ = αoG(1 − αc,opt.). Thus, the received signal

after the expander can be calculated from

PR,Loop = Ppα
2
cαLδN . (5.15)

The accumulated noise power after traversing the loop N -times (corresponding

to a compression of an N -bit optical packet) is

PN = Pn ·
N−1∑
i=0

δi = Pn
1− δN

1− δ
. (5.16)

Because of the fact that the last bit in the packet experiences maximal noise

corruption in the expander, the noise power at the output is calculated for only

this bit as

PN,Out = PNαcαLδN + PNαc . (5.17)

Using Equations 5.15, 5.17, αc,opt. = 2/(N + 2), and assuming αL = 1, we obtain

OSNRLoop =
PR,Loop

PN,Out

=
2Pp

Pn

(1− δ)δN

(1− δ2N)(N + 2)
. (5.18)

For ideal loss compensation PN = PnN (because of δ = 1), the OSNR is given by

OSNRδ=1
Loop =

Pp

PnN(N + 2)
. (5.19)

Figure 5.8 plots the calculated OSNR versus the number of bits in a packet (N)

for the recirculating loop scheme using Equations 5.18 and 5.19. In Figure 5.9,

OSNR is given for the ODLS scheme according to Equations 5.13 and 5.14. The

parameters used here are nsp = 4, B0 = 500 GHz, G = δ/α5
c for the ODLS scheme,
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G = δ/[αo(1 − αc,opt.)] for the recirculating loop scheme, and αc = αo = 0,5 (3

dB).
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Figure 5.8: Optical signal to noise ration (OSNR) vs. packet length (N) for the recirculating
loop scheme

O
S

N
R

 [
d

B
]

29

30

31

32

33

34

35

36

37

38

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000

delta = 1.00

delta = 0.99

delta = 0.95

delta = 0.90

delta = 0.80

Packet Length N [bits]

δ = 1.00

δ = 0.99

δ = 0.95

δ = 0.90

δ = 0.80

Figure 5.9: Optical signal to noise ration (OSNR) vs. packet length (N) for the ODLS scheme

From the curves it can be seen that if the recirculating loop scheme is used, the

noise in the loop rises rapidly because of the signal amplification in each round-

trip (N -times for an N -bit packet). The OSNR degradation severely limits the

obtainable packet length. Unlike the recirculating loop scheme, the ODLS scheme

permits much larger packets by employing signal amplification only after each i-

th stage. For example, if an amplifier stage is placed after each fourth stage,

the signal is amplified only 1/4 · log2(N)-times in the case of an N -bit packet.

Consequently, the signal is less corrupted by noise, and thus, rate conversion of

larger packets is possible (Figure 5.9).
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It can be seen that insufficient loss compensation causes additional OSNR

degradation, especially for the recirculation loop scheme. For example, the recir-

culating loop scheme permits use of packets containing 40 bits for δ = 0.99 and

OSNR = 20 dB, while for δ = 0.9 only 25 bits are permitted for the same optical

signal-to-noise ratio level. Note that with very good amplifier stabilization, the

overall gain, δ, can be as high as 0.99. On the other side, the ODLS scheme

allows compression/expansion of much larger packets with an excellent OSNR. A

signal-to-noise ratio of more than 29 dB can be obtained for very large packets

(> 100 kbits) if the ODLS scheme is used, even for insufficient loss compensation

(δ = 0.8). However, the packet length is limited by dispersion that occurs in

large fiber delay lines needed for achieving high compression rates. The impact

of the chromatic dispersion on the achievable packet length will be investigated

numerically in Section 5.3.5.

5.3.4 Simulation of Optical Packet Compressors/Expanders

To take into account not only attenuation and noise but also other effects such

as chromatic dispersion, nonlinearities in fibers and amplifiers, and dynamics

in the interferometric optical switches, numerical simulations of the compres-

sors/expandes based on the ODLS scheme are performed and discussed in this

subsection.

Simulation of an active Optical Delay Line Structure

As we have already seen in the previous subsection, optical losses can be com-

pensated by employing optical signal amplification during compression/expansion

operation, thereby enabling formation of larger packets. An active ODLS (aODLS)

is built by inserting an amplifier stage after each i-th ODLS stage as shown in

Figure 5.10.

The SOA model based on the distributed time-domain technique (TLLM) can

be used to efficiently simulate the behavior of the aODLS including the FOS-

switching performance and taking into account pattern effects and spatial hole

burning (SLHB) in the deployed semiconductor optical amplifiers. The optical

delay lines located in the upper arms of the ODLS are modelled using a time-

domain fiber model and a delay module that represents the signal propagation

delay in the fiber. The amplifier stage is modelled using two TLLM bulk SOA

modules.
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Figure 5.10: Compressior/expander using an active optical delay line structure (aODLS)

The simulation set-up used in modelling a 3-stage aODLS is shown in Figure

5.11. Using a short pulse source, an 8-bit packet at 5 Gbit/s (4.16 ps FWHM

sech2 pulses at λ1 = 1552.5 nm wavelength) is generated and compressed using an

aODLS composed of 3 stages and an amplifier stage. The compressed packet is

then transmitted over 200 m of standard single mode fiber, and finally, expanded

using the same aODLS in reverse direction and an FOS. The FOS-control pulses

(clock) are generated at λ2 = 1547.7 nm wavelength with sech2 shape and a width

of 3.125 ps (FWHM). Here, the simulation center frequency is set to 193.4 THz

(1550.1 nm). The simulation bandwidth is 5.12 THz, which enables more than

20 samples between the half-maximum points of a pulse.

The signal traces of the 5 Gbit/s input packet, the 80 Gbit/s optical signal after

the transmission line (SSMF), and the decompressed 5 Gbit/s packet after the

FOS are also shown in Figure 5.11. The strong amplitude modulation observable

in the eye diagram of the output (decompressed) signal is, among others, due to

the modulation of the SOA gain caused by the pattern effect (see Section 5.4).

The impact of the pattern effect is mostly noticeable in the time interval between

two packet’s replicas.

The FOS is modelled as a symmetric Mach-Zehnder interferometer (MZI) with

SOAs in its arms. In this model, two TLLM bulk SOAs are employed to induce

the time-shifted phase change of the optical signal in the interferometric arms.

In the MZI, the high-power control pulses induce a change of the refractive index

in the SOAs, which causes an additional phase shift of the data signal. The data

pulses occurs at the output of the FOS only if the phase difference of the optical

signals in both arms is about π radians. This condition is met in the time slot
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Figure 5.11: Simulation set-up of a compressor/expander using an active optical delay line
structure (aODLS) (SSMF: standard single mode fiber, OBPF: optical bandpass filter)

defined by the temporal delay between the control pulses in the arms, ∆τ , which

corresponds to the switching window of the FOS. The control and data pulses are

launched at different wavelengths, thereby enabling an easily separation at the

output using an optical bandpass filter.

The simulation set-up shown in Figure 5.12 can be used to characterize the

above described FOS model. The simulation bandwidth is set to 5.12 THz, so the

time step is ∆τs = 195.3 fs.

Firstly, 223-1 pseudo random bit sequences (PRBS) are generated using 3.125

ps FWHM optical pulses with sech2 shape and a repetition rate of 80 GHz. These

pulses are then corrupted by a Gaussian-distributed optical white noise and de-

multiplexed from 80 Gbit/s to 5 Gbit/s using the SOA-based MZI FOS. Optical

spectrum in the upper MZI arm, carrier density in the bottom SOA as well as

signal trace and eye diagram of the optical signal at the FOS-output are shown

in the inset, where ∆τ is 13 ps and the peak power of the control pulses (optical

clock) is set to 30 mW. The main simulation parameters are summarized in Table

5.1.
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Figure 5.12: Fast optical switch (FOS) simulation set-up (SOA: semiconductor optical amplifier)

parameter value parameter value

center frequency 193.4 THz simulation bandwidth 5.12 THz

time step ∆τs 195.3 fs noise center freq. 193.1 THz

noise power density 1 · 10−16 W/Hz noise bin spacing 0.3 THz

SOA length 600 µm SOA bias current 200 mA

data control (clock)

carrier frequency 193.1 THz carrier frequency 193.7 THz

pulse width 6 ps FWHM pulse width 6 ps FWHM

pulse shape sech2 pulse shape sech2

peak power 1 mW peak power 30 mW

Table 5.1: Key parameters used in simulations of optical packet compressor/expander

It can be observed that the signal at the output of the structure has a large

amplitude jitter (amplitude variation). This is mainly due to the pattern effect

in the SOA. This effect manifests in different depths of the SOA saturation for

different patterns of the injected data signal. The gain can not recover completely

when the time period between two neighboring pulses is short, i.e., when there is

a bit pattern with many successive ones. It recovers completely for a pattern with

many successive zeros. Different methods for compensating the pattern effect in

a SOA are investigated in Section 5.4.
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5.3.5 Scalable Packet Compression/Expansion Units

A scalable optical packet rate conversion scheme based on a parallel arrangement

of optical delay line structures is shown in Figure 5.13. This scheme allows high

compression rates and large packet sizes, thereby reducing the impact of the

”time out” phenomenon by processing the packets in a parallel manner. The

”time out” phenomenon [Acampora90] prevents receiving or transmitting of two

successive packets by a node within a time period equal to the packet processing

time (Tprc = KNτ0). For example, for a conversion rate of K = 100, the receiver

can access only each 100th packet. The remaining 99 packets arriving at the

node in the meantime can not be processed because the rate conversion unit

is occupied with processing a single packet. This hard restriction leads to an

inefficient bandwidth utilization.

H-S 
In

H-S 
Out

M x 1     
coupler

1 x M
splitter

FOS

Gate 2

N – bit
aODLS-M

Gate 1 N – bit
aODLS-1

N – bit
aODLS-2

Gate M

FOS

FOS

1

2

M

1

2

M

1

2

M

1

2

M

Gate-Control FOS-Control

DLm= M·N·ττττ0 ;
Bidirectional
optical gates

Bidirectional active
Optical Delay Line 

Structures (aODLSs)
Fast Optical

Switches (FOSs)

DL1

DL0

DL(M–1) 

DL0

DL(M–2) 

DL(M–1) 

m = 0, 1, ..., (M - 1) 

Compression

M ××××

L-S Out

M ××××

L-S In

Expansion

To M
Receivers

L-S: Low-Speed (low data-rate)

H-S: High-Speed (high data-rate) 

From
Transmitter

SOA 1

SOA 2???? ????

OBPF

Data 
Out

Control In

Data 
In

FOS 
(SOA-based MZI)

OBPF

Control In

Data 
In

(SOA-based MZI)

∆∆∆∆ττττ

SOA 1

SOA 2

Figure 5.13: Scalable optical packet compression/expansion unit (SOA: semiconductor optical
amplifier)

The scalable optical packet compression/expansion unit consists of M bidirec-

tional optical gates, M fast optical switches (FOSs), and M parallel active ODLSs,

each of them responsible for the rate conversion of a part (an N -bit sequence)

of the optical packet. Thus, the packet length is N ·M , where M = 1, 2, ..., K,

while the packet processing time remains the same as for one N -bit sequence. An

active ODLS that processes an N -bit sequence is composed of q delay stages and
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an amplifier stage placed after each i-th delay stage to compensate for the optical

losses (see Figure 5.14).
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Figure 5.14: Active optical delay line structure (aODLS)

The operation of the device can be described as follows. In the compres-

sion direction (see Figure 5.15), the parallel data acquired from the transmitting

queue can be used to modulate M parallel short pulse trains, thereby generating

low-speed optical sequences. In the compression/expansion unit, M low-speed

sequences are first compressed in the ODLSs. The fully compressed sequences

are then selected by the gates and delayed by the delay lines to meet the timing

requirements for combining the compressed sequences at the output. The com-

pressed sequences are finally combined by an M × 1 coupler. The resulting signal

at H-S Out represents an (M ·N)-bit compressed packet.
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Figure 5.15: Principle of operation: compression (ODLS: optical delay line structure)

High-speed packets can be expanded using the same device in the reverse di-

rection as shown in Figure 5.16. A high-speed input packet is divided into M
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separate N -bit longe sequences using a splitter, M optical delay lines, and M

bi-directional optical gates. Those sequences are then copied N times within the

ODLSs. Each copy is delayed by (T0 − τ0) with respect to the next copy of the

packet. A fast optical switch selects bits separated by the bit period T0 within a

very narrow switching window, thereby expanding the high-speed sequence. Thus,

the whole high-speed input packet is down-converted and divided into M N -bit

low-speed sequences, which can be received in a parallel manner by M receivers.

DL(M–1) 

DL(M–2) 

DL0 

Gate M

Gate 2

Gate 1

FOS M

FOS 2

FOS 1

ODLS 2

ODLS 1

ODLS M

FOS-Control

FOS-Control

FOS-Control

1 x M
splitter

T0 - ττττ0

Gate-Control

Gate-Control

Gate-Control

Expansion

M

1

M ×××× L-S Out
T0

M

1

H-S In
ττττ0

1M

2
2

Figure 5.16: Principle of operation: expansion (ODLS: optical delay line structure, FOS: fast
optical switch)

Numerical simulations were carried out in order to investigate the feasibility of

the proposed scheme. In the simulation set-up, 2.5 ps full width at half maximum

(FWHM) optical pulses were generated at 1.55 µm wavelength with a repetition

frequency of fL−S = 1/T0, and split into M ways. The M pulse trains were then

modulated in a parallel manner using pseudo random bit sequences (PRBS) to

generate M N -bit optical sequences. The low-speed optical sequences were first

compressed using the proposed scheme, then transmitted over a transmission

line composed of 300 m standard single mode fiber (SSMF), an optical ampli-

fier (EDFA) and an optical band-pass filter (OBPF), and finally expanded using

the same compression/expansion scheme in reverse direction. LiNbO3 modulators

were used for implementing the gating functionality, while Mach-Zehnder interfer-

ometers with semiconductor optical amplifiers in its arms (SOA-based symmetric

MZI, Figure 5.13) were used as fast optical switches. For further simulation pa-

rameters see Table 5.1.



136 Design of Packet-Switched OTDM Network Nodes

First, we investigated the maximum number of aODLS stages. It is mainly

limited by the chromatic dispersion in the fiber delay lines and additionally by

the optical signal-to-noise ratio degradation caused by the amplified spontaneous

emission (ASE) noise accumulation (see Section 5.3.3). The amplifier model used

in the simulations represents an ideal amplifier with frequency-dependent gain

and noise figure. The frequency dependence of the power gain, G(f), is specified

by a table describing the points of the gain curve. The output signal is obtained

as Eout = Ein

√
G(f) and then corrupted by ASE noise that is modelled by a

Gaussian white noise. The fiber delay lines were modelled employing the split-

step Fourier method and using the parameters of commercially available SSMF.

The small-signal gain and noise figure of the amplifiers were assumed to be 20 dB

and 5 dB, respectively. As it can be seen from Figure 5.17, nine stages (capable

to process 512-bit packets) induce a power penalty of approximately 0.8 dB and

1.2 dB for 80 Gbit/s and 100 Gbit/s data rates at the H-S Out, respectively.

That is, M · 512-bit packets can be provided using the proposed scheme without

any dispersion compensation. Because the number of employed amplifiers is q/i,

the OSNR degradation has less influence on the scalability than the chromatic

dispersion.
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Figure 5.17: Power penalty vs. number of ODLS stages (ODLS: optical delay line structure)

Second, impact of the gate-control signal synchronization has been investi-

gated. It must be well-synchronized with the incoming/out-going high-speed op-

tical packets. The impact of the gate-control signal adjustment and broadening

was investigated recently [Aleksić01a]. The obtained power penalties (see Figure

5.18) have shown that a gate-control signal detuning between -7.5 ps and +1.9
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ps (an interval of 9.4 ps) as well as a pulse broadening between -1.65 ps and

+2.8 ps (in total 4.45 ps) results in a power penalty lower than 3 dB for a 100

Gbit/s signal. These results show that the proposed scheme is sensitive to the

gate-control signal synchronization; hence very fast and well-synchronized gates

should be used or the separation gap between the sequences has to be enlarged.
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Figure 5.18: Impact of the gate-control signal a) adjustment and b) broadening

Furthermore, the impact of the FOS-control pulse power and switching window

on the achievable extinction ratio at the output of the device was studied.
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Figure 5.19: FOS performance: extinction ratio vs. control pulse power
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Figure 5.20: FOS performance: extinction ratio vs. switching window

The fast optical switch was modelled as a SOA-based MZI using the improved

semiconductor laser amplifier model based on the transmission-line laser mod-

elling method (see Appendix 4.3.2), which allows an efficient simulation of full

dynamics in the SOA including spatial hole burning.

Figure 5.20 shows that an extinction ratio better than -14 dB can be obtained

for an 80 to 5 Gbit/s rate conversion using a FOS with a switching window less

than 15 ps and a FOS-control peak power larger than 15 mW (Figure 5.19).

Extinction ratios better than -8 dB were obtained by down-converting from 100

to 5 Gbit/s for a wide range of the FOS-control powers and switching windows.

Network Performance Improvement

A figure-of-merit for packet compression OTDM (PC-OTDM) networks is the

packet rate conversion time relative to the packet length (Rpc = Tprc/Tp). In the

case of a packet compressor consisting of a parallel arrangement of M ODLS

described in Section 5.3.5, the packet conversion coefficient, Rpc, is given by

Rpc =
Tprc

Tp

=
Nτ0(K + M − 1)

MNτ0

=
K − 1

M
+ 1. (5.20)

Rpc gives the number of packets in the network not accessible by a receiving node

caused by the packet down-conversion time, i.e., by the ”time out” phenomenon.

In other words, the network node must first down-convert the received packet,

before it is ready for receiving another packet. Assuming a compression rate

K = 100 and by the use of only one ODLS for the rate conversion (M = 1),
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the receiver can access only each 100th packet. This hard restriction leads to

inefficient bandwidth utilization.

The impact of compression rate, packet size, and the number of used par-

allel transceivers on the PC-OTDM ring network performance has been partly

investigated [Bengi00, Gokyu00]. The results have shown that decreasing Rpc

significantly improves network performance. Figure 5.21 plots Rpc over the num-

ber of parallel ODLSs and related to the different compression rates. Rpc shows

a gradual decrease if M increases. For example, an additional ODLS causes a

decreasing of the Rpc value from 50 to 25.5 for a compression rate K = 50.
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Figure 5.21: Packet rate conversion time relative to packet length (Rpc) vs. number of parallel
ODLSs (M)

Analytical Performance Study

In this subsection, a simple mathematical performance study is performed in

order to investigate the impact of the proposed optical packet compression/expan-

sion scheme on the network performance. Particular attention is paid to the

comparison of the proposed scheme with a single feed-forward delay-line structure

considering average packet transfer delay.

Protocol Description

It is most suitable to consider a system based on the slotted synchronized single-

ring architecture as shown in Figure 5.22. The medium access control (MAC)

protocol used in this system is simple and bases on the slotted ring scheme with

destination release and spatial slot reuse. Since only every (Rpc + 1)-th slot is
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accessible by the receiving node (due to the strict time constraints associated

with the packet rate conversion time), the slots are grouped into frames. Each

slot within a frame is dedicated to a receiving station on the ring. The frame size

is then Ns = (Rpc + 1) slots, where Ns denotes also the number of stations in the

system. The length of the time slots is a design issue. In the following, the slot

length is set to the average message length in the system.
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Figure 5.22: Considered packet-compression OTDM (PC-OTDM) single-ring network

Average Packet Transfer Delay

Let us assume that the packets arrive at each transmitting queue with a Poisson

arrival distribution. Further, each of the Ns slots in a frame is uniquely assigned to

a destination station forming a receiver-oriented TDMA system. As well known,

the transmission capacity of the medium C is divided in a TDMA system into Ns

portions (channels), each with the capacity equal to C/Ns. Moreover, we assume

a uniform traffic, i.e., a packet is equally likely to be transmitted to any of the

(Ns − 1) other stations.

The average packet transfer delay is defined as the expected delay in transmit-

ting a message from any source node to any destination node including packet

transmission time (Tp), waiting time in the queue (Tqueue), and end-to-end trans-

mission time (τt) of the network. For a slotted-ring PC-OTDM network this will

also include the packet rate conversion time (Tprc), and the time a node must wait

for a free slot assigned to the corresponding destination node (Taccess). Therefore,

the average packet transfer delay in our case is given by
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D = Tp + Tprc + Tqueue + Taccess + τt. (5.21)

The packet transmission time (Tp) corresponds to the time it takes to transmit

a data packet of X bits at R bit/s data transmission rate. The packet rate

conversion time (Tprc) is given by Equation 5.20. The time a packet must wait

in the transmitting queue including the waiting time for the i-th slot assigned to

the destination node i can be calculated according to [Spragins91]. Considering

the frame synchronization period along with the mean waiting time of the M/D/1

queue model, it can be obtained by

Tqueue =
Ns

2
Tp +

Ns

2
Tp

ρ

1− ρ
=

Ns

2(1− ρ)
Tp. (5.22)

If the i-th slot assigned to the destination node i is already busy, the transmitting

node must wait for the next frame. To find the time a packet must wait for

a free slot assigned to the destination node i, a probability Pi is defined, which

denotes the probability that the slot i within the frame is busy. For an overloaded

network with uniform traffic and destination release the probability Pi is given by

Pi = (Ns − 2)/2(Ns − 1). Thus Taccess can be expressed as

Taccess = PiTframe =
Ns − 2

2(Ns − 1)
NsTp. (5.23)

Using Equations 5.21, Tprc = (Ns − 1)Tp, 5.22, and 5.23, the average packet

transfer delay can be obtained as

D =
TpNs

2

(
2 +

1

1− ρ
+

Ns − 2

Ns − 1

)
+ τt. (5.24)

Finally, Ns can be replaced by K and M using Ns = (Rpc + 1) = (K − 1)/M + 2,

and we obtain

D =
Tp(K − 1 + 2M)

2M

(
2 +

1

1− ρ
+

K − 1

K − 1 + M

)
+ τt. (5.25)

Curves of D versus offered load ρ related to different numbers of the parallel

ODLSs (M) are plotted in Figure 5.23.

In Figure 5.24, the average packet transfer delay versus the number of slots in

the frame related to different network loads is shown. For all plotted curves a

compression rate of K = 100, a packet length of Tp = 10 kbits · 10 ps = 0.1 µs

(at 100 Gbit/s), and a 20 km fiber-ring network with τt = 97 µs are assumed.
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Figure 5.23: Average delay vs. offered load with M as parameter
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Figure 5.24: Average delay vs. number of slots in the frame with offered load as parameter

The plots show that adding additional ODLSs can reduce the average packet

delay. If the offered load increases, the differences between the curves increase

as well. A significant improvement results when going from M = 1 to M =

2. Another advantage of the scalable packet compression/expansion scheme is

decreasing the frame length because of Ns = (K−1)/M+2. Especially for a higher

load (ρ > 0.8), the average packet transfer delay can be reduced significantly if

the frame length decreases (see Figure 5.24). By adding additional ODLSs the

frame length can be reduced, and thus, the average delay can also be reduced.

For example, assuming ρ = 0.9 and K = 100, the average packet transfer delay

can be reduced by about 20 % if an additional ODLS is employed (M = 2).
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Transmission Efficiency

It has been already mentioned that the scheme described in Section 5.3.5 pro-

vides low values of Rpc for high compression rates and large packet sizes. Below,

the impact of the rate conversion time on the transmission efficiency in time-

slotted single-hop PC-OTDM network architectures will be addressed. A simple

TDMA scheme with the frame length of Ns = (K − 1)/M + 2 slots is assumed,

where the slot length equals the packet length. Moreover, an overloaded network

with uniform traffic is considered here.

We now calculate the rate of successful deliveries. Since the frame length

is chosen to be large enough to guarantee completion of packet compression in

the time period between two slots dedicated to a particular transmitting node,

the transmission inefficiency is caused only by the rate conversion latency of the

receiving node. The transmission efficiency for a single-hop single-channel network

consisting of Ns nodes is given by η = Ns/(Ns + Rpc) [Acampora90]. In Figure

5.25, the transmission efficiency is plotted as a function of Ns for a compression

rate K = 100 and different number of parallel ODLSs.

It can be seen that the transmission efficiency can be improved by adding

additional ODLSs, e.g. from 50 % for M = 1 to 80 % for M = 4 assuming a

network consisting of 100 nodes. A transmission efficiency of more than 90 % can

be achieved for a network with more than 100 users if a compression/expansion

unit consisting of 8 parallel ODLSs is used.
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Figure 5.25: Transmission efficiency for K = 100
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5.3.6 Summary

In this section various methods for rate conversion of optical packets have been in-

vestigated. The scheme based on an optical delay line structure enables compres-

sion and expansion of larger packets than the recirculation loop scheme. Moreover,

a scalable packet rate conversion unit that allows simultaneously compression and

expansion of large optical packets, thereby reducing the medium access constraints

caused by the ”time out” phenomenon has been proposed and investigated by sim-

ulations. The results have shown that M · 512-bit packets can be processed using

the proposed scheme without any dispersion compensation, where M is the num-

ber of employed parallel ODLSs. However, the proposed scheme is sensitive to

gate-control signal synchronization. The requirements on the synchronization can

be lessened by increasing the separation gap between the N -bit sequences that are

separately processed in M ODLSs. The impact of the FOS-control signal power

and switching window has also been investigated. The peak power of the FOS-

control pulses has to be high enough to provide a satisfactorily high extinction

ratio at the output. The higher the data rate, the higher is the demand on the

switching window accuracy. However, due to the fact that precise optical delay

elements can be easily realized, ∆τ can be well adjusted even for high bit rates.

Finally, an improvement of the transmission efficiency and the average packet

transfer delay in time-slotted single hop networks has been shown using a simple

analytical performance study.

5.4 Compensation of the Pattern Effect

Degradation of the optical signal caused by gain saturation in SOA can seriously

deteriorate the performance of optical signal processing and transmission systems

At bit rates comparable with the gain recovery in the SOA and for high power

of the injected signal, a distortion of the signal waveform occurs. This is due to

the carrier depletion caused by the increase in stimulated recombination of the

carriers for higher powers of the input signal. At a certain power level, the gain

saturation is reached and the output power is reduced.

For lower bit rates, the waveform distortion manifests itself in an amplification

of the leading part of the pulse with unsaturated (high) gain, while the power of

the remaining part decreases as the SOA gain saturates. If the bit rate of the

input signal is high, the spacing between two successive pulses is insufficient large
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to enable a complete recovery of the gain. The SOA gain usually need several

hundred picoseconds to recover completely. That is, only if a bit sequence with

many successive zeros occurs, the SOA gain reaches its high unsaturated value.

In this case, the first pulse after the series of zero bits experiences a high gain,

while the power level of the following pulses decreases until the SOA saturation

is reached. The change of the carrier density in the SOA, and thus, the recovery

of the gain depends directly on the pattern of the pulsed optical signal. In the

literature, this effect is known as pattern effect.

Several methods have been employed to reduce the pattern effect in SOA

[Pleumeekers02, Hill02, Bischoff02, Wolfson98, Xu01]. Most of them use an addi-

tional light source in order to achieve a clamping of the amplifier gain, and thus,

avoid the pattern effect. This additional holding beam can be provided either by

an external laser or by the use of an embedded laser construction.

5.4.1 Gain-Clamped Semiconductor Optical Amplifier

A specific SOA device called gain-clamped SOA (GC-SOA), which is obtained

by inserting two distributed Bragg reflector mirrors at both ends of the active

region, can be used to compensate the pattern effect. This device provides higher

linearity and shorter recovery time than conventional SOAs. The clamping of

the gain is obtained by forcing the SOA to lase at a wavelength outside the

desired bandwidth of the optical amplifier. This leads to a high saturation power,

and consequently, to a larger input power dynamic range. Due to the forced laser

oscillation inside the amplifier the carrier density saturates and the gain saturates

too. As a result, the change of the gain is low whatever the input signal level is.

Thus, the gain is stabilized, but to a lower level compared at the standard SOA

(typically less than 20 dB), as shown in Figure 5.26.

A GC-SOA consists of an active region and two passive or active distributed

Bragg reflectors (DBRs) on both sides of the amplifier (see Figure 5.27).

An optical signal inserted into the amplifier is amplified in the central gain

section, while the two DBR sections together with the gain region form a laser

cavity in which laser oscillation at the wavelength λbragg are obtained. The active

DBR sections in Figure 5.27a serve to compensate for loss, and thus, to improve

the noise figure.

Another specific construction incorporating an integrated vertical cavity sur-

face emitting laser (VCSEL) is called the linear optical amplifier (LOA) [Francis01].
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Figure 5.26: Gain saturation curves for standard SOA and gain-clamped SOA
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Figure 5.27: Schematic of the gain-clamped SOA a) with active distributed Bragg reflector
(DBR) sections b) with passive DBR sections

The VCSEL is integrated together with the SOA on an InP substrate and operates

along the entire length of the amplifier, thereby providing a constant gain over

a large range of output power. The drawbacks of this structure are its relatively

low gain (∼ 17 dB) and high operating currents (200 - 300 mA).

5.4.2 Holding Beam (External Assist Light)

The gain clamping effect can also be obtained by inserting an externally gener-

ated continuous wave (CW) light into the SOA. This CW light produced by an

external light source is called holding beam or external assist light. The holding

beam is usually inserted into the SOA through an optical circulator as shown in

Figure 5.28. Because the holding beam is provided by an external light source, its

wavelength can be chosen to be either in the gain region or at the transparency

point of the SOA. The advantage of the scheme that uses a holding beam at the

transparency point is an increase of the saturation power without reducing the

available gain or gain bandwidth [Dupertuis00].
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Figure 5.28: Compensation of the pattern effect in a semiconductor optical amplifier (SOA) by
the use of an external light source

In general, the basic principle is very similar to the GC-SOA, but this method is

more flexible as the gain of the SOA is not fixed by the design and the wavelength

of the external laser can be changed. Thus a better and more stable compensation

of the pattern effect can be obtained. The presence of the holding beam can

dramatically speed up the carrier recovery inside the amplifier. The recovery of

carriers inside the active region of a SOA from an initial state achieved after a

short pulse has passed through the amplifier to its steady state defined by the

CW holding beam is characterized by a time constant τeff [Hill02]

1

τeff

=
1

τc

+
ΥΓaLαint

Aeff

Passist

hfassist

, (5.26)

where τc is the carrier lifetime, a is the differential gain coefficient, and Γ denotes

the optical confinement factor. Aeff , L, and αint are the effective area of the

active region, the length, and the intrinsic losses of the SOA, respectively. Passist

and fassist are the power and the frequency of the external assist light. In equation

5.26, Υ is given by

Υ =

[
1

αintL
+

1

ln Gs

−
(

1

ln Gs

)2
]

Gs +

(
1

ln Gs

)2

, (5.27)

where Gs represents the single pass gain through the SOA associated with the

number of carriers in the steady state, Nst, when only the holding beam is applied.

It is given by

Gs = exp

{[
Γa

AeffL
(Nst −N0)− αint

]
L

}
. (5.28)

Figure 5.29 shows the dependence of τeff on the power of the inserted CW light.
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The curve is plotted for a bulk SOA with Aeff = 0.5 ·10−12 m2 and L = 350, 750,

and 1000 µm. Other parameters used here are: τc = 365 ps, Γ = 0.3, a = 3 ·10−20

m2, αint = 27 cm−1, and fassist = 193.55 THz.
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Figure 5.29: τeff for various assist light powers

It can be seen that carriers in SOA recover much faster with increasing power

of the assist light source. For example, τeff can be reduced from 350 ps to less

than 100 ps by increasing Passist. Consequently, the gain is recovered faster,

and the pattern effect is reduced. However, an increase of the power of the

external assist light causes a gain reduction due to carrier depletion associated

with increased stimulated emission in the active region. To minimize this side

effect, the wavelength of the assist light source can be chosen so that it lies outside

of the gain region, i.e., at the transparency point of the SOA [Dupertuis00]. At

this wavelength (λT ), the inserted light is neither amplified nor attenuated by the

SOA. When a signal at wavelength (λdata) in the center region of the gain spectrum

is inserted into the SOA, the carrier density decreases and the gain spectrum is

shifted towards longer wavelengths (see Figure 5.30). Thus, the assist light is now

in the absorption region supporting creation of new carriers and enhancing the

gain recovery; hence, by the use of the external assist light at the transparency

wavelength of the SOA a high-speed operation without reducing the available

gain or gain bandwidth can be achieved at a current comparable with that of a

conventional SOA.

The CW assist light can also be replaced by a signal that is low-pass filtered and

inverted with respect to the data signal in order to improve the modulation band-
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Figure 5.30: External assist light source at the transparency point of the semiconductor optical
amplifier (SOA)

width and to reduce the amplitude jitter of the amplified signal. Such a holding

signal has been generated using cross-gain modulation in a SOA and then injected

into a MZI-type wavelength convertor [Bischoff02]. For a 40 Gbit/s return-to-zero

signal, a reduced amplitude jitter after wavelength conversion compared to the

case with a CW holding beam (at a wavelength inside the gain region) has been

demonstrated.

5.4.3 Asymmetric Mach-Zehnder Interferometer Structure

It is also possible to suppress the pattern effect by using an asymmetrical inter-

ferometer. In such a structure, either only one SOA is placed in an arm or two

SOAs are placed in both arms of a Mach-Zehnder interferometer (MZI). Due to

the asymmetry in the MZI arms, incomplete destructive interference occurs at the

output coupler for low powers of the input signal and constructive interference

for high optical powers. This leads to a reduction of the structure gain for the

leading part of the pulse and to a higher gain for the trailing part. Thus the pat-

tern effect is suppressed. The asymmetry of the MZI branches can be obtained

either by unequal lengths of the SOAs [Xu01] or by an unequal power distribution

among the branches (e.g. by the use of an unbalanced input coupler [Patent01]).

An asymmetric Mach-Zehnder interferometer structure [Xu01] is shown in Fig-

ure 5.31. The SOA is placed in one interferometric arm, while the phase of the

optical signal in the other arm can be adjusted by a phase shifter.

By accurately adjusting the phase shifter one can ensure that destructive in-

terference occurs when the gain of the amplifier is high (unsaturated gain). Oth-

erwise, by increasing the input power the gain of the SOA saturates and the two

optical signals interfere constructively because of the phase change in the SOA



150 Design of Packet-Switched OTDM Network Nodes

∆ϕ

SOA 3 dB 
Coupler

3 dB 
Coupler

Pin PoutΦ1

Φ2

Figure 5.31: Compensation of the pattern effect by the use of an asymmetric Mach-Zehnder
interferometer

caused by the carrier density induced change of the refractive index. Thereby, the

dynamic range of the structure is extended in comparison with a SOA that has

the same small-signal gain (see Figure 5.32.

3 dB

Gain [dB]

Input Power [dBm]

MZI Structure

Figure 5.32: Dynamic power range of the asymmetric Mach-Zehnder interferometer structure

The principle operation of the nonsymmetric MZI can be described as follows.

The complex value of the slowly-varying amplitude of the electrical field E(t, z)

is used to describe the modulated light induced in the MZI structure. The in-

coming light is split by the input coupler into two arms of the interferometer. In

the bottom MZI-arm, the signal passes the SOA and experiences a gain and a

phase change described by g and Φ2, respectively. The signal in the upper arm

experiences only a phase change Φ1 in the phase shifter. Assuming ideal 3 dB

couplers, the total electrical fields at the output of the structure can be described

as

Eout = Ein

[
1

2
e−iΦ1 − 1

2
ge−iΦ2

]
. (5.29)

The power at the output of the structure, Pout, is given by
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Pout ∝ Eout E∗
out

= Pin

(
1
2
e−iΦ1 − 1

2
ge−iΦ2

) (
1
2
eiΦ1 − 1

2
geiΦ2

)
, (5.30)

By replacing the amplitude gain, g, by the single-pass gain of the SOA, i.e.,

G = g2 and using

ei(Φ1−Φ2) + e−i(Φ1−Φ2) = 2 cos (Φ1 − Φ2) , (5.31)

Equation 5.30 can be written as

Pout =
Pin

4

[
1 + G− 2

√
G cos (Φ1 − Φ2)

]
. (5.32)

In the small-signal regime, the gain of the SOA is the small-signal gain, G0, and

if the phase shifter is adjusted such that Φ1 − Φ2 = 0, the output power can be

expressed as

Pout,1 =
Pin

4

[
1 + G0 − 2

√
G0

]
. (5.33)

The effect of SPM in the SOA, i.e, the relation between the phase modulation in

the SOA and its intensity dependent gain is [Agrawal89b]

∂ϕ(z, t)

∂z
= −α

2
g(z, t) , (5.34)

where α is the linewidth enhancement factor of the SOA. When the power of the

input signal increases, the gain saturates and the phase of the optical signal is

changed by π. Thus, the saturated gain of the SOA can be obtained by integrating

Equation 5.34 over the SOA length Lc, yielding

Gs = exp

[∫ Lc

0

g(z, t)dz

]
= e−

2∆ϕ
α = e−

2π
α . (5.35)

In this case, the power at the output of the MZI is given by

Pout,2 =
Pin

4

[
1 + G0e

− 2π
α + 2

√
G0e

− 2π
α

]
, (5.36)
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To reduce the pattern effect, the overall gain of the structure should remain the

same in both the small-signal and the saturated regime, i.e.,

1 + G0 − 2
√

G0 = 1 + G0e
− 2π

α + 2

√
G0e

− 2π
α . (5.37)

Thus, the small-signal gain, G0, and the linewidth enhancement factor, α, can be

chosen such that G0 = 4[1− exp(−π/α)]−2 in order to allow reduction of the gain

variation due to the pattern effect. Here, the variation of the phase at the output

of the SOA is used to compensate for the gain variation.

5.4.4 Comparison of the Compensation Methods

In this subsection, the methods for compensation of the pattern effect described

in the previous subsections are investigated by numerical simulation in order to

find a configuration and a set of parameters that allow an effective compensation

of the pattern effect in SOA.

The methods taken into consideration include GC-SOA, the method employing

an external assist light, and the scheme based on the MZI configuration. These

three schemes are compared concerning gain, amplitude jitter, and input power

dynamic range.

The SOA model used in the simulations is based on the TLLM method, which

allows an effective prediction of the gain and carrier density dynamics inside the

SOA (see Section 4.3.2). The main simulation parameters are listed in Table

5.2. In the simulation set-up, 80 Gbit/s 27 - 1 pseudo random bit sequences were

generated from 4 ps (FWHM) short pulses at λdata = 1552.5 nm. These pulses

were then amplified in the structures shown in Figure 5.33.

In the simulations, GC-SOA was modelled using an active region of 400 µm

length and two active DBR sections of 100 µm length each. The peak of the gain

curve was adjusted to be at 1550 nm and the lasing wavelength at 1510 nm. In

the structures employing holding beam (Figure 5.33b and 5.33c), the wavelength

of the external light source was chosen to be inside the gain region of the SOA

(the length of the SOA chip was 350 µm). The asymmetry of the MZI structure

was achieved by placing the SOA into the bottom arm of the interferometer only.

The improvement of the eye opening achieved by the use of the three methods for

Pin = 0 dBm, Passist = 2 dBm, and an applied SOA current of 250 mA is shown

in Figure 5.34.



5.4 Compensation of the Pattern Effect 153

Gain-Clamped SOA

gain region DBR region

parameter value parameter value

gain region length 400 µm DBR region length 100 µm

no. of sections 102 no. of sections 26

group effective index (ne) 3.7 group effective index (ne) 3.7

width of the active region (w) 2.5 µm width of the active region (w) 2.5 µm

thickness of the active region (d) 0.2 µm thickness of the active region (d) 0.4 µm

differential gain coefficient (a) 3.0 × 10−20 m2 nominal DBR wavelength 1510 µm

gain compression coefficient (ε) 1.0 × 10−23 m3 Bragg coupling coefficient (κ) 6000

nonlinear gain

time constant (τnl)
100 × 10−15 s left grating facet phase 0 deg

linewidth enhancement factor (α) 3 right grating facet phase 0 deg

left facet reflectivity 1.0 × 10−4 internal facet reflectivity 1.0 × 10−12

right facet reflectivity 1.0 × 10−4 external facet reflectivity 1.0 × 10−4

SOA

parameter value parameter value

SOA length 350 µm group effective index (ne) 3.7

gain compression coefficient (ε) 1.0 × 10−23 m3 thickness of the active region (d) 0.2 µm

differential gain coefficient (a) 3.0 × 10−20 m2 width of the active region (w) 2.5 µm

carrier density at the

transparency point (Net)
1.5 × 1024 m−3

nonlinear gain

time constant (τnl)
100 × 10−15 s

no. of sections (q) 90 bias current (Ib) 150 - 350 mA

confinement factor (Γ) 0.3 linewidth enhancement factor (α) 3

left facet reflectivity 1.0 × 10−4 right facet reflectivity 1.0 × 10−4

Further Simulation Parameters

parameter value parameter value

wavelength 1.5525 µm simulation bandwidth 20.480 THz

FWHM pulse width 4 ps time step (∆τs) 48.83 fs

OBPF shape Bessel OBPF center wavelength 1.5525 µm

linewidth of the external light 10 MHz 3 dB filter bandwidth 160 GHz

Table 5.2: Key parameters used for simulating pattern effect compensation
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Figure 5.34: Eye diagrams of the output signal a) without compensation, b) using the GC-SOA
c) employing an external assist light, and d) employing the combined structure (MZI + holding
beam)

Figure 5.35 shows the dependence of the gain and the amplitude jitter on

the holding beam power for three different currents. It is evident that the scheme

employing both the MZI structure and the holding beam shows a lower amplitude

jitter than the method employing the holding beam only. However, the gain is

smaller because the MZI structure has a higher overall loss. A higher gain can be

achieved by choosing the wavelength of the holding beam to be at the transparency

point [Dupertuis00]. The difference in gain becomes smaller if the holding beam

power is decreased. To achieve an effective suppression of the amplitude jitter

(e.g., Pjitter/Pmax < 0.2), the power of the assist light should be higher than - 5

dBm for the combined MZI + holding beam structure and higher than 5 dBm for

the scheme employing an external assist light source only (holding beam scheme).
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Figure 5.35: Gain and Pjitter/Pmax as a function of the holding beam power for different applied
currents

The dependencies on the average input power for all three methods are shown

in Figures 5.36 and 5.37. The highest gain is achieved by using the holding beam

only, while the GC-SOA allows the widest 3 dB input power dynamic range.

For an applied current of 150 mA, the holding beam scheme can provide a gain

of 29, 25, and 20 dB for holding beam powers of - 5, 0, and 7 dBm, respectively.

The achievable gain of the combined MZI + holding beam structure for the same

applied current and holding beam power is about 10 dB lower than the gain

provided by the structure employing holding beam only. The gain provided by

the GC-SOA configuration used here is fixed to about 14 - 15 dB.

The lowest amplitude variation has been obtained by the use of the com-

bined MZI + holding beam method. A suppression of the amplitude jitter of

Pjitter/Pmax < 0.2 is obtained by this structure for average input powers up to Pin

= 3 dBm (Ph = 7 dBm). On the other hand, if the two other methods are used,

the same ratio of the amplitude jitter and the peak power can only be achieved

for input powers lower than - 4 dBm . Note that the increase of the amplitude

jitter for input powers lower than - 20 dBm is due to ASE noise. For such low

input power, spontaneous emission becomes the most important reason for the
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amplitude jitter. In the case of the combined MZI + holding beam method one

can observe that the curve progression for high input powers is not constant but

variable. This is because of the cosinus term in Equation 5.32. The phase shift

in the SOA increases with increasing the input power. This causes a periodic

variation of the output power, especially for high input powers and a low power

of the external assist light.

A higher gain can be achieved by applying a higher current to the SOA. Figures

5.38 and 5.39 show the gain and the amplitude jitter vs. average input power for

a SOA current of 350 mA.
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Figure 5.38: Gain dependence on the average input power (applied current is 350 mA)

The gain of the structure employing a holding beam is increased by 5 dB, while

the gain of the combined MZI + holding beam structure can be increased by 3 dB

if the SOA current is increased from 150 to 350 mA. An improvement of the input

power dynamic range by 2.5 dB has been obtained for the GC-SOA configuration.

By increasing the applied current, a better suppression of the amplitude jitter has

also been obtained in both the MZI + holding beam and GC-SOA structures. As

can be seen from Figure 5.39, Pjitter/Pmax < 0.2 can be achieved for the average
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Figure 5.39: Pjitter/Pmax dependence on the average input power (applied current is 350 mA)

input power as high as 7 dBm if the combined MZI + holding beam structure is

used. An effective suppression of the amplitude jitter can be obtained for input

powers up to - 1 dBm (3 dB improvement) for the GC-SOA structure. This is

because stronger laser oscillations at λbragg, and consequently a better clamping

of the amplifier gain can be obtained by applying a higher current. The method

employing a holding beam provides a low amplitude jitter (Pjitter/Pmax < 0.2) for

average input powers up to - 4 dBm and a SOA current of 350 mA.

5.4.5 Summary

The influence of the pattern effect has to be minimized in order to allow an op-

timal use of SOAs in high-speed optical transmission and processing systems. In

this section, three compensation schemes have been investigated and compared

with each other. The simulation results have shown that the method employing

external assist light is the most suitable for optical signal amplification because

of providing a relatively high gain. The GC-SOA enables a wide input power dy-

namic range and an easy integration. The best suppression of the amplitude jitter
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can be obtained by using the combined MZI + holding beam method. Therefore,

this method is well suitable for high-speed optical processing applications.

5.5 All-Optical Header Processing

Header processing in the optical domain has the advantage that there is no op-

tical/electrical conversion at the transit nodes and the latency caused by the

processing of the packets’ header is minimized. Hence fast all-optical switching is

possible. As already discussed in Section 3.2, the code-domain coding (CDC) tech-

nique can be used in an efficient way to encode the nodes’ destination addresses

or packet labels directly in the optical domain. To this end short optical pulses

representing the code chips are modulated either in amplitude (direct sequence

CDC) or in phase (coherent CDC) or in frequency (optical frequency hopping

CDC). If the code sequences are assigned to the destination addresses in a packet

switched OTDM network, the recognition of the addresses at a destination node

can be accomplished fully optically using an optical code label processor (OCLP)

located in the header processing unit. The optical label processor is nothing else

than an OCDM decoder and the address recognition is performed by detection of

the autocorrelation peak at the output of the device.

In this section, three different OCLP configurations will be described and inves-

tigated by numerical simulation. They are compared with each other concerning

the capability of supporting larger labels and higher node-interconnection dis-

tances.

5.5.1 Optical Code Label Processing

In an optical code label processor (OCLP), the control signal for the switch is

activated depending on the label matching in an OCDM decoder (all-optical code

correlator). The all-optical CDM en-/decoder architectures investigated in this

section are shown in Figure 5.40.

The first one (a) is a parallel structure, which can be used as an incoherent di-

rect sequence (DS) correlator if the phase shifters are left out or as a coherent one

when the optical gates are not used. The second architecture (b) is an all-serial

structure, which requires a smaller number of optical components and has a lower

optical loss than the parallel structure. It is more suitable for implementation of

2n codes and allows to realize both incoherent and coherent en-/decoders depend-
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Figure 5.40: Optical code correlators: a) parallel configuration, b) serial configuration, and c)
optical frequency hopping structure (FBG: fiber Bragg grating)

ing on whether phase shifters or optical gates are used. The third architecture

(c) based on multiple Bragg gratings is used for implementing optical frequency

hopping (OFH) correlators.

5.5.2 Comparison of Label Processor Implementations

OCDM Code Selection

In OCDM systems, the users’ codes should be chosen to satisfy the follow-

ing conditions: firstly, they should maximize the peak of the autocorrelation

function, secondly, the side lobes of the autocorrelation functionshould be min-

imized, and finally, the cross-correlation function of each pair of code sequences

should be minimized. The correlation function between two unipolar codes cX =

[cx,0, cx,2, cx,3, , cx,l−1] and cY = [cy,0, cy,2, cy,3, , cy,l−1], is

RX,Y (i) =
l∑

j=0

cX(j)cY (j − i) ; −l + 1 ≤ i ≤ l − 1 , (5.38)

where cx,j, cy,j ∈ {0, 1} and l denotes the code length. RX,Y represents the auto-

correlation function if cX = cY ; otherwise RX,Y is the cross-correlation function.

In the detection of the optical CDC labels, the correlation process is not affected
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by the multiple-user interference (MUI) because only one label is transmitted on a

particular wavelength at a particular time. Therefore, the effect of the MUI, and

thus, the noise produced by MUI is not taken into account. Three parameters can

be considered when comparing the codes concerning the correlation properties and

the number of supported labels (i.e., code cardinality). The first two parameters

are defined as the differences between the autocorrelation peak (AP) and the

maximum autocorrelation sidelobe (AS) as well as between AP and the maximum

cross-correlation peak (CP). They reveal how precise the threshold has to be set

for detecting a label in an asynchronous mode. The third parameter is the code

cardinality. It indicates how many labels can be supported in the network.

It is quite evident that the autocorrelation peak in an incoherent OCDM de-

coder employing unipolar codes is W , where W denotes the number of chips taking

the value ”1”, also called the code weight, while the maximum cross-correlation

peak is (W - 1). In a binary coherent CDC system, the optical correlation is

performed coherently on condition that the light source has a coherence length

greater than the bit (code) width. Here, the optical phase of the pulses is coded

in a discrete manner (π or 0), thus the codes cx,j, cy,j ∈ {1,−1} are bipolar codes

and the number of chips set to ”1” equals the code length (i.e. W = l). Because

of W = l and taking into account that the pulses are summed up coherently, the

amplitude of the autocorrelation peak is now l2 [Marhic93], while the maximum

cross-correlation value is (l − 1)2.

In the past, various unipolar pseudo-orthogonal optical codes have been pro-

posed and investigated [Andonovic96]. An example of such a code is the prime

sequence code family with a set of code sequences of length l = p2, where p is a

prime number also determining the number of allowed users. The autocorrelation

peak of this code family is p, and the cross-correlation is 2. The drawback of the

prime codes is low cardinality as well as a high maximum autocorrelation sidelobe

(AS), which can be as high as (p− 1). The extended quadratic congruence (eqc)

codes have a much better AS value (AS = 1), but the code cardinality is very

low, namely p−1. The prime/hop and eqc/prime codes are hybrid codes suitable

for the OFH-CDC systems, which provide better correlation properties, thereby

allowing much a larger set of labels. The coherent 4-ary codes proposed in [Lee00]

allow larger code cardinality than the hybrid codes as well as very good correla-

tion characteristics. A summary of various code families suitable for optical label

coding is shown in Table 5.3.
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code family label length (l) no. of labels max. AS max. CP AP

prime* p2 p p-1 2 p

eqc* p(2p− 1) p-1 1 2 p

prime/hop** p2 p(p− 1) 0 1 p

eqc/prime** p(2p− 1) p(p− 1)2 0 2 p

PSAB*** 2n 2(n+1) 0 4n 4(n+1)

Table 5.3: Correlation properties of several code families (* - incoherent direct sequence (DS),
** - incoherent optical frequency hopping (OFH) code, and *** - coherent 4-ary code, AS:
autocorrelation sidelobe, CP: cross-correlation peak, AP: autocorrelation peak)

Figure 5.41 shows a comparison of the codes mentioned above. Hybrid OFH

codes (prime/hop and eqc/prime) and coherent codes such as phase sequence

address block (PSAB) code show better performance than incoherent prime and

eqc codes because they provide better correlation properties and a larger number

of supported labels.

0

5

10

15

20

25

30

0 50 100 150 200 250 300 350 400

PSAB

prime/hop

prime

eqc

eqc/prime

0

5

10

15

20

25

30

0 50 100 150 200 250 300 350 400

Label Length l [bits] Label Length l [bits]

A
P

 –
C

P
 

A
P

 –
A

S
 

Label Length l [bits ]

N
o.

 o
f S

up
po

rt
ed

 L
ab

el
s 

0

50

100

150

200

250

300

350

400

450

500

0 50 100 150 200 250 300 350 400

Figure 5.41: Comparison of several optical codes (AP: autocorrelation peak, AS: autocorrelation
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Allowed Transmission Length

Numerical simulations were performed in order to investigate the allowed trans-

mission length for coherent binary, incoherent DS and OFH correlators. For this

purpose, 8-bit labels with the bit separation of 12.5 ps were generated in an OCDM

encoder using 4 ps wide pulses. The labels are attached to the 100 Gbit/s data

packets and transmitted over a pre-compensated fiber span as shown in Figure

5.42.
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Figure 5.42: Simulation set-up for investigating three OCDM encoder/decoder configurations

Two OCDM decoders (one matched and one not-matched) were used in the

receiving node to measure autocorrelation peak (AP), cross-correlation peak (CP)

and the noise due to residual data signal at the output (see Figure 5.40). The

label pairs used in the comparison have been chosen in order to produce the worst

possible AP to CP ratio. The fibers were modelled using the split-step Fourier

method, which takes into account first and second order group velocity dispersion,

self- and cross-phase modulation, stimulated Raman scattering, and four-wave

mixing. An ideal amplifier model with frequency-dependent gain and noise figure

was used to compensate for the optical losses in the fibers, while the OBPF was

of the Gaussian type. The models of unchirped fiber Bragg gratings (FBGs) used

in OFH en-/decoders are based on the Blackman apodisation function with an

apodisation parameter of 0.9. The main simulation parameters are summarized

in Table 5.4.

Figure 5.43 shows the simulation results for three correlator implementations

concerning the permitted transmission length. The matched label can be detected
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Binary coherent

parameter value parameter value

center frequency 193.1 THz pulse width 4 ps

simulation bandwidth 6.4 THz OBPF 3dB bandwidth 1 THz

SSMF dispersion 16 × 10−6 s/m2 DCF dispersion -90 ×10−6 s/m2

amplifier noise figure 6 preamplifier gain 20 dB

– payload data

– – carrier frequency 193.1 THz

– – pulse width 4 ps FWHM

Direct Sequence

parameter value parameter value

center frequency 193.1 THz pulse width 4 ps

simulation bandwidth 6.4 THz OBPF 3dB bandwidth 1 THz

SSMF dispersion 16 × 10−6 s/m2 DCF dispersion -90 × 10−6 s/m2

amplifier noise figure 6 preamplifier gain 20 dB

– payload data

– – carrier frequency 193.1 THz

– – pulse width 4 ps FWHM

Optical Frequency Hopping

parameter value parameter value

center frequency 193.1 THz pulse width 4 ps FWHM

simulation bandwidth 3.2 THz OBPF 3dB bandwidth 1 THz

SSMF dispersion 16 × 10−6 s/m2 DCF dispersion -90 × 10−6 s/m2

amplifier noise figure 6 preamplifier gain 20 dB

FBG payload data

bandwidth 200 GHz carrier frequency 193.1 THz

rejection 30 dB pulse width 4 ps FWHM

Table 5.4: Key parameters used for simulating optical code label processors
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by setting appropriate threshold values for the ration of AP to CP and of AP to

noise from data only if both ratios are greater than 1. The binary coherent

implementation shows the best performance regarding both ratios. It allows label

transmission with good correlation properties over a large dispersion-managed

fiber span.
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Figure 5.43: Correlation properties of three correlator implementations vs. transmission length
(AP: autocorrelation peak, AS: autocorrelation sidelobe, CP: cross-correlation peak)

5.5.3 Summary

Different configurations of the optical code correlator suitable as header processing

units in packet-switched OTDM networks have been investigated in this section.

The simulation results show that the binary coherent all-optical correlator pro-

vides good correlation properties as well as sufficient data noise suppression even

for large transmission lengths. Thus the optical coherent codes are suitable for

header (label) coding in all-optical packet-switched networks. They provide both

the good correlation properties and a large set of supported labels for a given

label length.
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5.6 Multicast-Capability in Packet Compression OTDM

Networks

Multicasting is one of the most important issues in optical networking. Basically,

multicasting in all-optical packet-switched networks can be realized by transmit-

ting individual copies of a multicast packet to all the destination nodes belonging

to the multicast group (multicast-by-unicast). However, this scheme obviously

leads to inefficient bandwidth utilization. Alternatively, each node of a multicast

group may copy a multicast packet before forwarding it to the downstream nodes,

while the last multicast node is responsible for dropping the corresponding packet

(multicast-by-copy&forward).

5.6.1 Node Architectures Supporting Multicast

In Figures 5.44, 5.45, and 5.46 illustrate the schematics of three node configura-

tions supporting multicast. All of them are equipped with a header processing

unit for evaluating the header section of the incoming optical packets after tap-

ping off a fraction of the optical power by passive splitters. An optical delay line

(DL) is employed to compensate for the header processing latency of the nodes.

Clock Recovery and                          
Header Processing Unit

Drop/MulticastPacket Add

DL
From Ring To Ring

Splitter 
10/90

SW                    
3 – State Switch

State SW Functionality

1 bar Packet Forward

2 cross Packet Add/Drop

3 3dB coupler Multicast

Figure 5.44: Architecture 1: Multicast-capable access node architecture using a 3-state switch
(DL: delay line, SW: switch)

In the first architecture, a 3-state switch [Keil96] is used to achieve both

add/drop and copy&forward in the optical path. The switch may be realized

by a polymer thermo-optic 2 × 2 waveguide switch with an interferometric cou-

pler behavior when the electrodes are not heated (3rd state). This third state



5.6 Multicast-Capability in Packet Compression OTDM Networks 167

is used for the multicast mode. Thus, all the required switching modes may be

performed in a single component. However, the response time of this switch is of

the order of 1 ms making this switch unsuitable in high-speed systems.

Clock Recovery and                          
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Packet DropPacket Add
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From Ring

To Ring

Splitter 
10/90

SW 1   
LiNbO 3

Multicast

SW 2  
LiNbO 3 
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State SW 1 SW 2 Functionality
1 bar bar Packet forward
2 cross bar Packet Add/Drop
3 cross cross Multicast
4 bar cross Packet drop

Figure 5.45: Architecture 2: Multicast-capable access node architecture using two LiNbO3

switches (DL: delay line, SW: switch)
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State SW 1 Gate Functionality
1 bar off Packet forward
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3 bar on Multicast
4 cross on Unused

Figure 5.46: Architecture 3: Multicast-capable access node architecture with an additional
optical gate (DL: delay line, SW: switch)

In the second configuration (Figure 5.45), two LiNbO3 switches are inserted in

the optical path. Four different scenarios are possible with this switch cascade,

as shown in the corresponding table. Unlike the first case, the switching time is

below 50 ps.
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Lastly, the third architecture depicted in Figure 5.46 consists of only one

LiNbO3 switch and an additional optical gate (on/off switch) for the multicast

mode. Note that the optical receivers in all three cases must be adapted to un-

equal signal powers because of different received signal powers in multicast and

in dropping mode.

5.6.2 Scalability of Multicast-Capable Nodes

It is particularly important to find out whether the node architectures enabling

multicast functionality with a low switching latency is justified in terms of net-

work scalability compared to a low-cost 3-state switch. Numerical simulations

are carried out in order to investigate the network scalability of the presented

access node architectures. The simulation set-up is as follows: A 1.55 µm optical

pulse source generating 6-ps pulses was externally modulated by a Mach-Zehnder

modulator to launch (223 - 1) PRBS return-to-zero (RZ) signals into the fiber.

The system input power was adjusted to 1 dBm throughout the simulations. The

fiber segments were assumed to be standard single mode fiber (SSMFs) with a

length of 250 m between two neighboring nodes. Chromatic dispersion in the seg-

ments is compensated employing the pre-compensation scheme. That means that

a dispersion compensating fiber (DCF) is inserted before each SSMF segment to

compensate for the dispersion in this segment. After each 4th node an EDFA was

placed for compensating the losses in switches and fiber segments.

The optical switches were modelled taking into account insertion loss, crosstalk

and switching dynamics. The symmetrical split-step Fourier method was used to

model the propagation of the optical signal along the SSMF (see Appendix A.4).

All transit nodes were set to be in the multicast mode. Finally, the optical RZ

signal was filtered by an optical bandpass filter and received by a PIN-diode (10 ×
10−12 A/

√
Hz noise current and 1 A/W responsivity) located at the last multicast

node. The key parameters used in the numerical simulations are summarized in

Table 5.5

In principle, the number of supported nodes in the considered ring network is

limited by crosstalk and losses in the switches, losses in the splitters, chromatic

dispersion in the fiber segments and signal deterioration due to amplified sponta-

neous emission (ASE) noise accumulation. Figure 5.47 shows the power penalties

as a function of the number of ring nodes related to the different access node

configurations for a transmission rate of 80 Gbit/s and 100 Gbit/s, respectively.



5.6 Multicast-Capability in Packet Compression OTDM Networks 169

parameter value parameter value

wavelength 1.55 µm pulse width (FWHM) 6 ps

modulation format RZ fiber input power 1 dBm

fiber span 250 m dispersion compensation DCF + SSMF

EDFA spacing after each 4th node PRBS 223 - 1

3-state switch LiNbO3 switch

insertion loss 3 dB insertion loss 3.5 dB

crosstalk -40 dB crosstalk -35 dB

Table 5.5: Key parameters used in simulations of multicast capability

Only slight differences in the penalties may be seen for both transmission rates.

The difference becomes slightly larger as the number of cascaded nodes increases

The third architecture shows the best results for an 80 Gbit/s network with more

than 30 cascaded nodes, while its performance for 100 Gbit/s behaves similar to

that of the other cases.
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Figure 5.47: Power penalty vs. number of ring nodes

Figure 5.48 demonstrates the ring scalability depending on the transmission

rate, where clear differences can be seen for lower data rates but not for very

high transmission speeds (> 40 Gbit/s). 32 and 16 nodes can be cascaded at

bit rates of 80 Gbit/s and 100 Gbit/s, respectively (see Figure 5.48). This is

a relatively large number of cascaded nodes for such high transmission speeds.

By choosing another network topology the total number of nodes in the network

can be increased. For example, by employing a mesh topology with a network
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diameter of 16, corresponding to 16 cascaded nodes at 100 Gbit/s, the total

number of nodes in the whole network can be increased up to 256. It can further

be increased by optimizing the dispersion-managed transmission, i.e., by using

shorter pulses and a better dispersion management. In this simulations, we have

not found the optimum settings because the main aim was to compare different

node architectures and not to achieve the largest possible number of cascaded

nodes.
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Figure 5.48: Number of cascaded network nodes versus transmission rate

5.6.3 Summary

In this section, three access node architectures providing multicast functionality

in the optical domain have been proposed and discussed. The simulations show

that the 3-state switch configuration corresponding to a cost-effective solution for

multicast transmission in a packet-switched OTDM-ring network is not preferable

over its LiNbO3 counterparts regarding the network scalability. Taking also into

account the relatively large switching latency and the impairment of the signal

on the ring due to large response times of the 3-state switch, either the LiNbO3

cascade or the LiNbO3 plus on/off switch configuration should be preferred. The

third node architecture is likely to be the most suitable because of its high switch-

ing speed, easy switch control, and use of only one LiNbO3 switch in the transit

path, which lead to lower power penalties and lower implementation costs in

comparison with the second architecture i.e a cascade of two LiNbO3 switches.



6 Summary and Conclusions

The main contributions and conclusions of this thesis are summarized in this

chapter. The thesis has focused on the design of high-speed access nodes in

packet-switched OTDM networks. The primary objective was to study the main

building blocks of such a node and to find an appropriate node architecture that

allows an ultrafast access (beyond 100 Gbit/s) to the fiber medium on a packet-

by-packet basis. First, the technologies and methods suitable for this purpose

have been described and investigated. Furthermore, novel techniques have been

proposed to increase the performance and efficiency of the high-speed subsystems.

These techniques allow fast processing of large high-speed packets, an improved

packet transmission efficiency, better cascadability of optical signal processing

units, and a relatively large number of network nodes. The subsystems have been

investigated analytically and by means of numerical simulations.

The design strategy introduced in Chapter 2 defines the main building blocks

of a high-speed access node. This chapter gives an overview on technologies suit-

able for implementing the building blocks and a proposal of the node architecture

supporting the packet-switching and -processing in the optical domain. A detailed

analysis of three main parts of a high-speed node including the medium attach-

ment unit, optical rate conversion unit, and high-speed MAC-protocol functions

such as all-optical header processing has been carried out. In order to solve the

throughput preservation problem and to allow an efficient transmission and a bet-

ter utilization of the transmission medium, high-speed packet-switched networks

with a simple and efficient medium access protocol can be used. In the network

nodes, optimal trade-off between optics and electronics concerning implementa-

tion of various protocol functions and including both multiple data and multiple

processing parallelisms should be achieved.

Various possible arrangements and main principles of short pulse sources,

header processing, and clock recovery units have been studied in Chapter 3. Suffi-
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cient short pulses with well-defined characteristics are essential for all-optical sig-

nal processing and transmission systems. The performance of optical transmission

systems is among others determined by a combined effect of several parameters of

deployed pulse sources, of which the most important are the pulse repetition rate,

pulse width, chirp, timing jitter, and pulse tail extinction ratio. There are several

techniques for coding the packet’s header in the optical domain. The code-domain

coding (CDC) is potentially the most suited technique because it can be imple-

mented directly in the optical domain by assigning the destination addresses or

packets’ labels to a set of code sequences. An optical phase-lock loop (PLL) em-

ploying semiconductor optical amplifiers (SOAs) as phase comparators is a very

promising technique for subharmonic clock extraction because it provides a high-

speed operation beyond 100 Gbit/s with a low relative phase error. However, a

further improvement of this technique in terms of supporting the packet/burst

mode is necessary.

The main intention of Chapter 4 was to establish accurate models suitable

for functional simulations of the high-speed subsystems. Frequency-domain and

analytical time-domain models are suitable for an easy and fast determining the

main parameters. In particular, the time-domain ABCD matrix method has been

used to derive an analytical steady-state solution of an SOA-based fiber ring laser.

Although this model is quite simple, it allows a sufficient accurate prediction of

the main laser parameters. The distributed time-domain (DTD) models can be

used to obtain a realistic picture of fast dynamics in semiconductor optoelectronic

components. A large-signal dynamic DTD model named transmission-line laser

model (TLLM) has successfully been applied to model hybrid mode-locked lasers

and semiconductor optical amplifiers, which are the most important components

for all-optical signal processing in the packet-switched network nodes. These

models allow an efficient simulation of the large-signal behavior including the

effects of carrier, gain, and phase dynamics as well as the nonlinear effects.

Two optical rate conversion schemes including a recirculation loop and an op-

tical delay line structure have been described and compared in Chapter 5. The

scheme based on the optical delay line structure (ODLS) is more suitable from

a practical point of view because it enables compression and expansion of larger

packets than the recirculation loop scheme. A new scalable optical packet rate

conversion scheme based on a parallel arrangement of several ODLSs has also

been proposed and investigated. This scheme allows processing of high-speed op-



173

tical packets without limitation regarding the compression rate and packet size,

thereby reducing significantly the medium access constraints. The operational

speed depends mainly on the deployed fast optical switches. Since high-speed

operation of SOA-based interferometric switches beyond 100 Gbit/s has already

been reported, the proposed scheme could also operate at such high bit rates. The

hard requirements on synchronization with the incoming packets are lessened by

off-line processing of packet sequences in a parallel manner. The performance of

the compression/expansion unit can further be improved by extending the sep-

aration gap between the packet sequences, thereby relaxing the time constraints

associated with a longer response time of the optical gates used to divide the

packets into shorter sequences. A significant improvement of the average packet

transfer delay and the transmission efficiency by the use of the scalable compres-

sion/expansion unit has also been shown.

The pattern effect in SOA impairs the optical signal in high-speed optical trans-

mission and processing systems. This effect can severely limit the cascadibility of

the processing units and network nodes. Three schemes for compensation of the

pattern effect have been investigated and compared with each other in this thesis.

The simulation results have shown that the best suppression of the pattern effect

can be obtained by using a combined method that consists of an asymmetric Mach-

Zehnder interferometer with an additional external holding beam. Therefore, this

method is well suitable for high-speed optical signal processing applications.

All-optical header processor configurations based on incoherent, coherent, and

optical frequency hopping CDC techniques have been investigated by means of

numerical simulations in Section 5.5. The results have shown that the binary

coherent label processors are well suitable for header (label) processing in all-

optical packet-switched networks because of providing good correlation properties

even for larger transmission lengths and a large set of supported labels for a given

label length.

Finally, novel configurations of the medium attachment unit that provide

multicast-by-copy&forward functionality directly in the optical domain have been

proposed in Section 5.6. The architecture consisting of a LiNbO3 switch and an

on/off switch is likely to be the most suitable because of its high switching speed,

easy switch control, and the deployment of only one LiNbO3 switch in the tran-

sit path, which lead to lower power penalties and lower implementation costs in

comparison with the architecture deploying a cascade of two LiNbO3 switches. A
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network scalability of 32 and 16 nodes for bit rates of 80 Gbit/s and 100 Gbit/s,

respectively, has been estimated. The maximal number of nodes in a mesh net-

work is then 256 at 100 Gbit/s. The network scalability can further be increased

by an optimization of the dispersion-managed transmission.



Appendix A Modelling

A.1 Four-Wave Mixing in Semiconductor Optical Ampli-

fiers

At high detuning, i.e. when ∆f À 10 GHz, the propagation of the pump, probe,

and conjugate waves can be described by [Agrawal88]

∂Ep

∂z
+

1

vg

∂Ep

∂t
=

1

2
[Γgp(1− iα)− αint] Ep(z)

∂Eq,k

∂z
+

1

vg

∂Eq,k

∂t
=

1

2
Eq,k [Γgq,k(1− iα)− αint]

+ i
Γ

2
χFWM

q,k (N, ∆f) · E2
p(z) · E∗

q,k(z)ei∆kz , (A.1)

where ∆k = 2kp− kq − kk is the wave vector phase mismatch between the pump,

probe and conjugate signal. αint denotes the intrinsic losses, gj are the gain

coefficients (j = p, q, k) , Ej are the slowly varying amplitudes of the electric

fields, and α is the linewidth enhancement factor. The field amplitudes, Ej,

are normalized such that |Ej|2 = Pj. The part of the nonlinear susceptibility

describing the contribution of four-wave mixing on the conjugate signal due to

different nonlinear processes (carrier injection - CI, spectral hole burning - SHB,

and carrier heating - CH) can be expressed as [Diez97, Uskov94]
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χFWM
k (N, ∆f) = χCI

k + χCH
k + χSHB

k

= −
{

gkεCI(1− iαCI)

(1− iτSHB2π∆f)(1 + xtot − iτCI2π∆f)

+
gkεCH(1− iαCH)

(1− iτSHB2π∆f)(1− iτCH2π∆f)

+
gkεSHB(1− iαSHB)

(1− iτSHB2π∆f)

}
, (A.2)

where xtot =
∑

j Pj/Pj,s, Pj,s is the saturation power, αCI , αSHB, and αCH are the

linewidth enhancement factors and εCI , εSHB, and εCH are the gain compression

coefficients due to CI, SHB, and CH, respectively. Note that αCI represents the

linewidth enhancement factor of the SOA , i.e. αCI = α.

FWM Conversion Efficiency

A normalized response function of the semiconductor nonlinearity F(∆f) is

expressed by [Mecozzi95]

F(∆f) = FCI + FCH1 + FCH2 + FSHB + FUF . (A.3)

The contributions to FWM given by carrier injection (FCI), free-carrier absorption

(FCH1), stimulated recombination (FCH2), spectral hole burning (FSHB), and

ultrafast processes such as two-photon absorption (TPA) and Kerr effect (FUF )

are given by

FCI = − 1− iα

(1 + iτCI2π∆f)
,

FCH1 = − PsεCH1(1− iαCH)

(1 + iτCH2π∆f)(1 + iτSHB2π∆f)

[
Gs + 1

2(Gs − 1)
ln

G0

Gs

+ 1

]
,

FCH2 = − PsεCH2(1− iαCH)

(1 + iτCH2π∆f)(1 + iτSHB2π∆f)
,

FSHB = − PsεSHB

(1 + iτSHB2π∆f)
,

FUF = −PsεUF (1− iαUF )

[
Gs + 1

2(Gs − 1)
ln

G0

Gs

+ 1

]
. (A.4)
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The calculated FWM conversion efficiency using Equation 3.10 is in qualitative

agreement with experimental results [Scotti97]. It can be seen from Equations

3.10 and A.4 that the contributions of CI, SHB, and CH2, which are proportional

to [ln(G0/Gs)]
2, are different from the contributions of CH1 and UF, which are

proportional to [ln(G0/Gs)]
4. This difference explains the different dependencies

on carrier density of the nonlinear processes and clarifies the dependence of the

efficiency minimum on pump wavelength and SOA length. Because the gain is

assumed to be independent of wavelength, the calculated results do not fit the

experimental data for high frequency detuning. To overcome this limitation, the

dependency of the gain on the wavelength has to be taken into account.
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A.2 ABCD Matrices

In the time-domain ABCD matrix formalism, the q-parameter is usually defined

by [Nakazawa98]

1

q
=

1 + iCλ

τ 2
p

. (A.5)

If a linearly chirped Gaussian pulse passes through an optical element charac-

terized by an ABCD matrix of the form
(

A B
C D

)
, the q-parameter at the output

will satisfy the following equation

qout =
Aqin + B

Cqin + D
. (A.6)

In this Appendix, the derivation of ABCD matrix formalisms for six optical ele-

ments will be shown.

Dispersive Line

The propagation of a Gaussian pulse in a dispersive medium is described by

∂E(z, t)

∂z
= i

β2

2

∂2E(z, t)

∂t2
, E(z, t) ∝ exp

(
− t2

2q

)
, (A.7)

where β2 is the second order dispersion. The ABCD matrix in the time domain de-

scribing pulse propagation through a dispersive medium is given by [Nakazawa98]

(
1 iβ2z

0 1

)
. (A.8)

Amplitude Modulator

The parabolical approximation of an amplitude modulator is given by

exp{−M [1− cos(2πfmt)]} ∼= exp[−1

2
(2πfm)2Mt2] , (A.9)

where M is the amplitude modulation depth and fm is the modulation frequency.

At the output of the modulator, 1/qout can be written down quite easily as

1

qout

=
1 + iCλ

τ 2
p

+ M(2πfm)2 . (A.10)
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Thus, the ABCD matrix describing an amplitude modulator can be expressed as

(
1 0

M(2πfm)2 1

)
. (A.11)

Phase Modulator

The transfer function of a phase modulator is eiΦ(t). It can be approximated

as follows

exp[iΦ(t)] = exp[i∆m cos(2πfmt)] ∼= exp[i(∆m − 1

2
(2πfm)2∆mt2)] , (A.12)

where ∆m is the phase modulation depth. In a similar way as for the amplitude

modulator, 1/qout can be expressed as

1

qout

=
1 + iCλ

τ 2
p

+ i∆m(2πfm)2 , (A.13)

and thus, the ABCD matrix of an phase modulator is

(
1 0

i∆m(2πfm)2 1

)
. (A.14)

Lumped Self-Phase Modulation (SPM)

A nonlinear phase shift due to SPM is given by (see Subsection 3.6.2)

exp[−iΦnl] = exp

[
−i

2π

λc

n2I(t)z

]
, (A.15)

where I(t) is the time varying optical intensity, n2 is the nonlinear refractive index,

and λc is the central wavelength of the propagating beam. Under a parabolic

approximation and assuming that the pulse width and intensity do not change

after passing through the medium one can obtain

∆Φnl
∼= exp

[
−i

(
2π

λc

n2I0z − 2π

λc

n2I0z

τ 2
p

t2
)]

. (A.16)
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Similar to phase modulation, the ABCD matrix of a lumped SPM element is

given by

(
1 0

i4π
λc

n2I0z
τ2
p

1

)
. (A.17)

Optical Bandpass Filter

A parabolically approximated optical bandpass filter satisfies following equa-

tion [Nakazawa98]

∂E(z, t)

∂z
=

µ

Ω2
f

· ∂2E(z, t)

∂t2
. (A.18)

Here, µ represents the transmittivity of the filter at the center frequency fc and

Ωf is the half width at half maximum filter bandwidth. The ABCD matrix is

then given by

(
1 2µ

Ω2
f

0 1

)
. (A.19)
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A.3 Field and Diffusion Transmission-Line Models

In TLLM, the laser length is divided into a number of sections, each of length

∆L. Each laser section can be associated with a propagation delay, ∆τs, which is

related to the section length by ∆τs = ∆L · ne/c, where ne is the effective group

index in the active laser medium and c is the velocity of light in vacuum.

The sections are represented by scattering nodes. The nodes are connected

to each other by transmission lines, which provide distortionless propagation of

pulses to and from adjacent scattering nodes. A node can be split into two

submodels, namely into a photon field model and a carrier diffusion model, as

shown in Figure A.1. Here, a one-dimensional model is used. This is achieved by

averaging the field in the both x- and y-direction and equating its power to that

of a field E(z, t) over the whole cross-sectional area of the device [Lowery88b].

A

A
2

L∆
2

L∆

2

L∆
2

L∆

i
CRV

i
CLV

r
CLV

r
CRV

LIs∆

LIs∆

2

L∆
2

L∆

tI

i
DRV

r
DLV

r
DRV

i
DLV

Rc

a)

b) )(nv

Rc

Figure A.1: a) Photon field transmission line model and b) carrier diffusion transmission line
model

Incident transverse electric waves propagating to the left and right are repre-

sented by voltages LV i and RV i, respectively. The fields have to be multiplied by

a unity-valued constant, m, with dimensions of meters to maintain dimensional

correctness. After passing the node, the reflected waves on transmission lines are

represented by voltages LV r and RV r. The power at a transmission line is given

by [Lowery87]
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P =
|V |2wd

Zpm2
, (A.20)

where w and d represent active region width and thickness, respectively. Zp =

120πne/n
2
e [Ω] is the transverse wave impedance for a TE mode in a waveguide

of effective index ne.

The voltage on the nodes between the transmission lines in the diffusion model,

v(n), represents the carrier concentration (see Figure A.1b). To maintain dimen-

sional correctness, a unity-valued constant b with dimensions of V · cm3 is included

in calculation, thus v(n) = b ·Ne(n). Diffusion of carriers is represented by current

waves passing along the transmission lines between two nodes. The current source

at the node, It, stand for stimulated emission, spontaneous emission and carrier

injection. Its magnitude is given by [Lowery88b]

Itz

b∆τs

=
J

edL
− Ne

τc

− aΓ(Ne −Net)

Zphfcm2

(|LV i
C |2 + |RV i

C |2
)

, (A.21)

where z is the impedance of the transmission lines, which is arbitrary and can be

set to unity.

In the photon field model (Figure A.1a), stimulated recombination is repre-

sented by frequency selective amplifiers. Filtered noise current sources with the

magnitude of Is∆L/2 are used to model spontaneous recombination. The noise

current and the gain of amplifiers depends on the local carrier concentration,

which is obtained from the diffusion model. The photon density is calculated

from the incident voltages on the field model transmission lines as

S(n) = ne · |LV i
C |2 + |RV i

C |2
hfcm2cZp

, (A.22)

The resistors Rc (see Figure A.1b))are used to couple the nodes, thereby repre-

senting diffusion at the node boundaries. The value of these coupling resistors is

found to be [Lowery88a]

Rc =
z · (∆L)2

2Dc∆τs

, (A.23)

where Dc is the diffusion constant.
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A.4 Fiber Model Based on Nonlinear Schrödinger Equa-

tion

This model uses the symmetrical split-step Fourier method to solve the nonlinear

Schrödinger equation (NLSE). It describes the propagation of linearly polarized

optical waves in single-mode fibers.

A.4.1 Nonlinear Schrödinger Equation

The propagation of light in a single mode fiber is governed by Maxwell’s equations.

These equations lead to the following wave equation

∇2
zE−

1

c2

∂2E

∂t2
= −µ0

∂2P(E)

∂t2
, (A.24)

where E is the vector of the electric field, c is the speed of light in vacuum, µ0 is

the vacuum permeability, and P is the induced polarization density. The induced

polarization, P, is a linear function of E at very weak optical powers. In this case,

it is given by

PL(r, t) = ε0

+∞∫

−∞

χ(1)(r, t− t′) · E(r, t′)dt′ , (A.25)

where χ(1) is the first order susceptibility and ε0 is the vacuum permittivity. The

fiber nonlinearities can be taken into account by introducing the nonlinear part

of the polarization, PNL(r, t). Then the polarization is written as

P(r, t) = PL(r, t) + PNL(r, t) . (A.26)

In silica fibers, the nonlinear part of the polarization usually stems from the third

order susceptibility χ(3), which is a fourth rank tensor [Agrawal89a]. Thus PNL

is given by

PNL(r, t) = ε0

+∞∫

−∞

+∞∫

−∞

+∞∫

−∞

χ(3)(r, t−t1, t−t2, t−t3)
...E(r, t1)E(r, t2)E(r, t3)dt1dt2dt3 .

(A.27)

Although χ(3) could have 81 different terms, the number of independent terms is

reduced to a single one in an isotropic medium like in a single mode fiber operating

far off any resonance.
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An equation governing the light propagation in nonlinear dispersive fibers can

be derived by solving Equation A.24 and using Equations A.25 to A.27. It is

helpful to make a few simplifying assumptions in order to solve the wave equation

(Equation A.24). These assumptions are:

1. the field polarization is maintained along the fiber and PNL is treated as a

small perturbation of PL,

2. index difference between core and cladding is very small (so called weakly

guiding approximation), and

3. the spectral width of the wave is assumed to be much lower than its center

frequency (so called quasi-monochromatic assumption).

The quasi-monochromatic assumption is equivalent to the slowly varying en-

velope approximation in the time domain. As already mentioned in Subsection

3.6.1, the propagation constant, β(ω), can be approximated by the first terms of

a Taylor series expansion about the carrier frequency, ωc, (see Equation 3.14).

If we assume an x-polarized input electric field that propagate in the positive z

direction, Equation A.24 becomes

∂

∂z
E(z, t) = −αf

2
E(z, t) (linear attenuation)

+ i
β2

2

∂2

∂t2
E(z, t) (second order dispersion)

+
β3

6

∂3

∂t3
E(z, t) (third order dispersion)

− iγ|E(z, t)|2E(z, t) (Kerr effect)

+ iγTR
∂

∂t
|E(z, t)|2E(z, t) (SRS)

− γ

ωc

∂

∂t
|E(z, t)|2E(z, t) (self-steepening effect) ,

(A.28)

where

E(z, t) is the slowly varying envelope of the electric field,

z is the propagation distance,

t = t′ − z/vg,

t′ is the physical time,
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vg is the group velocity at the center wavelength,

αf is the fiber loss coefficient [1/m],

β2 is the second order propagation constant [s2/m],

β3 is the third order propagation constant [s3/m],

γ is the nonlinear coefficient, γ = 2πn2/(λ0Aeff ),

n2 is the nonlinear index,

Aeff is the effective core area of fiber,

λc is the center wavelength of the wave,

ωc is the center angular frequency, and

TR is the slope of the Raman gain (∼ 5 fs).

Equation A.28 describes the propagation of pulses as short as ∼ 50 fs in single

mode fibers. It is called the generalized nonlinear Schrödinger equation. In some

special cases, this equation can be considerably simplified. For example, when the

pulse width of the transmitted signal is greater than 1 ps, the Raman effect term

and the self- steepening effect term are negligible compared to the Kerr effect.

Then the generalized nonlinear Schrödinger equation can be written in the form

∂E(z, t)

∂z
= −αf

2
E(z, t) +

i

2
β2

∂2E(z, t)

∂t2

+
1

6
β3

∂3E(z, t)

∂t3
− iγ|E(z, t)|2E(z, t) . (A.29)

A.4.2 Split-Step Fourier Method

Numerous numerical algorithms have been developed to solve the nonlinear Schrö-

dinger equation. One of the most popular is the split-step Fourier method, because

it takes into account both dispersion and nonlinear effects and allows a good

accuracy at relatively modest computing time.

We define two operators

L̂ = −αf

2
+

i

2
β2

∂2

∂t2
+

1

6
β3

∂3

∂t3
(linear operator) and (A.30a)

N̂ = −iγ|E(z, t)|2 (nonlinear operator) . (A.30b)
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Then Equation A.29 can be expressed as

∂E(z, t)

∂z
= (L̂ + N̂)E(z, t) . (A.31)

The linear operator is also called dispersion operator because it accounts for

attenuation and dispersion in fibers. The analytic solution of Equation A.31

for the electric field envelope, E(z, t), propagating from z to z + ∆z is given by

E(z + ∆z, t) = exp[∆z(L̂ + N̂)]E(z, t) . (A.32)

The numerical solution can be found by assuming that the two operators commute

with each other. That is, in the split-step Fourier method, the following equation

is used to estimate E(z + ∆z, t)

E(z + ∆z, t) ≈ exp(∆zL̂) exp(∆zN̂)E(z, t) . (A.33)

The electric field envelope at (z + ∆z) can be estimated by applying the two

operators independently. Equation A.33 will give a fairly good result when

choosing a sufficiently small value of the step size, ∆z. The step size is usu-

ally chosen such that the maximum phase shift caused by the nonlinear operator

does not increase a certain value. The maximum phase shift is calculated from

∆Φmax = γ|E(z, t)|2pk∆z, where |E(z, t)|2pk is the peak value of optical power

|E(z, t)|2. Quite accurate results can be obtained if ∆Φmax is below 0.05 rad.

To reduce the overall computation time, an algorithm called symmetrical split-

step Fourier algorithm can be employed. This method allows to use larger ∆z

values and to save simulation time by assuming distributed nonlinearities through

∆z. The model used in simulations of short pulse transmission through this thesis

is based on the symmetrical split-step Fourier method and takes into account first

and second order group velocity dispersion (GVD), self-phase modulation (SFM),

cross-phase modulation (XPM), four-wave mixing (FWM), and stimulated Raman

scattering (SRS). The results of the simulations in which this model is used are

reported in Chapter 5.



A.4 Fiber Model Based on Nonlinear Schrödinger Equation 187

A.4.3 Symmetrical Split-Step Fourier Method

The symmetrical split-step Fourier method is described by [Agrawal89a]

E(z + ∆z, t) ≈ exp

(
∆z

L̂

2

)
exp




z+∆z∫

z

N̂(z′)dz


 exp

(
∆z

L̂

2

)
E(z, t) . (A.34)

The evolution of the nonlinear operator for sufficiently small step sizes (∆z) can

be approximated as

z+∆z∫

z

N̂(z′)dz′ ≈ ∆z

2
[N̂(z) + N̂(z + ∆z)] . (A.35)

Thus Equation A.34 can be rewritten as

E(z+∆z, t) ≈ exp

(
∆z

L̂

2

)
exp

(
∆z

2
[N̂(z) + N̂(z + ∆z)]

)
exp

(
∆z

L̂

2

)
E(z, t) .

(A.36)

The linear operator (see Subsection A.4.2) can be written as

L̂ = −αf

2
+

i

2
β2

∂2

∂t2
+

1

6
β3

∂3

∂t3
, (A.37)

where αf [1/m] is the attenuation constant, which is related to the attenuation

parameter, af [dB/m], according to αf = af/(10 log e). β2 [s2/m] and β3 [s3/m]

are the first and the second order group velocity dispersion (GVD), which are

related to the the dispersion coefficient, D [s/m2 = 106 ps/(km · nm)], and its

slope, Sd = dD
dλ

[s/m3], as follows

β2 = − λ2

2πc
D (A.38a)

β3 =
λ2

(2πc)2
(λ2Sd + 2λD) . (A.38b)

The nonlinear operator without the effect of stimulated Raman scattering is given

by

N̂ = −iγ|E(z, t)|2 , (A.39)
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where the nonlinear coefficient, γ, is given by γ = 2πn2/(λ0Aeff ). n2 is the

nonlinear index and Aeff represents the effective core area of the fiber.

To include stimulated Raman scattering into the model, N̂ has to be extended

to [Agrawal89a]

N̂ = −iγ(1− fr)|E(z, t)|2 − iγfr

∞∫

0

hr(τ)|E(z, t− τ)|2dτ , (A.40)

where

hr(τ) =
τ 2
1 + τ 2

2

τ 2
1 τ 2

2

exp

(
− τ

τ2

)
sin

(
τ

τ1

)
, τ > 0 (A.41)

is the delayed Raman response and fr is the fractional contribution of hr(τ). τ1

and τ2 represent two adjustable parameters to provide a good fit to the Raman-

gain spectrum [Stolen89, Hollenbeck02].



Appendix B List of

Abbreviations

AM Amplitude Modulation

aODLS Active Optical Delay Line Structure

AP Autocorrelation Peak

APD Avalanche Photodiode Detector

AS Autocorrelation Sidelobe

ASE Amplified Spontaneous Emission

ASIC Application Specific Integrated Circuit

ASK Amplitude Shift Keying

BER Bit Error Rate

BPF Bandpass Filter

CAE Computer Aided Engineering

C-CLKW Counter-Clockwise

CDC Code-Domain Coding

CDP Carrier Density Pulsation

CDR Clock and Data Recovery

CH Carrier Heating

CLKW Clockwise

CMOS Complementary Metal-Oxide Semiconductor

CP Cross-correlation Peak

CPM Colliding-Pulse Mode-Locking

CPML Colliding-Pulse Mode-Locked Laser

CW Continuous Wave
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DBR Distributed Bragg Reflector

DC Direct Current

DCF Dispersion-Compensating Fiber

DDF Dispersion-Decreasing Fiber

DEMUX Demultiplexer

DFB Distributed Feed-Back Laser

DFF Dispersion-Flattened Fiber

DL Delay Line

DMF Dispersion-Managed Fiber

DRAM Dynamic Random Access Memory

DS Direct Sequence

DSF Dispersion-Shifted Fiber

DTD distributed Time-Domain

DW Dual-Wavelength

EAM Electroabsorption Modulator

EDFA Erbium-Doped Fiber Amplifier

EDFRL Erbium Doped Fiber Ring Laser

EQC Extended Quadratic Congruence

FBG Fiber Bragg Grating

FDC Frequency-Domain Coding

FET Field Effect Transistor

FH-ML Fundamental Hybrid Mode-Locking

FM Frequency Modulation

FOS Fast Optical Switch

FPGA Field-Programmable Gate Array

FRL Fiber Ring Laser

FWHM Full Width at Half Maximum

FWM Four-Wave Mixing

GaAs Gallium-Arsenide

GC-SOA Gain-Clamped Semiconductor Optical Amplifier

GVD Group Velocity Dispersion
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HBT Heterojunction Bipolar Transistor

HEMT High Electron Mobility Transistor

HWHM Half Width at Half Maximum

IC Integrated Circuits

InGaAsP Indium-Gallium-Arsenide-Phosphide

InP Indium-Phosphide

LAN Local Area Network

LOA Linear Optical Amplifier

LPF Low-Pass Filter

MAC Medium Access Control

MAL Memory-Access Latency

MAU Medium Attachment Unit

MESFET Metal Semiconductor Field Effect Transistor

MI Michelson interferometer

ML Mode-Locking

MLL Mode-Locked Laser

MQW Multi-Quantum Well

MR Mixed Rate

MUI Multiple-User Interference

MUX Multiplexer

MW Multi-Wavelength

MZI Mach-Zehnder Interferometer

NGI Next Generation Internet

NLSE Nonlinear Schrödinger Equation

NRZ Non-Retour to Zero

OBPF Optical Bandpass Filter

OBSC Optical Bit Skew Compensator

OCDM Optical Code Division Multiplexing

OCLP Optical Code Label Processor

ODLS Optical Delay Line Structure

OFH Optical Frequency Hopping
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OI Optical Interconnects

OOK On-Off-Keying

OPI Optical Pulse Interval

OSNR Optical Signal-to-Noise Ratio

OTDM Optical Time Division Multiplexing

PC-OTDM Packet Compression - OTDM

PDL Polarization Dependant Loss

PDM Polarization-Division Multiplexing

PDU Protocol Data Unit

PIN Positive-Intrinsic-Negative Diode

PLD Programmable Logic Device

PLL Phase-Lock Loop

PMD Polarization Mode Dispersion

PMF Polarization-Maintaining Fiber

PM-SMF Polarization-Maintaining Single-Mode Fiber

PRBS Pseudo Random Bit Sequences

PSAB Phase Sequence Address Block

PSP Principal State of Polarization

RCU Rate Conversion Unit

RF Radio Frequency

RMS Root-Mean-Square

RZ Return to Zero

SA Saturable Absorber

SAN Storage Area Networks

SBS Stimulated Brillouin Scattering

SCM Sub-Carrier Multiplexing

SHB Spectral Hole Burning

SH-ML Subharmonic Hybrid Mode-Locking

SI Sagnac Interferometer

SiGe Silicon-Germanium

SLALOM Semiconductor Laser Amplifier
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in the Loop Mirror

SLHB Spatial Hole Burning

SMZI Symmetric Mach-Zehnder Interferometer

SOA Semiconductor Optical Amplifier

SP Self-Pulsating

SPM Self-Phase Modulation

SRS Stimulated Raman Scattering

SSMF Standard Single Mode Fiber

SW Switch

TDC Time-Domain Coding

TDM Time Division Multiplexing

TDMA Time Division Multiple Access

TLLM Transmission-Line Laser Modelling

TLM Transmission Line Modelling

TOAD Terahertz Optical Asymmetric Demultiplexer

TPA Two-Photon Absorption

TW Travelling Wave

TW-EAM Travelling Wave Electroabsorption Modulator

TW-SOA Travelling Wave

Semiconductor Optical Amplifier

UF Ultrafast

UNI Ultrafast Nonlinear Interferometer

VCO Voltage-Controlled Oscilator

VCSEL Vertical Cavity Surface Emitting Laser

WDM Wavelength Division Multiplexing

XGM Cross-Gain Modulation

XPM Cross-Phase Modulation
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Appendix C List of

Mathematical Symbols

C.1 Physical and mathematical constants

c = 2.997925 · 108 m/s Velocity of light in vacuum

kB = 1.38054 · 10−23 J/K Bolzmann’s constant

h = 6.6256 · 10−34 Js or Ws2 Planck’s constant

e = 1.60210 · 10−19 C (Coulomb) Electron charge

C.2 Latin Symbols

a Differential gain coefficient

Ar Monomolecular recombination coefficient

ABCD ABCD matrix elements

Aeff Effective core area of an optical fiber

af Attenuation parameter of a fiber

as Saturable absorption coefficient

Br Bimolecular recombination coefficient

B12, B21, A21 Einstein’s A and B coefficients

B0 Optical bandwidth

Ba Aggregate bit rate

Bb Basic bit rate of an OTDM channel

Bc Bit rate of a WDM channel

c Velocity of light in vacuum
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Cr Auger recombination coefficient

Cλ Chirp parameter

D Dispersion coefficient

d Thickness of the active region

Dc Diffusion constant

Dp Polarization mode dispersion parameter

e Electron charge

E Energy

E Magnitude of a field

EF Fermi energy

fm Modulation frequency

fmax Maximum oscillation frequency

fsc Sub-carrier frequency

fc Frequency of the optical carrier

FR Repetition frequency

fT Current-gain cut-off frequency

G Amplifier gain

g Gain coefficient

gnet Net gain

gs Saturated gain coefficient

g0 Small-signal gain coefficient

G0 Small-signal gain

Gs Saturated gain

gbs Brillouin gain coefficient

grs Raman gain coefficient

h Planck’s constant

hp(j) Placement operator

h(t) Integrated gain over amplifier length

(i.e., h(t) =
Lc∫
0

g(z, t) dz)

I Light intensity
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J Current density

K Compression rate

k Wave vector

kλ Wavelength dependent constant

kB Bolzmann’s constant

l Code length (number of chips in an OCDM code sequence)

L Transmission length (distance)

lc Correlation length

Lc Laser cavity length

leff Effective interaction length

∆L Length of a TLLM laser model section

LM Loss margin

M Number of deployed copressors/expanders

m∗ Effective mass

N Number of bits in a packet

n Refractive index

n2 Effective refractive index

ne Group effective index of a waveguide

Ne Carrier density

Net Carrier density at the transparency point

Nmax Maximal allowed packet length in bits

nsp Population-inversion factor

Ns Number of time slots

P Optical power

p Prime number

Pi The probability that the slot i within a frame is busy

Pn Spectral density of ASE noise

Pp Pulse peak power of the MLL

PR Received pulse peak power

Ps Saturation power

PT Transmitted pulse peak power
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q Number of stages in an ODLS

q0 Normalized soliton separation parameter

Rabs Absorption rate

Rpc Packet compression coefficient

Rspon Spontaneous emission rate

Rstim Stimulated emission rate

RX,Y Correlation function between two codes cX and cY

Rc Coupling resistor

S Photon flux density

Sd0 Zero-dispersion slope

Sf Set of the discrete frequencies in OFH

T Temperature

Taccess Access time

tgate Response time of the optical gate

Tprc Packet rate conversion time in seconds

Tqueue Waiting time in the queue

TR Time period between two pulses

T0 Bit period of the low-speed (uncompressed) packet

Tp Packet length (duration) in seconds

V Voltage

Vb Bias voltage

vg Group velocity of light

Vm Amplitude of the modulation voltage

w Width of the active region thickness

W Weight of an OCDM code

Zp Wave impendance
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C.3 Greek Symbols

α Linewidth enhancement factor

αint Intrinsic loss of a semiconductor waveguide

αc Coupling coefficient of a passive coupler

αd Optical loss in a delay line with time delay (T0 − τ0)

αf Attenuation coefficient in fibers

αL Attenuation of the transmission line with the length L

αo Overall optical loss

αsc Waveguide attenuation factor

β2 Second order propagation constant

β3 Third order propagation constant

γ Nonlinear coefficient

Γ Optical confinement factor

γG Insertion loss of an optical gate

δ Overall gain in a segment consisting of

4 ODLS stages and an amplifier

η Transmission efficiency

ηFWM Four-wave mixing efficiency

κ Bragg coupling coefficient

λ Wavelength of an optical signal

λd0 Zero-dispersion wavelength

λc Central wavelength

λd Wavelength of the data channel

λh Wavelength of the control channel

∆λ Total spectral range

∆′ Intrinsic modal dispersion

∆m Phase modulation depth

µ Transmittivity of a filter

∆νbs Brillouin linewidth

ω Angular frequency
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ωc Central (carrier) angular frequency

Ωf Filter bandwidth

Ωg Gain bandwidth

φ Optical phase change

ρ Offered load

ρc Density states function for the conduction band

ρ(E) Density states function

ρv Density states function for the valence band

τ0 Bit period of high-speed (compressed) packet

τc Effective carrier lifetime

τCDP Carrier density pulsation time

τCH Carrier heating relaxation time

τp width of an optical pulse

τSHB Spectral hole burning relaxation time

τt End-to-end transmission time in a network

∆τg Bit skew

∆τs Time step of a numerical model

ϕ Phase of an optical carrier

Ψ Transverse waveguide mode profile
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[Aleksić01a] S. Aleksić, V. Krajinović, and K. Bengi. A Novel Scalable Optical
Packet Compression/Decompression Scheme. 27th European Confer-
ence on Optical Communication (ECOC 2001), Amsterdam, Nether-
lands, vol. 3, no. 1, pp. 478 – 479, 30 September - 04 October 2001.
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