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ABSTRACT 

The last decade has witnessed an explosive growth in internet protocol, packet based 

traffic. Although long-haul fiber backbone networks provide capacities on the order of 

Tb/s, a bottleneck at the access network has arisen due to electronic domain signal 

processing. Recent developments in optical multiprotocollabel switching (MPLS) access 

networks promise to remove this bottleneck and allow Gb/s capacities per user and 

satisfy foreseeable future bandwidth requirements. 

This thesis introduces an optical MPLS network where packet payloads are wavelength 

multiplexed and labels correspond to spectral optical code division multiple access codes. 

Using this network, we examine payload and label processing issues in nodes as packets 

transit through the core network. We develop a software package to model data traffic 

flow in anode, where reduced sets of realistic wavelength converters are used to mitigate 

payload wavelength contentions. Furthermore, we successfully demonstrate an all­

photonic label switching system to convert (7,4) spectral rn-sequence labels using 

commercially available optical components. 
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SOMMAIRE 

Au cours de la dernière décennie, il y a eu une explosion du trafique sur les réseaux de 

télécommunication par paquet. Bien que les réseaux optiques aillent des capacités de 

l'ordre des This sur de longues distances, des limitations sur la performance sont 

apparues au niveau des réseaux d'accès en raison du traitement électronique des signaux. 

Des développements récents dans les réseaux d'accès basés sur les étiquettes optiques 

multi-protocoles (multiprotocollabel switching) permettrons d'enlever ces limitations et 

de fournir une vitesse de transmission dans les Gb/s pour chaque utilisateur, ce qUI 

devrait suffire à satisfaire les besoins en bande passante pour les années à venir. 

Cette thèse présente un réseau optique à étiquettes multi-protocoles où l'information 

contenue par les paquets est transmise sur des longueurs d'onde dédiées et où les 

étiquettes correspondent à des codes spectraux développés pour les réseaux OCDMA 

(optical code division multiple access). Ce réseau fut utilisé pour mener une étude des 

problématiques entourant la transmission des charges et des étiquettes à l'intérieur des 

nœuds. Un logiciel pour modéliser le trafique à l'intérieur des nœuds est développé. Il 

est basé sur l'utilisation d'un nombre réduit de convertisseur de longueur d'onde afin 

d'éviter les conflits lors de la transmission des charges. Finalement, l'implémentation 

d'un système de commutation d'étiquettes tout photonique constitué de composantes 

disponibles commercialement est présentée. Ce système convertit des étiquettes 

spectrales faites de «(7,4) rn-sequence». 
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1 Introduction 

1. 1 Motivation 
Historically driven by military needs, the requirement for fast, reliable and secure 

telecommunication networks has ensured sustained research, and development in this 

field has advanced at a relentless pace. From such simple systems as the optical 

telegraphs of the 1600's, where two synchronised stations would communicate with a 

sequence of coded flag signaIs, systems have evolved into international networks 

carrying vast amounts of information. 

Over the past several decades, backbone wire-line communication systems have 

increasingly been replaced with SONET based long-haul fiber-optic cables, resulting in 

Terabit per second (Tb/s) bandwidths between service providers. However, metropolitan 

and local access networks (LAN) are still limited to capacities of hundreds of Megabit 

per second (Mb/s) due to data conversion and processing in the electronic domain. 

In recent times, there has been significant growth in new communication services and 

applications such as internet protocol (IP) telephony, high-definition video broadcasts 

and three-dimensional data visualization. These applications require end user bandwidths 

ranging from kilo to Gigabit per second (Gb/s) as weIl as bit error rates (BER) anywhere 

from lO-3 to lO-12 [1]. Given that hundreds ofusers can be operating simultaneously in a 

LAN, capacities of hundreds of Gb/s could be required. With current electronics 

technology, a throughput bottleneck at the metropolitan and LAN arises and such 

capacity requirements cannot be met. 

By replacing the electronic processmg m these networks with an all-photonic 

configuration, the bottleneck between long haul and access networks can be eliminated. 

Three multiple access techniques commonly used to share the available bandwidth of a 

fiber are time division multiple access (TDMA), wavelength division multiple access 

(WDMA), and optical code division multiple access (OCDMA). These techniques are 

shown in Figure 1.1. 
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Figure 1.1: Multiple access techniques- TDMA, WDMA and 2-dimensional OCDMA [1]. 

In TDMA, users occupy the allowed wavelength band at different time slots. Each user 

is assigned a set of slots for communication, with transmission possible only during an 

allocated slot. After this, a user must wait until the next available slot before continuing 

transmission. Synchronisation plays an essential role in TDMA, and a central unit 

controlling the timing and allocation of time slots is required. For bursty traffic, TDMA 

cannot take the full advantage of statistical multiplexing gain due to its allocation of 

dedicated time slots [1]. 

WDMA utilizes the immense bandwidth of single-mode fiber by supporting many high 

speed channels and dramatically increases transmission capacity. Wavelength division 

multiplexing (WDM) networks offer many advantages including proto col transparency, 

dynamic reconfigurability and improved survivability at the expense of requiring a 

significant amount of dynamic co-ordination between nodes [2-5]. 

As opposed to the previous techniques, OCDMA requires neither time nor wavelength 

management at network nodes as users operate over aIl wavelengths at the same time. 
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Each user is assigned a unique code with ideally optimum auto- and cross-correlation 

(AC and CC respectively) properties to minimise multiple access interference (MAI). As 

a result, OCDMA networks are soft-limited in that BER depends on the number of active 

users. This is a significant advantage over TDMA and WDMA systems where the 

maximum capacity is determined by the total number of slots or wavelengths (hard­

limited). However, system implementation complexity, component technology 

requirements and code performance issues are major drawbacks of OCDMA. 

1.2 Thesis Objectives and Contributions 
This thesis studies traffic flow and enabling technologies III a multiprotocol label 

switching (MPLS) optical access network where the data payload is wavelength 

multiplexed and the packet labels are spectrally OCDMA coded. Firstly, we build a 

software package to study traffic throughput in a buffedess network node (NN), where 

reduced sets of limited-range wavelength converters (WC's) are used to resolve payload 

wavelength contentions. After verifying the data throughput improvement attainable 

using these realistic sets of WC's, we build an all-photonic label switching system to 

demonstrate switching of length seven, weight four packet label codes. 

In building the software package, we extend previous research in WDM networks where 

throughput with reduced sets of WC's were modelled [6-8]. By studying bursty traffic 

patterns, as weIl as accounting for limited-range wavelength conversion and using new 

optimal matching algorithrns, our model presents a more realistic picture of the benefits 

of WC's in optical MPLS networks. Our practical work extends single WC 

demonstrators in WDM networks [9-11] by moving to concurrent multiple wavelength 

conversion for label switching. In this work, we exploit cross gain modulation (XGM) in 

a semiconductor fiber ring laser (SFRL) with a semiconductor optical amplifier (SOA) 

gain medium. The operation of the label switcher in converting coded packet labels is 

successfully demonstrated. 

The original research contributions of this thesis have been reported in the following 

conferences and can be found in Appendix C: 
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• The demonstration of all-photonic packet label code conversion in OCDMA NN's 

using a semiconductor fiber ring laser was presented at the OSA Information 

Photonics Conference 2005 under the title, "Demonstration of All-Photonic Code 

Conversion in a Semiconductor Fiber Ring Laser for OCDMA Networks" [12]. 

• The throughput study in a bufferless WDM switch under bursty traffic using 

limited range WC's with optimal wavelength matching algorithms was presented 

at the OSA Information Photonics Conference 2005 under the title, "Analysis of a 

WDM Packet Switch with a Reduced Set of Limited-Range Wavelength 

Converters" [13]. 

1.3 Thesis Outline 
This thesis is organised as follows. Chapter 2 presents an optical MPLS access network 

and discusses the motivations for incorporating WC's and label switchers into NN's. 

Reviews ofNN architectures comprising a space switch and sets ofWC's are included in 

this chapter. Chapter 3 compares and contrasts common wavelength conversion 

technologies to determine their realistic limitations and assess their viability in a label 

switcher design. In Chapter 4, a model studying data throughput in NN's with reduced 

sets oflimited-range WC's to solve data wavelength contentions is presented. A rigorous 

probabilistic traffic analysis is combined with Monte-Carlo simulation. Various space 

switch wavelength matching algorithms are analysed, and conclusions are drawn 

concerning the effects on throughput of the number of WC's, their conversion range, 

number of wavelengths, number of fibers, and traffic pattern in the NN's. In Chapter 5, 

we demonstrate an all-photonic label switcher to perform concurrent quad-wavelength 

conversion. Static transfer characteristics are presented, as weIl as step response plots for 

the three cases of zero, one and two wavelength overlap between input and output codes. 

Based on these results, 2R-regeneration (re-amplifying and re-shaping) is expected for 

slowly modulated labels. FinaIly, Chapter 6 summarises the main results of this thesis 

and discusses future research directions to improve packet processing technologies in 

optical MPLS networks. A simple modification of our label switcher is discussed to 

provide other important processing functions such as all-photonic clock recovery from 

the data payload. 
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2 Optical Access Networks 

2.1 Protocol Stacks and MPLS in Optical Access Networks 
The viability of optical access networks depends strongly on its ability to support the 

explosion of IP packet based traffic. To this end, routing and switching technologies in 

the optical domain are required. Moving away from a traditional IP over asynchronous 

transfer mode (ATM) over SONET over optical approach, a merged protocol combining 

IP and MPLS over optical [14] could be used as shown in Figure 2.1. 

Time 
Figure 2.1: Moving from a traditional protocol stack to a merged IP and MPLS stack for an optical 
access network. 

MPLS does not use the cell-switching and signalling proto col of A TM, as the small 48 

byte A TM cells are not practical in optical access networks where bandwidths in the 

order of hundreds of gigabits are expected and much longer packets would be used. 

MPLS encapsulates an arbitrarily long packet with a header containing one or more 

labels to make up a label stack. In CUITent MPLS networks, each label stack entry 

contains a 2ü-bit label value with an additional 12-bits containing experimental 

information (Exp), a bottom of stack flag Sand time to live (TTL) data as shown in 

Figure 2.2 [15, 16]. 

Figure 2.2: IP packet encapsulated by multiple MPLS labels [15]. 
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To forward a packet through the network, an MPLS tunnel, or label switched path (LSP) 

is established between source (ingress) and destination (egress) edge nodes (IBN and 

EEN respectively). The NN's (often referred to as label switch routers) mentioned in 

Chapter 1, make up all transit nodes between the IBN and EEN. When a packet arrives at 

a NN, the uppermost label is studied and the next node on the LSP is determined based 

on its contents. Before transmission on the next hop, one of three operations will be 

performed on the current label: 

• Switch: The current packet label is switched to a new label indicating the next 

NN on the LSP. 

• Push: A new label is pushed on top of the current label increasing stack depth. 

• Pop: The current label is removed revealing the label below. The bottom label of 

the stack will be popped at the EEN leaving the original packet at its destination. 

The combination of IP and MPLS over an optical transport technology such as WDM or 

OCDMA would provide interoperability and end-to-end quality of service (QoS) with 

high capacity and reliable transport [14]. Furthermore, packet processing time in each 

NN would be minimised as the MPLS proto col examines only the uppermost label in the 

stack, rather than performing time consuming IP longest prefix matching. 

2.2 CIPI Proposai: Optical MPLS Network 
The optical MPLS network architecture studied in this thesis is based on a Canadian 

Institute for Photonic Innovations (CIPI) project with collaboration between McOill 

University, Université Laval and the University of Toronto and is shown in Figure 2.3 

[17]. This network will potentially allow a large number of users (> 100) to operate 

simultaneously while supporting high bandwidths per user (> 1 Obis) over relatively large 

distances (> 1 Okm). 
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CORE NETWORK 

\"---IP LAN's---.:'" 

Figure 2.3: Optical MPLS core network interfacing with IP LAN's [17]. 

In the network of Figure 2.3, end users are interconnected in LAN's using IP over an 

optical transport technology. For communication between LAN's, IP packets are sent to 

an IBN for multi-hop transmission through the MPLS core network. Based on the 

contents of the IP packet, the IBN encodes the packet payload and encapsulates it with an 

optical MPLS header. The header contains a fixed length label indicating the IBN source 

address and EEN destination address, along with extra fields containing priority, packet 

duration and TTL information [18]. The labelled packet is then multiplexed onto a 

shared fiber and passed to the first NN on the LSP [19,20]. 

2.2.1 Inside a Network Node 
As a packet enters a NN, two essential functions are performed. Firstly, a decision on the 

routing of the next hop (towards the EEN) is made. Following this, the NN physically 

forwards the packet. A systems level NN architecture is illustrated in Figure 2.4, where 

N fibers enter and exit the node. 

For each packet entering the NN, the clock is recovered from the payload [21, 22] and the 

data undergoes 2R-regeneration. The packet label is extracted using optical correlation 

header recognition techniques [18, 23, 24]. Based on the current label, the next hop on 

the LSP is determined from an optical lookup table (generated by mapping IP addresses 

onto labels and distributing them across the network with a label distribution proto col 
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[14]). A switch operation is then perfonned where the current label is switched to a new 

label associated with the next NN. Having completed label processing, the electronic 

control system (in red) uses the forwarding infonnation to detennine whether payload 

wavelength contentions will occur in the space switch. Along with the next hop routing 

infonnation, this contention infonnation is used in the switch control to ensure 

contending packets are sent to WC's before being multiplexed onto an output fiber. 

Input 
fram 
remote 
node 

Figure 2.4: Label and payload processing in a NN of an optical MPLS network [17]. 

2.3 Packet Payload and Label Coding 
The strategy used to encode the packet payload and corresponding label as it hops 

between NN's is fundamental to successful optical MPLS network operation. Ideally, a 

co ding strategy should satisfy the following criteria as discussed in [14]: 

• Opticallabels should not interfere with the data payload. 

• Label switching should be easily implemented in the optical domain. 

• Labels should be immune to dispersion, timing jitter and interference from other 

co-propagating labels. 

• In the time domain, the label rate should be less than or equal to the data rate, 

ensuring large overhead for label processing in the NN is not required. 

Based on these criteria, optical MPLS coding strategies have data and labels encoded in 

time, subcarrier, wavelength or code. 

2.3.1 Time Domain Optical MPLS [14, 24] 
A promising technique for label recognition, labels are implemented before the payload 

in the time domain as shown in Figure 2.5. The bit rate of the label is usually the same as 
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or lower than the data rate [25]. At the same data rate, time domain buffering is avoided 

although the label processor must operate in the order of Gb/s. At a lower data rate, label 

processing can be performed by electronics although buffering is required. Label 

switching is realized by optical XOR processing with another label [26]. 

Label 

111 

Time 
Figure 2.5: Time do main label enoding. 

2.3.2 Subcarrier Multiplexing Optical MPLS [18,27] 
This strategy treats the payload as a baseband signal while including the label as the 

subcarrier as shown in Figure 2.6. Compared to time-domain labelling, this strategy 

facilitates label switching in that frequency-dependent separation of the label and data 

payload is feasible. Packet transparency can be achieved by setting a fixed label bit rate 

independent of the packet bit rate. Unfortunately, a payload bit-rate limitation arises due 

to a required spectral guard band between payload and label to avoid interference. The 

costs of RF components are also significant drawbacks to this strategy. 

Data 
Time 

Id 
Frequency ---

Label f: f:+ft 
ft 

Figure 2.6: Subcarrier muitiplexing encoding [14). 

2.3.3 Wavelength Division Optical MPLS 
As illustrated in Figure 2.7, each label is encoded with multiple wavelengths from a 

designated "label wavelength band". A spectral label is transmitted for the duration of 

the packet with its payload (which operates on a separate, single wavelength selected 

from a payload band in a WDM scheme). By splitting the label band into several sub­

bands, hierarchical addressing can be achieved. The advantages of this method include: 
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• A K chip-long (weight K) label selected from a label wavelength band comprising 

W wavelengths will result in Wl/(W -K)! labels; A large set for few reserved 

wavelengths [28]. 

• Compatibility with hierarchical addressing. 

• High-speed label recognition and switching capability [17]. 

• Efficient implementation and reasonable cost. 

Bit-parallel 
multi-wavelength labels Hierarchical labels in wavelength 

E Label Label 
::J 
10... 

Ü 
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Payload Section 2 Section 1 

Time 
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" ::" " 11: 
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Wavelength 

Figure 2.7: Wavelength division label coding. (a) Wavelength-time packet representation (b) Spectral 
packet representation. 

2.3.4 Code Division Optical MPLS 
Several code division packet encoding strategies have been proposed for optical MPLS 

networks. In one dimension (l-D), these include coherent or non-coherent encoding in 

the time or wavelength domain. Higher dimensional co ding schemes could also be used; 

For example, a 2-D co ding scheme in time and wavelength [29, 30]. A 2-D scheme 

would provide many more labels than a 1-D scheme for the same label length at the 

expense of system complexity. 

2.3.4.1 Coherent time domain code division MPLS 
As shown in Figure 2.8, each packet label is time spread using coherent binary phase 

shift keying. The phase shifts of each time chip within the bit period define a unique 

code. Matched filtering followed by time gating and threshold detection is used to detect 

the labels. Using this method, logic operations are eliminated in the forwarding table 

(previously a difficult challenge for optical processing). 
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According to [31 J, a network operating with this scheme can achieve throughputs of 

hundreds of This with NN processing speeds of 10Gpackets/s. The drawbacks of this 

method are the complexity involved in coherent signalling, high splitting losses and large 

number of components required. 

0.0 0.5 1.0 1.5 
Tirne Ens] 

Figure 2.8: Coherent code division encoding. 

2.3.4.2 Non-coherent time domain code division MPLS [14] 
In this scheme, a data bit is modulated by an OCDMA code in the time domain. For 

example, a "1" data bit sends the code, while no code is sent for the "0" bit, as illustrated 

in Figure 2.9. By further using the code as the optical label, logic operations are 

eliminated in the NN lookup process with only optical correlation required. A good 

choice of code family will minimise MAI allowing many labels to operate 

simultaneously. 

Data 

o 1 

Label 

[1 1 00] 

Labeled Da.ta 

Figure 2.9: Non-coherent code division encoding [14]. 

2.3.4.3 Wavelength domain (spectral) code division MPLS 

Time 

This technique enhances wavelength division encoding with OCDMA techniques. As in 

Section 2.3.3, the payload is encoded on a single wavelength in a WDM scheme while 

the label is comprised of hierarchical sets of wavelengths. However in this case, each 

label corresponds to a unique set of wavelengths forming a spectral code. In addition to 

the advantages discussed in Section 2.3.3, pseudo-orthogonal spectral codes minimise 

label interference and allow many labels to operate simultaneously. A network using this 
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strategy would be scalable in that many more label codes could be available with minimal 

increase in hardware [17]. The simplicity and advantages of this scheme would make it 

ideal for optical MPLS networks and this encoding is assumed for the remainder of the 

thesis. 

2.4 Spectral OCDMA Label Coding 
A fundamental difference between wireless and OCDMA is that wireless CDMA codes 

consist of {-I,I} values encoded in the phase of the electromagnetic field, and are known 

as bipolar sequences. In OCDMA systems, where photonic detectors more readily 

measure signal energy, codes are unipolar and consist of {O,l} values. It has been shown 

in [32] that substitution of the -1 values in established bipolar codes for ° values to create 

analogous OCDMA unipolar codes results in codes with much poorer AC and CC 

properties. As a result, nove!, spectral, unipolar codes must be created for OCDMA 

applications and satisfy the desired label characteristics discussed in Section 2.3. 

Examples ofthese codes and their impacts on system performance are discussed in [1, 32, 

33]. 

To characterise a code family, the following metrics are used [1]: 

• Hamming weight: Equal to the number of ones in a code. Aiso called the 

nonshifted AC, this value should be as large as possible. As a result, the received 

decoded signal will be much larger than the background noise in the system. 

• Shifted AC: This should be much less than the Hamming weight, and will 

ensure the output of the correlating receiver is small when the transmitter is not 

synchronised with the receiver. The AC is defined as 

L-l 

RAC (r)= Lx(n)x(n+r) ; O~r~L-I (2.1) 
n=O 

where xO is a unique code, L is the length of the code and T is a shift for 

asynchronous transmission. Depending on the co ding domain, T could correspond 

to a shift in time, wavelength or space. 

• CC: The CC between any pair of codes must be minimised. This ensures that 

each codeword can be easily distinguished from every other address sequence. A 
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small CC will minimise MAI compared to the energy contained in a received 

information bit. CC is defined as 

L-I 

Rcc(r)= Lx(n)y(n+r) ; 0:::;r:::;L-1 (2.2) 
n~O 

• Cardinality: The number of codes in the family. This should be large to enable 

many us ers to operate on an individual code with a minimal chance of code 

contention. 

2.4.1 rn-sequences for spectral OCDMA label codes 
We seek a code family that yields an optimal compromise between the metrics discussed 

in Section 2.4. One such family is spectrally coded unipolar rn-sequences. An (N,k) m­

sequence has length N and weight k, and consists of a pattern of zeros and ones with good 

randomness properties. rn-sequences are easily generated using an N-stage linear 

feedback shift register with feedback taps configured using finite (Galois) field 

mathematics [34]. The main properties of rn-sequences are [35]: 

• The length is N = 2n -1 for integer n. 

• The cardinality is N. 

• There are N + 1 
ones (Hamming weight) and N + 1 

-1 zeros in the sequence. 
2 2 

• Any circular shift of the code sequence added (mod-2) to itself is another m-

sequence. 

• Due to their cyc1ic nature, the shifted AC and CC are the same and are given by 

N+1 
R AC ( r ) = Rcc ( r ) = -- ; r =F IN 

4 

where 1 is an integer. 

(2.3) 

The good AC and CC properties coupled with their high weight and simplicity make m­

sequences ideal for spectral label co ding in optical MPLS networks. As an example, a set 

of (7,4) optically encoded rn-sequences are shown in Figure 2.10. 

13 



Figure 2.10: Subset of (7,4) rn-sequences highlighting their cyclic property. 

2.5 Payload Contentions in a Network Node 
In Section 2.2.1, the possibility of payload wavelength contentions occurring in a NN 

space switch was introduced. Essentially, if two or more packets (with their payloads on 

the same wavelength) are to be routed to the same NN on their next hop, a contention will 

be detected on that wavelength in the current NN. Without a contention resolution 

scheme, several scenarios could arise. These are discussed below for the case of two 

contending packets. 

• One packet is directed to a fiber delay line (FDL) where it is buffered until the 

other packet has fini shed transmission. 

• One packet is dropped. 

• Both contending packets are dropped. This is the worst case scenario. 

Obviously aU three scenarios are less than ideal. In the first case, many kilometres of 

fiber buffer would be required in each NN coupled with a complex scheduling algorithm 

to control the position of packets in the buffer. In the second and third cases, packet loss 

could lead to a dramatic reduction in throughput depending on the traffic load and the 

number of wavelengths used. 

2.5.1 Wavelength Conversion to Resolve Payload Contentions 
An example of WC operation is shown in Figure 2.11. In this scenario, we consider a 

system operating on four payload wavelengths and a set ofthree WC's per output fiber in 

the space switch. Thus a maximum of four packets can be transmitted in a slot, with a 

maximum of three conversions taking place. In this time slot, three packets on À1, and 

two packets on À2 request transmission to the same output fiber as shown in Figure 

2.11(a). Without WC's as shown in Figure 2.11(b), only one packet on both À1 and À2 

would be transmitted, resulting in the loss ofthree packets. However using the WC's in 
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Figure 2.1 1 (c), two packets can be converted to the free wavelengths 113 and 1l4' This 

results in the 10ss of just one packet. 

1 Time Siot 
1 1 WC's À

1 

Combiner 
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• Arriving packet 
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• Unconverted packet 
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Figure 2.11: Operation of a Wc. (a) Packet requests to an output fiber. (b) Transmission without 
WC's. (c) Transmission with WC's. 

We expect many advantages by inc1uding WC's III a NN space switch. Firstly, a 

significant throughput improvement will be achieved as demonstrated in the previous 

example and in other WDM network studies [6, 8]. Moreover, by utilizing the 

wavelength dimension, FDL's are not required as buffering is intrinsically performed 

10gically at the network level. Another advantage ofinc1uding WC's in a space switch is 

the generalisation of a light-path in a network to a light-tree (one source node with 

severallight-paths to multiple destination nodes) [36, 37]. This allows optical multicast 

capability whereby a packet entering a NN could be transmitted to many other nodes 

using different wavelengths. This capability would be useful in 1 + 1 optical layer 

protection (transmitting a source signal simultaneously on primary and backup paths), 

high-definition TV broadcasts and optical storage area networks. 
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2.6 Space Switch and WC Architectures in a Network Node 
In this section, several space switch and WC architectures are examined for use in a NN. 

AH architectures have various advantages and drawbacks. Based on these trade-offs, we 

select an architecture to use in the NN of the CIPI proposed label-switching network. 

2.6.1 Space Switch Architecture 
The space switch alone is common to aH the foHowing architectures and is illustrated in 

Figure 2.12. The switch is made up of power splitters, passive couplers and optical gates 

implemented with SOA's. N fibers enter the space switch, each carrying up to n payload 

wavelengths (À], .. . ,.Ion). A demultiplexer attached to each input fiber demultiplexes each 

wave1ength onto a single, dedicated fiber, resulting in nN individual channels entering the 

switch. Upon entering, each channel is passive1y split N times to be directed to the N 

output fibers. Optical gates are placed after each split channel and comprise the 

switching matrix. Based on the label code and payload contention information, control 

logic is used to determine the switching matrix configuration to perform routing from an 

input to a desired output fiber. 

Space Switch 

E3: Gate ~: Passive splitter ~: Passive combiner 

Figure 2.12: Space switch architecture showing data flow. Controllogic is not shown. 

A limitation of this space switch architecture is the number of times a signal is passive1y 

split as it moves through the switch. For many fibers (N large), amplifiers would be 
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required to boost signal power before transmission through the switch. This would 

increase system complexity, cost and reduce optical signal to noise ratio (OSNR). 

2.6.2 Buffered versus Bufferless 
Due to the lack of storage capability in optical networks, buffering is currently achieved 

using FDL's with lengths equal to multiples of the packet duration. This technique 

makes the structure of an optical switch close to an electronic switch and has been 

extensively studied in WDM networks [38, 39]. An architecture combining buffers into a 

switch is illustrated in Figure 2.13. The switch output has a single direct line and B/n 

FDL's going to each combiner, where n is the number of available wavelengths, and B is 

the number of packet positions for the buffer [40]. 

() 

N () 

Space Switch 

C,X) Variable length FDL's 

Figure 2.13: Space switch with optical buffers. 

N 

In this architecture, incoming wavelengths are demultiplexed and split N times to be 

directed to each output fiber. Each channel is then split a further BI n + 1 times 

corresponding to the number of output fibers entering each combiner. These channels are 

sent to the space switch where the SOA gates control routing. If a contention arises in a 

time slot, contending packets can be directed to the FDL's where they are buffered until 

the contention has been resolved. 

Although buffers reduce contentions and improve throughput, bundling accurate lengths 

of FDL's into a switch and developing an associated control algorithm makes buffered 
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switches undesirable in optical networks. However, as previously illustrated in Figure 

2.11, the use of WC's negates the need for buffering. Figure 2.14 highlights this by 

juxtaposing the roles of buffers and WC's. In this case, two payloads (from different 

fibers) operating on the same wavelength request access to the same output fiber. In 

Figure 2.14(a), one packet is sent directly while the other is sent to a buffer before both 

are combined into the output fiber. In Figure 2. 14(b) one packet is converted to a free 

wavelength before both are combined into the output fiber . 

o Ài • • 
• Ài 

.~ 

o Ài 
.. • .ÀiOO./O 

(a) 

o Ài • .À. 
• 1 • 

~ 

o Ài • .À. /0 
• ~ 

(b) 
Figure 2.14: Buffering vs WC's for solving payload wavelength contentions. (a) Using a buffer. (b) 
UsingWC's. 

As space switches equipped with WC's do not require buffers, aIl following architectures 

are bufferless. 

2.6.3 Single Per Channel (SPC) 
This architecture has a dedicated WC for each wavelength channel output from the space 

switch [41] and is illustrated in Figure 2.15. The nN individual channels entering the 

switch are split N times to allow routing to each output fiber. Each resulting channel is 

split another n times and directed towards the n-1 WC's and the single direct line before 

being combined onto an output fiber. The direct line is not equipped with a WC as there 

is always at least one wavelength not requiring conversion. 
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N 

Figure 2.15: Single Per Channel architecture. The 1 x N and 1 x n splitters as weIl as optical gates 
are not included in the space switch block for clarity. 

Assuming that each WC can convert from one wavelength to any other in the wavelength 

set, there are up to n output packet payloads on n wavelengths at the output fiber. If more 

than n packets are directed to an output fiber, n will be forwarded while the remaining 

will be dropped. 

With a dedicated WC for each output wavelength channel, (n -l)N WC's are required in 

the space switch. This will always yield the optimal throughput by allowing the 

maximum number of conversions to take place. However the large numbers of WC's in 

this architecture make it highly cost-ineffective as often not all WC's are required at the 

same time. 

2.6.4 Shared Per Node (SPN) 
In the SPN architecture, a bank of L WC's are shared amongst all input wavelength 

channels. By appropriately configuring the switching matrix, any contending input 

channel can access this bank. The SPN architecture is shown in Figure 2.16. 
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Figure 2.16: Shared Per Node architecture. 

This architecture requires the least number of WC's to achieve a required throughput 

threshold [41]. However, by sharing a bank of WC's, an additional set of splitters and 

SOA gates are needed to allow the wavelengths requiring conversion to be directed to the 

wc bank and to allow access to the output combiners. These extra components are 

illustrated in space switch 2 of Figure 2.16 and cause a system complexity increase and 

OSNR degradation. 

2.6.5 Shared Per Output Fiber (SPOF) 
Similar to the SPC architecture, this architecture shares WC's per output fiber as shown 

in Figure 2.17. Each output fiber has a set of L WC's and n - L direct lines combined 

into the combiner. L can vary from 0 (no conversion capability) to n - 1 (complete set­

SPC). 1 x N followed by 1 x n splitters are required (as per the SPC architecture) after 

decoding the wavelength from the input fibers. Wavelengths requiring conversion are 

sent to the output lines with WC's. 

20 



Space Switch 

x 
N 

Figure 2.17: Shared Per Output Fiber architecture. 

This architecture reduces the number ofWC's required for a given throughput compared 

to the SPC architecture, but does not make as much savings as the SPN. However, the 

lower number of SOA gates required reduces the switch matrix complexity compared to 

SPN [42] and makes it attractive for the optical MPLS network. This architecture is 

assumed for the remainder of this thesis. 

2.7 Discussion 
This chapter discussed several fundamental issues in implementing an optical MPLS 

network employing WDM encoded payloads and spectral OCDMA label codes. Payload 

wavelength contention resolution and label switching were shown to be essential packet 

processing stages in each NN of the core network. In the following chapters, we study 

the advantages of incorporating sets of realistic WC's in a NN space switch to improve 

data throughput, and demonstrate a spectral label switching system in the laboratory. 
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3 Wavelength Conversion: Techniques and Limitations 
To analyse data throughput in the NN's of an optical MPLS network with WC's for 

payload wavelength contention resolution, it is important to understand the physical 

limitations of current wavelength conversion technologies. In addition, to perform label 

switching in the NN using spectral OCDMA labels, concurrent, multiple wavelength 

conversion is required. This is a significant extension to single wavelength conversion 

technology. 

Many techniques have been shown to achieve all-optical wavelength conversion. Less 

common methods include injection locked Y -lasers, bistable lasers incorporating 

saturable absorbers and intensity modulated DBR lasers [43]. Cross-phase modulation 

(XPM) and four-wave mixing (FWM) in nonlinear fiber have also been demonstrated 

[44-46]. However, the most common techniques are XGM, XPM and FWM in an SOA 

[43, 47]. The advantages and physical limitations of these three common SOA based 

wavelength conversion techniques will be discussed in this chapter. 

3.1 XGM in an SOA 
The simplest of aIl wavelength conversion methods, the XGM configuration requires one 

SOA and takes as inputs a data (control) signal Âc and a continuous wave (CW) probe Âp. 

The control and probe wavelengths can be launched in a co- or counter-propagating 

manner as shown in Figure 3.1(a) and (b). When the control signal goes ON, the SOA 

enters saturation, and the probe experiences little to no gain and is attenuated. When the 

control goes OFF, the probe experiences the full gain of the SOA and is amplified. This 

results in an inverted version of Âc being impressed on Âp. Besides its simplicity, XGM 

based converters are stable and polarization insensitive (with correct design) [43]. 

Àp CW Converted Signal 

~~_SO_A---,~-"'-U-'-U~: 
Input Signal 

(a) 

Input Signal 

-:w-,-p_·~ 
~ 
Converted Signal 

(b) 

Figure 3.1: XGM in an SOA (a) co-propagating (b) counter-propagating configuration 
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A disadvantage of the co-propagating configuration is that it requires a tuneable optical 

band-pass filter (TO-BPF) at the SOA output to block the control signal. As a TO-BPF is 

tuned mechanically or thermally, it is difficult to build fast tuneable WC's using this 

scheme. Using the counter-propagating configuration, a TO-BPF is not required and 

conversion can be performed to the same waveiength. However, the maximum SOA 

modulation bandwidth of this configuration is often many times less than in a co­

propagating scheme [48], strongly limiting maximum bit-rates. 

Additional drawbacks to the XGM method inc1ude the inverted pulses having a red­

shifted chirp on the leading edge and a blue-shifted chirp on the trailing edge. This chirp 

results in pulse broadening when used with anomalous dispersion fibers, limiting 

transmission distance [48]. Furthermore, when converting to longer waveiengths (up 

conversion), there is an extinction ratio (ER) degradation. This limits the cascadability of 

SOA's using XGM. Finally, pattern dependent effects at high bit-rates comparable with 

the SOA dynamic bandwidth result in eye c10sure and appearance of an error floor for the 

converted data [49]. 

3.2 XPM in an SOA 
The XPM method uses two SOA's in a Mach-Zender Interferometer (MZI) configuration 

shown in Figure 3.2. The control signal is injected into one arm and modulates the phase 

of that arm. The MZI configuration converts this phase modulation to amplitude 

modulation in the CW probe [27, 47]. 

Input Signal 

cw 

Figure 3.2: MZI configuration for XPM in an SOA [50]. 

The advantages of the XPM method inc1ude: 

• Non-inverted data can be obtained on the probe signal. 
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• Conversion to the same wavelength can be performed. 

• Wavelengths can be up converted without ER degradation. 

• Converted pulses have a narrower spectrum than for XGM (although a small chirp 

is still observed), allowing transmission over longer distances [27]. 

• XPM conversion is more power efficient than XGM conversion [43]. 

• 2R regeneration is more readily observed. 

The main drawbacks of this method are its complexity and stability. It is very difficult to 

assemble a stable MZI configuration with two SOA's without on-chip integration. 

Additionally, as for XGM, pattern dependent limitations arise at high bit-rates. 

3.3 FWM in an SOA 
As shown in Figure 3.3, FWM takes a pump wave with angular frequency OJp and a 

control wave OJc as inputs. Using the 3rd order nonlinear susceptibility X(3), a new wave 

OJn is generated. OJn is a linear combination of the angular frequencies of the pump and 

control waves, such that Wn = 2wp - Wc' Furthermore, the intensity of OJn is proportional to 

the products of the interacting waves [27, 50]. 

I-----.:~ 
W n= 2wc- W p 

Figure 3.3: FWM in an SOA. Inputs are pump wave wp and control wave Wc [50]. 

FWM is the only conversion mechanism to offer full range (strict and digital) 

transparency [51]. In this mechanism, phase and amplitude information is preserved, and 

digital signaIs of any bit rate up to a certain limit can be accommodated by the system. 

As the response speed of l3) is extremely fast (lOOTHz demonstrated in [52]), high bit­

rate, wide-bandwidth conversion is possible, and operation in the order of This is 

expected. Another advantage of the FWM method is that chirp is almost non-existent 

[50]. 

Several disadvantages of this method inc1ude: 

• The pump and control waves must have the same polarization. 
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• For negative detuning (wp < wc), the converSIOn efficiency is lower than for 

positive detuning. 

• The conversion efficiency of this method is much lower than XGM/XPM 

schemes. 

• Phase matching must be considered, but is not as critical as for 2nd order 

nonlinear wave mixing, as wp, Wc and W n are all in the same wavelength band 

[50]. 

3.4 Discussion 
AH conversion techniques have limited capabilities. For example, a WC may have 

limited range, in that it can convert from one input wave1ength to a limited subset of 

output wavelengths. In an XGM scheme, down conversion may only be possible due to 

the ER penalty associated with up conversion. This limitation must be taken into account 

when modelling data traffic flow in a NN equipped with realistic WC's. 

Although XGM and XPM "optical gating" methods have limited transparency compared 

to FWM, their higher conversion efficiency makes them more attractive for 

implementation in current systems. Given that spectral labels are switched at a fraction 

of the payload switching rate, the simplicity of XGM makes it ideal for initial label 

switching system demonstrations. In particular, the counter-propagating configuration is 

particularly attractive as it allows for conversion between labels containing several 

common wave1engths. When much higher switching rates are required (>100Gb/s), 

FWM will most likely be the technology of choice. 
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4 Data Throughput Analysis in an Optical MPLS 
Network Node with Wavelength Converters 

In this chapter, we model traffic flow through a NN in an optical MPLS network. The 

objective is to develop a software package that allows us to determine the advantages of 

incorporating WC's (for payload wavelength contention resolution) into the space switch 

ofaNN. 

To this point, extensive work has been performed by various research groups 

investigating wavelength contention resolution in WDM networks. Beginning in 1997, 

research from the Technical University of Denmark focussed on the throughput 

improvement in a WDM packet switch. Complete sets of full-range WC'SI and FDL 

optical buffers were used to negate wavelength contentions under a bursty traffic 

assumption [8, 40, 53]. This work was followed by a multitude of papers from the 

University of Rome La Sapienza. In these papers, the authors removed the FDL buffers 

and rigorously modelled reduced sets of full-range WC's in the various bufferless switch 

configurations (discussed in Section 2.6) under uniform traffic [6, 41, 42, 54]. Further 

research focussed on reduced sets of limited-range WC's in a bufferless switch under the 

same traffic assumption. The authors presented a random scheduling algorithm and a 

first available algorithm (FAA) to solve the wavelength matching problems [7, 55]. The 

work of this thesis improves on the previous analyses by accounting for both bursty 

traffic and reduced sets of limited-range converters, as well as presenting new 

wavelength matching algorithms in the space switch. 

The network we consider uses spectral OCDMA (rn-sequence) labels with WDM coded 

payload as presented in Section 2.3.4.3. Inside each NN, the space switch and WC's are 

organised in a bufferless SPOF architecture. Each of the N input fibers carries n 

wavelengths. Each output fiber has a bank of L WC's and n - L direct fibers combined 

into the passive coupler. L can vary from 0 (no conversion capability) to n - 1 (SPC 

complete set). The space switch requires n2N2 gates. Packet arrivaIs to the NN are 

1 Explanation of full- and limited-range WC's are presented on the following page. 

27 



assumed to be slot synchronised. This "fine synchronisation" assumption aIlows for 

asynchronous operation as complete packets do not have to be synchronised [34]. A 

detailed illustration of this architecture is shown in Figure 4.1 with the space switch 

connections included. 

Decoding Space Switch WC's 

1 

N 

8: Gate ~: Passive splitter IZJ:WC 

Figure 4.1: General SPOF architecture showing physical space switch connections. 

Throughput this chapter, various nomenclatures are used to classify different switch and 

WC models. These are: 

• Complete and Reduced sets ofWC's: A complete set ofWC's means there are 

n-1 WC's per output fiber, as in the SPC architecture. A reduced set implies the 

number ofWC's per output fiber can range from 0 to n-1 (as per SPOF). 

• Full-Range and Limited-Range WC's (FRWC, LRWC): As discussed in 

Chapter 3, a realistic WC may not be able to convert from an input wavelength to 

aIl others in the set. A LRWC takes this into account. The specific constraint on 

the range of a LRWC is given on a per case basis. A FRWC is the ideal case and 

is used in Sections 4.1 and 4.2 to develop closed form expressions for traffic 

throughput. A study with reduced sets of LRWC's is conducted in Section 4.3. 
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4.1 Single Siot (Uniform) Analysis of Traffic Flow in a Bufferless 
Space Switch with Reduced Sets of FRWC's 

4.1.1 Introduction and Assumptions 
In this section, the following assumptions are made: 

• AlI WC's have full-range conversion capability. That is, we model FRWC's. 

• Data traffic flow is uniformly distributed (non bursty). We consider each slot 

independently of the others in a packet payload. Consequently, a single slot 

analysis is performed. 

• The number of payload wavelengths entering the NN (active sources) is 

modelled by a Bernoulli Random Variable (RV) with probability ofbeing active 

p. 

• Traffic is symmetric. Each active source has the same probability (lIN) to be 

directed to any output line. 

• Correlation between traffic on various wavelengths is neglected. If traffic from 

the same source is split into several wavelength channels (multicasting) this 

assumption is not valid. In this analysis, traffic on different channels is assumed 

to originate from different sources. 

• The bufferless switch configuration means that if greater than n packets are 

directed at a given output fiber, only n will be selected at random for 

transmission. 

4.1.2 Equivalent Model 
For the purposes of modelling, the general SPOF switch in Figure 4.1 is redrawn as an 

equivalent switch shown in Figure 4.2. At refers to a payload on wavelength i from input 

fiber K, and wavelength set i (WSi ) refers to aIl payloads on wavelength i. 

29 



A1 
1 

AN 
1 1 

X 
n-L 

1 
1 
1 

H WC1 ~ À1,···, Àn 
1 
1 
1 . ( 1 
1 A1 ~CL l_3 n • H 

1 
, AN 

n 

Figure 4.2: Equivalent switeh re-drawn for modelling. Only one output fiber is modelled due to the 
symmetrie traffie assumption. 

In this Figure, there are nN equivalent input channels. These channels have been grouped 

by their wavelength into WS' s rather than by their input fiber as in Figure 4.1. As each 

channel carries load p, the load directed at one output fiber must be piN due to the 

symmetric traffic assumption. 

Given nN Bernoulli sources, each having a probability ofbeing active piN, the probability 

of the number of active sources (channels) J in a given time slot can be determined. J is a 

Binomial RV, and J ~ B[nN, p / N]. If J > n, only n sources will be directed to the 

output fiber (no buffering). 

If there are J active sources in a timeslot, there can be M wavelength contentions, where 

Mis a RV defined by ME [O,min(J -l,n -1)]. A contention will occur when there is 

greater than one active source in any given WS. For example, if in WSj, there are 4 

active sources, there will be 3 contentions (as aIl sources in a given WS operate on the 

same wavelength). We seek to determine the probability of m contentions givenj active 

sources, P(M = m 1 J = j). 

There are L FRWC's on each output fiber, where LE [O,n -1]. Based on the symmetric 

traffic assumption, only one output fiber is modelled as this is representative of the entire 

switch. 
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4.1.3 Theoretical Formulation 
To measure the performance of this system, the packet success probability (PSP) metric 

is used and defined as 

PSP = l #successfully transmitted so~rces givenj active sources p(J = j) (4.1) 

j=O ) 

Using the uniform traffic assumption, the probability thatj sources are active is given by 

the Binomial Distribution 

( NJ( )j ( )nN-j 
P(J=j)= n

j 
~ 1-~ (4.2) 

The number of successful transmissions givenj active sources is defined as 

n-A,. 
} 

(4.3) 

where Âj represents the mean number of free wavelengths at the output given j active 

sources, and thus n minus this value is the number of used wavelengths since each output 

fiber can carry n different wavelengths without buffering. ;; is determined by summing 

over the probabilities of the number of contentions occurring (m) givenj active sources, 

and multiplying by the resulting number of free wavelengths. That is, 

(4.4) 
m 

where Àj,m is the number of free wavelengths at the output fiber givenj active sources and 

m contentions. This value depends on j, m, and the number of contentions that can be 

resolved by the set ofWC's, L. Thus Àj,m is defined piecewise as 

n-j ;j5,nnm5,L 

n-(j -m+L);j 5, nnm >L 

o ;j>nnm5,L 

m-L ;j>nnm>L 

(4.5) 

To understand (4.5), recall that the number offree wavelengths is n minus the number of 

used wavelengths. For example, when j 5, n and there are more WC's available than 

contentions (L ~ m), aIl contending wavelengths will be converted to free wavelengths 
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and the number of used wavelengths will be j. Thus n - j wavelengths will be free. 

When there are more contentions than WC's (m > L), there will be j - m + L used 

wavelengths at the output. Whenj > n, the sarne equations as before apply, exceptj has 

been replaced by n as a maximum of n wavelengths are accepted by the output fiber. 

By substituting (4.5) into (4.4), a single expression for Aj is given by 

min(L.j-l) 

~ = nI (J = 0) + L P (M = m 1 J = j)( n - j).1 (1 ::; j ::; n) 
m=O 

j-I 

+ L P(M=mIJ=j)(n-(J-m+L)).1(l::;L+l<j::;n) (4.6) 

n-I 

+ L P (M = m 1 J = n)( m - L ).1 (J > n) 
m=L+I 

where I(Q is the indicator function, and equals 1 for ( TRUE, ° for ( F ALSE. 

At this stage, the only unknown in the expression for PSP is the conditional probability 

P(M = m 1 J = j) for aU values of m and j. We deterrnine these values by defining a 

conditional probability matrix for the number of fibers N and number of wavelengths n, 

CN,n, where each element CN,nU,m) = P(M = m 1 J = j). 

4.1.4 Computing the conditional probability matrix CN,n 

Before computing the conditional probability matrix CN,n, we deterrnine a conditional 

combinations matrix, KN,n. KN,nO,m} refers to the number of ways (combinations) m 

contentions can occur givenj active sources. RecaUing that m::; j -1, we can eliminate 

many unknown elements in this matrix by setting them to 0, resulting in the lower 

diagonal matrix shown in (4.7). The value of the element in row j, column m, KN,nO,m}, 

corresponds to the number of "legal" ways (combinations) m contentions can occur given 

j active sources. 
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m 
0 1 ... n-l 

j 

1 K(1,O) 0 ... 0 

KN = ,n 2 K(2,0) K(2,I) (4.7) 

0 

n-I K(n-I,O) K(n-I,2) ... 0 

n K(n,O) K(n,2) ... K(n,n-l) 

Each element û,m) in the probability matrix CN,n is evaluated by taking the corresponding 

element from KN,n and dividing it by the sum of all combinations in row j as shown in 

(4.8). This ensures all rows ofCN,n sum to one. 

C (
. ) = K N ,n (J, m) 

N,n J,m j_1 (4.8) 

L:KN,n (J,i) 
Î=O 

To determine the elements of KN,n, we look first at the cases N = 2 and N = 3, which 

give strong insight into solving this problem. 

4.1.4.1 Case N = 2 
When two fibers are input to the switch, each WS can have 0, 1 or 2 active sources at any 

time instant. Under this assumption, the numbers of ways that m contentions can occur 

givenj active sources is given by: 

The terms of (4.9) are explained as follows: 

• ( :]: Gi ven n WS' s, select m of these to have 1 contention (2 active sources). 

• (~-m J: There are (n-m) WS's available after selecting m previously. From 
J-2m 

these, select (j - 2m) WS's to have 1 active source (0 contentions) and thus 

account for all the j active sources. 
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• 1 (J ~ 2m): When i < 2m this function 1S zero. It ensures that only legal 

combinations will be accepted. 

At this stage, the number of legal ways to have m contentions given i active sources has 

been found. However, the ordering of the active sources in each combination has not 

been accounted for. For example, consider N = 2, n = 3, i = 3, m = 1, with 2 active 

sources in WS j (say Sourcej and Source2), and 1 active source in WS2 (say Source3). The 

terms in the first square brackets of (4.9) will give this as one combination. However, the 

combination where Sources2,3 are active in WS j and Sourcej is active in WS2 also causes 

one contention. This is accounted for in the final two terms of(4.9): 

• 

• 

m (i- 2(i-1)J D 2 : This applies to the m WS's that have 1 contention (2 active 

sources). Initially there are i active sources. Select 2 of these for the 1 st WS with 

1 contention. For the 2nd WS, there are i - 2 active sources left, and again select 

another 2. Continue this through aIl WS's having 2 active sources. 

J-2m (i -1(i -l)J Dl: As before, except this applies to the i - 2m WS' s that have 1 

active source (0 contentions). 

4.1.4.2 Case N = 3 
When N = 3, each WS can have 0, 1,2 or 3 active sources at any time instant. Vnder this 

assumption, the number of ways m contentions can occur giveni active sources is given 

by: 

Lm/(N-\)J{[( n J( n-m J( n-m+m J ] K N=3,n(J,m)= L 2. 2 I(J~2m-m2)' 
m2=O m2 m-2m2 J-2m+m2 

(4.1 0) 

[ft(i -3(i -l)Jmff (i -2(i -1) -3m2JJ-rf2 (i -1(i -1) -2( m - 2m2)-3m2)]} 
.=\ 3 .=\ 2 .=\ 1 

whereL·J = jloor(.). 
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In (4.10), the same procedure has been performed for the case N = 2, except there is a 

sum over a new variable m2, which defines the number ofWS's with 2 contentions. The 

value m - 2m2 is the number of WS' s with 1 contention and will be denoted ml for 

simplicity (obviously for m contentions,m = 2m2 +1~). Note that regardless of N, ml is 

always a dependent variable. 

4.1.4.3 General N 
For the general case of N input fibers to the switch, the expression to determine 

KN,nU,m) is given in (4.11) 

N-l 
n-m+ ~)k-1)mk 

k;~l I(j'?2m- I(k-1)mk].[iï(j-N(i-1)]. 

j-2m+ L(k-1)mk k=2 i=l N 
k=2 

[ 

N-l J [ N-l J mN_2 j-(N-1)(i-1)- L (z+1)mz ... ml j-2(i-1)- L(z+1)mz TI z=N-l TI z=2 . 
i=l N -1 i=l 2 

ù[j -I(i -I)-I~(Z+ I)m, J J} 
(4.11) 

For (4.11), the bounds in the sums and products are defined as: 
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l 1 J m - m N-l,up - N -1 

Bounds in the Sums mx,up = l!(m -l ymyJJ 
x y=x+l 

(4.12) 

Bounds in the Products 

ml ~m-(~ym, }(N)2) 

N-l 
mo =} -2m+ ~)y-1)my 

y=l 

Having found KN,n for each value of} and m, CN,n is detennined from (4.8). This allows 

the calculation of Àj using (4.6). Finally packet loss probability (PLP) can be found 

from PSP using (4.1)-(4.3): 

nN n-À 
PLP=l-PSP=l- I-.-J p(J=}) 

j=O } 

(4.13) 

At this stage, we have a complete theoretical description of unifonn (single slot) data 

traffic flow in a switch employing reduced sets of FRWC's in an SPOF architecture. 

Given values of N and n, equations (4.1)-(4.13) can be implemented in a computer 

program. By varying the load p, PLP versus p curves can be obtained for various values 

ofFRWC's. 

4.1.5 Monte-Carlo Simulation and Model Verification 
To verify the model presented in this section, Monte-Carlo (MC) numerical simulations 

of unifonn traftic flow through the SPOF switch are perfonned. The flowchart for the 

MC algorithm with StriaIs given N, n and p is shown in Figure 4.3. In this figure, two 

subroutines are used; The "WS Selection subroutine" detennines what WS each source 

belongs to, and the "Output Sources subroutine" detennines how many sources can reach 
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the output fiber given the number of FRWC's. The flowcharts for these subroutines are 

illustrated in Figure 4.4(a) and (b) respectively. 

By running this algorithm for multiple load values, we determine the validity of the 

theoretical model. 

Selecting 
active 

sources 

See WS Selection 
subroutine 

START: Given N, n, p 

Initialise Variables: 
SOURCES_IN = SOURCES_OUT = zeros(I,S), i=1 

jsn 
? 

FALSE Discard j - n sources randomly, 
>-'---='=-=--~-..I still storing j. (Maximum of n 

active sources) 

+--~~~-

Based on # sources in each WS, 
determine # contentions, m. eg 3 sources 

in WS, gives 2 contentions 

See Output sourc~+ ____ --j 
subroutine _~ 

FALSE i> S 
? 

Figure 4.3: Flowchart to implement MC algorithm and numerically simulate traffic flow in a SPOF 
switch. The WS Selection and Output Sources subroutines are illustrated in Figure 4.4. 
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START 
WS Selection subroutine 

Given j sources, create an array of length j from 
the discrele uniform distribution, where each 

elemenl is between [1,n]. Eg If n = 5, j = 3, one 
WS combinalion could be [4 1 5]. Thal is, Source1 
belongs 10 WS4, Source2 10 WS1, Source3 to WS5 

Find number 
of sources in 

eachWS 

Are # of 
sources in each FALSE 

WSsN 
? 

TRUE 

END 
WS Selection subroutine 

(a) 

Randomly re-distribule 
sources among WS's 
wilh < N sources until 

ail WS's have < N 
sources 

START 
Output Sources subroutine 

TRUE 

Users oui, U = sum of 
active sources in ail 

WS's 

mSL 
? 

END 

FALSE 

Users oui, U = sum of 
active sou rces in a Il 

WS's-m +L 

Output Sources subroutine 

(b) 

Figure 4.4: (a) WS Selection subroutine. (b) Output Sources subroutine. 

4.1.6 Results 
By plotting PLP against load, the results of the theoretical analysis (solid lines) and MC 

simulations (crosses) in modelling uniform data traffic flow in a switch with reduced sets 

of FRWC's are found. The various scenarios considered and their corresponding plots 

are indicated in Table 4.1. The number of FRWC's is varied from 0 to n - 1 and S = 

30,000 trials are used for all MC simulations. 

Table 4.1: Uniform traffic switch scenarios modelled. For each scenario, the corresponding plots are 
given. 
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Load per wavelength channel 

Figure 4.5: PLP vs Joad for a 4x4 switeh with 7 waveJengths per fiber with redueed sets of FRWC's 
under uniform traffie. Inset: PLP vs WC's at a Joad of 0.4 and 0.7. 
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Figure 4.6: PLP vs Joad for a 4x4 switeh with 15 waveJengths per fiber with redueed sets of FRWC's 
under uniform traffie. Inset: PLP vs WC's at a Joad of 0.4 and 0.7. 
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Figure 4.7: PLP vs Joad for a 4x4 switch with 31 waveJengths per fiber with reduced sets ofFRWC's 
under uniform traffie. Inset: PLP vs WC's at a Joad of 0.4 and 0.7. 
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Figure 4.8: PLP vs Joad for an 8x8 switch with 15 waveJengths per fiber with redueed sets of 
FRWC's under uniform traffie. Inset: PLP vs WC's at a Joad of 0.4 and 0.7. 
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Figure 4.9: PLP vs Joad for an 8x8 switeh with 31 waveJengths per fiber with redueed sets of 
FRWC's under uniform traffie. Inset: PLP vs WC's at a Joad of 0.4 and 0.7. 

4.1.7 Observations and Discussion 
In the above plots, the MC trials agree weU with the theoretical PLP results. In aU plots, 

a PLP reduction by employing sets of FRWC's in an SPOF architecture is c1early 

observed. Other important observations are summarised below: 

• PLP is markedly improved at lower loads using WC's as observed in the insets of 

aU plots. For example, the optimal PLP (PLPopt) for a complete set ofFRWC's in 

Figure 4.7 atp = 0.4 is four orders of magnitude lower than atp = 0.7. 

• When the number offibers in the switch, N, is increased (for constant n), there are 

more possible packets in the switch (nN), but the load directed at one output fiber 

decreases (pIN). The values counter each other, and in moving from N = 4 to N = 

8, very slight PLP degradation is observed. This is illustrated in Figure 4.7 for a 

4 x 4 switch and Figure 4.9 for an 8 x 8 switch where n = 31. 

• As n increases (for constant N), there are more packets in the switch and PLP 

increases when FRWC's are not used. However, PLP decreases markedly when 

employing sets of FRWC's. In Figure 4.7 where 31 wavelengths are used, the 
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optimal PLP at p = 0.4 is five orders of magnitude lower than that achieved with 

seven wavelengths in Figure 4.5. 

4.1.7.1 Discussion 
In the theoretical development of this section, we considered that the number of 

contentions m could range from [O,j-l] for j ~ n. However through simplification of the 

combination equations, it can be shown that for up to n wavelengths per fiber entering the 

switch, the maximum number of contentions occurring is 

(4.14) 

For m > mmax' KN,n(j,m} is zero. Thus for L = Lopt = mmax FRWC's per output fiber, 

PLPopt will be obtained as with a complete set of n - 1 FRWC's. However, at a given 

load, PLP values for switches with considerably fewer than mmax FRWC's often closely 

match the PLP when mmax FRWC's are used. We term this "near optimal PLP" (pL~pt)' 

and say that the PLP for L FRWC's (PLPL) is nearly optimal if the difference between 

PLPL and PLPopt is of the same order as PLPopt. In this case, we say L = (Pt' Given a 

load p, this can be expressed mathematically as 

If lloglO (PLPL - PL~Pt) J = lloglO (PL~PI) J (4.15) 

then pL~PI is achieved using Lopt FRWC's at the given load. 

For example, as shown in the inset of Figure 4.7, the 4x4 switch with 31 wavelengths has 

mmax = 23, but pL~PI is achieved with 12 FRWC's atp = 0.7, and 13 FRWC's atp = 0.4. 

The values of LOPI and mmax for each switch configuration considered in this section are 

summarised in Table 4.2. 
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In summary, excellent data throughput improvements are made using sets of FRWC's, 

negating the need for optical buffers. By using reduced (rather than complete) sets, cost 

and complexity savings are made while maintaining optimal PLP. 

4.2 Multiple Siot (Burst y) Analysis of Traffic Flow in a Bufferless 
Space Switch with Reduced Sets of FRWC's 

A more realistic model of traffic flow through a switch employing FRWC's is one that 

accounts for bursty data traffic patterns [8]. In this context, bursty traffic refers to 

payloads containing varied numbers of slots, where the payload length corresponds to an 

underlying probability distribution. Using this bursty traffic assumption, the transmission 

success of the payload as a whole (comprising multiple slots) must be considered. 

Intuitive1y, the throughput results will be poorer than the single slot analysis of Section 

4.1. 

4.2.1 Burst y Traffie Arrivai Proeess 
A standard assumption is that the payload length (number of slots) is geometrically 

distributed with mean burst length fJ [8, 56]. If Bis a Geometric RV denoting the packet 

length, then P(B=b) is given by 

(4.16) 

Using this assumption and further assuming the number of active sources in each slot is 

correlated to the number active in the previous slot, each of the nN possible input 

wavelengths can be modelled as an ON-OFF source as shown in Figure 4.10. In this 

figure, rOI is the probability of going from the OFF to ON state, while rIO is the 

probability of the reverse process. As discussed in [8, 57], the idle and active packet 

lengths of each user are geometrically distributed with means liraI and fJ respectively. 

r1O=1/{3 

Figure 4.10: ON-OFF model of the nN ideutical bursty traffic sources to the switch. pis the me au 

burst leugth. 
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From the single slot analysis, the load of each source directed at one output fiber is piN. 

Using Figure 4.10, the probability a source is active is given by [8] and must equal this 

value. That is 

( ) 
rOI P P source active = = 

rOI +'îo N 

Thus for a given load p and mean burst length [J, rOI is found from (4.17) as 

P 1 

NfJ 
rOI =--

P 1--
N 

(4.17) 

(4.18) 

To determine the state transition probabilities for the number of active sources in a time 

slot, recall that a maximum of nN sources can be active in any slot. For correlated traffic, 

given i sources are active in a time slot, the probability of having j sources active in the 

next slot can be found following the approach in [8]. This can altematively be thought of 

as the probability of moving from state i to state j in two consecutive time slots. This 

probability, Ai,j, is shown in [8] to be 

min(i,nN-j) [( l' J ][( nN l' J ] k i-k - k nN-k-j 
Ai,j= L 'îo{1-'îo) _ .. rol (l-rol ) 

k~max(O,i- j) k k 1 + } 
(4.19) 

Using (4.16)-(4.19) the correlated bursty arrivaI traffic is now fully modelled. The next 

stage of the model is to determine the PLP over a complete payload, where a similar 

method to the approach on wireless CDMA channel modelling in [56] is used. 

4.2.2 Finding the PLP 
We begin by defining a variable ai) to denote the joint conditional probability of 

successful transmission of the current and previous slots given j active sources in the 

current slot and i active sources in the previous slot. ai) is complemented by defining aOj 

as the probability of success in the 1 st slot givenj active sources in that slot. 
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We further define RbÔ) as the probability of success of al! slots in a packet up to and 

inc1uding the bth slot, given} active sources in that slot. Looking at the first slot, RIÔ) is 

defined as 

(4.20) 

where P(J=}) is found from (4.2). 

For a pay10ad containing b slots, RbÔ) is found recursive1y from Rb-IO) as 

nN 

Rb (J) = IRb-1 (i)Ai,Jaij (4.21) 
i=O 

The on1y unknowns in (4.20) and (4.21) are aOj and ai). From the work on uniform traffic, 

it foUows that aOj is expressed as 

n-lt,. n- Ip(M = m 1 J = })/lj,m 
a - ] = _-=m _______ _ 

Oj ---.-
} } 

(4.22) 

where Àj,m and the probabilities P(M = m 1 J =}) are found from (4.6) and (4.8). 

Before eva1uating ai), we assume that given the buffedess constraint, the number of 

successfu1 transmissions in the (b-lyh slot will not affect the number of successes in the 

bth slot. Thus, when calcu1ating ai), information from the previous slot need not be 

inc1uded. That is, 

(4.23) 

The probability of success of aU slots up to and inc1uding slot b given} active sources in 

the bth slot, RbÔ), has now been determined. To remove the condition of} active sources 

in the bth slot, we sum over all possible} sources to find Rb, 

nN 

Rb = IRb (J) (4.24) 
j=O 
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The overall PSP is found by summing (4.24) over aIl payload lengths multiplied by the 

probability of a payload of each length occurring as dictated by the Geometrie 

distribution in (4.16): 

00 

PSP = I.RbP(B =b) (4.25) 
b=l 

For computer implementation, the OC! upper limit in (4.25) is replaced by the term bmax, 

where 

P(B = bmax ) < & 

=:}bmax = Il + In(/3&)/ln(1-lj/3)l 
(4.26) 

where 1 x l = ceil (x), the smallest integer ~ x. In (4.26), & is a limit that determines the 

run-time of the pro gram. By selecting & to be 10-11
, (4.26) is a very accurate 

approximation of (4.25). 

The PLP is found from the PSP as 

PLP=l-PSP (4.27) 

FinaIly, it should be noted that by setting fJ = 1 in (4.16), the multiple slot (bursty) 

analysis presented in this section reduces to the single slot (uniform) analysis of the 

previous section. The uniform model is simply a special case of the more generai bursty 

traffic model. 

4.2.3 Monte-Carlo Simulation and Model Verification 
As in Section 4.1, MC simulation is required to verify the bursty traffic model. This 

aigorithm modifies the arrivaI process of the flowchart in Figure 4.3 and accounts for 

multiple slots in each trial. Due to its similarity to Figure 4.3, the bursty model flowchart 

is presented in Appendix A. 

4.2.4 Results 
This section compares the results of the theoretical analysis and MC simulation for bursty 

traffic flow in a switch with reduced sets of FRWC's. The scenarios considered and 

46 



corresponding plots are indicated in Table 4.3. In an simulations, 15,000-25,000 MC 

simulations were used with mean burst lengths oftwo and four. 

Table 4.3: Burst y traffic switch scenarios modelled. For each scenario, the corresponding plots are 
given. 

o 2 4 6 8 10 12 14 
Number of WC's 

10-10 ~~~~~~~.......h.~~,.J,~--~--~--~--"-'--J~ __ ~_ ~ __ ~ __ ~ __ ~ __ ~ __ ~ __ ~ __ ~ __ ~._~ __ ~ __ ~~~~~~ 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Load per wavelength channel 

Figure 4.11: PLP vs load for a 4x4 switch with 15 wavelengths per fiber with reduced sets of FRWC's 
under bursty traffic with p = 2. Inset: PLP vs WC's at a load of 0.7. 
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Figure 4.12: PLP vs Joad for a 4x4 switeh with 15 waveJengths per fiber with redueed sets of FRWC's 
under bursty traffie with p = 4. Inset: PLP vs WC's at a Joad of 0.7. 
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Figure 4.13: PLP vs Joad for an 8x8 switeh with 15 waveJengths per fiber with redueed sets of 
FRWC's under bursty traffie with p = 2. Inset: PLP vs WC's at a Joad of 0.7. 
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4.2.5 Observations 
Once again the MC simulations agree weIl with the theoretical results. The plots of this 

section indicate that as the mean burst length increases, PLP increases accordingly for 

constant n. For example, for fJ = 1 (uniform) in the 4x4 switch with n = 15 of Figure 4.6, 

PLPopt at p = 0.7 is 5x10-3
• This increases to 1x10-2 for fJ = 2 in Figure 4.11 and to 

2 x 1 0-2 for fJ = 4 in Figure 4.12. This is intuitive, as for a higher fJ, each payload contains 

on average more slots, reducing the chance of successful transmission of the entire 

packet. 

When N is increased, the PLP degradation due to an increased number of packets in the 

switch is partially offset by a decreased load directed at each output fiber, causing this 

degradation to be slight (as observed for uniform traffic). This can be observed in Figure 

4.11 and Figure 4.13 where PLPopt atp = 0.7 moves from 1x10-2 for N= 4 to 1.3x10-2 

for N= 8. 

To summarise, increasing fJ has a detrimental effect on throughput in that a lower load is 

required to achieve the same PLP as for uniform traffic. Given that CUITent networks 

transport payloads at least 1500 bytes long (maximum Ethemet payload size), 

unrealistically low loads would be required for acceptable PLP in our optical MPLS 

network. However, by increasing the number of wavelengths and using sets of WC's to 

exploit the wavelength domain, the effects ofbursty traffic can be negated. For example, 

referring to Figure 4.5 where seven wavelengths are used with uniform traffic, a load of 

less than 0.083 is required to achieve a PLP of lO-8. By increasing the number of 

wavelengths to 15, and now considering bursty traffic with fJ = 4 (Figure 4.12), a PLP of 

10-8 can be achieved at the higher load of 0.2. That is, although mean burst length has 

increased from one to four, adding more wavelengths and using WC's allows the same 

PLP to be achieved at higher loads, negating the detrimental effects ofbursty traffic. 

4.3 General Analysis of Traffic Flow in a Bufferless Space 
Switch with Reduced Sets of LRWC's 

As discussed in Chapter 3, the physical limitations on wavelength conversion make it 

important to study the impacts of a limited-range conversion constraint. This constraint, 
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combined with the possibility of reduced sets of WC's per output fiber, gives rise to a 

wavelength matching problem in the switch in each time slot. To demonstrate this 

problem, consider the scenario shown in Figure 4.14, where six packets (from several 

input fibers) request transmission to one output fiber. In this example, five wavelengths 

are used and WC's are limited to convert to only one wavelength above or below the 

input wavelength. 

Input Output Input Output 

1 packet 
À1 • 

À1 
•• 1 packet 1 packet 

À1 • 
À1 

•• 1 packet 

~ À À À o packets .. 0 packets o packets ~1paCkel 
À3 À3 À À 

1 packet • •• 1 packet 1 packet À~1paCkel 
2 packets 

À4 À4 
1 packet 2 packets • •• .4 4 1 packet 

2 packets 
À5 • À5 •• 1 packet 2 packets 

À5 • À 
•• 5 1 packet 

(a) (b) 
Figure 4.14: Matching problem in a space switch. The WC's are assumed to have a limited range 
conversion constraint described above. The matching shown in (a) requires 0 conversions and 
transmits 4 packets, while that shown in (b) requires 2 conversions but transmits 5 packets. 

As observed in Figure 4.14, different wavelength matchings can yield different 

throughputs. Obviously the matching in Figure 4.14(b) is optimal as it has higher 

throughput. However, if in this example, only one WC was available on the output fiber, 

the matching in (b) would be illegal and matching (a) would be optimal. This example 

illustrates that the matching problem is an optimization problem where the throughput is 

to be maximised under the constraints of limited-range wavelength conversion and 

reduced numbers of WC's. This is in contrast to the previous analyses with FRWC's, 

where any input wavelength was matched to any output wavelength. 

To solve this matching problem, we implement a Random Matching Algorithm (RMA), 

Optimum Matching Algorithm (OMA) and a Brute Force Matching Algorithm (BFMA) 

in the switch control block. An explanation of the algorithms, as well as their efficiency 

and ability to maximise throughput are discussed. 
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4.3.1 Random Matching Aigorithm 
This simple algorithm is adapted from [7], and is described as follows. When one or 

more active sources arrive on each input wavelength, the RMA randomly selects one 

packet to forward to the same wavelength (without conversion). It then randomly moves 

through all wavelengths where a contention has arisen. For each contending packet, the 

RMA randomly chooses an available output wavelength within the conversion range 

(CR). Once the maximum number of conversions has been reached, or every packet has 

been matched to an output wavelength, the algorithm terminates. The RMA requires at 

most min(j - 1 ,n - 1) iterations. 

The simplicity of this algorithm makes it very attractive. The RMA performs well but is 

sensitive to WC CR. 

4.3.2 Optimum Matching Aigorithm 
To optimise a matching, we attempt to find the "best" solution in the matching problem 

of a bipartite graph, where the input subset is the wavelengths entering the switch, and 

the output subset is the available wavelengths at the output. The bipartite graph can be 

denoted G = [V,E}, where V denotes the graph vertices (wavelengths) in both the input 

and output subsets (as observed in Figure 4.14), and E is the subset of edges (connections 

between input and output wavelengths) in the matching. A legal matching arises if the 

following conditions are met: 

• There are no contentions on each output wavelength. 

• Any conversions taking place must obey the constraints of the LRWC. 

• The total number of conversions is less than or equal to the number of WC's on 

the output fiber. 

A matching satisfying the ab ove constraints and containing the maximum number of 

edges (highest throughput) is an optimal matching. There are often many different 

optimal matchings for a given bipartite graph G. 

In our OMA, Munkres (Hungarian) algorithm [58] is used to solve this optimization 

problem with the following modifications: Initially, the OMA creates a j x n rectangular 
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input matrix M, where each row corresponds to an input wavelength requesting access to 

the output fiber, and each column corresponds to an output wavelength. For each input 

wavelength, the columns of M within its CR are assigned a cost of 1, while all other 

columns in that row have cost 00, ensuring an input wave1ength will be assigned within its 

CR. The standard steps of the Munkres algorithm are then followed [59]. However, once 

the maximum number of conversions is reached, remaining input wave1engths are 

matched to the same wavelength (if available), or dropped. 

The OMA will always retum a maximum matching with minû,n) edges for complete sets 

of LRWC's. However, accounting for the constraint of a reduced number of conversions, 

sub-optimal matchings may be retumed. The computational complexity of the Hungarian 

algorithm is upper bound by O(minû,n/xmaxû,n)) [60]. From (4.2), the mean number 

of packets requesting access to an output fiber, E(J), in each time slot is np. The mean 

computational complexity of the OMA is thus upper bound by O((np/n). However, the 

simplicity of the bipartite graph Gand corresponding binary valued matrix M suggests 

that the complexity ofthe OMA will be considerably lower than this bound. 

Although the OMA is less efficient than the RMA, its optimised matchings can make it 

advantageous in scenarios where PLP insensitivity to CR is required. By combining both 

the RMA and OMA into a single algorithm, the most optimal matchings will be achieved 

at the expense of running time. 

4.3.3 Brute-Force Matching Aigorithm 
To measure how close the RMA and OMA algorithms are to providing optimum 

matchings, the BFMA is used. This algorithm populates a tree with all possible 

wavelength matchings in the bipartite graph and searches each path for the matching that 

provides the maximum edges. This algorithm will al ways give the maximum (optimal) 

matching, and has been optimised to minimise memory usage and the number of searched 

branches by identifying illegal matchings at an early stage. However, due to the nature of 

tree searching, the runtime is still exponentially dependant on the number of vertices, Ivl ' 
and can onlybe used to benchmark the performance of the RMA and OMA. 
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4.3.4 Limited-Range Wavelength Conversion Scenarios 
In this thesis, we define 1imited-range conversion in terms of translation from an input 

wave1ength to a set of wave1engths be10w (down), or both above and be10w (up and 

down) the input [55, 61]. An "up on1y" conversion ana1ysis is exc1uded due to the ER 

penalties for up conversion associated with XGM, as discussed in Chapter 3. 

To express these scenarios mathematically, consider a CR of k, where k E [0, n -1]. The 

output sets of wave1engths to which an input wave1ength Ài (i E [1, n]) can be converted 

for each scenario is shown in Table 4.4. 

Table 4.4: Output wavelength set for each conversion scenario given input wavelength ).i an(4.28)d 
CRk. 

'{ 

Down {max(À, ,Ai - k ), .. ·, Ai} 

In the down conversion scenario, for k E [min(i + 1, n), n] , the output wave1ength set will 

not change, resulting in no throughput improvement. For examp1e, the input wave1ength 

..1,1 could not be converted to any other output wavelengths regardless of the CR. As a 

result, when complete sets of fully down converting WC's are used, the PLP will not be 

as 10w as that achievab1e for complete sets of FRWC's in the up and down scenario 

(where all output wave1engths can be available). 

4.3.5 Results 
As always a c10sed form analysis is preferred, however the various matching algorithms 

in this section render a mathematical approach intractable. Consequently, these results 

are based purely on MC simulation due to its ability to cope with arbitrarily complex 

systems. Using this approach, however, low PLP's cannot be measured with high 

precision due to the massive number of MC trials required [62]. As a result, all PLP's 

measured in this section are greater than 10-4
• Although not practical in a realistic 

communication system, these simulations c1early demonstrate the effects oflimited-range 

conversion with reduced sets ofWC's. 
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The scenarios considered and their associated plots are summarised in Table 4.5. AlI 

simulations use a single slot (uniform) analysis with 15,000-20,000 MC trials. As 

observed in the previous section, a bursty traffic assumption will gradualIy degrade the 

PLP as fJ increases, and is thus not inc1uded in this analysis. 

In the plots for up and down conversion, the horizontal dashed black line indicates the 

optimum (theoretical) PLP achievable using a complete set of FRWC's. For down 

conversion only, the optimum theoretical PLP using a complete set of FRWC's and 

assuming alI output wavelengths are available is listed. This highlights the sub-optimal 

throughput in a down conversion only assumption. 
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4 31 
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0.7 RMAand OMA Down 
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14 

Figure 4.15: PLP vs CR for a 4x4 switch with 15 wavelengths per fiber with reduced sets of LRWC's 
under uniform traffic with p = 0.7. The RMA (solid lines) and OMA (da shed lines) are used 
separately and down conversion is considered. The optimum PLP with a complete set of FRWC's 
assuming ail output wavelengths are available is 5.51 x 10-3
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Figure 4.16: PLP vs CR for a 4x4 switch with 15 wavelengths per fiber with reduced sets of LRWC's 
under uniform traffic with p = 0.7. The RMA and OMA are used together and down conversion is 
considered. The optimum PLP with a complete set of FRWC's assuming aIl output wavelengths are 
av ail able is 5.51 x 10-3
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Figure 4.17: PLP vs CR for a 4x4 switch with 31 wavelengths per fiber with reduced sets ofLRWC's 
under uniform traffic with p = 0.7. The RMA and OMA are used together and down conversion is 
considered. The optimum PLP with a complete set of FRWC's assuming aIl output wavelengths are 
available is 8.37x 10-4
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Figure 4.18: PLP vs CR for a 4x4 switeh with 31 wavelengths per fiber with redueed sets of LRWC's 
under uniform traffie with p = 0.7. The RMA (soHd Hnes) and OMA (da shed Hnes) are used 
separately and up and down conversion is eonsidered. 
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Figure 4.19: PLP vs CR for a 4x4 switeh with 31 wavelengths per fiber with redueed sets ofLRWC's 
under uniform traffie with p = 0.7. The RMA and OMA are used together and up and down 
conversion is eonsidered. 
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Figure 4.20: PLP vs CR for an 8x8 switeh with 31 wavelengths per fiber with redueed sets of 
LRWC's under uniform traffie with p = 0.7. The RMA and OMA are used together and up and 
down conversion is eonsidered. 

4.3.6 Observations 
The plots of the previous section provide a strong insight into the performance of reduced 

sets of LRWC's with the various conversion scenarios. The observations made are 

presented in the following sub-sections. 

4.3.6.1 Comparing Down to Up and Down Conversion 
For down conversion only (Figure 4.15 to Figure 4.17), the optimal PLP's predicted by 

the FRWC results of Section 4.1.6 are not reached even for full downward conversion. 

The results of the up and down conversion assumption are always better than for down 

only conversion. For example, in Figure 4.17, the optimal PLP achieved with down 

conversion is 3.08x10-2 whereas the theoretical optimum with up and down conversion 

is 8.37 x 10-4 for the same swi tch configuration. 

4.3.6.2 Comparing RMA to OMA 
In all plots, the OMA decreases to a PLP floor quickly and stays constant at this level, 

even though these values are generally poorer than for the RMA. Examining the RMA, 
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we refer to the 4x4 switch with n=31 of Figure 4.18 at p=O.7. In this plot, as CR 

increases, the PLP approaches the levels given by the PLP vs number of FRWC curves 

(inset of Figure 4.7) atp=O.7. In this inset, pi~PI is reached for 12 FRWC's. Thus for 

greater than or equal to 12 LRWC's, the PLP vs CR curves of Figure 4.18 will decrease 

to PL~PI (or PLPopt) as CR increases. 

To achieve optimal PLP with CR insensitivity, we combine the RMA and OMA into a 

single control algorithm. For up and down conversion, the PLP (for increasing CR) will 

approach that given by the ideal PLP vs p curves of Section 4.1.6 (for a given load and 

number of FRWC's). For greater than or equal to iaPI LRWC's, the PLP will approach 

pi~PI (or PLPopt), reaching this value faster (at a lower CR) for more LRWC's. To 

demonstrate this, consider again the 4 x 4 switch with n = 31, where the RMA and OMA 

are used simultaneously in Figure 4.19. Recalling from Figure 4.7 that iaPI = 12 for 

p=O.7, the CR's required to reach PLPopt for greater than iaPI LRWC's are shown in 

Table 4.6. 

Table 4.6: Number of LRWC's and corresponding CR required to reach PLP"pt for the 4 x 4 switch 
with n = 31 and up and down conversion as shown in 4.19. 

A comparison of the combined RMA-OMA to the FAA of [55] is presented in Figure 

4.21. In this plot, a 16 x 16 switch with n = 32 is analysed, and is compared to the overlaid 

results of simulations for identical parameters using the FAA from Figure 18 of [55]. 

Using the FAA, for L~24, PLP increases (or does not monotonically decrease) to a floor 

with increasing CR, and optimal PLP is reached only for a complete set of LRWC's. In 

contrast, the PLP curves using our algorithm decrease monotonically for all L, with equal 

or lower PLP than achieved with the FAA (up to two orders of magnitude lower for 

L=16). Note that equal PLP at k=O \IL, and similar PLP for L2':31 confirm identical 

simulation environments for our comparison. 
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Figure 4.21: PLP vs CR for a 16x16 switch with 32 wavelengths per fiber with reduced sets of 
LRWC's at p = 0.7 assuming up and down conversion. A combined RMA-OMA is used and 
compared to the overlaid FAA resuIts from Figure 18 of [55]. 

4.3.6.3 Increasing Nor n 
As N is increased (N = 8 in Figure 4.20), very similar results to the N = 4 cases are 

observed. This was expected from the plots ofuniform traffic flow with FRWC's, where 

varying N made only a minor difference to PLP. As n increases from 15 to 31, lower 

PLPopt is achieved using the LRWC's as seen by comparing Figure 4.16 and Figure 4.17. 

4.3.6.4 Summary 
The main results of this section are summarised by the following points. 

• The up and down conversion scenario always outperforms the down only 

assumption. 

• The OMA reduces PLP sensitivity to CR, but is often outperformed by the RMA, 

especially for few LRWC's. 

o In these cases, the RMA, with its lower computational complexity is a 

more attractive choice for the switch control algorithm. 
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• The RMA and OMA combined yield a lower PLP floor than the F AA for an 

identical switch configuration. 

complexity. 

This is at the expense of computational 

• Using up and down conversion with both RMA and OMA simultaneously, a 

throughput of pL~PI is reached for greater than or equal to LOPI LRWC's as CR 

increases. 

o For more LRWC's, the CR required to reach this throughput is lower. 

4.4 Software Package 
Based on the work of Sections 4.1-4.3, a software package was built in MATLAB to 

model WDM data payload traffic flow in a NN with various switch configurations using 

reduced sets of LRWC's in an SPOF architecture. The program was designed to be 

operated using the simple GUI shown in Figure 4.22. 
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Reduœd Sets 01 Umlted:Range Wavelength Couvertel1i:(WC's) 
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Figure 4.22: Software package GUI to analyse throughput in a NN of an optical MPLS network. 
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The pro gram, containing sorne 35 individual files and over 4,000 lines of code, aIlows the 

user to specify aIl switch parameters and types of simulations to perform (GUI programs 

(A)-(C)) as discussed in this chapter. Any theoretical curve can be easily verified with 

MC simulation. Sorne innovative functions in this package include: 

• Comprehensive error handling to ensure legal switch configurations. 

• AlI results written (or appended) to an output file for future reference. 

• Intuitive curve plotting to integrate theoretical and MC simulation results. 

It is expected that this pro gram will be used to determine required numbers of realistic 

WC's to meet throughput requirements as discussed in the foIlowing section. 

4.5 Discussion and Cost Considerations 
In this chapter, we examined the dependency of PLP on many parameters in a space 

switch employing WC's. By generalising and improving upon previous studies, our 

analysis on reduced sets of FRWC's and LRWC's under bursty traffic, the use of 

Munkres algorithm in the OMA and the combined RMA and OMA in the switch control 

block are currently novel research. The main highlights of this analysis are summarised 

below. 

• A complete set ofFRWC's is not required to obtain near optimal PLP under either 

traffic assumption. 

• Payloads containing multiple slots (bursty traffic) degrade PLP as the packet 

length increases. This can be negated by using more wavelengths and sets of 

WC's. 

• Accounting for the limited-range conversion constraint, a wavelength matching 

algorithm must be used to achieve the best PLP for a given number of LRWC's. 

This added constraint reduces the ability ofLRWC's to achieve optimal PLP. 

o A down only conversion assumption will not yield optimal PLP even for 

complete sets of wC' s as no wavelengths above the input wavelength are 

available for conversion. 

61 



• The OMA does not suffer from increasing PLP with increasing CR as observed in 

certain cases with the F AA. Combining the RMA with the OMA provides a 

control algorithm that yields the most CR insensitive and optimal PLP. 

A trade-off arises when selecting the number of WC's per output fiber when each WC 

has limited conversion capability. Ideally, the minimum number ofrealistic WC's should 

be used to obtain a desired threshold PLP, PLPth, to minimise cost and switch 

complexity. 

Very simply, the PLP for any switch configuration could be expressed as 

PLP = f(N,n,jJ,p,CR,WC's) (4.29) 

where f (-) is sorne mapping function specific to the configuration. To choose the 

minimum number of FRWC' s to achieve a PLPth (given N, n, fJ and p), one would refer to 

PLP vs FRWC curves similar to those of Sections 4.1 and 4.2. Realistically, depending 

on the CR of the WC's, optimal performance would no longer be obtained, and the 

number ofLRWC's used would need to be increased. 

Recalling that CR is technology dependant, an empirical cost function depending on CR 

and number ofWC's could be defined as 

C = g(CR,WC's) (4.30) 

In this case, (CR, WC's) "pairs" could be chosen from simulation curves similar to those 

of Section 4.3 to ensure the PLP threshold is satisfied. If these pairs made up the set 

{CR, WC' s Lh' a pair (CR, WC 's) could be chosen from this set to minimise the cost 

function of (4.30). That is, 

Cmin =min{g(CR,WC's)} where (CR,WC'S)E{CR,WC'S}th (4.31) 

This method would minimise switch cost whilst ensuring a threshold throughput was 

maintained for a given switch configuration. 
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Finally, the analysis of this chapter is applicable not only to networks with wavelength 

multiplexed data channels, but also to OCDMA networks, where each user packet is 

transmitted on a code. By considering code, rather than wavelength contentions in the 

space switch, the above analysis can be applied. It should be noted that depending on the 

code family choice and co ding domain, the limited-range wavelength conversion 

definitions of Section 4.3.4 may not apply. For example, up or down only conversion 

assumptions may not be realistic for spectral codes comprising several wavelengths in a 

glven range. 
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5 Demonstration of an AII-Photonic, Spectral, label 
Switching Photonic Code Converter 

As discussed in Chapter 2, label processing (extraction, recognition and switching) is a 

fundamental task of the NN. In the previous chapter, we examined the data throughput 

improvement by incorporating realistic single WC's (converting one wavelength to 

another) into the space switch of a NN. To date, single WC's have been demonstrated 

[11,50,63] as well as multicasting systems (converting one wavelength to several others) 

[64, 65]. However, considerably less work has been performed on concurrent, multiple 

wavelength to multiple wavelength conversion. This technology is required to switch 

spectral OCDMA coded labels. 

In this chapter, we demonstrate successful all-photonic label code conversion of (7,4) 

spectral rn-sequences based on XGM in a SFRL. An all-photonic system avoids costly 

Optical-Electronic-Optical conversion and simplifies implementation due to the absence 

of electronics. An example of this conversion is shown in Figure 5.1, where initially the 

label switcher, also referred to as a photonic code converter (PCC) is considered as a 

black box. 

Figure 5.1: Conversion from input to output code using a PCc. 

Section 5.1 introduces the experimental setup used and the principle of operation of the 

PCC. The operating parameters are also discussed. In Section 5.2, input-output code 

spectra and static transfer characteristics are illustrated for the cases of 0, 1 and 2 

wavelength overlap between input and output codes. The step response of the PCC is 

used to measure the ab il it y to convert label codes and is discussed in Section 5.3. A 

summary of the PCC and its limitations are presented in Section 5.4. 
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5.1 Building the PCC 

5.1.1 Experimental Setup 
The experimental setup for the all-photonic, spectral PCC is shown in Figure 5.2 

(laboratory pictures are shown in Appendix D). The PCC converts (7,4) rn-sequence 

label codes and performs concurrent, quad-wavelength conversion. In this setup, the four 

wavelengths for input label code i (.À.il, ... ,,114) are generated from four tunable laser 

sources (TLS) each with their own polarization control (PC) before being combined into 

the control arm. An electro-optic modulator (MOD) is driven by a function generator to 

impress a low frequency square wave onto code i. This is used to measure the step 

response of the PCC. An erbium-doped fiber amplifier (EDF A) and variable optical 

attenuator (VOA) are used to amplify and set the power of code i before injection into the 

PCC via an optical circulator (OCA). 

Input Code i Function Generator 

4 

X 1--1---.1 

PCC 

Output Code j 
Loop Mirrors 

Figure 5.2: Experimental setup for the quad-wavelength, all-photonic PCC using XGM in an SOA. 

The PCC is based on a multi-wavelength SFRL. The output wavelengths (À)], ... ,,1)4) 

comprise the output code (code j) and are defined by an arrayed waveguide grating 

(de)multiplexer (AWG) whose corresponding output ports are connected to fiber loop 

mirrors. Each A WG port is spaced by 100GHz and has a varying length of fiber between 

input and output. As a result, the loop mirror lengths are carefully set to ensure the 

length of fiber traveled by each wavelength in the SFRL is within 8mm of the other 
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wavelengths for a total round trip length of approximately 57.5m. This ensures that the 

round trip propagation time of each wavelength is within 0.01 % of the others. Although 

not necessary for label switching (due to the low frequency input code modulation), this 

is es s enti al for other applications including aU-optical clock recovery discussed in 

Appendix B. 

Superimposed fiber Bragg gratings (SI-FBG's) with reflection peaks at each wavelength 

in code) could be used in place of the AWG. Using SI-FBG's, the ring round trip lengths 

of each wavelength are equal and fiber splicing is not required. However the reflection 

response of each grating must be closely matched to ensure the reflected wavelengths can 

be made to have equallasing powers in the ring. 

Two Avanex SOA's are used in the PCC and are biased to optimise PCC response. 

SOA1 is biased slightly above its transparent point to provide sorne small gain and 

counter the losses of the double pass through the A WG. Conversely, SOA2 is highly 

biased and used for XGM to achieve code conversion. The isolator ensures that only 

SOA2 sees the injected input code i. Polarization controUers PC1 and PC2 account for the 

polarization dependent gains of the SOA's and aUow equalization of the lasing powers 

for aU wavelengths in the ring. A 10-90% output coupler is used, and the 10% output 

port is connected to a 125MHz InGaAs NewFocus photo-receiver (PR) with constant 

conversion gain. The PR is used to detect output code) and remove high frequency noise 

components from the SOA's and other apparatus in the ring. 

5.1.2 Principle of Operation 
When the injected input code (counter-propagating with the lasing signaIs of the SFRL) 

is ON (logical "1"), SOA2 becomes saturated. As a result, the four wavelengths Àj/, •.• ,Àj4 

experience little or no gain in SOA2 and do not have sufficient net gain to lase. That is, 

the output power is OFF (logical "0") and there is no conversion from code i to code). 

When the input code is OFF, the four wavelengths experience gain in SOA2 and re­

establish lasing. The output power goes ON and code conversion occurs. Since the PCC 

is based on XGM, code conversion will result in an inverted output signal. However, as 

the PCC does not perform data conversion, this is not seen as a limitation. 

67 



5.1.3 Experimental Parameters 
The output code j is defined by the A WO as {l,l,l, 0,1,0, O} and operates with 2000Hz 

spaced wavelengths at 1536.54, 1538.11, 1539.69 and 1542.85nm. Three input codes are 

used to test the PCC and are documented in Table 5.1. The input codes have a varying 

number of wavelength overlaps with output code j corresponding to different core 

network scenarios. The PCC response will vary according to the number of overlaps. 

The first input code has no wavelength overlaps with code j and represents label 

switching between different code families (not necessarily rn-sequences). The second 

input code has one wavelength overlap with code j and represents switching between two 

families of rn-sequences on different wavelength ranges. The third input code has two 

wavelength overlaps with code j and corresponds to conversion between two rn-sequence 

label codes from the same code set and wavelength range. This is arguably the most 

important case as it corresponds to label switching in a network operating with one label 

code set. 

In addition to defining the input and output codes, Table 5.1 specifies aIl experimental 

parameters. These were determined via an iterative approach to ensure optimal PCC 

response in aIl cases of input-output code combinations. The modulator is biased at Vn; 

with the largest possible peak to peak voltage swing from the function generator to ensure 

the input code has maximum ER. The ring fundamental frequency for each wavelength 

!o,A), was determined by varying the input modulation frequency fmod, and observing the 

trace of each output wavelength on the communications signal analyser (CSA). When 

fmod matched a harmonie of Jo,A), a "clean" output signal was observed, with Jo,A) 

eorresponding to the frequency differenee between consecutive harmonies. By varying 

fmod over several harmonies and averaging the differenees, an accurate value ofJo,A) eould 

be found. Given!o,A), the ring length seen by eaeh wavelength, L» is found from (5.1) 

where a fiber refractive index of n = 1.5 is as sumed , and c is the speed of light in a 

vacuum. 

L=_C_ 
J nIa,A) 

(5.1) 
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FinaUy, the value fo,mean refers to the mean fundamental frequency of aU output 

wavelengths. 

{1,1,1, 0, 0, 1, o} - 1533.40,1534.98,1535.76, 1541.28nm 

{1,1,1, 0, 0, 1, o} - 1533.40,1534.98,1536.54, 1541.28nm 

{1,1 ,0,1,0,0, 1}- 1536.54,1538.11,1541.28, 1546.03nm 

{1 ,1,1,0,1,0, O} - 1536.54,1538.11,1539.69, 1542.85nm 

57.572 ±0.001 m 

3.47MHz 

5.2 Spectral and Static Transfer Characteristics 
In this section, an optical spectrum analyser (OSA) presents a snapshot of the input-

output code spectra. This demonstrates the number of wavelength overlaps between 

input and output codes. In these plots, the output code peak power is approximately 

15dB lower than the input code peak power. This is due to the relatively high AWG 

losses in the ring (9.2dB per round trip) reducing ring lasing powers and the fact that only 

10% of the lasing power is coupled out of the ring. 

In addition to the spectral plots, a static transfer function (TF) for each input-output code 

combination is presented. These characteristics plot peak output power of each 

wavelength in code j against total input power. Measurements are made by tuming the 

function generator off and varying the input power by manually adjusting the VOA in the 

control arm. In the plots of this section, we use ER to define the input code total power 

ratio between ON to OFF states: 
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ER=lOloglO(PON,in~ .) 
/POFF,zn 

5.2.1 Zero Wavelength Overlap 
Figure 5.3 illustrates the input-output code spectra for zero wavelength overlap. 
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Figure 5.3: Input-output code spectra for zero wavelength overlap. 

(5.2) 

U sing the SOA bias CUITents indicated in Table 5.1, the static TF for the PCC is obtained 

in Figure 5.4 by plotting the peak power of each output wavelength in code j against the 

total input power of code i. From this characteristic, aIl output wavelengths have a very 

similar behaviour as a function of input power, with a sharp, step like transition and 

limiting functionality at both low and high input powers. It was found experimentally 

that the position of the XGM step depends on the losses in the ring and bias CUITent in the 

SOA. Increasing ring losses by using a higher percentage output coupler or including a 

VOA in the ring moves the step left (to lower input powers), as does decreasing the bias 

CUITent. 
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Figure 5.4: Static TF for zero wavelength overlap. A power meter measures the total input power. 
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In Figure 5.4, an input code with a 4.7dB ER (corresponding to the transition width) 

positioned around the TF step yields an output signal with an amplified peak power 

swing of23.3dB. Furthermore, noise on the "0" and "1" levels of the input code (due to 

previous transmission through lengths of fiber) would not be transferred to the PCC 

output due to the flat (limiting) regions ofthe TF. For a slowly modulated label code, the 

PCC would pro vide 2R regeneration capability. If the label code is not modulated, as is 

the case for the spectral rn-sequences we consider in this thesis, Figure 5.4 highlights that 

a large input power swing from ON to OFF states is not required to achieve code 

conversIOn. 

5.2.2 One Wavelength Overlap 
The input-output code spectra for the one wavelength overlap case are illustrated in 

Figure 5.5. Ideally, wavelength overlap should not affect the output code in terms of 

peak power swing degradation. Realistically however, there is a finite SOA facet 

reflectivity and possible crosstalk between the same counter-propagating wavelengths in 

the SOA. These SOA reflections will cause a reduced power input code signal to be 

reflected and co-propagate with the output code. Although this input code power could 

be reduced by up to 40dB, it will experience gain in the SOA's and will in tum reduce the 

peak power swing on these overlapping output wavelengths. 
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Figure 5.5: Input-output code spectra for one wavelength overlap. 
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In the static TF of Figure 5.6, peak power swing degradation is observed when the input 

code is ON. In this case, ÂjJ has a peak power floor at -40dBrn cornpared to the other 

wavelengths with a peak power below -50dBrn. For example, an input code with 4.7dB 

ER positioned around the TF step will yield an output code with a peak power swing of 

25dB on the non-overlapping wavelengths but just 12dB on ÂjJ. 
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Figure 5.6: Static TF for one wavelength overlap. 

5.2.3 Two Wavelength Overlap 
The spectra for the conversion between two rn-sequences frorn the sarne code set are 

shown in Figure 5.7 where two wavelength overlaps occur. 
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Figure 5.7: Input-output code spectra for two wavelength overlap. 
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The corresponding static TF is illustrated in Figure 5.8. When the input signal is ON, 

output wavelengths Àjl and Àj2 have a peak power floor at -42dBm while the non­

overlapping wavelengths have a peak power below -54dBm. In this case, an input code 

with a larger ER is required to maintain limiting functionality at low input powers. 
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Figure 5.8: Static TF for two wavelength overlap. 

5.3 Step Response 

1 

-2 

The step response of the PCC is a good indicator of its performance as it simulates the 

conversion of a label code. To measure the step response, a 12.8kHz low frequency 

(slowly modulated) square wave from the function generator is used. This is far lower 

than the ring fundamental frequency of approximately 3.5MHz and ensures active 

harmonie mode-Iocking does not occur in the ring, which would result in a pulsed output 

[66]. The input signal is measured by the CSA optical module, while the output signal is 

sent to the external NewFocus PR to remove high frequency noise components and then 

to the CSA electrical module. 

In the plots of this section, we define the contrast ratio (C/R) as a measure of the quality 

of the signal in the time domain as 

C/R = 10 loglo [ PON 
) dB 

POFF 
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where P is optical power. For a PR, the output voltage Vout corresponds to a scaled 

version of the input optical power 

(5.4) 

where G is the conversion gain. The conversion gain is a product of the PR responsivity 

R (which depends on quantum efficiency and wavelength), amplifier gain Ag, and input 

impedance Rin. Thus Gis expressed as 

(5.5) 

Based on the 125MHz NewFocus PR datasheet [67], the responsivity is approximately 

constant at 1.0A/W over the small PCC output wavelength range (1536.54 - 1542.85nm). 

The low total PCC output optical power (maximum of 12f!W to the PR for zero 

wavelength overlap) is below the listed PR saturation power of 55f!W, ensuring it 

remains in the linear regime. Given linear operation and the small wavelength range, Ag, 

and thus Gare assumed to be constant. Experimentally, G was measured to be relatively 

constant at 3.8x 104 V /W over the wavelength range and power variations of the Pcc. 

Given a constant PR conversion gain, the C/R of the measured electrical signal from the 

PR is equiva1ent to (5.3) and given by 

C/R = 1010g10 ( PaN J = 1010g]O ( VON / G J = 1010g10 ( VON J dB (5.6) 
P OFF V OFF / G V OFF 

The fOllowing sub-sections present the time domain step response plots where aIl 

wave1engths of code) are measured simultaneous1y. The re-amp1ifying capability and 

rise and faH times are examined to measure the effectiveness of the PCC. 

5.3.1 Zero Wavelength Overlap 
The step response of the PCC for conversion from code il toi is plotted in Figure 5.9. In 

this plot, the 1eft y-axis measures the input code optica1 power in b1ue, whi1e the right y­

axis measures the output code voltage after the PR in red. In this step response, an input 

code with 4.7dB C/R results in an amplified inverted output code with a C/R of 17.8dB. 

There is negligib1e overshoot and no ringing in the response. 
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Figure 5.9: Step response for conversion from code il toj (zero wavelength overlap). 

In Figure 5.10, we zoom in on the previous step response plot to view the transient 

behaviour of the PCC and measure the tum on and off delays (tDl and tD2) as well as 10-

90% rise and fall times (tR and tF). These timing metrics are listed in Table 5.2 under the 

column i r-?j. 
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Figure 5.10: Zoomed version of step response of Figure 5.9 to highlight transient behaviour. 
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Table 5.2: Turn on/off delays and 10-90% rise/fall times for ail innll1"_.All1"nll1" 

Bearing in mind there is approximately 57.5m of fiber in the ring, a 280ns tum on/off 

delay is expected when measuring input and output signaIs on the same scope. In the 

worst case, the PCC requires up to 3.22~s to convert the coded packet label for zero 

wavelength overlap. 

5.3.2 One Wavelength Overlap 
The step response for conversion from input code i2 to J with one wavelength overlap is 

shown in Figure 5.11. As expected, the output C/R is reduced compared to the case of 

zero wavelength overlap, where in this case an input code with 4.7dB C/R yields an 

output code with a C/R of 13.8dB. The transient timing metrics are given in column ir-tJ 

of Table 5.2. These times are marginally improved over the zero wavelength overlap 

case. 
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Figure 5.11: Step response for conversion from code il toj (one wavelength overlap). 
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5.3.3 Two Wavelength Overlap 
For the final case of two wavelength overlap, the step response is shown in Figure 5.12, 

with the transient timing metrics given in column ir-~j of Table 5.2. As predicted in the 

static TF of Figure 5.8 and illustrated in the step response, although re-amplifying is still 

observed, a larger input C/R is required to obtain an output signal with a similar C/R as 

for the previous cases. The timing metrics are again reduced compared to the zero 

wavelength overlap case, and may be explained from the fact that several wavelengths in 

the output code already exist. In such multi-wavelength overlap cases, inversion does not 

need to be established in SOA2 for the overlapping wavelengths, resulting in faster 

conversion. 
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Figure 5.12: Step response for conversion from code i3 toj (two wavelength overlap). 

5.4 Discussion 
In this chapter, successful, all-photonic OCDMA coded packet label switching was 

demonstrated for (7,4) rn-sequences. The PCC was built using commercially available 

products and achieved simple and stable operation. From the step response, C/R 

improvement was observed for slowly modulated labels. The limiting functionality in the 

static transfer characteristics indicated that the lasing powers on each output wavelength 

are equalized, and that noise or ER degradation on the input signal would be negated. 
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Although this PCC converts from any incoming code to the output code defined by the 

wavelength ports selected in the A WG, tuneable code conversion is possible using 

tuneable wavelength selective components such as a wavelength selective Micro-Opto­

Electro-Mechanical Systems (MOEMS) switch in the SFRL. 

In addition to perforrning label code switching in a NN, the viability of a label switching 

network depends on the ability to perforrn dock and data recovery (CDR) [68]. In this 

network, it is infeasible to send a global dock signal to every end user. IdeaIly, the end 

user should be able to recover the dock from the incoming data stream and proceed with 

data processing. By making sorne simple modifications to this PCC, we achieved aIl­

photonic dock recovery of a return-to-zero (RZ) data payload signal. This modified PCC 

could multicast the dock onto several output wavelengths defined by the A WG. A 

discussion of this work and preliminary results are presented in Appendix B. 

5.4.1 Limitations 
In this thesis, the spectral labels are assumed to be CW. Given the 10-90% rise and fall 

times are of the order of ~s, a packet entering the NN would require payload buffering in 

a fixed length of fiber delay line until the switching was complete to allow simultaneous 

transmission of payload and label. These times could be reduced by using shorter cavity 

lengths. 

Furtherrnore, although a simple configuration for a weight four code, difficulties would 

be encountered for longer length (and higher weight) codes in equalising and stabilising 

the lasing wavelength powers in the ring (currently achieved by the PC's). This could be 

resolved by developing packaging solutions to minimise ring instabilities or by using 

multiple PCC's in paraIlel, where each PCC converts a set of wavelengths defining a 

section of the code. 

FinaIly, to negate label inversion arising from XGM in the PCC, a simple modification to 

the PCC setup could be made as shown in the block diagram of Figure 5.13. In this 

diagram, spectral label i is input to an XGM based multiple-input to single-output wc. 
The output control wavelength (Àc) is sent to a PCC modified to accept a single input. By 
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usmg a dedicated control channel in the interrnediate step with sufficient power to 

saturate SOA2, wavelength overlap (and thus ER degradation) would not occur in 

switching between label i and label}. 

AAbAiA -1 :~ ~ fi -1 ~~~ ~AAbAjA 
\1 Ài2 Ài3 Ài4 Àc Àj1 Àj2 Àj3 Àj4 

Figure 5.13: Negating label inversion by switching from label i to j using an intermediate step with 
dedicated control wavelength le. 
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6 Conclusions 

6.1 Summary 
This thesis studied optical MPLS networks. We were concemed with data payload and 

label processing in a NN as a packet transits through the core network. Our study 

comprised a theoretical analysis of data traffic throughput improvement achievable using 

reduced sets of realistic WC's in a space switch, and a practical demonstration of a 

spectral label switching PCC in the laboratory. 

In Chapt ers 1 and 2, we motivated the need for optical access networks and presented an 

optical MPLS network where packet payloads were wavelength multiplexed and labels 

spectraUy OCDMA coded. At a NN, data payload wavelength contentions were 

discussed and various space switch and WC architectures were introduced to mitigate 

these contentions and improve throughput. 

In Chapter 3, several common wavelength conversion technologies were contrasted to 

demonstrate their limited-range conversion capability (for WC's), and also to assess their 

applicability for aU-photonic label switching systems. 

In Chapter 4, we presented a rigorous theoretical analysis to model uniform and bursty 

data traffic flow in a bufferless NN with reduced sets of FRWC's. AU results were 

verified by MC simulation. We further used MC analysis to model the realistic scenario 

ofreduced sets ofLRWC's with various matching algorithms in the switch control block. 

These analyses made up a software package aUowing a user to determine the number of 

WC's required in a NN to achieve a desired PLP threshold given data traffic statistics and 

limitations on CR. The main results ofthis chapter are summarised below. 

• Optimal throughput can be achieved using reduced sets of FRWC's in a NN. 

Savings of greater than half the complete set of FRWC's can often be made, 

resulting in considerable complexity and cost reductions. 

• Burst y traffic PLP degradation can be mitigated by increasing the number of 

wavelengths in the network and using sets ofWC's. 
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• The constraint of limited-range conversion reduces the effectiveness of reduced 

sets of LRWC's in achieving optimal throughput in a NN. However, by using 

optimal matching algorithms, the sensitivity of PLP to CR is reduced. In this case 

a trade-off between CR and number of LRWC's must be made to achieve a 

desired PLP. 

oThe ability to account for bursty traffic and LRWC's with vanous 

matching algorithms generalises previous studies. 

• In contrast to previous work, by combining the random and Munkres matching 

algorithms introduced in this thesis into the switch control block, lower PLP is 

obtained than when using the FAA discussed in [55]. The RMA and OMA ensure 

the PLP always decreases monotonically to a PLP floor as CR increases. These 

results are further distinguished from the F AA matching algorithm where PLP can 

increase to a PLP floor as CR increases. The trade-off for this improved 

performance is an increased computational complexity. 

Having examined the advantages of resolving payload wavelength contentions, we 

studied another fundamental aspect of the NN, label processing. Chapter 5 demonstrated 

successful label code switching of (7,4) spectral rn-sequences using a setup built from 

commercially available optical components. Cases of zero, one and two wavelength 

overlaps between input and output codes were examined corresponding to various 

network scenarios. The thresholding behaviour of the static transfer characteristics 

indicated that pulse re-shaping would occur, while the step response plots showed 

significant re-amplification. These results verified that the PCC is capable of 2R­

regeneration for slowly modulated labels. For the CW spectral labels considered in this 

thesis, noise and ER degradation on the input label is negated, while output wavelength 

lasing powers are equalized. Furthermore, our PCC could be modified to perform all­

photonic c10ck recovery from the data payload as discussed in Appendix B. 

The significance ofthis work lies firstly in the cost and complexity savings to be made by 

recognizing that reduced sets ofrealistic WC's can be incorporated into a space switch in 

the NN to resolve data wavelength contentions. Secondly, the PCC label switching 
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system demonstration solves a key label processing issue in the NN. Ultimately, this 

work brings optical MPLS networks a step doser to practical deployment. 

6.2 Future Directions 
Although the software package modelling traffic flow in a NN with reduced sets of 

LRWC's is comprehensive, improvements could be made by including additional 

wavelength matching algorithms in the switch control block. A detailed algorithm 

comparison study (in terms of computational complexity and performance) could be used 

to aid optical MPLS network engineering. 

In relation to the practical demonstration of a label switching PCC, considerable future 

work remains. Firstly, an investigation of other techniques to achieve label code 

conversion could be performed using the technologies of Chapter 3. This would allow 

conclusions to be drawn as to the overall suitability of each technology to concurrent 

multiple wavelength conversion. 

Secondly, as discussed in Section 2.1, realistic labels will have longer lengths than the 

(7,4) rn-sequences studied in this thesis, and thus conversion between longer label codes 

could be explored. As mentioned in Chapter 5, this could be achieved by running 

multiple PCC's in parallel or by developing improved packaging techniques to enhance 

ring stability. 

Finally, there is considerable work to be done on the all-photonic clock recovery setup of 

Appendix B. Based on the success of the preliminary results presented, we plan to use an 

RZ source rather than simulating RZ pulses with an NRZ pattern generator. 

Additionally, the use of SI-FBG's rather than an A WG in the ring will equalise round trip 

times of each wavelength and minimise interference effects at harmonies of the 

fundamental ring frequency. 
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8 Appendix A: Monte-Carlo Aigorithm Flowcharts 

8.1 Burst y Traffic in a Switch with Reduced Sets of FR-PCC's 
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steps. 

See Mapping 
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Figure 8.1: Flowchart to implement MC algorithm for bursty (multiple sIot) traffic presented in 
Section 4.2. The Mapping subroutine is illustrated in Figure 8.2. 
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START 
Mapping subroutine 

i 

l 
Given i sources in previous 

slot, determine A;,j for ail 
values of j. 

w 

Sum each element of A with ail 
previous elements to create a 

cumulative staircase function that 
varies from [0,1]. Values of A;,j with 

higher probabilities will have a 
higher step than those with lower 

probabilities. 

l 
Select a uniformly distributed 

number between [0,1]. Look at 
where this number lies on the 

staircase function. This will tell how 
many sources are operating in the 

current slot. 

i 

END 
Mapping subroutine 

Figure 8.2: Mapping subroutine from Figure 8.1. 

94 



9 Appendix B: AII-Photonic Clock Recovery 

9. 1 Introduction 
The importance of CDR was discussed in Section 5.4. In an optical network, the ability 

to perforrn all-photonic CDR removes an electronic processing bottleneck at the end user 

stage and promotes the attractiveness of optical networks in the marketplace. In this 

appendix, all-photonic dock recovery is demonstrated for an RZ data signal at 

modulation frequencies above 2GHz. We consider the cases of single and multiple input 

data wavelengths, and extract the dock onto single and multiple output wavelengths (i.e. 

dock multicasting). 

9.2 Laser Setup 
To achieve all-photonic dock recovery from the data payload, the PCC setup of Figure 

5.2 is used, where the function generator is replaced by an RZ source. As an RZ source 

was unavailable during testing, we used a bit error rate tester (BERT) to generate a 

square, non-retum-to-zero (NRZ) pseudo-random bit sequence (PRBS). By modifying 

the BERT's hex file to pad each bit of the NRZ PRBS with n zeros, we could simulate an 

RZ PRBS with 

/; = f mod 

RZ n+l 
(9.1) 

where fRz is the RZ modulation frequency and fmod is the modulation frequency of the 

NRZ PRBS. The dut y cyde of the RZ PRBS is given by 

1 De =-xl00% (9.2) 
n+l 

If the RZ data signal arrives on one wavelength, only one TLS is used in the control arrn 

of Figure 5.2. The number of A WG ports connected to fiber loop mirrors corresponds to 

the number of wavelengths the recovered dock is to be multicast over. As discussed in 

Section 5.1.1, the loop mirror lengths were carefully spliced to ensure the ring round trip 

times for each wavelength were dosely matched. 

95 



9.3 Principle of Operation 
As for code conversion, when a "1" (or "0") bit enters the PCC from the control arm, 

lasing is eut-off (or established) on the output wavelengths due to XOM in SOA2 . 

However, by setting fRZ of the data signal to equal a harmonie of the fundamental ring 

frequency, /0, active harmonie mode locking in the ring occurs, resulting in a pulsed 

output on the wavelengths selected by the A WG. This is the recovered dock with 

frequency fRz. IffRz does not match a harmonie of/o, mode locking will not occur and the 

output will be unintelligible. 

9.4 Preliminary Results 
This section presents preliminary results for all-photonic dock recovery from an RZ data 

signal on to one and four output wavelengths. 

9.4.1 One Input Wavelength ta One Output Wavelength 
For this measurement, the RZ data signal is carried (and the dock is recovered) on a 

single wavelength. The parameters for this setup are shown in Table 9.1. From these 

values,fRz = 2.220Hz and corresponds to the 638th harmonie of/o. 

A CSA trace of the input RZ PRBS is presented in Figure 9.1, with the recovered dock 

on output wavelength Àjl given in Figure 9.2. In both plots, sample acquisition mode was 

used in the CSA. 
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Time (ns) 
Figure 9.1: Input RZ PRBS operating on)../ and modulated at 2.22GHz = 638fo. 

Time (ns) 
Figure 9.2: Recovered dock on )..j1' Sample mode acquisition used in the CSA. 

From Figure 9.2, the recovered dock is reasonably dean, with a period of 0.45ns 

corresponding to a dock frequency of 2.22GHz, matchingjRz. A C/R degradation occurs 

in the recovery process, from 5.6dB at the input to 3dB at the output. This degradation 

arises as a result of an EDF A stage at the 10% coupler output to boost the recovered 

dock power allowing it to be detected at the CSA optical module. Due to the nonlinear 

EDF A gain curve, lower dock powers ("0" level) receive more gain than higher powers 
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("1" level), reducing C/R. The EDFA amplified spontaneous emission (ASE) noise also 

degrades OSNR. 

9.4.2 Four Input Wavelengths to Four Output Wavelengths 
In this setup, the RZ data signal arrives on four wavelengths defined by code il. The 

dock is recovered and multicast on four output wavelengths defined by output code j. 

Both codes are defined in Table 5.1. The parameters for this setup are shown in Table 

9.2. 

Tabl 92 E e : xpenmen a parame ers or c oc t 1 t f 1 k recovery 0 an a a signa on our wave engl f RZd t . ths. 
ISL, !!]ljiSSg~!pàtamel&r\i' .... "!"i ·'o':·i;;:;.. ... "'1 j·jk:,·'· . ·.· ... H:·.ü:.Viiiùe·· .. ,:, ..... ;:; .. : .. :,;.:::;:::. uy ....... ..,.· 

RZ Input PRBS 
Input Wavelengths (code i1) },i1-4 1533.40,1534.98,1535.76,1541.28nm 
Padded zeros n 1 
Dut Y Cycle OC 50% 
Mark Ratio MR 50% 
Length L 214_1 
NRZ Modulation Freq. fmod 1.125GHz 
RZ Modulation Freq. fRz 562.758MHz 

Clock Recovery 
Output Wavelengths (code j) },i1-4 1536.54,1538.11,1539.69,1542.85nm 
Ring Length Li 57.57m 
Ring Fundamental Freq. fo 3.474MHz 
EDFA after 10% Coupler EDFAout 15% 
Photoreceiver NewPort 818-88-31: 1.5GHz bandwidth 

For this setup, the lower RZ data rate corresponds to the 162ud ring harmonic. In this 

case, a 1.5GHz external PR was used after the output EDF A and connected to the CSA 

electrical module. CSA traces with 16 x averaging for the input and recovered dock are 

shown in Figure 9.3. 
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Figure 9.3: CSA trace (16x sampling) for input RZ PRBS (blue) and recovered clock output (red). 
The clock of the incoming data on four wavelengths defined by code i1 is multicast to four 
wavelengths defined by code j. 

In these traces, the recovered c10ck has a period of 1. 78ns corresponding to a frequency 

of 561.8MHz and c10sely matchesJRz. Again C/R degradation is observed and arises for 

the same reasons as the previous case. The interference pattern in the output signal is due 

to the mismatches in round trip lengths of each lasing wavelength resulting in marginally 

different fundamental frequencies. In this case, the slightly differing frequencies of the 

1 62nd harmonic for each wavelength in code j caused this interference. This was verified 

with a TO-BPF at the ring output to confirm that all wavelengths in code j were present 

and had approximately equal C/R's and modulation frequencies. 

9.5 Discussion 
We have demonstrated preliminary results for all-photonic c10ck recovery using the 

simple PCC configuration of Chapter 5. The ab il it y to multicast the c10ck to several 

wavelengths makes it a promising technology for optical MPLS networks and could form 

a component of an all-photonic 3R-regeneration system. Further research will focus on 
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reducing ring sensitivity to path-Iength misalignments between wavelengths, a timing 

jitter assessment on the recovered clock, and methods to improve the output C/R. 
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10 Appendix C: Publications accepted for conferences 

The following are the two publications accepted for conference presentations. 

• R. E. Gordon and L. R. Chen, "Demonstration of All-Photonic Code Conversion 

in a Semiconductor Fiber Ring Laser for OCDMA Networks," presented at OSA 

Topical Meeting on Information Photonics, Charlotte, NC, Jun 2005 [12]. 

• R. E. Gordon, L. R. Chen, and M. Coates, "Analysis of a WDM Packet Switch 

with a Reduced Set of Limited-Range Wavelength Converters," presented at OSA 

Topical Meeting on Information Photonics, Charlotte, NC, Jun 2005 [13]. 
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Demonstration of All-Photonic Code Conversion in a 
Semiconductor Fiber Ring Laser for OCDMA Networks 

Reuven E. Gordon and Lawrence R. Chen 
Photonic Systems Group, Department of Electrical and Computer Engineering, McGill University 

3480 University Street, Montréal, Québec, Canada, H3A 2A7 
E-mail:rgordon@photonics.ece.mcgill.ca 

Abstract: We demonstrate all-photonic code conversion for OCDMA network applications based 
on cross-gain modulation in a semiconductor fiber ring laser. The code converter translates 
weight four spectral sequences and is capable of providing 2R regeneration. 
©2005 Optical Society of America 
oelS codes: (060.2330) fiber optics communication, (060.4510) optical communications 

1. Introduction 
Optical code division multiple access (OCDMA) has been proposed as a protocol to satisfy the ever increasing 
capacity requirements of local area and optical access networks. In contrast with time and wavelength division 
multiplexed access (TDM and WDM), OCDMA operates asynchronously, does not require central control and 
efficiently utilizes bandwidth under bursty traffic [1]. 

An OCDMA network comprised of many inter-connected sub-networks will often have the same code-set in 
use in different sub-networks. In this configuration, code contentions may arise when a user requests transmission 
between sub-networks at a network node. Conversely, if a user requests transmission to a sub-network operating 
with a different code-set (and possibly at different wavelengths), conversion would be required to a new code (and 
wavelengths) within that set. These contentions or required conversions can be resolved by incorporating photonic 
code converters (PCCs) into the network nodes, thereby resulting in a significant increase in throughput. For one­
dimensional (l-D) spectral photonic codes, conversion involves translating a code defined by one set of k 
wavelengths to another defined by a different set of k wavelengths, where k is the Hamming weight of the code 
family [1]. In essence, a I-D spectral PCC extends the capability of a wavelength converter in WDM networks by 
performing concurrent multiple-wavelength conversion. 

Common wavelength conversion technologies demonstrated for WDM networks include four-wave mixing 
(FWM) or cross-gain and cross-phase modulation (XGM, XPM) in semiconductor optical amplifiers (SOAs). Of 
the se three technologies, XGM is the simplest, provides the highest conversion efficiency, do es not require on-chip 
integration for stability, and allows 2R (re-amplifying and re-shaping) regeneration capability [2]. 

In this paper, we demonstrate all-photonic code conversion based on XGM in a semiconductor fiber ring laser 
(SFRL). The steady-state transfer characteristics demonstrate that our PCC is capable of2R regeneration. 

2. Experimental Setup and Principle of Operation 
The experimental setup is shown in Fig.!. In our demonstration, we consider the conversion of ID spectral codes 
of length 7 and weight 4, defined by rn-sequences [3]. The incoming code (code i) is denoted {1,1,I,O,O,I,O} with 
wavelengths 1533.4 nm, 1534.98 nm, 1535.76 nm and 1541.28 nm; this code is to be converted to the output code) 
denoted by {l,l,l,O,l,O,O} operating on wavelengths 1536.54 nm, 1538.11 nm, 1539.69 nm and 1542.85 nm. Note 
that these two rn-sequences are not cyclically shifted versions of each other, but are created from different generator 
polynomials [4]. This could correspond to a scenario in which a user requests access to a sub-network with a 
different code set at different wavelengths. 

The four wavelengths for code i (Àil " .Ài4) are generated from four tunable laser sources (TLS) before being 
combined into the control arm. An electro-optic modulator (MOD) driven by a pulse pattern generator (PPG) 
produces the corresponding data signal. An erbium-doped fiber amplifier (EDF A) and variable optical attenuator 
(VOA) are used to amplify and set the power of the input signal code i before injection into the PCC via an optical 
circulator (OCA). 

The PCC is based on a multi-wavelength SFRL. The output wavelengths (ÀjJ" .Àj4) correspond to the output 
code (code) and are defined by an arrayed waveguide (AWG) grating whose corresponding output ports are 
connected to fiber loop mirrors. The lengths of the loop mirrors are set to ensure that the round trip propagation 
times for each wavelength in the SFRL are within 1 %. Two SOAs are used: SOA lo which is biased slightly above 
its transparent point to provide sorne small gain, and SOA2, which is highly biased and used for XGM to achieve 
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code conversion. The isolator ensures that only the highly biased SOA2 sees the injected input signal code i. 
Polarization controllers (PC I and PCz) are used to account for the polarization dependent gains of the SOAs. 

The principle of operation of the PCC is as follows. When the injected input code (counter-propagating with 
the lasing signaIs of the SFRL) is ON (logical "1"), SOA2 becomes saturated. As a result, the four wavelengths 
(Àj1 ... Àj4) experience little or no gain in SOA2 and do not have sufficient net gain to lase, i.e. the output power is 
OFF (logical "0") such that there is no conversion from code i to code). On the other hand, when the input code is 
OFF, the four wavelengths experience gain in SOA2 and consequently re-establish lasing, i.e. the output power is 
ON such that there is code conversion. Note that since the PCC is based on XGM, code conversion will result in 
data inversion. 

Input Code i 

PCC 

Output Code j .-+----

Loop Mirrors 

Fig. 1. Experimental setup for a quad-wavelength all-optical PCC using XGM in an SOA. 

3. Results 
In Fig. 2, we show the static input/output power transfer characteristics of the PCC for bias currents ISOA1 = 36.2 

mA and I soA2 = 135.5 mA. Since ail four output wavelengths 0:il ... Àj4) have the same behavior as a function of input 
power, proper code conversion can take place and the code converted output signal has equal power at ail four 
wavelengths. Furthermore, the sharp, step-like transition in the transfer characteristics (i.e. thresholding and limiting 
functionality) shows that the PCC is capable of 2R regeneration. In particular, if the extinction ratio (ER) of the 
input signal at code i is greater than the slope width of the transfer characteristics ("" 6 dB), then the output signal at 
code) will have a significantly improved ER (more than 30 dB). 
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Fig. 2. Static transfer characteristic of PCC (output power vs. total average input power). An SOAl bias current of 36.2 mA and an SOAz bias 
current of 13 5.5 mA are used. 
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Figs. 3(a) and (b) show the spectra of the input code i with peak powers (per wavelength) of -12.8 dBm ("0") 
and -6.8 dBm ("1"); the ER is 6 dB. Figs. 3(c) and (d) show the corresponding output from the PCC: the power at 
all four output wavelengths are approximately equal and take values of -26.3 dBm when code i is off and -56.7dBm 
when code i is ON. The average ER at the output is 30.4 dB. Further experimental results will be presented at the 
conference. 
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Fig. 3. Spectra of input code i for (a) "0" and (b) "1" power levels. Corresponding SFRL output at code): (c) "0" and (d) "1" leve1 for code i. 

4. Summary 
In summary, we have demonstrated all-photonic code conversion oflength 7, weight 4 spectral codes using XGM in 
a SFRL. The static characteristics exhibit thresholding and limiting such that the PCC is capable of 2R regeneration. 
Further improvements in the output power of the code converted signal should be possible by optimizing the fiber 
laser cavity. Tunable code conversion should also be possible by using tunable wavelength selective components 
(for example, a wavelength-selective MOEMS switch) in the SFRL. 
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Analysis of a WDM Packet Switch with a Reduced Set of 
Limited-Range Wavelength Converters 
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Abstract: We analyze the performance of a packet switch in a wavelength division multiplexed 
network employing reduced sets of limited-range wave1ength converters. Optimal operation is 
achieved by trading off conversion range and number of converters. 
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1. Introduction: 
Wavelength division multiplexing (WDM) is a highly flexible method of implementing all-optical packet-switched 
networks [1]. Using tunable optical wavelength converters (TOWC's), the WDM protocol can solve packet 
contentions in a switch, while providing high throughput and transparency, making the technology especially 
promising. The studies in [2-4] suggest that an output buffered switch equipped with a complete set of full-range 
TOWC's (FRWC's) can reduce the packet loss probability (PLP) by several orders of magnitude over a switch with 
no conversion capability. (A complete set ofTOWC's implies each wavelength channel has its own TOWC, while 
full-range implies that each TOWC can convert from one wavelength to any other). Moreover, the added 
wavelength dimension in WDM allows TOWC's to provide a "logical buffer", where practical PLP floors can be 
obtained without any tunable delay lines [3]. This is desirable as delay lines comprise long lengths of fiber and 
cause scheduling and complexity issues in the switch. 

Recently, studies have focused on the throughput of WDM switches with reduced (shared) sets of FRWC's 
[5,6]. Results show, that switches using fewer, shared, FRWC's can often achieve the same throughput as switches 
with complete sets ofFRWC's [6]. Other studies have accounted for the physicallimitations ofpopular wavelength 
conversion technologies (i.e. four wave mixing, cross-gain and cross-phase modulation in semiconductor optical 
amplifiers) and examined switches with complete sets oflimited-range wavelength converters (LRWC's) [7,8]. In 
[7], it was found that when each channel has access to a LRWC with even a small conversion range, throughputs 
close to that of a switch employing complete sets of FRWC's can be obtained. (The conversion range refers to the 
number ofwavelengths, above and be1ow, that each LRWC can convert to from a given wavelength). 

In this paper, we analyze the throughput of a slotted, bufferless, WDM switch in the most general (and 
previously unstudied) case of reduced sets of LRWC's. Both uniform and bursty traffic patterns are considered. 
The Shared Per (Output) Line switch architecture [5] is used and shown in Fig. 1. Each of the N input fibers carries 
n wavelengths. Each output fiber has a bank of L LRWC's and n - L direct lines combined into the passive coupler. 
L can vary from 0 (no conversion capability) to n - 1 (complete set). The space switch requires nNxnN gates. An 
electronic control system assumed to extract packet headers and control routing and wavelength conversion is not 
shown in the switch. 

Packet Encoding nNxnN Space Switch LRWC's 

"1 
1 1 

N N 

~: Passive coupler """: Gate 
Fig. 1. Siotted WDM packet switch using optical gates for the space switch. Each output fiber has a bank of L LRWC's. 
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2. WDM Packet Switch Model with Reduced Sets of LRWC's 
The different WDM switch scenarios we consider are summarized in Fig. 2. AIl systems using FRWC's are 
modeled analytically and verified through Monte-Carlo (M-C) simulation. Systems using LRWC's are modeled by 
M-C simulation only. 

Bufferless WDM Switch 

Traffie Pattern: 

Number of TOWC's: 

Conversion Range: 

(M-C Simulation) (Analytical with M-C verification) 

Fig. 2. WDM switch configurations. 

For uniform input trafflc, each of the nN input channels are modeled as Bernoulli random variables with time 
independent load p. Assuming a packet has an equal probability of going to any output fiber, the channel load 
directed at one output is piN. The bursty traffic model considers each of the nN input channels to be an ON-OFF 
source [2], and assumes the number of active channels in the current slot are correlated to the number active in the 
previous slot. 

The theoretical analysis of a switch with reduced sets of FRWC's involves developing equations to model the 
mean number of unused wavelengths per output fiber per time-slot, and the conditional probability for i contentions 

occurring givenj active channels (where i E [O,min(j -l,n-l)] due to the bufferless constraint, and jE [O,nN]). For 

bursty traffic, an expression for probability of success of aU slots in a packet up to and inc1uding the kth (final) slot is 
required. (The probability of a packet containing k slots is governed by the geometric distribution with mean burst 
length 13. For 13 = l, the bursty model reduces to a uniform model). These expressions result in an analytical 
equation for PLP (to be presented). 

For systems with reduced sets ofLRWC's, users on each wavelength contend for transmission to a given output 
fiber, and may only be converted to other wavelengths within their conversion range. This problem is further 
constrained by a reduced number of conversions allowed in each time slot. Thus a wavelength matching problem 
between input and output wavelength sets arises. To solve this problem, random and optimum matching algorithms 
(RMA and OMA) are used by the switch. 

When one or more users arrive on an input wavelength, the RMA, modified from [7], randomly selects one user 
to forward to the same wavelength (without conversion). It then randomly moves through aIl wavelengths where a 
contention has arisen. For each contending user, it randomly chooses an available output wavelength (within the 
conversion range) to convert to. Once the maximum number of conversions are reached (or every user has been 
matched to an output wave1ength), the algorithm ends. 

The OMA attempts to find the optimal solution in the rectangular matching problem of a bipartite graph G, 
where the input subset is the wavelengths entering the switch, and the output subset is the available wavelengths at 
the output [7]. A legal matching occurs if (1) there are no contentions in the output wavelength set, (2) aIl 
conversions taking place obey the constraints of the LRWC, and (3) the total number of conversions is less than or 
equal to the number of LRWC's on the output fiber. A matching that satisfies these conditions and contains the 
maximum number of edges (highest throughput) is an optimal matching. There are often many optimal matchings 
for a given bipartite graph G. Using Munkres (Hungarian) algorithm, the OMA will always return an optimal 
matching for complete sets of LRWC's. However, with the added constraint of a reduced number of conversions, 
sub-optimal matchings may be returned. 

3. PLP results and Model Verification 
The results of a study of a 4x4 switch with 15 wavelengths per fiber under bursty trafflc with 13 = 2 are presented. 
Fig. 3(a) shows the analytical PLP curves versus channelload for a switch with reduced sets of FRWC's. These 
results are verified by M-C simulations with 10,000 trials. Based on these values, PLP is plotted against number of 
FRWC's for a load p = 0.7 in the inset of Fig. 3(a). The M-C simulations results agree well with the analytical 
curves. There are also several orders of magnitude improvement in PLP between a switch with a complete set of 
FRWC's and one with none at all, especially for lower loads. From the inset in Fig. 3(a), for 8 or more FRWC's, 
there is negligible reduction in PLP. In general, near-optimal PLP's can be obtained with far fewer FRWC's than 
the complete set. 
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Fig 3(a) PLP vs channelload for a 4x4 switch with 15 wavelengths on each fiber with reduced sets of FRWC's under bursty traffic (jJ = 2). x 
denote M-C simulation results. Inset: PLP vs number ofFRWC's for p = 0.7. (b) PLP vs conversion range (up and down) for a 4x4 switeh with 
15 wavelengths on eaeh fiber for redueed sets ofLRWC's. Bursty traffie flow (jJ = 2), with P = 0.7. 

Fig. 3(b) plots PLP against conversion range for a switch with reduced sets of LRWC's at load p = 0.7, where 
each simulation uses 10,000 M-C trials. The results ofboth the RMA and OMA are shown. With one LRWC per 
output line, a conversion range of l gives the same PLP as a conversion range of 14 (i.e. FRWC). When a complete 
set of LRWC's are used (14 LRWC's in Fig. 4), the OMA yields much lower PLP than the RMA. In fact, a 
complete set of LRWC's with a conversion range of 5 gives the same PLP as a complete set of FRWC's. Recall 
from the inset in Fig. 3(a) that 8 or more FRWC's yield an optimal PLP; this is not the case wh en the conversion 
range is reduced (see PLP for 8 LRWC's in Fig. 3(b)). In these scenarios, the OMA is not as effective when the 
constraint of a reduced number of conversions is added, and is only marginaIly better than the RMA. Running a 
brute-force tree search on aIl matchings showed that the throughput could be improved, but not to the optimum level 
ofa complete set ofLRWC's. 

4. Conclusions 
In this paper, we studied the performance of a bufferless switch in a WDM network with reduced sets of LRWC's 
on each output fiber under bursty traffic. The results in this paper confirm that optimal PLP can be obtained for 
switches with few FRWC's, as weil as for switches with complete sets ofLRWC's with low conversion range (using 
the OMA). For reduced sets of LRWC's, the PLP's are sub-optimal due to the added constraint of reduced 
conversions. Based on the simulation results, a trade-offbetween conversion range and number ofLRWC's must be 
made to reach a PLP threshold while minimizing a user-defined co st function. The cost function could depend on 
the number and conversion range of the TOWC's, scaled by complexity, price and technological limitation 
parameters. In ail cases, cost savings can be made while still accounting for the realistic physical limitations of 
wavelength conversion. 
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11 Appendix D: Laboratory Pictures of the PCC Setup 

Figure 11.1: Reuven Gordon characterising stages of initial PCC. 

Figure 11.2: Final PCC setup to make step response measurements. 

109 



ci. := .... 
Q,j 

'" ~ 
10; 
Q,j 
;;-
Q 
(,J 
Q,j 
10; 

.!od 
(,J 
Q -(,J 

(,J 

ï= Q .... 
Q 

-= c.. 

== 
0 

~ ..... 
.... ..... 
Q 

== Q,j 

.~ 

~ 

El 
~ 
10; 
Q 

= ~ 

=--
""l ,.... ,.... 

Q,j 
10; 
:= 
0Il 

S 


