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The bandwidth demand due to-more and more data intensive applications and
growth in userbase, is increasing day by day. Optical networks are the most suitable
option for satisfying this increased bandwidth requirements, due to the availability of
large bandwidth in the fiber [16, 68]. The optical network implementations can have
electronic or all-optical switches. In optical transport networks, the current approach
is to use optical circuit switches to set up light paths [1, 49, 59]. These all-optical
switches are transparent to information carried over the light path. The possibility
of packet switching using photonic technologies, allows all-optical packet switched net-
works where packets remain in optical form without undergoing optoelectronic conver-

sion at intermediate nodes.

One of the major issues involved in optical networking is the switch/router archi-

tecture which can perform the switching operation efficiently at such high data rates.
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The purpose of switching is to route the packet to the destined output port. The im-
portant aspects of photonic packet switching are control, packet synchronization, clock
recovery, packet routing, contention resolution and packet header replacement [18, 64].
Contention is one of these problems, which occurs when two or more packets arrive
at same time for same destination. To avoid this contention, one of the contending
packets, is directed to the intended output port and other packets are either stored or
dropped. All-optical memory suitable for optical storage has not yet been developed.
The alternative is to use deflection routing [13] or optical fiber delay lines (in travel-
ing or recirculating type configuration). Different techniques for optical buffering by
using fiber delay lines have been proposed |7, 31, 32, 56], and still research is going on
to explore better solutions. Optical buffering can be introduced in three ways: input

buffering, output buffering and shared buffering [2, 6, 15, 29].

In this thesis, different aspects of optical buffering are investigated in various archi-
tectures for optical packet switching. Seme new architectures have also been proposed
alongwith the buffering techniques and their analysis. The main objective of the thesis,
is to identify the optimal buffering parameters to provide least packet loss probability

and reasonable average delay using the given resources.

The thesis is organized in the following nine chapters.

In Chapter 1, first we have explained the evolution of lightwave communication
techniques. Then, we have given a review of related literature, providing a motivation

to the study carried out in this thesis.

In Chapter 2, we have given the basic overview of the photonic packet switching
architectures. We also discuss the switching/buffering technologies and the optical

components used in the switch architectures.
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Chapter 3 proposes a modification in the Staggering switch architecture 28|,
by adding the fiber delay line (FDL) to improve its performance. The effectiveness of

modification, has also been discussed.

In Chapter 4, we have presented a new approach of switching in Data Vortex
switch architecture [71] to improve its performance. Simulations have been done and
the results are analyzed to find the advantages. Throughput analysis is also done, which

is not performed so far.

In Chapter 5, we have proposed a new optical packet switch architecture which
uses shared loop buffer modules in feedback configuration. WDM based fiber delay lines
are used to store the contending packets, and a space switch fabric is used to direct
them appropriately. These delay lines incorperate various optical components which
induce loss in the signal power, during recirculation of signal in the loop. We have done
the power budget analysis considering the effect of noise to calculate the number of
maximum allowed circulations for a packet, in the loop buffer. The buffering duration
in the recirculating loop, is limited by this circulation limit. The results for packet loss
probability and average delay, are obtained using a specific scheduling algorithm and
simulation techniques. The mathematical analysis has also been done to validate the

simulation results.

Chapter 6 discusses about the enhancement in the optical packet switch archi-
tecture proposed in Chapter 5. The main disadvantage of this architecture, is very high
loss in signal power, which reduces the number of maximum allowed circulations in loop
buffer modules. Thus to reduce the power loss, we have proposed two modifications.
The main objective of these modifications is to increase the number of maximum al-

lowed circulations. This will provide a relaxation in the circulation limit, which in turn
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results in better packet loss probability and average delay by effectively utilizing the

available buffer capacity.

In Chapter 7, we have proposed three architectures for optical packet switching
based on wavelength routed feed-forward shared buffer modules. These architectures
are developed by selecting three different combinations of space switch and Arrayed
Waveguide Grating (AWG). The buffer modules are constructed using recirculating type
fiber delay lines incorporating various optical components. One of these architectures
is also analyzed in terms of power loss and noise power, due to the presence of various
optical components in loop buffer memory. The performance is predicted on the basis
of operational insights. Further, the same has been verified by getting results for the

packet loss probability and average delay by simulations.

Chapter 8 presents the comparative analysis of various optical packet switch
architectures, discussed in the previous chapters. The comparison is done on the basis

of optical cost of switch architectures and performance for bursty traffic arrival.

Finally, Chapter 9 provides conclusion of the thesis, and suggestion for the future

research in this area.



Contents

List of Figures XV
List of Tables xxi
List of Symbols xxiii
List of Acronyms XXiv
1 Introduction 1
1.1  Evolution of Communication Techniques . . . . .. .. .. .. ... ... 1
1.2 Optical Networks . . . . . . .. . 3
1.3 Optical Packet Switching . . . . . . . ... .. .00 4
1.4 Outline of Thesis . . . . . . . . . . . 5
2 Photonic Packet Switching Architectures - A Literature Survey 7
2.1 Electronic Packet Switching Technologies . . . . . . .. .. .. ... ... 7
2.2 Optical Packet Switching Technologies . . . . . . ... .. .. ... ... 10

2.2.1 Photonic Packet Switching . . . . . .. ... .. o000 10



CONTENTS X
2.2.2  Optical Burst Switching (OBS) . . ... .. ... ... ... ... 22

2.3 Optical Switching Components . . . . .. ... .. ... ... ... ... 23
2.3.1 Optical Fiber . . . . .. ..o 23

232 Couplers . . . . . . 25

2.3.3 Isolators and Circulators . . . . . . .. ... ... 0. 27

2.3.4  Filters, Multiplexers and Demultiplexers . . . . . ... ... ... 28

2.3.5  Array Waveguide Grating . . . . . ... ... ... ... ... .. 29

2.3.6  Optical Cross Connect . . . . . . . ... ... .. .. ... ... 30

2.3.7 Optical Add-Drop-Multiplexer . = . . . . .. ... ... ... ... 31

2.3.8 Optical Amplifier --Erbium Doped Fiber Amplifier . . ... . .. 32

2.3.9 Wavelength Converter " /.5 0 0. o oo oL 34

2.4 Summary . . . M e i o e e e e e 35

3 Modified Architecture for Staggering Switch 37
3.1 Staggering Switch: A brief detail . . . . . ... ... ... 37
3.1.1 Switch Architecture and Operation . . . . . ... ... ... ... 38

3.2 Description of the modification . . . . . . . ... ... .. ... ..... 39
3.3 Performance evaluation . . . . . .. ... 0oL 41
3.3.1  Utilization of Delay Lines . . . . . .. ... ... ... ... ... 44

3.4 Summary ... .o e 46

4 A New Approach to Data Vortex Switch Architecture 48



CONTENTS xi

4.1 Data Vortex: an overview . . . . . .. .. ..o 19
4.2 Description of the modification . . . . .. ... .. ... ... 52

4.2.1 Addition of extra delay lines at every input port . . . . . . . . .. 52
4.3 Throughput Analysis . . . . . . . . .. .. L 57
44 Summary ... e 59

5 An Architecture for Optical Packet Switch based on WDM Loop

Buffer Memory in feedback configuration 60
5.1 Description of the switch-—. . . .. . . . . ... o 61
5.2  Working of the switch architecture . . . . . . . .. .. ... 63
5.3 Switch without circolationJimit—~ . . . .. .. o000 65
5.3.1  Scheduling algorithm " /. 0o 0. 000000 66
5.3.2 Performance Analysisand Results . . . . .. .. .. ... ... .. 68
5.4  Switch with circulation limit . . . . . . .. ..o o000 74
5.4.1 Power Budget Analysis . . . . . .. ... oo 74
5.4.2  Scheduling algorithm . . . . ... ... ... 00000 86
5.4.3 Performance Analysis and Results . . . . . . . ... .. ... ... 87
5.5 Mathematical Analysis . . . . . .. .. .. L 93
5.5.1 Induction Proof of the Formula for Input Pattern (IP) . . . . .. 96
5.5.2  Comparison of Mathematical and Simulation Analysis. . . . . . . 98

5.6 Summary ... e 99



CONTENTS xii

6 AWG and EDFA based Optical Packet Switch using Feedback Shared

Buffer 101
6.1 Feedback Optical Packet Switch Architectures: An overview . . . . . .. 102
6.2 Proposed Modifications in Optical Packet Switch Architectures . . . . . . 103
6.2.1 Placement of an optical amplifier (EDFA) . .. .. .. ... ... 103
6.2.2 Replacement of space switch with AWG . . .. .. ... ... .. 104
6.3 Power Budget Analysis . . . . . .. ... L 106
6.3.1 Mod-EDFA . . . . . .. 106
6.3.2 Mod-AWG & g o = ™ o v e e e e e e e 109
6.3.3 Calculation /0 . L e 111
6.4 Simulation Analysissand Results . . . o0 . ..o 111
6.5 Summary ... N\NBAWIAnN Ao S L 115

7 Wavelength routed shared buffer based feed-forward architectures for

optical packet switching 116
7.1 Description of the Architecture A1 . . . . .. ... ... ... ... ... 117
7.2 Scheduling Algorithm . . . . . . .. .. ..o 119
7.2.1 Performance Evaluation . . .. .. ... .. .. ... ....... 121
7.3  Power Budget Analysis for Architecture A1. . . .. .. .. .. ... ... 126
7.3.1 Loss Analysis . . . . . . .. 127
7.3.2 Power Analysis . . . . ... 128

7.3.3 Noise Analysis and Calculation . . . . . .. ... ... ... ... 129



CONTENTS xiii

7.3.4 Simulation Results . . . . . .. ... 00 130
7.4 Description of the Architectures A2 and A3 . . . . .. .. ... ... .. 134
7.5 Comparison among three architectures . . . . . . . ... ... ... ... 136
7.5.1 Link Loss Analysis . . . . . .. .. ... Lo 136
7.5.2 Control Complexity . . . . . . .. ... . o 137
7.6 SUMMATY . . . . .. e e e e 138

8 A comparative analysis of Optical Packet Switch Architectures for

Optical Cost and Bursty Traffic 139
8.1 Switch Architectures ~atroverview . ..o . . . . .. .. ... ... 139
8.2 Optical cost analysis, © il e 0 0oL oL 140
8.2.1 Estimation of Optical cost /.u . o /. .. .. ..o 142

8.3 Bursty traffic analysis. .. o0 oL 145
8.3.1  Bursty trafficmodel . . . . . ..o 0oL 145
8.3.2 Performance evaluation and Results . . . . . .. .. ... ... .. 148

84 Summary . ... e 153
9 Conclusions and Scope for Future Work 154
9.1 Conclusions . . . . .. .. 154
9.2 Scope for Future Work . . . . . .. ... oo 156

Bibliography 158



CONTENTS xXiv

List of Publications 167



List of Figures

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

2.15

Multi-stage Interconnection Network . . . . . . .. .. .. ... ... .. 8
Input buffering arrangement . . . . .. ..o 0000 9
Output buffering arrangement ~ .. .. . .. ..o 9
Shared buffering arrangement, . . o0 T 0L oL oo o oL 9
General Architecture-of Photonie Packet Switch . . . . . ... ... ... 11
SOA gate based space divisionswitch =~ . . . . . .. ... 13
Broadcast-and-select photonie packet switch . . . . .. .. .. ... ... 13
Wavelength routed photonic packet switch . . . . . .. .. ... ... .. 14
Different types of optical buffers . . . . .. ... ... 0000000 19
Wavelength Conversion . . . . . . . . ... ... oL 20
A2x2coupler . . . . .. 26
Isolator . . . . . . . 27
A 4-port circulator . . . ... 28
Wavelength filter, multiplexer and demultiplexer . . . . . . .. ... . .. 29

Structure of AWG . . . . . . 30



LIST OF FIGURES

XVi

2.16 Routing Pattern of AWG . . . . . . .. .. .. L

2.17 Optical add/drop element based on FBG and circulator . . . . . . . . ..

2.18 Energy level diagram for spontaneous emission of Erbium atom . . . . .

2.19 Erbium doped fiber amplifier . . . . . . .. ..o 00000

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

4.1

4.2

4.3

4.4

4.5

4.6

Architecture of the Staggering Switch . . . . . . ... ... ... ..
Definition of Scheduling algorithm . . . . . . ... ... ... ... ..
Modified Architecture . . . . . . ... oo
Loss probability for various values of D and m withn=8 .. ... ...
Average delay for variousvaluesof D andm withn=8 . .. ... ...

Average buffer utilization for various values of D and m with n = 8 under

different loading conditions.. ... . oo 0oL
Loss probability for various D and m with increasingn . . . . ... . ..

Average delay for various D and m with increasingn . . . . . ... ...

Architecture of the Data Vortex switch: Top view of the cylinders . . . .
Architecture of the Data Vortex switch: Side view of the cylinders . . . .
Switching port on all the cylinders . . . . .. ... .. ... ... ...
Modified Data Vortex switch (Top view) . . . ... ... ... ... ...

Modified switching port on the outermost cylinder. Other switching ports

will remain same as shown in Figure 4.3 . . . . . ... ... ... ...

Injection Ratio after adding a single extra delay line for A = 5. Straight
line: Actual results, Dashed line: Modified results . . . . . . . ... ...



LIST OF FIGURES xvii

4.7 Average Delay after adding a single extra delay line for A = 5. Straight
line: Actual results, Dashed line: Modified results . . . . . . . ... ... 55

4.8 Modified results for IR with Height under p = 0.6. Straight line: Sym-

metrical data, Dashed line: Asymmetrical data. . . . . .. .. ... ... 56

4.9 Modified results for Average Delay with Height under p = 0.6. Straight

line: Symmetrical data, Dashed line: Asymmetrical data . . . . . . . .. 56
4.10 System ‘Throughput’ under symmetrical data for A=5. . . . . ... .. 58

4.11 Modified results for system ‘Throughput’ for A = 5 and H = 16 for

various values of D. . . . . . . .. H&

4.12 Modified results for system ‘Throughput” for A = 5 and H = 16 at

various loads. . £ 2 W M S LA S TN . L L L L. 59

5.1 Optical packet switch architecture. Modules (1 to m) represent optical

loop buffer memories: .. . L DL 61
5.2 Architecture of the coreswitch. ... .. . ... ... .. 61
5.3 Loop Buffer Module. . . . . . . ... ... o0 62
5.4 Flow Chart for the Scheduling Algorithm . . . . ... ... .. ... ... 68
5.5 Number of module is maximum for each case at B=4. . . . . . ... .. 70

5.6 Total number of modules in each case is M (= p x N/D) and buffer
capacity equals to MBat B=D =4and p=0.7.. . . . ... ... ... 72

5.7 Number of module is maximum for each case at B=4. . . . . . . . ... 72

5.8 Total number of modules in each case is M (= p x N/D) and buffer
capacity equals to MBat B=D =4and p=05.. . . .. ... .. ... 73

5.9 Total buffer capacity is equal to MBat B=4. . . ... ... ... ... 73



LIST OF FIGURES xVviii

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

6.1

6.2

6.3

Model of Loop Buffer Memory Module. . . . . . . ... .. ... ... .. 74
Variation of loop length with datarate . . . . . .. .. .. .. ... ... 84

Probability of packet loss with Load on the system for N = 16, M = 4
at different values of signal power (P). . . . . ... .. ... ... .... 88

Probability of packet loss with Load on the system for N = 16, P = 5mW

at different values of number of buffer modules (M).. . . . ... ... .. 89

Probability of packet loss with number of buffer module (M) for N = 16,
p = 0.6 at different values of signal power (P). . . . .. .. .. ... ... 89

Average Delay with Load on the system for N = 16, M = 4 at different

values of signal power (P). . .. v S oo o 90

Average Delay with Load on the system for N = 16, P = bmW at
different numbers of module (M) . . . . ..o 90

Average Delay with number of buffer module (M) for N = 16, p = 0.6

at different values of signal power (P). .. . .. .. .. ... ... .... 91

Comparative results for Probability of packet lossat N =16, B =4, M =
4 (noiseless TWC vs. noisy TWC). . . .. ... ... ... .. 92

Comparative results for Average Delay at N = 16, B = 4, M = 4 (noise-
less TWC vs. noisy TWC). . . . ... ... o oo o . 92

Comparative results for simulation and mathematical method. . . . . . . 99

Optical packet switch architecture. Modules (1 to m) represent loop
buffer modules, each with B wavelength. . . . . ... ... ... ... .. 102
Loop Buffer Module. . . . . .. .. .. .o 103

Modified Loop Buffer Module: Placement of an extra EDFA in each
buffer module. . . . . . ... 104



LIST OF FIGURES Xix

6.4

6.5

6.6

6.7

6.8

6.9

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

Modified switch: Replacement of core space switch with AWG. . . . . . . 105
Modified Loop Buffer Module for AWG as the core of switch architecture. 105
Loss probability for 2N =32, D=4, B=4, M = N/D and P = ImW. 113
Loss probability for 2N =32, D=4, B=4, Load = 0.6 and P = IlmW. 113
Average delay for 2N =32, D=4, B=4, M = N/D and P=1mW. . 114

Average delay for 2N =32, D=4, B=14, Load = 0.6 and P = ImW. . 114

Switch Architecture - A1 . . . . . . . . . . . 118
Buffer module for Al . 0 . e 118
Architecture of recirculating loop-". .. . . ... Lo 119

Loss probability for V.= 16 with various combination of B, M and m . . 122

Comparison of Average Delay for C'l, C2, C3at D=4and N =16 . . 122

Loss probability for various switch size using C2at D=4 . . ... . .. 125
Loss probability under various load on system using C2at D=4 . . . . 125
Average Delay for various switch size using C2at D=4 . . .. .. ... 126
Optimization of B and m for N = 16 in terms of loss probability. . . . . 131

Optimization of B and m for N = 16 in terms of average delay (slot count).131

Probability of packet loss for various power levels at D =4.. . . . . . .. 132
Average delay (slot count) for various power levels at D =4. . . . . . .. 133
Switch Architecture - A2 . . . . . . .. ... 134

Switch Architecture - A3 . . . . . . . . .. 135



LIST OF FIGURES XX

7.15

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10

8.11

8.12

Buffer module for A2and A3 . . . . . ... oL 135
Switch Architecture - A1. . . . . . . . ... 140
Switch Architecture - A2. . . . . . .. ... 141
Switch Architecture - A3. . . . . . ... 141
Switch Architecture - A4. . . . . . .. .. 141
Packet sequencing for bursty traffic . . . . ... .. ..o 146
Markov chain model for bursty traffic . . . . .. ... ... ... 146

Loss probability for various length of bursty traffic applied on switch of
N =4 and S = 4. Al is represented by B — 0 while R = 4 is used for A2 149

Average delay for various length of bursty traffic applied on switch of
N =4 and S = 4. Al is represented by R — 0 while R = 4 is used for A2 150

Comparison of Loss probability using various combination of S & R for
BL=2 . ... . NUrp A 150

Comparison of Average delay using various combination of S & R for
BL=2 . . 151

Loss probability for Feedback switch (A3) and Feed-forward switch (A4). 152

Average delay for Feedback switch (A3) and Feed-forward switch (A4). . 152



List of Tables

3.1

3.2

5.1

5.2

2.3

5.4

2.5

2.6

6.1

Comparison of different parameters for various combinations of m and

Theoretical value of average utilization of delay lines for various combi-

nations of mand Datm<=8 /.o Lo oL
Value of Different Parameters ... . w0 . 0.0 0oL
Length of the EDEA to.provide the required gain . . . . . . . ... ...

Maximum number of allowed circulations (C') for various sizes of core
switch (2N) and buffer wavelength (B) at different power levels ( P) for

D =4, considering TWC as the noiseless device . . . . .. .. ... ...

Maximum number of allowed circulations (C') for switch of size N = 16

and for various values of D and B at different power levels . . . . . . ..

Maximum number of allowed circulations (C') for various sizes of core
switch (2N) at different power levels (P) for D = 4, considering TWC

as the noisy device . . . . . ..o

Feasible number of input pattern (IP) for switch of size N. . . . . . . ..

Maximum number of allowed circulations (C') for switch of size 2N =
32, B=4, D=4 at different power levels . . . . . .. . ... ... ...



LIST OF TABLES xxii

7.1

7.2

8.1

Complexity analysis of major component used in architecture Al for
three efficient combinationsat D =4and N =16 . . . .. .. ... ... 124

Number of maximum allowed circulations (C') for various sizes of switch

(N) and buffer wavelength (B) at different power levels (P) considering



List of Symbols

=

@

NQQDJDJR‘

=

L

Kz

Lsap
Lcom
Lgp
Lpmvux
Lawa
Lwe
Lgr

Ls
Lp1= L
Ls
Lppr

Lss

~2

Responsivity
Population inversion factor
Planck's Constant
Electrical Bandwidth
Optical Bandwidth
Electronic charge
Extinction Ratio
Load Resistance
Temperature
Boltzmann constant
3dB coupler Loss
Combiner Loss
Splitter Loss
DEMUX Loss

Array Waveguide Grating Loss
TWC Loss

Fixed Filter Loss
Splice Loss

Fiber Loss

Splice Loss

Band Pass Filter Loss
Space Switch Loss
Confinement Factor
Scattering Loss

Pump Power



List of Acronyms

AGC
ASE
ATM
AWG
BER
BL
BPF
DEMUX
DWDM
DXC
E/O
EDF
EDFA
FCC
FCFS
FDL
FF
FIFO
ITU

IP

IR
MSN
O/E
OADM
OBS
OPS
OXC

Automatic Gain Control
Amplified Spontancous Emission
Asynchronous Transfer Mode
Array Waveguide Grating

Bit Error Rate

Burst Length

Band Pass Filter

Demultiplexer

Dense Wavelength Division Multiplexing
Digital Cross Connect

Electronic to' Optical Conversion
Erbium Doped Fiber

Erbium Doped Fiber Amplifier
Fiber-to-Chip Coupling
First-Come-First-Serve

Fiber Delay Line

Fixed Filter

First-In-First-Out

International Telecommunication Union
Input Pattern

Injection Ratio

Manbhattan Street Network
Optical to Electronic Conversion
Optical Add-Drop Multiplexer
Optical Burst Switching

Optical Packet Switching

Optical Cross Connect



RCP Routing Control Processor

SNR Signal to Noise Ratio

SOA Semiconductor Optical Amplifier
TAG Tell-and-Go

TDM Time Division Multiplexing
TWC/TOWC Tunable Wavelength Converter

WDM Wavelength Division Multiplexing



Chapter 1

Introduction

The word telecommunications is made up of (wo words: tele (over a distance) and
communications (exchange of information). Thus the exact meaning of telecommu-
nication can be defined as the transmission of information over long distance using
suitable equipments e.g., telephone. Most of the time, the information to be exchanged
with others are voice, video and/or data. The information in these forms is transmit-
ted using the transmitter. The transmitter processes the information appropriately (by
multiplexing and /or modulating it) into the suitable format (electrical or optical signal)
and then transmits it. The signal travels through communication links (transmission
media) which can be copper wire, coaxial cable, optical fiber or free space. The in-
tended receiver accepts this transmitted signal from the channel and processes it ( by

demodulating and/or demultiplexing it) to recover the information.

1.1 Evolution of Communication Techniques

In the first quarter of 19" century, the evolution of electrical communication was led by

the invention of telegraphy. Data transmission was done with rates up to 10b/s by the
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application of coding techniques such as Morse code. Alexander Graham Bell invented
the telephone in 1876 and the first telephone line ever, which ran between the second
floor and the basement of Bell’s house, was an example of what’s today called a point-
to-point link. That dedicated link gave birth to the modern telecommunications, and
this technique has dominated the communication systems for almost a century. With

the use of coaxial cable, the system capacity increased up to 100Mb/s in 1970s.

In the past (till 18" century), the common method for transmission of information
was fire and smoke signals as well as the reflecting mirror. Then some improvements had
been done by the introduction of devices such as flags, signaling lamps or semaphores.
Bell tried to send speech over a visible light beam in 1860 for distances of several hundred
meters using photophones [4].- But these photophones were impractical because of the
requirement of line of sight and the presence of the atmospheric disturbances such as
rain, snow, fog, dust and turbulence. Maiman developed the laser in 1960 and this was
the first production of coherent light [41]. The use of optical fiber based on silica glass
as transmission medium had been proposed in 1966 [37]. These developments gave rise
to the first generation of lightwave communication systems. The data rate achievable at
that time was much better than that of electrical signal but still it was limited because
of attenuation and dispersion in the fiber. In the initial phase, the fiber was operated at
wavelength near 0.8um due to the availability of cheaper silicon detector. In the second
generation of lightwave systems, the laser and detectors were invented for operation at
1.3um with attenuation of 0.35dB/km and produced the optical data at 2Gb/s in 1980s
[69]. The third generation of fiber optics communications is functional at 1.55um and
10Gb/s with attenuation of 0.2dB/km [22]. Simple optical communication links have
been evolved to an extent where optical components and fibers are used to form the

current fast growing optical networks.
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1.2 Optical Networks

The bandwidth demand due to more and more data intensive applications is increasing
day by day. Optical networks are the most suitable option for this increased bandwidth
requirements due to the availability of large bandwidth in the fiber [16, 53, 68]. The
optical network implementations can have electronic or all-optical switches. Electronic
switches are easy to implement due to mature electronics technology but they have
fundamental limitations on rates at which data can be transported from one switch to
another switch. This limit is not because of communication channel (i.e., optical fiber)
but due to modulation and demodulation limits in electronic transmitters and receivers

respectively.

In optical transport networks, the current approach is to use optical circuit switches
to set up light paths [1, 49, 59]. These all-optical switches are transparent to information
carried over the light path. At the same time, optical circuit switching technology
has made it feasible to have virtual topologies over an actual physical fiber topology
(layout). It allows us to rapidly deliver the enormous bandwidth of WDM networks
to the customer, while remaining inefficient at the physical layer. One requires packet
switching for efficient use of the physical layer. The possibility of packet switching using
photonic technologies allows all-optical packet switched networks where packets remain
in optical form without undergoing optoelectronic conversion at intermediate nodes.
Thus, photonic packet switching offers high speed (data rate), format transparency,
efficiency and flexibility in configuration due to the switching operation in physical
layer. Since the data is generated by electronic sources, the only motivation to build
the all-optical packet switch is when ingress routers aggregate the large number of

packets optically for very high bit rate payload. This can be attached with low bit rate



1.3 Optical Packet Switching 4

header and pushed into the core network. The all-optical packet switches in the core
will convert the header of the packet to electrical form and keep the payload in optical
form. The header information can be used to route the packet. Once the packet reaches
the egress node, the aggregated packets can be separated optically and passed onto the
client network [18, 19, 26, 33, 36, 48]. We can call them as aggregate core transport

networks.

Wavelength division multiplexing (WDM) allows transmission of hundreds of chan-
nels in a single fiber where each channel may operate at the speed of 10Gbps to 40Gbps.
Thus it increases the network capacity tremendously by harnessing the large available
bandwidth of optical fiber, and it can also satisfy the ever increasing bandwidth demand

14, 17, 43, 46, 54].

1.3 Optical Packet Switching

One of the major issues involved in optical networking is the switch /router architecture
which can perform the switching operation efficiently at such high data rates. In the last
decade, several research works have been reported on the design of switches/routers.
These switches are of various types: electronic, ‘all’-optical or ‘almost-all’-optical. The
purpose of switching is to route the packet to the destined output port. The important
aspects of photonic packet switching are control, packet synchronization, clock recovery,
packet routing, contention resolution and packet header replacement [18, 64|. These
are considered as the key issues for successful operation of an optical packet switch.
Contention is one of these issues, which occurs when two or more packets arrive at the
same time for the same destination. To avoid this contention, one of the contending

packets is directed to the intended output port and other contending packets are either
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stored or dropped. All-optical memory suitable for optical storage has not yet been
developed. The alternative is to use deflection routing [13] or optical fiber delay lines (in
traveling or recirculating type configuration). Different techniques for optical buffering
by using fiber delay lines have been proposed [7, 28, 31, 32, 56, 65] and still, the
research is going on to explore better solutions. Optical buffers are much better than
the electronic buffers because in case of optical buffers, the data path is: i) all-optical
i.e., O/E and E/O conversion not required, ii) having larger bandwidth, iii) data rate
transparent and iv) capable of supporting WDM. Optical buffering can be introduced
in three ways: input buffering, output buffering and shared buffering [2, 6, 15, 20, 29,
31, 56]. Shared buffer optical switches are more advantageous as compared to the other
two categories because it also provides switching alongwith buffering. These shared
type buffers can be implemented in the optical switches either in the feedback or in the
feed-forward manner [12, 30, 40, 74]. Both of these configurations have their advantages

and disadvantages, and are used as perthe requirement of the switch architecture.

1.4 QOutline of Thesis

In the thesis, different aspects of optical buffering are investigated for various architec-
tures of optical packet switching. Some new architectures are also proposed alongwith
the buffering techniques and their analysis. The main objective is to utilize the optimal
buffering parameters to provide least packet loss probability and reasonable average

delay with the given resources.

The rest of the thesis is organized in following manner. Chapter 2 gives the basic
overview of photonic packet switching architectures and the optical components used in

these architectures. Chapter 3 deals with the proposed modification in the architec-
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ture of staggering switch to improve its performance. In Chapter 4, we present a new
approach of switching for data vortex architecture. Chapter 5 proposes a new optical
packet switch architecture which uses loop buffer modules in feedback configuration.
Power budget analysis is performed by taking care of various types of noise in the loop
buffer module, and the number of maximum allowed circulations in the loop buffer is
calculated. Mathematical analysis is also done to validate the simulation results as well
as the proposed architecture. Chapter 6 discusses enhancements to the optical packet
switch architecture proposed in Chapter 5. The main objective of these enhancements
is to increase the number of maximum allowed circulations. In Chapter 7, we propose
three architectures for optical packet switching based on wavelength routed feed-forward
shared buffer modules. These architectures are developed by selecting three different
combinations of space switch and Arrayed Waveguide Grating (AWG). One of these
architectures is also analyzed in terms of power loss and noise power, due to the pres-
ence of various optical components-in the loop buffer memory. Chapter 8 presents
the comparative analysis of wvarious optical packet switch architectures (discussed in
the previous chapters), on the basis of optical cost and bursty traffic arrival. Finally,

Chapter 9 concludes the thesis alongwith some suggested future works.



Chapter 2

Photonic Packet Switching
Architectures - A Literature Survey

In this chapter, we briefly discuss the issues related to photonic packet switching and
their architectures!. We will also give a brief detail of few optical components which

are commonly used in various switch architectures of the following chapters.

2.1 Electronic Packet Switching Technologies

The goals of a packet switching system are high throughput, low latency, low packet
loss and effective prioritized processing. At the architectural level, several parameters
need to be chosen/rejected before converging onto a suitable design. Some of these
parameters are switching fabric structure, buffering and queuing strategy, scheduling
algorithm and flow control. Basic switching fabric can be of different sizes depending
upon several constraints such as maximum permitted blocking probability. One can

configure the switching fabric in the form of either a large element in single stage or

1“An overview of photonic packet switching architectures,” IETE Tech. Rev., Vol. 23, No. 1, pp.
15-34, 2006.
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several small elements in multiple stages. Multistage interconnection networks e.g., Clos
network and Banyan network (Figure 2.1}, can be used for configuring larger switches

using smaller ones [34].

Multiple packets arriving at the same time from different input ports may be
destined to the same output port, and will cause contention for that output port. In
this condition, one of the contending packets will be passed to the destination and
the rest of the contending packets will be stored, if possible, in the buffers to avoid
the loss of packets. These buffered packets are queued using an appropriate algorithm
and delivered to the designated output port in later free time slots. These buffers can
be placed at different locations in the switch [70] and depending upon the placement,
buffering can be classified as Input buffering (Figure 2.2), Output buffering (Figure 2.3)
and Shared buffering (Figure 2.4).
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2.2 Optical Packet Switching Technologies

Optical packet switching can be categorized as ‘almost-all’ and ‘all” optical switching.
In both types, the data path is fully optical, but they differ in control functionality. In
‘almost-all” optical switching, the control of switching operation is done electronically
while in ‘all” optical switching, the control is expected to be fully optical or optoelec-
tronic. Optical packet switching can be further subdivided into (a) Photonic Packet

Switching, and (b) Optical Burst Switching.

2.2.1 Photonic Packet Switching

Photonic packet switching combines high capacity of optical links as well as fine gran-
ularity and efficient multiplexing of packet switching. The wide bandwidth of photonic
components, combined with the flexibility of WDM and the high speed capabilities
of optical devices, provides the potential for building packet switched networks with
throughputs in the range of terabits per second (Tbps) [64, 72]. Some of the critical

issues involved in designing and implementing photonic packet switches are:
1. Switch Architecture,
2. Header and packet format,
3. Routing Strategies,
4. Contention Resolution and Switching,

5. Synchronization, and

6. Header Regeneration.
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2.2.1.1 Switch Architecture

Photonic packet switches can be modelled in terms of the constituent subsystem (Figure
2.5) i.e., the photonic switch fabric, the routing control processor (RCP) and the input
& output interface units [7]. The switch fabric creates optical connection between input
and output, which may be one-to-one, one-to-many or many-to-one. The RCP sets the
connection state of the switch, while taking care of internal blocking state and output
port contentions. Several photonic packet switch architectures have been proposed,
and all of them use photonic means to perform packet buffering and routing; while

electronics is used for address processing, routing and buffering controls [64].

Routin
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Figure 2.5: General Architecture of Photonic Packet Switch

These switch architectures are classified in the following ways:

(a). Space-Switch based Photonic Packet Switch: A space division switch

simply provides the ways for the transmission of packets from inputs to the respective
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outputs. For an example, space switches can be implemented using semiconductor
optical amplifiers (SOA) as the basic transmission gate. An N x N space-switch based
on SOA gate is shown in Figure 2.6. It consists of N splitters of 1 x N size, N? SOA
gates and N combiners of N x 1 size. Each input ¢ split to N gates and if the signal at
that input is to be switched to output 7, then the ;% gate is switched to ON state and

all others are kept in OFF state.

In the context of photonic packet switching, optical space switches are required to
have a switching speed in the range of several nanoseconds as the switching time has to
be less than 10% of a packet time to achieve a high utilization in transmission. Further,
low crosstalk and low power loss is desirable. The staggering switch [28] (described in
chapter 3) is an example of space switching based optical packet switch. It uses space

switches to perform packet routing and buffering.

(b). Broadcast-and-Select Packet Switch: In this approach, information
from all the signal sources is multiplexed by a star coupler and distributed to all the
receivers where each receiver selects the desired packets. Both TDM and WDM can
be used in this approach. An example of this type of switch is shown in Figure 2.7.
It consists of N tunable wavelength converters at the input, a random wavelength
accessible recirculating loop buffer, and N tunable filters at the output [5]. The loop
buffer is shared by all the packets from all the inputs. Before entering the buffer, each
packet is assigned a wavelength not being used by any other packet within the buffer.
All the packets in the buffer are broadcast to all the outputs. The tunable filter at each
output selects appropriate packets by tuning its transmission wavelength. The packets
which are selected by the tunable filters are cleared out of the buffer by turning off
the corresponding gate switches in the buffer. An electronic controller tracks N packet

queues corresponding to N outputs of the switch.
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(c). Wavelength-Routed Photonic Packet Switch: This type of packet
switch uses wavelength coding for packet routing and buffering. An example is shown
in Figure 2.8. It consists of three functional blocks: a packet encoding block, a buffering
block and a packet demultiplexing block [64]. The packet encoding block comprises of N
optical tunable wavelength converters (TWCs), and each of these convert the incoming
packets to the wavelength corresponding to its desired output i.e., a packet addressed
to the i output is assigned a wavelength );. The buffering block consists of an N x K
SOA gate switch matrix followed by a set of K optical delay lines whose lengths range
from 0 to (K — 1) packet times. The wavelength encoded packets are provided access to
appropriate delay lines using SOA gate switch matrix. This is done in such a way that
the packets, destined for a given output, leave the switch following the first in first out
(FIFO) scheme. FIFO is a queuing discipline where the packet entering earlier in the
queue for an output is always sent to that output, earlier than all the packets arriving

later.

Packet Buffering

...... . P&:kct
gate switch i demultiplexing

Packet Encoding

(L

Electronic Controller

Figure 2.8: Wavelength routed photonic packet switch
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The demultiplexing block consists of a K x N star coupler followed by a set of N
bandpass filters, one at each output to select packets whose wavelengths matches with
its passband. An electronic controller is used to control the TWCs and space switches
to implement the switching function. In this architecture, the number of SOA gates
required in the buffering blocks increases proportionally to the product of N and K.
Also, the optical power loss of a packet is proportional to NK? (for N < K) or N*K

(for N > K). This limits the scalability of the switch.

2.2.1.2 Header and packet format

A packet can be functionally described using a layered model. At the physical level,
there are effectively two such layers: the header and the payload. The header contains
information processed only by the switches. It may include destination address, priority,
packet empty-full bit and packet length. The payload contains information processed
only by the sources and destinations. [t may include data, packet number and source

address.

In electronic networks, routers or switches will process the header information
arriving at the same data rate as the payload. In an N port switch, the control processor
should be able to process on an average N x L headers in a slot duration. Here, L is
the maximum loading per line for which, that switch is designed. This will ensure that
no packet is dropped because of the unprocessed header. In an optical network, the
bandwidth is much larger than their electronic counterpart and hence, the slot duration
for packets will also be small. As a consequence the number of headers which can be
processed in a slot time, reduces drastically for the same processor thereby limiting the
switch size. Alternatives to resolve this problem are as follows: i) to use larger packet

size and hence larger slot size or ii) for smaller slot size, use smaller size switches with
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their own processors and interconnect them to make a large switching network; this is

distributed switch or iii) make the header format simple enough for faster processing.

In the literature 7], three basic categories for optical packet coding have been pro-
posed to make the header processing faster. These are bit-serial, out-of-band-signaling,
and bit-parallel. Each of these techniques exploit the data rate and format transparency
of optical devices. These techniques are well described in 7, 59] alongwith their com-

parative analysis.

2.2.1.3 Routing Strategies

Routing is the mechanism which chooses a preferred path to send a packet from its
source to destination. Routing control is a mechanism which configures the paths in
switches to facilitate the movement of a packet to the next chosen switch. It may be
centralized or distributed. = Centralized control involves a single processor monitoring
the network and setting up the switch state according to the routing request. But, as
the networks become large or incorporate more switches, centralized control increases
latency, degrades throughput, and also increases processing complexity. In Distributed
control, packets carry destination information for independent processing at each node.
This form of processing reduces the burden on a centralized processor and increases the
switch/network throughput. Additionally, the distributed routing decisions are based
on local information, whereas the centralized routing decision are made on global and
perhaps obsolete information. A hybrid of centralized and distributed routing control

may provide optimal performance by combining advantages of both the techniques.
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2.2.1.4 Contention Resolution and Switching

In a packet switched network, each packet has to pass through a number of nodes
(switches) to reach its destination. When the packets are being switched, contention
occurs whenever two or more packets are trying to leave the switch from the same
output port at the same time. The contention is resolved using various techniques:
deflection routing, optical buffering and wavelength conversion. If contention cannot
be resolved then one of these contending packets, chosen using a certain algorithm, is

passed and others are dropped.

(a). Deflection Routing: Internal conflicts between two packets can be resolved
by correctly routing one packet while defiecting the second packet to another available
outgoing link. Routing decisions for deflection of packets are based on destination
address and packet priorities. Deflection routing techniques require that the network
topology should be multi-path or re-circulatory, so that the deflected packets can be
routed to the destination following an alternate path [13]. The priority of deflected
packet is increased to reduce the end-to-end latency and to avoid deflecting a packet
indefinitely. The number of input links to a switching node should be equal to the
number of output links. Performance of this technique decreases monotonically as the
number of nodes increases [7]. This degradation can be compensated either by increasing

the link speed or by reducing the probability of deflection.

(b). Optical Buffering: The storage of optical data in the fiber delay lines (FDL)
is known as optical buffering. This technique is classified into two basic categories:
traveling and recirculating type. A traveling type buffer generally consists of several
FDLs whose lengths are equal to the integral multiples of a packet duration T'. It also

incorporates optical space switches to select from the available delay lines. The storage
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time of a packet is simply determined by the delay line through which the packet is
propagating. A recirculating type buffer consists of a single FDL forming a loop with
a circulation time equal to one packet duration. The storage time of a packet in such
a recirculating type buffer is determined by the number of times the packet circulates
in the delay line. Both types of the buffers are able to store multiple packets with the

constraints that only one packet enters and leaves the buffer at any point of time.

The recirculating type buffer is more flexible than the traveling type buffer as the
packet storage time is adjustable by changing the number of recirculations. On the
other hand, the storage time of a traveling type buffer is predetermined by the length of
FDLs. The problem associated with recirculating type buffer is that the signal has to
be amplified after a few circulations to compensate for the power loss. This results in
accumulation of amplified spontaneous emission (ASE) noise from the optical amplifier,
which eventually limits the maximum buffering time [57]. In addition, the gain from
the optical amplifier has to be carefully controlled i.e.; the product of gain and the loss

in one circulation should be slightly less than unity to prevent optical signal lasing.

Optical buffers can be placed at the input or output of the optical cross connects.
They can be configured in different forms (Figure 2.9): (a) Fiber delay line, (b) Pro-
grammable fiber delay line, (¢) Feed-forward time slot interchanger, and (d) Active

switched recirculating delay line.

(c). Wavelength Conversion: Deflection routing and Optical buffering could
be regarded as deflection in general, one in the space domain and the other in the time
domain respectively. Both have their advantages and disadvantages: deflection is easier
to implement but cannot offer ideal network performance while buffering offers bet-

ter network throughput but involves more hardware and control. When combined with



2.2 Optical Packet Switching Technologies 19

fiber loop
LRI -
(a)
" fiber loop ™.
—= 1xN switch COOD Nzl combiner —=
fiber (b}
loop
] T . . .
2%2 photonic 2%2 photonic 2%2 photonic
—=  switch =~ switch =  switch *

{c)

optical

amplifier
fiber loop

_____}2x2photonic|’
switch

(d}

Figure 2:9: Different. types of optical buffers

wavelength conversion, these disadvantages could be overcome or minimized. The wave-
length domain presents one more dimension for deflection of the contending packets. In
a switching node applying wavelength conversion and buffering, the input stage demul-
tiplexes wavelength channels and the wavelength converters transfer them to available
wavelength. A nonblocking space switch selects the output port or appropriate delay
line for switching of these transformed packets. Wavelength conversion has been shown
to reduce the number of optical buffers (Figure 2.10) and also the packet loss probabil-
ity [17]. When the nodes are provided with a number of optical receivers/transmitters
equal to the number of wavelengths, hot-potato routing in conjunction with wavelength
conversion [8] becomes an interesting option for mesh topologies such as Manhattan

Street Network (MSN) [13] and ShuffleNet [38].

However, wavelength conversion provides noise suppression and signal reshaping

while the delay lines are more effective in solving contention. Therefore, the use of
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wavelength conversion depends on the specific network. In a network with only a small
number of wavelengths, buffering might be more desirable whereas in the networks with
a large number of wavelengths capacity and full wavelength conversion capabilities at
nodes, buffers may not be the appropriate choice. Some times both are jointly used to

utilize the advantage of optical buffering as well as wavelength conversion.

2.2.1.5 Synchronization

Synchronization is a fundamental issue that must be addressed when combining individ-
ual photonic switches into centralized or distributed switching networks [21]. In order
to perform successful routing, proper alignment of packets within the switch fabric and

that of headers within the RCP is needed to be done.

In general, optical packet switched networks can be divided into two categories
based on synchronization: slotted (synchronous) and unslotted (asynchronous). Since
the state of the switch fabric can only be changed at discrete times, it is crucial for

the network designer to decide whether (or not) to have all the input packets aligned
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before they enter the switch fabric. In both these cases, bit-level synchronization and

fast clock recovery are required for packet header recognition and packet delineation.

In a slotted network, all the packets have same size. They are placed together with
the header to form a fixed time slot. The duration of this slot will be kept longer than
the total duration of packet and header. This provides sufficient guard band between
packets. In most cases, optical buffering is implemented by using fiber loops or delay
lines with a propagation delay either equal to or a multiple of the time slot duration.
This leads to the requirement that all input packets arriving at the ports have the same
size and are aligned in phase with a local clock reference. In an unslotted network, the
packet may or may not have the same size. Packets arrive and enter the switch without
being aligned. Here, the chance of contention is larger because the behavior of packets
is more unpredictable and less regulated. Buffering in optical domain in these networks
is much more complex |72]. On the other hand, these switching networks will be more
robust and flexible than the slotted networks. With careful design of node architectures
and protocols according to the network specifications, satisfactory performance can be

achieved even in unslotted systems.

2.2.1.6 Header Regeneration

Header regeneration involves computing, generating and reinserting a header with the
associated payload before it leaves the appropriate switch output port. There are several
circumstances where this functionality is required e.g., in an all-optical photonic packet
switch where the header is completely removed from the payload for processing, or where
the routing strategies require a modification of the packet header. It is important that
the header regeneration technique should be able to operate for cascaded switches and

is independent of the number of switches, the packet traverses.
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2.2.2 Optical Burst Switching (OBS)

Optical packet switching (OPS) technology still faces cost and technology hurdles, the
most notable of which is the non-existence of random access optical buffer memory. An
alternative technique named as optical burst switching represents a balance between
circuit and packet switching [3, 11]. It provides an optical networking solution that
delivers the benefits of OPS while avoiding the need of optical buffer memory and other
hurdles. OBS sends control packets on separate wavelengths ahead of a variable length
data burst in order to reserve the bandwidth resources as a ‘burst circuit’ prior to the
arrival of each data burst. As the burst passes, the resources are released. Functionally,
such instantaneous circuit switching avoids the need of buffer memory along the path
to handle the traffic bursts. In addition, synchronization requirements are less stringent
than in OPS due to looser coupling between control signals and data in OBS. Finally,
since control packets are much smaller than the data payloads, one or two control
wavelengths can support a large number of data wavelengths. Optical burst switching

can be summarized in the following points:

a) A control header is sent first along a separate control channel to set up a con-
nection while data packets awaiting transport are accumulated into a data burst,

and are stored in electronic memory at the edge of the network.

b) After an offset time, the data burst is sent without waiting for an acknowledgment
that the connection was established. This one-way reservation protocol is similar

to tell-and-go (TAG) switching and results in reduced latency.

¢) By choosing an offset time larger than the total processing time of the control

packet all along the path, the data burst passes straight through without any
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buffer requirement at any intermediate nodes on the path.

d) The ability to accumulate and send from one to thousands of packets using one
control packet results in low processing and synchronization overhead per unit

data.

e) In a situation when either the path is not feasible or the consumed processing

time for header exceeds the offset, the burst is dropped.

The wavelength on a link used by a burst, is released as soon as the burst passes through.
This allows multiple bursts to share the same wavelength on the same link in a manner
that is time shared and multiplexed statistically. This yields high bandwidth utilization,
high adaptivity to congestion /faults and sub-wavelength granularity for low-bandwidth
customers and services. When more than one burst contend for a resource, only one

burst is permitted as per the resolution algorithm.

2.3 Optical Switching Components

2.3.1 Optical Fiber

All the telecommunications were done by copper wire till 1980’s i.e., before the evolution
of fiber as mature technology as another form of transmission media. The optical
fiber medium provides several advantages over copper e.g., lower attenuation and no
electromagnetic interference. The major advantage of optical fiber is very high optical
bandwidth of the order of tera-hertz (THz). Although the fibers are lighter and stronger
than copper, they have some problems such as dispersion, attenuation and nonlinear

refraction. A fiber consist of a core which is surrounded by the cladding, both of which
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are made by pure silica glass but having different refractive index. The refractive index

of the core is slightly greater than the cladding.

The transmission of light inside fiber is possible due to the phenomenon of total
internal reflection. Alternatively, one can use Maxwell equations solutions with appro-
priate boundary conditions to determine the field profiles (modes) which can be guided
inside the fiber. The optical fiber can be either single-mode or multimode. Modes are
labelled as T'Eyn or T'Mysn depending upon the value of the transverse electrical field
(Ez) or the transverse magnetic field (Hz) at the surface of the fiber core in the trans-
verse direction. Fibers that support many modes are known as multimode, and those
that support only one mode are known as single mode. The core diameter of multimode

fiber is much larger than that of single mode fiber.

2.3.1.1 Optical power penalties

The propagation of light inside the fiber is affected by various types of parameters, few

of these are described below.

(a) Attenuation: Attenuation is the decrement in the power of an optical signal
during its propagation in the fiber. This decrease in signal strength is caused by ab-
sorption, scattering and radiative losses. Silica glass fibers have minimum attenuation
near 1550nm (0.25dB/Km) which is the most commonly used wavelength for long haul
telecommunication applications. Radiative loss is minimized by designing the fibers
with sufficiently thick cladding (~ 125um) and by minimizing bending losses. Scatter-

ing losses can be limited by making optical fiber using very high purity raw materials.

(b) Dispersion: Dispersion refers to the broadening of optical signals as they

propagate along the fiber. As the pulses broaden, they tend to interfere with adjacent



2.3 Optical Switching Components 25

pulses and limits the maximum achievable data rate. Also, it leads to inter-symbol
interference in communication links thereby increases the BER (bit-error rate). In mul-
timode fibers, there are two dominant types of dispersion: modal and chromatic. Modal
dispersion refers to the fact that different modes will travel with different propagation
constants and cause pulse broadening. The chromatic dispersion occurs because differ-
ent wavelengths of light propagate at different velocities in the fiber. The single-mode

fiber does not suffer from modal dispersion.

(c) Crosstalk: Crosstalk denotes any distortion of a channel caused by the pres-
ence of another channel [25, 50]. Two types of crosstalk arise in a WDM system: (i).
Heterodyne crosstalk due to interference of small power levels that appear outside the
bandwidth of the channel and cause bit error rate increment when detecting the signal
of interest. It is also known as interchannel crosstalk where the crosstalk signal is at a
wavelength sufficiently different from the desired signals’s wavelength and the difference
is larger than the receiver’s electrical bandwidth. (ii). Homodyne crosstalk results from
interference within the channel’s bandwidth. It is also known as intrachannel crosstalk
where the crosstalk signal is at the same wavelength as that of the desired signal or suf-
ficiently closed to it, and the difference in wavelength is within the receiver’s electrical
bandwidth. Intrachannel crosstalk effects can be much more severe than interchannel

crosstalk. But in both the cases, crosstalk results in power penalty.

2.3.2 Couplers

Couplers are passive optical components which are used to combine and split signals in
the optical networks [50]. A 2 x 2 coupler consists of two input and two output ports

as shown in Figure 2.11. It can be constructed by carefully fusing two fibers together
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coupling length
Input 1 — / __ Output 1
-1 —»
L Output 2

Input 2
Figure 2.11: A 2 x 2 coupler

in the middle by keeping a certain coupling length (). The coupler can be modelled
by two parameters: a) insertion loss and b) split ratio. The coupler takes a fraction «
(coupling coefficient) of the left over power after insertion loss from input 1 and places
it on output 1, and the remaining fraction 1 —a is given out on output 2. Similarly, a
fraction 1 — « of the left over power after insertion loss from input 2 is distributed to
output 1, and the remaining power () to-output 2. Hence, if P; is the power input at

port 1 and P; at port 2 then the power output at port 1 and port 2 is given by

[ (P | _ (N T | [ (P i

Here, L; is the insertion loss which happens due to scattering and coupling into radiative

modes. The a depends upon the length of the coupling region.

The couplers are used to tap off a small portion of the power from the incoming
signal for detecting the header of the packet and for other monitoring purposes. These
are designed with values of a close to 1 i.e., 90 or 95%. The 3dB coupler is commonly
known as 2 x 2 coupler which divides the incoming powers equally and transmits it
to each of the output ports. It can be made by choosing such coupling length which
provides o« = 0.5. One can also make an N x N star coupler, 1 x N splitter and N x 1

combiner by appropriately interconnecting a certain number of 3dB couplers.
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2.3.3 Isolators and Circulators

Isolator is a device which allows transmission in one direction through it but blocks all
transmission in the other direction (Figure 2.12). They are primarily used in front of
optical amplifiers and lasers to prevent reflections from entering these devices, which
would otherwise degrade their performance. The two key parameters of an isolator are:
i) Insertion loss (Is) which is the loss in the forward direction and should be as small as
possible and ii) Isolation loss (In) which is the loss in the reverse direction and should

be as large as possible. The quantities (/s) and (/n) can be expressed by

P; o ‘ » P

Figure 2.12; Isolator

Is = P]—PT (232)

and

Circulator is similar to an isolator except that it has multiple ports, typically three
or four. A 4-port circulator is shown in Figure 2.13. An input signal on each port is
accepted by the next port and blocked by all other ports. Circulators are useful to

construct optical add/drop multiplexer.
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4
Figure 2.13: A 4-port circulator

2.3.4 Filters, Multiplexers and Demultiplexers

Filters are frequency selective components. They permit/block certain specific wave-
lengths and can also be used to provide equalization of amplitude distortion. For
example, they are used after optical components to equalize the gain characteristic and
to reduce the ASE noise. The basic purpose of filters is to reflect all but one incom-
ing wavelengths (Figure 2.14). Multiplexers/demultiplexers are also frequency selective

devices. They combine/seperate the signals using different wavelength channels.

The large transmission capacity of an optical waveguide can be utilized more ef-
ficiently by using wavelength division multiplexing (WDM) in optical communication
systems. The basic concept of WDM is the simultaneous transmission of the mod-
ulated output of several light sources, operating at different wavelengths, in a single
optical waveguide. Optical multiplexers consist of a multiplicity of input fibers, each
carrying an optical signal at a different wavelength. All wavelengths are focused on
the same focal point and are coupled into one output fiber. A WDM demultiplexer

(DEMUX) separates out these signals on different wavelengths. Each signal can be
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Figure 2.14: Wavelength filter, multiplexer and demultiplexer

affected by crosstalk from neighboring channels. Most optical passive demultiplexers

(prism, grating, etc.) can also beused as optical multiplexers.

2.3.5 Array Waveguide Grating

An Array Waveguide Grating (AWG) is a wavelength-dependent self-routing structure.
It comprises of input waveguides, an input slab, array of waveguides of different lengths,
output slab, and output waveguides. The input and output slabs are star coupler
(Figure 2.15). The outputs of the first star coupler are connected to the input of the
second star coupler through a number of waveguides. The lengths of two neighboring
waveguide differ by AL. The light arriving at the inputs of the first star coupler is
split in equal parts. The output of the input star coupler travels in different waveguides
and recombines at the output star coupler. The constructive interference of different

wavelengths happens at the different output ports of the output star coupler.

An AWG of size N x N on m wavelength has a fixed routing pattern which is

defined below. If the inputs of AWG are numbered from 1 to N and the wavelengths
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Figure 2.16: Routing Pattern of AWG

from 1 to m, then an input signal on wavelength 7 at input fiber 7 will be routed at the

same wavelength on the output fiber numbered as k, where k = [(( — j) mod N) + 1].

The routing pattern of the 4 x4 AWG, for N = 4 and m = 4, is shown in Figure 2.16.

2.3.6 Optical Cross Connect

Channel cross connecting is a key function in most communication systems. In electronic

systems, digital cross-connects (DXC) are used to connect incoming digital channels to

appropriate outputs. These DXCs are constructed with massively integrated electronic

circuits. In all-optical networks, the information is conveyed in the optical domain

through the network until it reaches its final destination. Optical cross-connects (OXC)

are used in these networks as switching nodes. Optical cross-connects are devices which

provide the switching of optical data in the optical domain without any O/E and E/O

conversion. Generally, OXCs are constructed by using semiconductor optical amplifiers
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(SOAs) [50]. The implication of SOA allows the tunability speed of the order of nano-

second. Thus, these OXCs maintain data rate and protocol transparency.

2.3.7 Optical Add-Drop Multiplexer

The Optical Add-Drop Multiplexer (OADM) is another key component for dense wave-
length division multiplexed (DWDM) networks. The OADM is used for selectively
dropping optical signals on a specific wavelength from a transparent DWDM link (Fig-
ure 2.17) while another optical signal at the same wavelength is inserted into the empty
wavelength slot. Wavelength OADM’s have been proposed based on several techniques
e.g., arrayed waveguide gratings (AWG) and Fabry-Perot filters. Due to the wavelength
reuse scheme, crosstalk is @ major problem whichis associated with these devices. The
crosstalk arises from coherent mixing of the signal to be received with the interfering
signal components on the photo detector. This generates interference beat-noise locally
at the receiver. Heterodyne crosstalk is-induced due to beating between the dropped
signal and the leakage from the remaining input signals at different wavelengths. The
homodyne crosstalk is induced due to interference between the added signal and the

leakage of dropped signal at same wavelength.

I ll: l35 }”4 ll: 12: l3: 14

Coupl
Fiber Bragg oupler

grating
Ay
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Figure 2.17: Optical add/drop element based on FBG and circulator
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2.3.8 Optical Amplifier - Erbium Doped Fiber Amplifier

The incident light is amplified in the optical domain through stimulated emission using
the optical amplifiers. The same mechanism was also used in lasers, but the main
difference between them is that there is no feedback applied in the optical amplifiers.
The optical gain depends on the frequency of the incoming signal, amount of pumping
and total intensity of all the input signals. A class of optical amplifiers makes use
of fiber core as a gain medium by doping it with rare earth elements (e.g., Erbium,
Holmium, etc.) during the manufacturing process. Amplifier characteristic such as the
operating wavelength and the gain bandwidth are determined by the dopants rather

than the silica fiber which plays the role of a host medium only.

Erbium doped fiber amplifiers (EDFA) have attracted the most attention because
they operate near 1550nm, the wavelength region in which the fiber loss is minimal
[23]. The erbium ions may be excited by pump power at various optical frequencies
e.g., 5l4nm, 980nm and 1480nm (Figure 2.18). These wavelengths excite erbium ions
to the higher energy levels. From these levels, after staying there for approximately
Lusec, erbium ions drop to the intermediate meta stable levels, radiating phonons (the
acoustical quantum equivalent of photon). Then, from this metastable level after 10
msec (spontaneous lifetime), they finally drop to the ground level emitting photons at
wavelengths around 1550nm. In general, the bit rate is very high (Gbps) and the bit
period is very short (nsec) compared to the long lifetime (msec) of the metastable state.

Thus it does not cause inter symbol interference.

The EDFA consists of a coupler, an erbium doped fiber (EDF), two isolators and
an optical pump (Figure 2.19). The optical pump is a high frequency (UV range) laser

source and is used to excite rare earth ions in the EDFA. Laser light from the pump
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Figure 2:19:  Erbium doped fiber amplifier

(980nm) is coupled into the EDE and exeites the erbium atoms to higher energy level.

Isolators are used to suppress the light reflections.

Advantages of EDFAs:

e EDFA can directly and simultaneously amplify a wide wavelength region (around

1550nm) with relatively flat gain (> 20 dB), which is suitable for WDM systems.

e [t is commercially available in C band (1530nm to 1565nm) and L band (1560nm

to 1605nm).

e [t has a saturation output power level of the order of milli-Watt with a low noise

figure.

e [t is insensitive to light polarization and has very low sensitivity to temperature.
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e [t is suitable for long-haul applications.

Disadvantages of EDFAs

e The performance is affected by ASE noise.

e Crosstalk and gain saturation are also present.

2.3.9 Wavelength Converter

A wavelength converter is a device that converts the data from one incoming wavelength
to another outgoing wavelength. They are very useful components in WDM networks,
and can be classified based on the range of wavelengths that can be handled at their
inputs/outputs ports. A fized-input-fized-output device always takes in a fixed-input
wavelength and converts it to a fixed output wavelength. Other possible configurations
are variable-input-fixed-output, fixed-input-variable-output, and variable-input-variable-

output. All of them work as their name indicates.

There are three fundamental ways of achieving wavelength conversion: (i) optoelec-
tronic (ii) optical gating and (iii) wave mixing. The latter two approaches are all-optical
but not yet mature enough for commercial use. Optoelectronic approach is perhaps the
simplest and most practical method to realize the wavelength conversion. The input
optical signal is first converted to electronic form, regenerated and then retransmitted
using a laser at a different wavelength. This is usually a variable-input-fixed-output

converter. A variable output can be obtained by using a tunable laser.
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2.4 Summary

Optical packet switching is promising because it offers much higher capacity and data
transparency. Meanwhile, there has been a tremendous increase in the processing speed
and the capacity of electronic switches and routers. We have discussed various basic cat-
egories of optical packet switches, where each category represents a particular switching

mechanism.

The main challenges in developing photonic packet switch architectures are to
achieve higher speed, higher throughput, simpler control functions, contention resolu-
tion, synchronization, etc., as well as to minimize the use of buffers. To achieve satis-
factory performance of optical packet switches, significant improvements are required in
developing key devices and components such as semiconductor optical amplifier (SOA),
optical gates, wavelength converters, fast tunable lasers and filters, and wavelength
routers. We have reviewed the various approaches and techniques for achieving pho-
tonic packet switching. [t has been observed that the lack of optical equivalent of
electronic memories and electronic processing capabilities has resulted in the hybrid
optoelectronic implementation of photonic packet switching systems. The switching
and routing fabric has generally been implemented optically, while electronic and op-
toelectronic components have an important role to play in functions such as address

processing, switching and buffering controls.

This gives us the motivation to build an optical storage medium which can store
the packet optically for the required duration. In the following chapters, we will apply
different techniques of optical buffering using fiber delay lines. Our main objective is
to optimize the buffer management in various switch architectures. During the initial

phase, we have done few modifications in the already existing switch architectures.
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Later on, we have also proposed few architectures for optical packet switching which

utilize different buffering techniques.



Chapter 3

Modified Architecture for
Staggering Switch

In this chapter, we propose a modification! to the existing architecture of the staggering
switch which is an electronically controlled optical packet switch. In the proposed
modification, the recirculating delay lines of one packet duration are added at the
scheduling stage. The results for both the architectures (modified and unmodified) are
estimated using simulations, and have been compared in terms of probability of packet
loss and average delay. In the simulations, uniformly distributed random traffic has

been considered.

3.1 Staggering Switch: A brief detail

The Staggering Switch [28] is an example of an “almost-all” optical packet switch where
the data remains in the optical domain throughout the switch while the control oper-
ation is done electronically. The architecture of this switch is based on two stages of

space switches interconnected by fiber delay lines with different amounts of delay. The

1A modified architecture for the staggering switch,” Proe. NCC Conf., Jan’ 2005, IIT Kharagpur.
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delay lines act as the optical memory and are used for contention resolution. The switch
follows the output-collision-resolution scheme based on a set of delay lines with unequal

delays.

3.1.1 Switch Architecture and Operation

The architecture consists of two stages: the scheduling stage and the switching stage;
both are reconfigurable and rearrangeable nonblocking switching fabrics (Figure 3.1).
These stages can be implemented with electronically controlled optical switching devices
(e.g., LINbO3 based coupler switch). The size of scheduling stage is n x m and that
of switching stage is m x n where m > n. The scheduling stage is connected to the
switching stage by m delay lines with delay d;,»where ¢+ = 1,2,...,m. The delay d;
provided by the ™ line equals i packet-durations. At the input of the switch, a small
fraction of optical power of each signal is tapped immediately after its arrival and is

passed to the detector. The detector converts it into electrical form and then forwards

scheduling switching
stage stage
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Figure 3.1: Architecture of the Staggering Switch
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it towards the control section. The control section interprets the header and computes
the configurations to be made in the scheduling and switching stages. The scheduling
stage distributes packets to the different delay lines in such a way that no two packets
destined for the same output, arrive at the switching stage in the same time slot. The
delay line structure used for the scheduling of packets is shown in Figure 3.2. The input
ports of the switch are scanned sequentially, and the scheduling algorithm tries to insert

the packet in the lowest possible delay line subject to the following conditions:

1. no packet was inserted in this delay line beforehand in the current time slot, and

2. no other packet to the same destination exists in the column in which the packet

is to be inserted.

Bwitching
Stage

Scheduling
Stage

[ -- ane packet delay line

Figure 3.2: Definition of Scheduling algorithm

3.2 Description of the modification

Since the original architecture of the staggering switch does not use recirculating loops
for buffering, a modification has been made to improve the performance using extra
delay lines for buffering. Fach extra delay line provides the delay of only one packet du-
ration i.e., there is no recirculation. Hence, the basic principles of the switch functioning

remain same and are not changed by this modification.
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In the modified architecture, we are adding D extra delay lines at the scheduling
stage from its output to input, thus increasing the dimension of scheduling switch to
(n+ D) x (m + D) (Figure 3.3). These extra delay lines will provide a delay of one
packet duration which is equal to one slot [58]. These extra delay lines will store those
packets which are going to be lost in the current slot due to non availability of suitable
delay line d; considering the earlier mentioned two conditions. During any time slot, a
higher priority for choosing the appropriate line d;, will be given to the packets stored
in these extra delay lines. A packet stored in the extra delay lines, if it cannot be
scheduled to one of the m delay lines, can again be fed to one of the extra delay lines
but with a higher priority. This will avoid the indefinite delay for any stored packet. A
packet will be lost permanently if it cannot be placed in any one of the m delay lines
as well as in the D extra delay lines. We have estimated the packet loss probability for
different values of D and compared it to the case of D = 0, which refers to the original

architecture of the staggering switch.
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Figure 3.3: Modified Architecture

In the case of the original staggering switch, the packet loss probability decreases
when we increase m beyond a fixed n. But each single increment of m, increases
the delay by one slot (proportional increment of delay). This implies that the loss

probability decreases at the cost of increased delay. Due to this reason, the above
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modification is proposed and it is expected that this modification will reduce the packet

loss probability with reasonable average delay.

3.3 Performance evaluation

The main figure of merit in the above architecture is the packet loss probability as well
as the latency (average slot delay). Both depend on input line utilization (p), n and m,
and they are affected by the variation in any of the these parameters. The performance
of this architecture has been investigated for uniform random traffic as a function of
p, n, and m. We have written the Matlab code and done the simulations to analyze
the performance. Each simulation has been run for 10° slots to get the steady state
results. These results will provide the information regarding the proper functioning of

the switch.

The generation of uniform random traffic depends upon the offered load (p) on
the system where p can take any value between 0 and 1 i.e., 0 < p < 1. Thus the
packet will arrive at the input with probability p and there will not be any arrival with
probability 1 — p. The arriving packets may choose any particular destination with
equal probability i.e., for an N x N switch, each packet is equally likely to be destined

to any one of the outputs with probability 1/N.

Simulations have been done to obtain the packet loss probability and latency under
various loading conditions using several combinations of delay lines. The results for the
switch of size n = 8 are estimated for the case of (m, D) = (8,4) and (8,8), and are
compared with the results for (m, D) = (12,0) to observe the effect of modifications on

the actual switch of (m, D) = (8,0). The results are plotted for loss probability and
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average delay versus input load for various values of m and D. The loss probability is
nearly same for (m, D) = (8,4) and (12,0) while much better at (m, D) = (8,8) (Figure
3.4). The average delay is better at higher loads and remains same under lower loads

for (m, D) = (8,4) and (8,8) as compared to (m, D) = (12,0) (Figure 3.5).

For the optimization of various combinations of m and D, we have computed the
total buffer space available for each combination. We have also compared the size of
both the stages as well as the total number of cross-points used in each case. These
values are given in Table 3.1. This table indicates that the combination (m, D) = (12, 0)
is comparable with (8,8) but not with (8,4). The combination (m, D) = (12,0) provides
larger buffer space as compared to (8,8), so the packet loss probability should be lower
for (12,0). But, according to-the simulation results presented in Figure 3.4, the loss
probability is better for (m;D) = (8,8) as compared to (12,0). The possible reason
could be unequal utilization of available buffer space i.e., the buffer space may not be
properly utilized in case of (m, 1)) = (12, 0) as compared to (8,8). Thus, we will again

analyze the switch performance in the perspective of effective buffer utilization.

Total Buffer Size of Size of | Total Number of
m | D Space Scheduling | Switching Cross Points
(D ™ty Stage Stage ((m + D)? +m?)
810 36 8% 8 8% 8 128
8|4 40 12 x 12 8% 8 208
8 |8 44 16 x 16 8% 8 320
1210 78 8x 12 12 x 8 288

Table 3.1: Comparison of different parameters for various combinations of m and D at
n—==8
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3.3.1 Utilization of Delay Lines

We have again simulated the switch architecture, but this time in terms of average
buffer utilization by each delay line and obtained the results as shown in Figure 3.6.
We found that the buffer utilization is not very effective for longer delay lines in case
of (m, D) = (12,0) as compared to (8,8) and it is evident in the plots. The theoretical
value of average buffer utilization is also obtained and given in Table 3.2. This table also
indicates that the average utilization of buffer space is much better for (m, D) = (8, 8)
as compared to (12,0). This better utilization results in the lower loss probability for
(m, D) = (8,8). Hence, we can say that the adding of extra delay line will be preferable

to the addition of direct delay lines.
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Figure 3.6: Average buffer utilization for various values of D and m with n = 8 under
different loading conditions
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m|D|p=06|p=08|p=1.0
8|8 0.49 0.68 0.95
1210 0.40 0.53 0.64

Table 3.2: Theoretical value of average utilization of delay lines for various combinations
of mand D at n =38

The loss probability and average delay are analyzed in terms of increasing switch
sizes for various combinations of D and m. It can be observed that an increment in D
(i.e., D = n) made better impact on the loss probability as compared to that in m (i.e.,
m = n+n/2) (Figure 3.7). Average delay variations (Figure 3.8) remain the same for
an increment in D from 0 to n under all loading conditions. It follows the same pattern
up to p = 0.9 for m =n + n/2 at_ D = 0, while there is a sudden increment in delay at

p = 1 because of saturation condition.
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Figure 3.7: Loss probability for various D and m with increasing n
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Figure 3.8: Average delay for various ) and m with increasing n

From the architectural point of view, the increment in D will be more effective
because any increment in direct delay lines m results in addition of a fiber delay line of
that much length. For example, if value of D is to be increased from r to r 41 then the
additional fiber will be of single delay length whereas if number of m is to be increased

from r to r + 1 then the additional fiber of r + 1 delay length will be required.

3.4 Summary

We have discussed the proposed modification to the staggering switch. The addition of
extra delay lines, has improved the switch performance. We have observed that for a
fixed p, the loss probability is lower for larger sizes of the switch. Also, increasing the

number of delay lines lowers the loss probability. The decrement in loss probability is
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more for the increment in D as compared to that in m. The latency (average delay) of
the switch depends on p. Any increment in p, n, and m results in an increase of the
average packet delay through the switch. The delay remains relatively constant as a
function of m for small values of p because of lower utilization, hence the extra delay
lines are rarely used. However as p increases, the extra delay lines become more and
more occupied and the average latency increases. But latency is not an issue in networks
with wide span and small packet size because the propagation delay of long distance

fiber may be several orders of magnitude larger than the actual switching delay.

Hence, it is advantageous to add extra delay lines instead of increasing the m
beyond n to reduce the loss probability. The average buffer utilization is much better
for the increment in D as compared to m.  This modification will also result in the

improvement of average delay performance of the whole system.



Chapter 4

A New Approach to Data Vortex
Switch Architecture

The architecture of data vortex (a high capaecity switch) [71] follows the principle of mul-
tiple level minimum logic network interconnect structure [51] to achieve high bandwidth
and low latency. The data vortex-also takes advantage of deflection routing technique
[13] to resolve the packet contention. The architecture of this switch is cylindrical in
shape with multiple layers. The packets will keep on rotating around these cylindrical
layers whenever they cannot be directed to the desired port. In this chapter, we are
proposing a modification! to the data vortex architecture, using fiber delay lines to
improve its performance. Simulations have been done and the results are analyzed to

find the advantages of proposed modification.

1A new approach to the Data Vortex switch architecture,” Proc. PHOTONICS Conf., Dec’ 2006,
Hyderabad.
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4.1 Data Vortex: an overview

The switch architecture (Figure 4.1 and 4.2) consists of a collection of concentric cylin-
ders which are characterized by height parameter (H) corresponding to the number of
ports located along the height of the cylinder [71]. The cylinders are also characterized
by angle parameter (A) corresponding to the number of ports along its circumference
at a particular height. The third parameter used in this architecture is the number of
cylinders (C') which depends upon the height parameter as C' = 1-+logy H. The number
of ports at each cylinder is HA. At the outermost cylinder, these ports are defined as the
switch input ports considering either all the ports (HA, symmetric switch) or a fraction
of them (HA’, asymmetric switch). Here, A’ is the fraction of total number of angles
(A) at each height, considered as the switch input ports whereas all the angles of this
outermost cylinder are still used for routing the packets. At the innermost cylinder,
the assignment of the ports as the output destinations was done by selecting only the
height information, while any of the angular perts at that height can accept the packet
destined for that height. All the ports on all the cylinders are still used to route the

packet from the outermost cylinder towards the innermost.

During every slot, each packet moves one angle forward either along the solid line
on the same cylinder or along the dotted line towards the inner cylinder (Figure 4.1).
The packet moving to a port on the same cylinder will choose the height of that port by
following a well defined algorithm (Figure 4.2). The packet moving to a port on the next
inner cylinder will maintain the same height. But in both of these cases, the packet will
be forwarded by an angle. The outermost cylinder performs a filter operation and allows
the entry of only a limited number of packets through the switch input depending upon

the availability of free ports. Once the packet enters the switch, it will keep on rotating
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Figure 4.1: Architecture of the Data Vortex switch: Top view of the cylinders
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Figure 4.2: Architecture of the Data Vortex switch: Side view of the cylinders
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at that particular cylinder until it gets space to move towards the inner cylinder. Thus
there is no need of internal buffers at any of the ports. The control messages is passed
to the nodes in a backward tracking manner i.e., the routing on any cylinder ‘¢’ will
depend upon the routing pattern of the next inner cylinder i.e., ‘c4 1’. For example, a
port P on any intermediate cylinder ‘¢’ has two inputs (Figure 4.3), one from port @) on
the same cylinder and other from port R on the outer cylinder ‘c—1’. A packet passing
from port @) to P cause a control signal to be sent from port @) to R that blocks data
at R going to port P. The blocked packet at port R is deflected to another port on
the same cylinder. Since the control messages permit only one packet to enter a port

in any given time period, it aveids the possibility of contention.

To anode on the
adjacent inner cylinder

From a node on the same OF. the destination port
cvlinder at an angle &' - at an angle 4"

=B >

2x2switch

—P >

From a node on the , To a node on the same
: a =mod(a =1 A4) ) -

adjacent outer cvlinder cvlinder at an angle a

OR the input port a'=modla+1, 4)
- at an angle &'

Figure 4.3: Switching port on all the cylinders

The performance of this switch can be analyzed in terms of two parameters: In-
jection Ratio (IR) and Mean Hop Count (Average Delay). IR is defined as the ratio of
the number of successful attempts over the total number of attempts for entering into
the switch at the outermost cylinder. Mean hop count is the total number of ports any
packet has traveled during its transmission up to the destined output port. We have
also done the analysis in terms of Throughput of the switch, which was not analyzed in

the earlier studies.



4.2 Description of the modification 52

4.2 Description of the modification

The results for the Data Vortex switch show that the injection ratio (IR) is much
better under lower loading condition [71]. The IR deteriorates heavily at higher loads
and this degradation in the IR is more for larger size of switches. Thus, to improve the
performance of this switch, we are proposing a modification by adding extra delay lines

at every input port.

4.2.1 Addition of extra delay lines at every input port

Any incoming packet may find the input port to be busy due to the specific routing
nature of switch. In such a case, the incoming packet will be dropped, which results
in lowering the IR. Thus fiber delay lines (FDL) have been added to store the packets
[31] which will otherwise be logt due to the busy input port. These extra delay lines
are added to each input port at the outermost cylinder (Figure 4.4 and 4.5) [61]. The
length of these delay lines (D) is equal to one packet length which is equal to a single
time slot duration. The value of ‘D’ represents the number of such delay lines. Since
the traffic is probabilistic in nature, there may be a few slots when there will be no
arrival at some of the input ports. Those input ports utilize these free slots to forward
the packets stored in their corresponding delay lines. While checking for the incoming
packets during every slot, the controller firstly scans the extra delay line for stored
packet and then the input port for newly arriving packet. If there is any packet already
stored in the FDL then that port will consider it first for routing. The new incoming
packets will be forwarded to the vacant delay lines, and will be routed in the next slot.
This will avoid any indefinite delay for the packets stored in these delay lines. Also,

any packet at the input port with a higher priority will be routed first irrespective of
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the packet stored in FDL. If an incoming packet finds the input port busy as well as
the corresponding FDL is filled completely, then it will be dropped and considered as a

lost packet.

Exira Delay Lines {I))

- Inpui 2

Input 0

Figure 4.4: Modified Data Vortex switch (Top view)
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Figure 4.5: Modified switching port on the outermost cylinder. Other switching ports
will remain same as shown in Figure 4.3
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4.2.1.1 Performance evaluation

The simulation results for injection ratio (IR) and mean hop count (average delay)
under different loading conditions are shown in Figure 4.6 and 4.7 respectively. We also
compare these parameters for various heights of cylinder. Here, D = 0 shows the case
of data vortex without modification. When we add a single delay line (D = 1) at each
input port, the improvement in IR is better, but only under low and moderate loading
conditions (Figure 4.6). The IR improvement is more for cylinders of shorter heights as
compared to the larger heights. The average delay is more for larger cylindrical heights

under moderate loading (Figure 4.7).

The switch has also been analyzed using the height parameter and it can be noted
that the advantage due to addition of extra delay lines disappears when H is large
(Figure 4.8). The effect on switch performance with asymmetric data is also shown in
the same figure. This time, the addition of extra delay lines leads to better IR even for
higher heights. The addition of extra delay lines has a slight effect on the mean hop
count for symmetric and asymmetric data under moderate loading conditions (Figure
4.9). Thus we can say that this modification will work properly for cylinders of heights
up to H = 128 and under moderate loading conditions. Still, under lower loading
conditions (i.e., p < 0.6) and for asymmetric data, cylinders with larger heights take

advantage of these extra delay lines.
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Figure 4.6: Injection Ratio after adding a single extra delay line for A = 5. Straight
line: Actual results, Dashed line: Modified results
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Figure 4.7: Average Delay after adding a single extra delay line for A = 5. Straight
line: Actual results, Dashed line: Modified results
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Figure 4.8: Modified results for IR with Height under p = 0.6. Straight line: Symmet-
rical data, Dashed line: Asymmetrical data
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Figure 4.9: Modified results for Average Delay with Height under p = 0.6. Straight
line: Symmetrical data, Dashed line: Asymmetrical data
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4.3 Throughput Analysis

We have analyzed the performance of the original switch as well as the modified one,
in terms of Throughput. This study was not done in the original literature. We observe
that there is a maximum limit on the throughput, achieved for all the heights (Figure

4.10 to 4.12). The system throughput is always smaller than the real load.

The throughput becomes constant after a certain load for larger heights of the
cylinders (Figure 4.10). We found that the maximum throughput for H = 4 is 47% at

p = 1. The value of this maximum attained throughput decreases for larger heights.

In case of the modified architecture, the throughput rises for various values of D,
but only under the moderate loading conditions (i.c., 0.3 < p < 0.7) while it will remain
same for much higher (p > 0.8) and much lower loads (p < 0.2) (Figure 4.11). The

reason is that:

1. at lower loads, since very less number of packets are arriving and they will be

easily accommodated by the already available space in the switch, while

2. at higher loads, the saturation will be achieved due to which there will not be any

effect of adding extra delay lines.

We have also observed that for H = 16 and p = 0.3, the throughput increases signifi-
cantly up to D = 4 while it become constant for D > 5 (Figure 4.12). Hence, there is

not much advantage of adding extra delay lines beyond a certain number.
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Figure 4.10: System ‘Throughput’ under symmetrical data for A = 5.
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4.4 Summary

In this chapter, we have proposed a modification to the existing architecture of the

Data Vortex switch, by adding extra delay lines at each input port. The actual and

modified switch have also been analyzed in terms of system throughput.

The simulation results indicate that modification proposed to the Data Vortex

switch is feasible and the switch is scalable under such conditions. The cost of a few

fiber delay lines, whose length is equal to the packet length, will not be too high. Also,

this cost will be overshadowed by the advantages we are getting in terms of better

injection ratio (IR), reasonable average delay and increased throughput.



Chapter 5

An Architecture for Optical Packet
Switch based on WDM Loop Buffer

Memory in feedback configuration

In this chapter, we propose an optical packet switch architecture! which uses loop
buffer modules [55, 66] in feedback configuration. WDM based fiber delay lines are
used to store the contending packets and a space switch fabric is used to direct them
appropriately. These delay lines incorporate various optical components which induce

power loss in the signal during its revolution in the loop.

Our objective is to analyze the switch performance in terms of the packet loss
probability and average delay, so as to verify the proper functioning of the proposed
switch. We have done the power budget analysis, taking care of various types of noise
in the loop buffer module, to calculate the number of maximum allowed circulations
for a packet in the loop buffer before its correct reception. The simulation results for
packet loss probability and average delay are obtained by using a specific scheduling

algorithm. The mathematical analysis is also done to validate the simulation results.

1“Wavelength Division Multiplexed Loop Buffer Memory based Optical Packet Switch,” Opt.
Quant. Electron., Vol. 39, No. 1, pp. 15-34, 2007.
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5.1 Description of the switch

The proposed optical packet switch architecture [62] is shown in Figure 5.1. The core of

this architecture is a nonblocking space switch of dimension 2N x 2N (Figure 5.2). The

lower N ports (indexed 1 to N) of the core switch are used as switch inputs/outputs

and the upper N ports (indexed N + 1 to 2N) are used for buffering of packets in the

optical loop buffer modules. In this configuration, the maximum number of allowed

buffer modules is m = [ N/D], where D is the number of inputs/outputs for each loop

buffer module. Thus D and hence m will depend upon desired packet loss probability.

Modute 1
4
P E
2N ZN
N+1 N+1
Space Switch
T == N
(22N
e ——

Figure 5.1: Optical packet switch architecture. Modules (1 to m) represent optical loop

buffer memories.

2N

N+ Space Switch
N . (2N=2N)
2
1

Figure 5.2: Architecture of the core switch.
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If the switch is designed for M modules (M < m), then the rest of the upper half ports
(i.e., N — M D) will be left free. Hence, the effective size of the core switch will become
(N+ MD) x (N + MD). In the performance analysis of the switch, we have assumed
the length of the delay line as well as the slot duration to be equal to one packet length.
Newly arriving packets and already stored packets may contend for the same output.
In such a case, one of the contending packets is directed to the output port and the
remaining packets are kept in buffer according to the scheduling algorithm given in the
following section. When the contending packets can neither be directed to the assigned

output port nor stored in the buffer, they are dropped and assumed to be lost.

Each buffer module (Figure 5.3) consists of D Tunable Wavelength Converters
(TWC) at its input, one D x 1-.Combiner, one recirculating loop, one 1 x D Splitter and
D Fixed Filters (FF) at its output [55, 66]. The path followed by a packet, during one
circulation in the recirculating loop; consists of a 3dB coupler, 1 x B DEMUX, TWC,
B x 1 Combiner, EDFA, lsolator ‘and again the same 3dB coupler. The number of
TWCs and the size of DEMUX /Combiner-inside the loop will be equal to the required

Splices

. Isolator

12 D

from upper half of

to upper half of
i switch fabric O/P port

switch fabric IP port

Figure 5.3: Loop Buffer Module.
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buffer capacity. Thus the total number of TWCs and FF used in the buffer module
will be (B + D) and D respectively. An EDFA is placed inside the recirculating loop of

each buffer module to compensate the signal power loss during circulations in the loop

buffer.

5.2 Working of the switch architecture

Each buffer module uses (B + D) wavelengths where B is the number of buffer wave-
lengths used to store a packet in the buffer, and D is the number of wavelengths used for
reading out the packets from the loop buffer. The packets passing through the inputs of
buffer module use WDM technology to share the recirculating loop buffer. The number
of buffer wavelengths inside the memory module is decided by the switch design, desired
traffic throughput, packet logs probability and size of the switch [73]. The allocation of
packets to the loop buffer depends on the routing and priority algorithm for the switch.
The packets to be stored in the loop buffer are converted to the wavelengths available in
the buffer modules; if the buffer is full then the packets are dropped. When a packet is
forwarded for buffering, the respective TWC at the input of the available buffer module
is tuned to any one of the available loop buffer wavelengths (B). As long as a packet
remains in the buffer, the TWC inside that module corresponding to the wavelength
assigned to this packet, will remain transparent. For reading out a packet when the
output contention is resolved, the corresponding TWC is tuned to the wavelength of
appropriate output port fixed filters (FF), and then the packet is broadcasted towards
them. The FF at the intended output will allow the packet to pass through, and other
FFs will discard it. Then, these packets will be directed to the destined output port

through the space switch fabric.
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We have assumed an electronic control unit (not shown in the figure) which tunes
various components in the loop buffer as well as controls the whole switch. A similar
type of electronic control technique has been described in [15]. The control of packet
buffering can be done by this controller according to the scheduling algorithm given
in following section. We have considered SOA based TWCs which are proposed and
fabricated in [15]. These TWCs are operated on the nano-second scale. The space
switches are considered as SOA based electro-optical switch. The switching speed of
this device is also of the order of nano-seconds while the insertion loss will be 0.5dB per
stage. The crosstalk will be low (-30dB) and hence, neglected in the calculation [44].
Thus, the tuning speed of TWCs and the switching speed of space switch do not put

any constraint on the switching operation.

How the buffer wavelengths are cleared from the loop buffer:

This paragraph explains the clearance of used buffer wavelength, once the buffered
packet is delivered to the intended output port: While sending the packet into the loop
through the 3dB coupler, half power of the packet is transmitted to the loop (Figure 5.3)
and another half of the power is passed directly to the FFs. But, these FFs are chosen
to receive the wavelengths of range D, so it will discard the wavelength coming directly
from loop buffer input (not from the loop), because the range of these wavelength cor-
responds to B. Similarly, while reading out the packet from the loop, the TWCs inside
the loop tune the packet to any of the D wavelengths, which then passes through the
3dB coupler. Half of the power of this packet will be passed towards the FFs, and
remaining half power will again enter the loop. But, this half power entering the loop
is discarded by the DEMUX present inside the loop because the wavelength range of
this DEMUX is B. At this point, the buffer wavelength gets freed-up for storing a new

packet. One should note that the read/write operations can be done simultaneously.
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The optical components placed inside the recirculating loop of the buffer module
will affect the signal quality by adding various types of noises during each revolution.
Thus, more the circulations performed by the signal, more is the noise and so is the
degrading factor affecting the signal quality. If the losses through these components
are considered, it will limit the number of circulations. In the earlier investigations, the
effect of maximum circulation limit has not been taken into account. It will be desirable
to analyze the switch performance considering the recirculating limits. For the sake of
clarity, we will first discuss the switch behavior without any circulation limits. Later

on, the effect of circulation limit will be considered and discussed.

5.3 Switch without circulation limit

After the conceptualization of this proposed switch architecture, we found an architec-
ture in [6] which is worth mentioning here. It also uses space switch and fiber delay
lines, but the use of loop buffer modules makes our architecture different. The major

differences and advantages are as follows:

e Better routing strategy: Fach stored packet is passed through core switch fabric
for multiple times during its re-storage in case of [6]. While in the architecture
proposed here, the stored packets are passed through the core switch only once

i.e., when it has to be routed to the intended output.

o Wawvelength reuse: We are using several modules of fixed capacity and all these
modules are placed independent of one another i.e., they do not communicate
among themselves. Hence, we can use the same set of wavelengths in each module.

Thus, the maximum number of required wavelengths will be equal to N/M (~ B)
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whereas if the switch shown in [6] will use WDM then the maximum number of

required wavelengths will be equal to the number of used delay lines i.e., N.

5.3.1 Scheduling algorithm

Firstly, we will define two constraints depending upon the buffer capacity. These are:

1. The number of buffered packets (x;) for the output j should never be greater than

the maximum buffering capacity (= M x B) ie., z; < MB for 1 <j<N.

2. Total amount of buffered packets (adding for all the outputs) cannot be larger

than the maximum buffering capacity i.e.;, > x; < MB.

The buffering in the modules, is done using the following scheduling algorithm:

1. The TWCs placed at the inputs of loop buffer can be tuned to any of the B
wavelengths. The TWCs placed inside the loop can be tuned to any of the (B+ D)

wavelengths. It is assumed that TWCs can be tuned almost instantaneously.

2. If there are total ¢ packets buffered in all the modules for the output j, then one
of them will be sent to the output through the switch fabric. If in that slot, one
or more packets are also present at any of the inputs of switch, destined for the
same output 7, then they will be buffered in the loop buffer to the extent allowed

by constraints 1 and 2.

3. Considering the case when there is no packet in the buffer for the output 7, but
n of N input lines have packets for this output. Then, one of these n packets is
directly sent to output j and the remaining (n — 1) packets will be stored in the

buffer module to the extent allowed by constraints 1 and 2.
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10.

The buffer management allows simultaneous read/write in the same time slot for

common wavelengths in any of the buffer module.

The contending packets will try to occupy the lowest numbered (1 to m) available

buffer module.

During any time slot, priority will be given to the packets stored in the loop buffer

modules over the packets arriving at the switch input.

If there are total ¢ packets in all the modules for any output r, then the oldest of
g contending packets, will leave first for the switch output. Essentially, the FIFO

discipline will be maintained.
Packets for different output can leave the modules at the same time.

If any of the incoming packets is not be able to pass through the switch due to

the maximum buffer capacity limitation; then it will be dropped.

The contending packets will be stored in the buffer module subject to the con-
straints specified in the constraints 1 and 2. There can be many strategies for
storing the packets. Simplest is to find the lowest numbered module which is
empty, and store the packet in it according to the constraints 1 and 2. We have
considered this algorithm in this work. Another alternative approach could be to
find out the module with minimum number of packets and store the packet on
a wavelength such that wavelength spacing for stored packet in the loop buffer
is maximized. This larger available spacing between wavelength used for storing
packet will imply less crosstalk due to imperfect filtering characteristics of various

devices.
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This scheduling algorithm can also be understood by the flow chart as shown in Figure

5.4.
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Figure 5.4: Flow Chart for the Scheduling Algorithm
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5.3.2 Performance Analysis and Results

Using the above algorithm, the simulated results for ‘packet loss probability’ and ‘average

packet delay’ were obtained under various loading conditions to determine the effect of
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using different number of buffer modules (/). The results for the switches of various
sizes are shown in Figure 5.5 to 5.8. As defined earlier, the size of switch fabric is
2N x 2N where lower N ports are the actual inputs/outputs and upper N ports are

used to connect different number of buffer modules.

We can observe from Figure 5.5 that under lower loading conditions, the packet
loss probability decreases with increase in N. While for higher loads, the packet loss
probability is almost same for all values of N. The number of buffer module is maximum
(i.e., M = N/ D) for each size of switch, and the buffering capacity (B) is same for each
buffer module of all the switches. One can further observe that the ratio of total number
of buffers to total number of inputs remains same (i.e., MB/N = 1) for each switch
because B = D. Since it is decided that all the buffer modules are fully shared, so the
number of buffers required per input port reduees with the increase in switch size. The
reason behind this reduction is the probability of K packets, destined for a particular
output, out of N arriving packets will reduce with an increase in N. The proof of this

statement is as follows.

During any slot, a maximum of N packets can arrive and that will happen at
maximum load (i.e., p = 1). Now, let us consider P(k) as the probability that k out of

N arriving packets, are destined to the same output. It can be expressed as

Pk) = Moy (%)k(l—ﬁ)mk (5.3.1)

This probability will be decreased by the increment in the value of k for a particular p.

In the worst case of kK = N, the probability P(k) will become

P(N) = (ﬁ)N (5.3.2)
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For higher values of N, we can write

P(N1+1) = (%H)NH (5.3.3)

If we compare the effect of increase in N, on the probability term, then

P(N+1)  (p/(N 1M
PO Y 034
P N N—+1
- £ <N7+1> (5.3.5)
For larger values of N, (N + 1) ~ N, thus
P(]i\(f;)l) _ % <1 (5.3.6)

Hence, P(N + 1) < P(N) and we can say that the probability will be decreased for
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every increment in the value of N. This results in lower requirement of buffer, and

finally the loss probability will become smaller with larger values of N.

Figure 5.6 shows the effect of increasing the number of buffer modules, as the
fraction of its maximum value, on the loss probability. All the results show that the
loss probability decreases with the increment in either the number of modules or the
switch size. This indicates that the buffer requirement per port reduces with increasing
switch size under moderate loading conditions. This result is expected because of the

above mathematical proof.

Average delay performance for various sizes of switch under different loading con-
ditions is shown in Figure 5.7. The delay remains nearly same for all the switch sizes
under moderate loading. Alse; there is not mueh difference in the value of average delay
for higher loads. The average delay performance with different number of modules in
the architecture is shown in Figure 5.8.- We observe that on increasing the number of
modules, the average delay increment is very low and becomes nearly constant after
a certain number of modules. The larger switches have more packets at the input as
compared to the smaller switches, at all loads but at the same time, they also have
more space to accommodate the packets. So, the delay variation remains nearly same

for all values of V.

For the verification of the simulation results, the curves have been plotted in the
Figure 5.9 which shows the probability of packet loss at different values of M for the
switch of size N = 8. This simulation result follows the results for N = 8 obtained by

the mathematical model presented in [6].
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5.4 Switch with circulation limit

The loop buffer modules used in the switch, comprise of several optical components.
These components will degrade the signal quality during recirculations, and may in-
crease the bit-error rate (BER). This degradation will impose a limit on the number of
circulations performed by any packet, in order to be stored in the loop buffer module.
In this section, the effects of circulation limit on previous results are discussed. Also,

the crosstalk has not been considered in the following analysis.

5.4.1 Power Budget Analysis

The proposed switch is analyzed in terms of loss; power and noise by using the model
shown in Figure 5.10. This analysis has been done to find the circulation limit (C)

which is then used as the parameter for the scheduling algorithm.

Loop
to O Buffer from
upper ) ) upper
half of P (5} 3dB B{a} half of
switch Coupler switch
Fabric \ / Fabric
LP port 0.P port

FE Sp].itt er Combiner W

Figure 5.10: Model of Loop Buffer Memory Module.
5.4.1.1 Loss Analysis

For the convenience of calculations, the loss in this architecture has been divided into

three parts.
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1. The input section of the buffer module consists of TWC and combiner. Hence
the loss from switch input up to the loop buffer input, termed as Insertion loss

(Ains), is given as

Ains = LssLrwelLoom (5.4.7)

2. Loss through the loop buffer is termed as Recirculation loss (A,.). This has been
obtained by breaking the loop (Figure 5.3) in two parts for the ease of calculation.

These are defined as below,

Al — LSdBLDEMUXLTWCLComGLSLFl (548)

Ay = LrsodLslip (5.4.9)

where Aj is the loss from entry port of loop buffer up to the input of EDFA and
Ag is the loss after EDFA up-to 3dB coupler. These variables are defined in Table
5.1 with relevant values. Total loss of the loop buffer after one circulation can be

given as Ay = (A1 As). Hence alfter K circulations, the Recirculation loss will be

Ave = (AL,

3. The output section of the buffer module consists of splitters and FFs. So the loss
from the loop buffer output up to the switch output, termed as Extraction loss

(Acyt), 18 given as

Acet = LspLpplLss (5.4.10)

Thus the total loss through the switch architecture, after performing K circulations, is

A = AinsAreLSdBAemt (5411)
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The term Lsyp is again inserted in the Equation 5.4.11 because the packet passes

through the 3dB coupler for one more time (i.e., K + 1 times) when it leaves the

loop.

Symbol Parameter Value

R Responsivity 1.28 Amp/Watts
Nsp Population inversion factor | 1.2

h Planck’s Constant 6.6x10734 J-s

¢ Speed of light 3x10* m/s

B. Electrical Bandwidth 10 GHz

B, Optical Bandwidth 20 GHz

q electronic charge 1.6x 1071 Coulomb
€ Extinction Ratio 00

Ry Load Resistance 300 €2

T Temperature 300 K

Kp Boltzmann constant 1.38x1072* J/K
Lagp 3dB. coupler Loss 3.4 dB

Leom Combiner Loss (W'x-1) 10(Log1oW) dB
Lgp Splitter Loss (1 x W) 10(Log1oW) dB
LDEMUX DEMUX "Loss (1 X W) 15(L0g2W—1) dB
LTWC TWC Loss 2 dB

Lpp Fixed Filter Loss 1 dB

Lg Splice Tioss 0.2 dB

Lpy = Lpy | Fiber Loss 0.2 dB/Km
Liso Isolator Loss 0.15 dB

Lgpp Band Pass Filter Loss 1.0 dB

Lss Space Switch Loss (N x N) | 0.5(Log,N) dB
r Confinement Factor 1

~y Scattering Loss 1000/m

P, Pump Power 10 mW

Table 5.1: Value of Different Parameters

5.4.1.2 Power Analysis

The TWC is a noisy device i.e., it adds noise to the incoming signal whenever it per-

forms wavelength conversion; while it will not introduce any noise, when it remains
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transparent (no wavelength conversion). But, the TWC is sometimes considered as
noiseless device, during conversion process, for the performance analysis because the
introduction of noise may be reduced by the regeneration of the signal inside the TWC
[42]. So, we have done the analysis in both ways i.e., considering: i) TWC as a noiseless

device and ii) TWC as a noisy device.

1. TWC as a noiseless device
If we follow the above model (Figure 5.10) then the power of bit ‘1" and bit ‘0’, entering

through the input of loop, are

2¢
Pml — Pchz'ns R e 54.12
(1) <1+e> ( )
and
Po(0) — PoAg. (=2 (5.4.13)
m - av LS 1+€ P

where P,, is average signal power at the switch input, and ‘¢’ is the extinction ratio
defined as ¢ = [P(1)/P(0)]. Thus the signal power after one circulation, just before the

3dB coupler, is given by

Pl(b) — ALPzn(b)G + (G - 1)nsphVBoA2 (5414)

Here b = 1 for bit ‘1" and 0 for bit ‘0’. In the Equation 5.4.14, the first term represents
the signal power and the second term represents amplified spontaneous emission (ASE)

noise power [47|. Here, Ay, is the loss of the loop in one circulation, G is the gain of

EDFA and B, is the optical bandwidth.
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The power for bit ‘0" after 2 circulations, just before the 3dB coupler, is
Pyb) = ALPi(b)G+ (G — 1)nghvB,As (5.4.15)

In the above equation, replacing the value of P;(b) from Equation 5.4.14, the expression

of Py(b) will be changed as,

Py(b) = (AL)?Pun(b)(G)? + (G — DnghvB,Ax(1 + ALG) (5.4.16)
Similarly, the expression after 3 circulations will be

Py(b) = (AP (b)(C)* 4 (G = DinghvB,As[l + ALG + (ALG)?] (5.4.17)
Thus, the power for bit ‘0" after K circulations, just before the 3dB coupler, is

Pr(b) = (AL)" Pu(b)(G) 1

(G — DngphvBoA L £ ArG + (ALGY? + .. + (A5 (5.4.18)
We can also write the term P (D) as,
Pic(b) = (ALK Pn(b)GX + (G — DngphvB, Ay F (5.4.19)
where
F o= 14 A G+ (ALG)+ .. +(AG)E! (5.4.20)

or

1—(ALG)K
Fo= { A<l (5.4.21)

1-ArG >
K ArG =1

)
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We have not considered the case of A;,G > 1 because under this condition, the fiber
loop buffer will start behaving like an oscillator and finally, starts to lase. To achieve

maximum SNR, the product of loop gain and loop loss must be equal to unity [45] i.e.,

ApG = 1. Therefore,

Pr(b) = Pu(b)+ K(G — 1)ng,hvB,A, (5.4.22)
Thus the power at the output of loop will be

Pou(b) = Pg(b)Lsun (5.4.23)
Finally, the power for bit ‘0’ at the output of the switch is given as,

PO) = FPou(b)Acn (5.4.24)

2. TWC as a noisy device

In this section, we have considered the TWC as a noisy device and taken the TWC
model as given in [35]. As long as the packets circulate inside loop, the corresponding
TWC will remain transparent i.e., the packets will keep on circulating at their respective
wavelength. Since, the tuning is not required, so the TWC will not induce any noise.
The noise added in the signal due to the conversion process in TWC (given by Sabella,
et. al. in [35]) is

nep(Gle — 1w <$§O—)v> x (1 T Gl + éifc) (5.4.25)

We have modified this noise expression according to our switch architecture. In our

case, the power out of the TWC is Lyw ¢ Py, instead of F,. Before entering to the loop
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buffer, the above noise will also suffer additional losses of Lg,, due to the presence of
the combiner at the loop input. Also, during the read-out/write-in process, the TWC
will be tuned accordingly and thus, it will introduce the noise into the signal power.
Hence, the modified expression of the power for bit ‘1’ (as compared to Equation 5.4.12),

entering the loop buffer, will be given as

Pn(1) = PuyAins (12—+€€>+nsp(ec—1)hu< Lg(0) >><

Lg(0) —~
X XPCWLTWC
14 & AaTWO 1o B, 5.4.26
< ta. T TR ) c (5.4.26)

The second term in the FEquation 5.4.26 is the noise added by TWC during conversion
process. This term is added because whenever the packet is scheduled to be stored in
the buffer, it will be passed through one of the D TWCs, placed at the input of buffer
module. Then the tuning is performed to allocate the free buffer wavelength. Here G,
is the gain of SOA used inside the TWC. The terms G, and g(0) are obtained solving
the set of equations given in[35]. Conversion efficiency (x) is assumed to be 1 in the
calculations. Other parameters and their values are defined in Table 5.1. For hit ‘0,
the TWC does not contribute any noise term, so its power expression will remain same

as given in Equation 5.4.13.

During the recirculation in the loop, if the number of maximum allowed circula-
tions is K, then the TWC placed inside the loop will perform tuning only in the K%
circulation (for worst case scenario). Thus in this condition, the TWC will not be tuned

till (K — 1)* circulations, and the power for bit ‘b’ after (K — 1) circulations will be

Proy(b) = Pun(b) + (K — 1)(G — )ngphvB,As (5.4.27)

The above power will enter TWC during the K revolution, and now the TWC noise
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will be added to it because of tuning. The new term for power after K circulations will

be given as

Pr(b) = Pm(b)+nsp(ac_1)hu< Lg(0) >><

Lg(0) —~
X . XPrx_1(b)LsggLpemux Lrwe
— L B.GA
<1 + Gc + Pch Com OG 2
+K(G — 1)ngyhvB,As (5.4.28)

Hence, the final output power for bit ‘b’ is shown as

Pb) = Pr(b)LsapAex (5.4.29)

5.4.1.3 Noise Analysis

The optical amplifiers not only amplify the signal but also add amplified spontaneous
emission (ASE) noise to the signal. The square law detection by the photodetector of the
receiver generates various intermodulation noise components. These noise components

are shot noise, ASE-ASE beat noise, sig-ASE beat noise, ASE-shot beat noise and

2 2 2

thermal noise with variances given by o2, Op—sps Osig—sp> Tssp a0d o2, respectively [47].

These noise variances for bit ‘0’, after performing K circulations, are given by

o? 2qRP(b)B, (5.4.30)
B,
O-.zp—sp R2Ps2p(K)(2Bo - Be)ﬁ (5431)
P, (K)B,
U?ig—sp 4R2P(b)pTo (5432)
o2 2qRP,(K)B, and (5.4.33)
4KT B,
i (5.4.34)

Ry,
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Here, Psp(K) is the spontaneous noise power and is given by
PSP(K) — K(G - 1)nsphVBoA2L3dBAemt (5435)

In the Equation 5.4.35, the TWC is considered as a noiseless device. Now, If we consider
the TWC as a noisy device, then the Equation 5.4.35 will be changed, and the new

expression will be obtained from Equation 5.4.28 as,
Py(K) = [Px(b) — Pin(b)|LsanAcxt (5.4.36)
The total noise variance for bit b’ is

o*(b) = o2+o2 o too 4ol Fon (5.4.37)

sp—sp 81g—sp —sp

The bit-error rate [47] can beobtained as

(5.4.38)

b — o (2010

(1) —o(0)
where Q(x) is known as the error function and is defined as
1 o 5
= — —2°/2)d 5.4.39
Q) — o= [ eanl=/2a: (5:4.39

The terms I(1) = RP(1) and I(0) = RP(0) are photocurrent, sampled by the receiver

during bit ‘1" and bit ‘0’ respectively, and R is the responsivity of photodetector.

5.4.1.4 Calculation

We have used the model given in [24] for calculation of the gain of the EDFA. The

number of channels passing through EDFA will vary during different time slots, and this
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will change the gain of the EDFA. Thus, the function of automatic gain control (AGC)
scheme has been assumed where the gain of EDFA will remain constant irrespective of
the number of channels passing through it [45, 52]. The length as well as the gain of
EDFA is considered as to maintain the condition of unity loop gain for a signal inside
the loop (i.e., AL,G = 1), for various values of buffering capacity (i.e., B = 4, 8 and 16).
The gain of the EDFA for different buffer space has been computed by considering the
loss through each component of the loop, while the corresponding doped fiber lengths

have been taken from [24| and are shown in Table 5.2.

The length of the loop is equal to the distance covered by light in a packet duration,
and it is given by L = 0’ /nRy, where ¢ is the speed of light, b’ is the number of bits,
n is the refractive index of fiber-and R is the bit rate. The value of n is taken as
1.55. We have assumed equal length packets of 53 bytes alongwith 1 byte period of
guard time on each side. This length is plotted against bit rate in Figure 5.11. The
minimum loop length should be equal to the length of the EDFA, in order to provide
the sufficient gain. We can observe in Table 5.2 that the minimum length of fiber is
10m which is needed to maintain the gain of 16.85dB at B = 4. It is obvious from
Figure 5.11 that the maximum bit rate, which can be used, is 8 Gbps for 10m length
of fiber. Similarly for G = 26.65dB at B = 16, the required minimum fiber length is
14m and thus, the corresponding maximum bit rate will be 6Ghps. If we consider a

bit rate of 5Gbps (common for all three cases of B), the required loop length will be

B G Length of EDFA
4 16.85 dB 10 m
8 21.75 dB 1T m
16 26.65 dB 14 m

Table 5.2: Length of the EDFA to provide the required gain



5.4 Switch with circulation limit 84

e
m

Length of fiber loop ()
— ] kJ (1] [N} o
m = m _ m =

e
[}

T

: i . :
2 4 B g 10 12 14 16 18 20
Bit Rate (Gbps)

Figure 5.11:Variation of loop length with data rate

17.04m. Since the EDFA length should be 10m for B = 4, the required fiber length will

be 7.04m to construct the complete delay loop of 17.04m.

The wavelength selection has been done by following the ITU-T grid and the
chosen range of wavelength is from 1550.12nm to 1552.52nm with a spacing of 0.8nm
(Af = 100GHz) for B = 4. To minimize the crosstalk, channel spacing should be
greater than 6 times the bit rate (i.e., Af > 6Rp) [39, 73]. Since the channel spacing
(Af) is considered equal to 100GHz, and the selected bit rate (R,) is 5Gbps, so we can
ignore the effect of crosstalk as it satisfies the above mentioned condition i.e., Af > 6R,

because 6 R, = 30Gbps.

We have obtained the number of maximum allowed circulations (C') at different
values of power levels (in mW) with various combinations of switch sizes (N) and

number of buffer wavelengths (B) (Table 5.3). The value of C is the largest value of K
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(circulations count) for which BER < 107° (if the signal is detected). Tt is found in the
computed results that if we increase B beyond D then the number of maximum allowed
circulations decreases (Table 5.4) which may degrade the performance of a large switch
drastically. Hence the maximum number of possible wavelengths in any of the buffer
modules is chosen as 4 because for larger values of B (i.e., 8 and 16), the number of
allowed circulations are insufficient for all power levels. We have also calculated the
number of maximum allowed circulations considering the TWC as the noisy device and
the data is given in Table 5.5 for B = 4. If we compare these data with that one given
in Table 5.3, then we can observe that there is not much effect of TWC noise on the
number of maximum allowed eirculations. So, the results for loss probability will be

nearly the same for both the cases.

N | B C C C C
at P=1mW | at P—2mW | at P=5mW | at P=10mW
16 2 5 13 26
32 2 4 10 20
64 | 4 1 3 8 16
128 1 2 6 13
256 0 2 5 10
16 0 1 3 7
32 0 1 3 6
64 | 8 0 0 2 4
128 0 0 1 3
256 0 0 1 3
16 0 0 1 2
32 0 0 1 2
64 | 16 0 0 0 1
128 0 0 0 1
256 0 0 0 1

Table 5.3: Maximum number of allowed circulations (') for various sizes of core switch
(2N) and buffer wavelength (B) at different power levels (P) for D = 4, considering
TWC as the noiseless device



5.4 Switch with circulation limit 86

D B C C C C
at P=1mW | at P—2mW | at P=5mW | at P=10mW
4 |4 2 5 13 26
4 1 8 0 1 3 7
8 | 8 0 0 0 1

Table 5.4: Maximum number of allowed circulations (C') for switch of size N = 16 and
for various values of D and B at different power levels

N B C C C C
at P=1mW | at P—2mW | at P=5mW | at P=10mW
16 2 4 12 25
32 1 3 10 20
64 | 4 1 2 7 16
128 0 2 6 12
256 0 1 4 10

Table 5.5: Maximum number of allowed cireulations (C') for various sizes of core switch
(2N) at different power levels ( P) for D = 4, considering TWC as the noisy device

5.4.2 Scheduling algorithm

The circulation limit will act as a special case of buffering limit. In other words, if the
packets are allowed to take maximum C' circulations then, not more than C' packets
for any single output can be stored in the buffer. This is due to the reason that the
(C' + 1) packet stored in buffer module, has to take C + 1 revolutions in the loop
before its delivery to the intended output. Hence, the correct reception of that packet
will not be possible because the obtained BER at the output, will become more than

the acceptable level.

The number of steps for applying scheduling algorithm in this case will be same
as given in section 5.3.1, but with some limitation imposed on the storing of packets in

the buffer. The modification is done only in constraint 1, while the second constraint
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and the rest of the steps of that algorithm remain same. The modified constraint 1 is

given below:

1. (Modified constraint 1) The number of buffered packets (x;) for the output j
should never be greater than the maximum buffering capacity or the circulation

limit i.e., x; < min(MB,C) for 1 <j < N.

The simulations have been done using this modified constraint in addition to the
scheduling algorithm given in section 5.3.1, and the results are discussed in following

section.

5.4.3 Performance Analysis and Results

The simulation of the proposed switch with circulation limit has been done to estimate
the ‘packet loss probability and “average packet delay’ under various loading conditions.
The switch performance has been investigated for different number of buffer modules
(M) and the number of maximum allowed circulations (C') at different power levels. The
results are used to determine the values of parameters for optimal operation. Figure
5.12 to 5.14 show results of packet loss probability for the switch of size 2N = 32 where,
as defined earlier, 16 of 32 ports are the actual inputs and other 16 ports are used to
connect different number of buffer modules. We can observe in Figure 5.12 that as
the signal power increases, the probability of packet loss decreases. This happens due
to the increment in C with signal power. But this increment in power level beyond a
certain value does not give any further advantage because the value of C' at such power
level will become greater than M x B (Table 5.3), and the buffering will be limited

to min(M B, C) for all such power levels. Hence the packet loss probability is almost
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Figure 5.12: Probability of packet loss with Load on the system for N = 16, M = 4 at
different values of signal power (F).

same for P = 5 and 10mWW, as for these values, the buffering limit will be 13 and 16
respectively due to the circulation limit. It has been observed that as the number of
buffer modules (M) increases, packet loss probability decreases (Figure 5.13 and 5.14).
These results hold for B =D = 4.

The average delay performance for the switch of size 2N = 32 is shown in Figure
5.15 to 5.17. It is clear from these plots that the delay increases with the number of
modules. Also, it remains nearly same for P =5 and 10mW because of the circulation
limit. This indicate that in case of P = 10mW, although the packet can be stored for
26 slots (Table 5.3) but due to the maximum buffering limitation, the packet cannot
be circulated more than 16 slots. Thus the optimized result for N = 16 are achieved at

B=D=4 P=>5mW and M = 4.
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Figure 5.13: Probability of packet loss with L.oad on the system for N = 16, P = 5mW
at different values of number of buffer modules (A1).
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Figure 5.14: Probability of packet loss with number of buffer module (M) for N = 16,
p = 0.6 at different values of signal power (P).
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Figure 5.15: Average Delay with Load on the system for N = 16, M = 4 at different
values of signal power (P).

25

)

—
(]

Awerage Delay of a Packet (slots)

—=— =1
—B— =2
—F— M=3

1 ] i ] | |
nz 0.3 0.4 05 0.6 07 0.a 09 1
Load on the systemn

Figure 5.16: Average Delay with Load on the system for N = 16, P = 5mW at different
numbers of module (M).
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Figure 5.17: Average Delay with number of buffer module (M) for N = 16, p = 0.6 at
different values of signal power (F).

5.4.3.1 Effect of noisy TWC

The results shown till now are based on the assumption that the TWC is a noiseless
device. We have also done the performance analysis considering the TWC noise. We
have found C' = 2,4,12 & 25 for the noisy TWC (Table 5.5) at P = 1,2,5 & 10mW
and N = 16 while C' = 2,5, 13 & 26 for the noiseless case of TWC (Table 5.3). There
is not much difference among the numbers of maximum allowed circulations at various
power levels. The comparative results for packet loss probability and average delay are
shown in Figure 5.18 and 5.19 respectively. We observe that the results at all the power
levels are overlapping except the case of P = 2mW where the loss probability is better
and the average delay is more for the case of noiseless TWC. This will happen because
the case of €' =4 at P = 2mW for noisy TWC may reject some more packets when

the total capacity is 16 (= M B) as compared to the case of C' = 5 for noiseless TWC.
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Figure 5.18: Comparative results for Probability of packet lossat N =16, B =4, M =4
(noiseless TWC vs. noisy TWC).
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Figure 5.19: Comparative results for Average Delay at N = 16, B = 4, M = 4 (noiseless
TWC vs. noisy TWC).
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5.5 Mathematical Analysis

In order to verify the simulator, we have taken a computational model [56] and modified
it accordingly to represent our switch. By comparing the computational results with

simulation, we will verify the correctness of the simulation method.

The packets are assumed to be randomly arriving with uniform rate. Depending
upon the number of packets arriving and the number of busy output ports, various
buffer states can be attained. The state of the buffer is described by a vector ‘0’ of
positive integers and of length N i.e., b = (b, by, ...bx) for 1 < i < N. The term b,
represents the buffer state element for the i* output and its value (storage capacity)
ranges from 0 to min(M B, (). The sum-of packets in any of the buffer state b will
be less than or equal to M B ie., Y b < MB. As defined earlier, M is the number
of module used in the architecture; B represents the total buffering capacity of each
module, and C' is the circulation limit for any packet. Thus, min(M B, C) will be used
as the maximum buffering capacity for individual output and M B will be the maximum
buffer capacity of whole switch. The maximum value of M B will always be equal to

N, since we have assumed B = D for each loop buffer module.

Depending upon the arrival pattern during every slot, there will be transitions
between the buffer states. Fach possible arrival pattern is described by a vector of
length N ie., I = (11, 15,...In) where the value of each element I; represents the number
of packets arriving for the i output during that time slot. The total number of packets
that can arrive during any time slot will not be more than N (i.e., > I; < N). For a

given buffer state b and the arrival pattern I, the new buffer state will be an N length
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vector d = (dy,ds, ...dy) where

0, b — 0, I, — 0
min(Z,C),  otherwise
with
i1 N
MB =Y d;j—> R(by), i>1
7 = v = (5.5.41)
MB = " R(by). i=1
=i
and
1 :
R(b;) = b = Y (5.5.42)
O, bj —0

Here, R(b;) is the number of packets for output j, left in buffer during the current
time slot. The above formulation assumes sequential scanning i.e., the packets at lower
indexed input are given priority while buffering. This assumption is justified as we are
not biased towards any particular input/output, but we are interested in the overall

performance of the switch.

The available buffer space after completion of any time slot will be equal to T" and

is defined as

T = MB-— <Z b —A) (5.5.43)

where A is the count of all those output ports for which there is at least one packet in

the buffer, and is defined as

A = Z 8 (7) (5.5.44)
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and

0, b, =0
(i) = o 5.5.45
() {1) b >0 (5.5.45)

If the number of packets arriving during any time slot will be greater than 7', then the
packet destined for at least one of the output ports will be dropped. The reason is that,
either the individual buffer limit for that output or the maximum buffer limit for whole
switch is achieved. For a given N, the total number of feasible input patterns (I P) will

be given by
N
po= ) Nl (5.5.46)
k=0

where k is the total number of packets arriving in a slot. The term ‘feasible’ is used here
to indicate that only those input patterns are considered where I; < N and Y I; < N
for 1 <4 < N. The vale of I P for various N isgiven in Table 5.6. The induction proof

for the above expression of 1P is given in the next sub-section.

Similarly, the total number of feasible buffer states (B.S) will be calculated as
MB

BS = Y NG, (5.5.47)
k=0

considering b; < M B and > b; < M B. Here, those values of M B are taken which will
optimize the performance of the switch. Till now the value of B.S does not consider the

circulation limit. Now considering the circulation limit, the new value of BS will be

BS" = BS - Z(states with b; > min(M B, C)) (5.5.4%)

Here, The values of I P and BS are equal because N = M B is considered for this

switch. Their value increase drastically with NV (Table 5.6). Also, BS’ < IP but still
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N IP (=BS)
1 70

8 12870
16 601080390

Table 5.6: Feasible number of input pattern (IP) for switch of size N

BS’ will be very large in number and it may not be possible to obtain the mathematical
results for a large switch. So, we will show the comparative results (mathematical versus

simulation) for a smaller switch of size N = 4.

5.5.1 Induction Proof of the Formula for Input Pattern (IP)

Considering the case of N — 4. The number of packets that can arrive for a particular

output port is 0, 1, 2, 3, and 4. Mathematically, this probability can be stated as,

P, = (1+z+2° K3 1H (5.5.49)

Expanding the above equation and collecting the terms having coefficient less than or

equal to 4. We get,

P, = *Co+1Ci(1+x+a®+ 2+ at) 10?4 22° + 32) +

COs(x® + 32+ 1Cy (") (5.5.50)
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Now considering the coefficient of 2°, 2!, 2%, 2* and 2* as

P0) = *Cy

P(1) = ‘¢

P(2) = *Cy 11,

P(3) = 1C, +2x*Cy +1Cs

P(4) = 4C, +3x1Cy+3 x1Cs +1Cy

Total number of Input Patterns (IP) when at most 1 packet arrives,

IP, = PO)+ P(1)="*Cy +*0;

Total number of Input Patterns (IP) when at most 2 packets arrive,

IP, = PO)+ P(1)+ P(2) =*Cy +2x*C, +1Cy =1Cy +*C, +°C,

Similarly, the total number of Input Patterns (IP) when at most 3 packets arrive,

IPy = P(0)+ P(1)+ P(2) + P(3) ="1Co +'C1 +°Co + °Cy

Total number of Input Patterns (IP) when at most 4 packets arrive,

IPy = P(0)+ P(1)+ P(2) + P(3) + P(4) =*Co +'Cy +°Ca + °C3 + "Cy
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Since, the result will be similar for 4Cy and 2Cj, as both will take the value 1, the above

expression for I P, can be made more meaningful by replacing *Cyy with 3Cyy. Thus,
IPy = P(0)+ P(1)+ P(2) + P(3) + P(4) =3Co +*CL + °Cy, + °Cs +7Cy
Now writing this equation in the generalized form,
IP = PO)+PL)+P2)+...+Pk)=""t0+NC, + V0, + L VL
Thus, the total number of Input Pattern for any N will be

N
po= ) Nl (5.5.51)
k=0

5.5.2 Comparison of Mathematical and Simulation Analysis

We have verified the simulation results with the computational one given in [56] where
results are shown for a large range of individual as well as total buffer length values.
For verification, we will consider the result of packet loss probability for the case of
N =4, M =1, B = 4. For this configuration, the architectural logic of proposed switch
will be nearly similar to that one presented in [56]. In the proposed architecture, we
have considered the circulation limit (C') for packets stored in the buffer which will
in turn, limit the individual buffer capacity. We have shown the value of C' for large
switches (N > 16) in the Table 5.3, and it indicates that C will be larger than M B
for N =4 M = 1,B = 4 at all power levels considered for simulations. Thus, there
will not be any limit on the number of circulations because the net individual buffer

capacity will be M B because of min(M B, C'). Hence, for verification of the simulation
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result by taking care of the circulation limit, we have considered a hypothetical value
of €' = 2 for N = 4 and compared the obtained result of packet loss probability with
the one given in [56]. The comparative results are shown in Figure 5.20. It is found
that the variation of packet loss probability, obtained from simulation method, closely

follows the mathematical analysis.
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Figure 5.20: Comparative results for simulation and mathematical method.

5.6 Summary

We have presented the architecture of an optical packet switch with feedback shared
buffering using WDM loop buffer modules. The application of modular structure re-
duces the need for a large range of wavelengths because the same set of wavelengths
is used in all the buffer modules. One of the major advantages of the proposed archi-

tecture, is that the multiple loop buffer modules act together as one single fully shared
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buffer while using a smaller number of wavelengths. Due to the reuse of wavelength
range, the bandwidth of certain components e.g., EDFA and TWC does not restrain

the total number of the buffer modules or the buffering capacity.

We have calculated the number of maximum allowed circulations in the loop buffer
for correct reception of a packet. In order to focus on the performance of the switch, the
analysis is done under the assumption of single node network, instead of the network
consisting of several such switches. The optimal value of switch parameters, to achieve
the best packet loss probability at a reasonable delay performance, has been determined.
After comparing the results for several switch sizes, we found that the packet loss
probability depends heavily on number of buffer modules. For smaller values of C,
there will be no effect of increasing the value of M. Hence, M should be increased in

accordance with C.

The simulation results are verified by comparing it with the performance of the
mathematical model. This switch architecture is scalable, but the main constraint is
the requirement of a large number of TWCs and other optical components. Another
constraint is the number of maximum allowed circulations which decreases with increase

in the switch size.



Chapter 6

AWG and EDFA based Optical
Packet Switch using Feedback
Shared Buffer

In this chapter, we propose an enhancement to the optical packet switch architecture
(discussed in chapter 5) which uses feedback shared loop buffer modules. The main
disadvantage of that architecture is very high loss in signal power which reduces the
number of maximum allowed circulations by the packets in loop buffer modules. The
buffering duration in the recirculating loop is limited by this circulation limit. Thus to
reduce the power loss, we propose two modifications: i) either an extra optical amplifier
(EDFA) is placed at the output of the loop in the buffer module, or ii) the core space
switch is replaced by an AWG. The main objective of these modifications is to increase
the number of maximum allowed circulations. This will effectively provide a relaxation
in the circulation limit, which in turn results in the lower packet loss probability and

the average delay by effectively utilizing the available buffer capacity.
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6.1 Feedback Optical Packet Switch Architectures:
An overview

The feedback optical packet switch architecture of chapter 5 is again shown in Figure
6.1. The core of this architecture is a nonblocking space switch of dimension 2V x 2N.
The lower N ports (indexed 1 to N) of the core switch are used as switch inputs/outputs
and the upper N ports (indexed N + 1 to 2N) are used for buffering of packets in the
optical loop buffer modules (Figure 6.2). In this configuration, the maximum number
of allowed buffer modules are m = | N/D|, where D is the number of inputs/outputs
for each loop buffer module. The packet stored in these buffer module will keep on
recirculating, till the contention is resolved. The details and working of the original
switch were described in Chapter 5. We will use the word ‘original’ in this chapter to

refer to that switch.

Module ]
|
' F T 1
N N
N+1 N+1
Space Switch
™ —— ——
(2N=2N)
] —— ——

Figure 6.1: Optical packet switch architecture. Modules (1 to m) represent loop buffer
modules, each with B wavelength.
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Figure 6.2:-Loop Buffer Module.

6.2 Proposed Modifications in Optical Packet Switch
Architectures

The number of maximum allowed circulations (C') in the recirculating loop is limited
by the loss in signal power due to the presence of various optical components (Figure
6.2). The proposed modifications are intended towards increasing the value of C. The

modified switch architectures are discussed below.

6.2.1 Placement of an optical amplifier (EDFA)

We place an optical amplifier (EDFA) at the output of the recirculating loop, just after
the 3dB coupler (Figure 6.3). This EDFA is followed by the splitter, FF and space
switch. The gain of this EDFA is chosen such that it will compensate for the loss
through these three components. Effectively, it will allow the packets to circulate for

some more duration as compared to the original switch, and will result in lowering
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Figure 6.3: Modified Loop Buffer Module: Placement of an extra EDFA in each buffer
module.

the packet loss probability. The control complexity will remain same as of the original

switch. We will refer to this' modification as Mod-EDFA in the following text.

6.2.2 Replacement of space switch with AWG

The core of space switch is replaced by an Arrayed Waveguide Grating (AWG) (Figure
6.4). The main advantage of the AWG is that it will avoid the need of a Splitter and
the Fixed Filter at the output of the loop buffer module (Figure 6.5). The only change
in working of this switch will be that, the TWC of loop will now tune the outgoing
packet to a specific wavelength depending upon the input of the AWG at which the
module is connected and the desired output port of the AWG. This reduces the signal
power loss, and increases the number of maximum allowed circulations. We will refer

to this modification as Mod-AWG in the following text.

The use of AWG necessitates the placement of TWCs at the inputs, indexed 1
to N, of the switch (Figure 6.4). The controller instructs these TWCs to change the
wavelengths of the incoming packets, so that they may be automatically forwarded

to the correct output because of the wavelength-dependent self-routing nature of the
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Figure 6.4: Modified switch: Replacement of core space switch with AWG.
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Figure 6.5: Modified Loop Buffer Module for AWG as the core of switch architecture
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AWG. If the inputs of an N x N AWG are numbered from 1 to N and its operating
wavelengths range from 1 to n, then the wavelength that connects the ¢ input to ;%
output can be expressed as A(i, j) = Ak, where k = [1 + (i + j — 2)modN|. The control

complexity will be reduced due to this wavelength-dependent self-routing nature of the

AWG.

6.3 Power Budget Analysis

The original switch was analyzed in terms of loss, power and noise in Chapter 5. Here,
we will briefly discuss the modified expressions and also the final form of these equations.
The modified switches are analyzed separately in Sections 6.3.1 and 6.3.2 for Mod-EDFA
and Mod-AWG respectively.” The calculation of circulation limit considering the loss,
power and noise analysis is the same for both the modifications. Hence, it is discussed

in Section 6.3.3.

6.3.1 Mod-EDFA

The EDFA is placed to compensate the power loss through the optical components

which are following it. The gain of EDFA is denoted as G’ in the following text.
6.3.1.1 Loss Analysis

The expression for Insertion loss (A;,s), Extraction loss (Ae.¢) and Recirculation loss

(A;e) will still remain the same as for the original switch because the gain of this extra
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added EDFA will only affect the power terms. These losses are given as,

Ains = LssLrwoloom (6.3.1)
Ae = (ADX (6.3.2)
Aeat = LspLprlss (6.3.3)

where Ap = (A145) and

Ay = LsapLppmuxLrweLoom(6Ls) Ly (6.3.4)

Ay = Liso(4Ls)Lps (6.3.5)

Thus, the total loss through the switch architecture is

A = AinsAreLSdBAemt (636)

Various parameters and their values, used in the this analysis, are given in Table 5.1.
These terms are already explained in Chapter 5, and we include them here, only to

refer to them in the next section (6.3.2) dealing with Mod-AWG.

6.3.1.2 Power Analysis

We have already observed for the original switch that the inclusion of TWC noise, will
not affect the system performance significantly (Figure 5.18 and 5.19). Thus we will

analyze both the modified switches considering TWC as a noiseless device only.

If we follow the signal path, then the power levels of bit ‘1" and ‘0’ entering at the
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input of the loop of the buffer module (Figure 6.2 and 6.3) are

2¢
Pin 1 — Pchz'ns T L9
) () 657
and
Po(0) — PoAp. |2 (6.3.8)
m - av S 1 + 6 A

where F,, is average signal power at the switch input. The signal power, after perform-

ing K circulations in the recirculating loop, will be

Po(t) = [Pin(b) K (G = DingshtiByAs) Doan (6.3.9)

Here, b = 1 for bit ‘1" and 0 for bit ‘0’. The second term of Equation 6.3.9 is the ASE
noise power added by the EDFA placed ingide the loop. The extra added EDFA will
also introduce ASE noise to-the signal power. Thus, the final power for bit ‘b’ at the

output of the switch is given as

P(b) — POUt(b)Aethl + (GI - 1)nsphVBermt (6310)

The gain (G') is considered equal to 1/A..; in order to cancel the lossy effect of the
optical components following it i.e., G' = 1/A¢. (Figure 6.3). Thus, the power term

will become

P(b) — POUt(b) + (GI - 1)nsphVBermt (6311)

The second term of the Equation 6.3.11 represents the ASE noise introduced by the
extra EDFA.
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6.3.1.3 Noise Analysis

Due to square law detection by the photodetector in the receiver, various noise compo-

nents are generated [47]. The variance of these noise components are given as

02 = 2qRP(b)B. (6.3.12)
Be
o2y = RPPL(K)(2B,— Be)ﬁ (6.3.13)
P, (K)B,
Oligsp = 4R2P(b)”(5% (6.3.14)
02y = 2qRPy(K)B. and (6.3.15)
1kT B,

i o (6.3.16)

where,
Pyp(K) = [K(G —1)ngphvBeAsLaapG' + (G — 1)nghvBo| Aext (6.3.17)
Here 02, 02,_,,, 0%y_sp» Oc_y, and oy, are variances of shot noise, ASE-ASE beat noise,

sig-ASE beat noise, ASE-shot beat noise and thermal noise respectively. The term
P,,(K) is the spontaneous noise power, and it is nearly similar to the Equation 5.4.35.

The additional term is the ASE noise due to the extra added EDFA.

6.3.2 Mod-AWG

The replacement of the space switch with an AWG requires the use of TWCs (Figure
6.4). So, the loss through these TWCs need to be considered in the loss analysis. Since
this modification removes the splitters and FFs placed at the output of loop in the buffer

module (Figure 6.2 and 6.5), the loss analysis will also need to be changed accordingly.
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6.3.2.1 Loss Analysis

The placement of AWG, will modify the expression of Insertion loss (A;,s) and Ex-
traction loss (Aeyt), while the Recirculation loss (A,.) will remain same. The modified

expressions are given as

Az’ns - LTWCLAWGLTWCLCom (6318)

Awe = Lawe (6.3.19)

The other terms will remain same as given in section 6.3.1.1.

6.3.2.2 Power Analysis

The power analysis will be done as-explained in section 6.3.1.2, but using the modified
expression of A;,, and A, and selecting ' = 1. The final output power for bit ‘b’

will be written as

P(b) - Pout(b)Aemt (6320)

6.3.2.3 Noise Analysis

The noise analysis will remain the same as done in section 6.3.1.3. Only the expression

of spontaneous noise power will be changed using G/ = 1, and is given as

Py(K) = K(G = UnyhvB,AsLaip At (6.3.21)
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6.3.3 Calculation

The bit-error rate for both the modifications will be obtained using the same method.

The total noise variance for bit ‘b’ is
02(6) — 0-3 + O-.zp—sp + U?ig—sp + U?—sp + O-t2h (6322)
The bit-error rate [47] can be obtained as

BER = Q(M) (6.3.23)

where Q(x), the error function, is defined as

1 I 2
Q(z) = \/—Q_W/z erp(—z°/2)dz (6.3.24)

The terms (1) = RP(1) and I(0) = RP(0) are photocurrents, sampled by the receiver

during bit ‘1" and bit ‘0’ respectively, and R is the responsivity of photodetector.

We have calculated the number of maximum allowed circulations (C) at different
power levels (in mW) for both the modifications. The number of circulations C' is the
largest value of K (circulations count) for which, BER < 107°. The values of C' are

compared in Table 6.1 for 2N =32, B=4and D=4 at P=1,2,5 and 10mW.

6.4 Simulation Analysis and Results

The modifications proposed in this chapter will not change the scheduling algorithm of

the original switch (as described in chapter 5). Using that algorithm, the simulations are
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Type of Switch C C C C
at P=1mW |at P=2mW | at P=>5mW | at P =10mW
Original Switch 2 5 13 26
Mod-EDFA 27 56 140 282
Mod-AWG 3 6 16 33

Table 6.1: Maximum number of allowed circulations (C') for switch of size 2N = 32, B =
4, D = 4 at different power levels

done and the results for ‘packet loss probability’ and ‘average packet delay’ are obtained
for both the modifications. These results are compared with those of the original switch
for the parameter values 2N = 32, B = D = 4. As defined earlier, 16 of 32 ports are

the actual inputs and the other 16 ports are used to connect the buffer modules.

The number of maximum allowed circulations is more for Mod-EDFA as compared
to Mod-AWG (Table 6.1). In case of Mod-EDFA | there will not be any circulation limit
at any power level, because the maximum capacity is still less than the number of
maximum allowed circulations. For the example of 2N = 32, the maximum buffering
capacity is 16 (= M x B) and C"= 27 at P = ImW. In case of Mod-AWG, since C' = 3
at P = 1mW and 6 at 2mW, so there will be a circulation limit. Hence, the packet loss
probability should be less for Mod-EDFA as compared to others. It has been observed
in the simulation results that the loss probability is lower for both the modifications as
compared to the original switch (Figure 6.6 and 6.7). Also, if we only compare the two

proposed modifications, the Mod-EDFA is much better than Mod-AWG.

The average delay performances for the modified switch of size 2N = 32 are
shown in Figure 6.8 and 6.9. We observe that the delay increment for the two cases of
modifications is not very significant, and is overshadowed by the advantages obtained

in terms of loss probability.
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Figure 6.6: Loss probability for 2N =32, D =4, B=4, M = N/D and P = ImW.
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Figure 6.7: Loss probability for 2N =32, D=4 B =4, Load = 0.6 and P = ImW.
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6.5 Summary

We have presented the modified architectures of an optical packet switch with shared
feedback-buffering using WDM loop buffer modules. The modular structure reduces
the need for a large range of wavelengths because the same set of wavelengths is used

in all the buffer modules.

The objective of the switch improvements described in this chapter was to in-
crease the number of maximum allowed circulations of the packet in the loop buffer
module. We have calculated it for both the modifications. These numbers imply that
the circulation limit is relaxed for Mod-AWG while there is no circulation limit for
Mod-EDFA. The results for packet loss probability and average delay are compared,

and they indicate that the proposed modifications give enhanced performance.

In order to focus on the performance of the switch, the analysis is done under the
assumption of a single node network instead of the network consisting of several such
switches. We can also apply these switches in large networks, but the related issues

need further investigations.



Chapter 7

Wavelength routed shared buffer
based feed-forward architectures for
optical packet switching

In this chapter, we are proposing three architectures' for optical packet switching based
on wavelength routed feed-forward shared buffer modules [60]. These architectures
are developed by selecting three different combinations of space switches and Arrayed
Waveguide Gratings (AWG). The buffer modules are constructed using recirculating
type fiber delay lines incorporating various optical components [55]. These recirculating
loop buffers are designed for fixed length packets. One of these architectures has also
been analyzed in terms of power loss and noise power due to the presence of various
optical components in the loop buffer module. The performance is predicted on the
basis of operational insights. Further, it has been verified by getting the results using
simulations. For convenience, the notations Al, A2 and A3 will be used for the three

architectures being proposed in this chapter.

1“Wavelength routed shared buffer based feed-forward architectures for optical packet switching,”
Proe. IEEE INDICON Conf., Sep’ 2006, New Delhi.
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7.1 Description of the Architecture Al

The basic building block of all the three architectures has a similar structure, and

consists of three sections:

1. Scheduling section,

2. Combined section (Path section) for routing the packet through either ‘M’ direct

paths or ‘m’ buffer modules, and

3. Switching section.

This section will discuss only the architeeture Al while the other two architectures
(i.e., A2 and A3) will be discussed in the later sections. The switch architecture Al
and its buffer module are shown in Figure 7.1 and 7.2 respectively. The scheduling
and switching section of Al are constructed using space switches. The size of these
sections will be N x K and K x N respectively, while the overall size of the switch
architecture is N x N. The parameter K is defined as K = M +m x D, where M is
the number of direct path with no delay, m is the number of loop buffer modules used
in the feed-forward manner, and D is the number of inputs/outputs ports assigned to
each buffer module. The capacity of each buffer module is considered equal to B (> D)
i.e., it can store up to B number of packets at different wavelengths. The range of these
wavelengths will be different from the incoming wavelengths. Also, the same range of
buffer wavelengths can be reused in all the buffer modules, because the packets present

in different buffer modules are independent and do not interfere.

Each buffer module consists of D tunable wavelength converters (TWCs), a recir-

culating loop and one wavelength demultiplexer (DEMUX) (Figure 7.2). The packets
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from all these D inputs use WDM to share the recirculating loop buffer. The wave-
length range of DEMUX, is chosen to be different from the range of buffer wavelengths
to prevent direct transfer of packets bypassing the recirculating loop. This loop buffer
module is nearly similar to the feedback switch (Figure 5.3). The only difference is that
the DEMUX is used at the module output of this chapter, in place of Splitter and Fixed
Filters. The recirculating loop consists of a 3dB Coupler, DEMUX, TWCs, Combiner,
EDFA, Isolator and Band Pass Filter (BPF) (Figure 7.3). The EDFA is placed inside
the loop to compensate for the power loss in the loop buffer during circulation, and the
BPF is used to band-limit the ASE noise. More details about functioning of this buffer

module were provided in Chapter 5.

EDFA
Isolator
Combiner
1 B ____
BEF TWC
DEMITE
Input 2dB Duput
Coupler

Figure 7.3: Architecture of recirculating loop

7.2 Scheduling Algorithm

The buffering technique of the proposed architectures utilizes the loop buffer module
in feed-forward configuration. If any packet is directed towards the buffer modules
due to contention, then it will keep on circulating inside the loop till the contention is

resolved. The term ”Feed-Forward” means that once the packet arrive at the input, due
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to contention, it will be passed to a loop buffer which is not connected to the input of
that input stage. Instead, the loop buffer is connected to the next stage. This indicates
that the packet moves only in the forward direction. While in the feedback case, the
loop buffer is connected to the input section of same stage, which results in the packets

entering at the input stage many times.

The scanning of input ports for the arriving packets is done sequentially during the
simulation. The arriving packets may contend for an output in two ways: i) contention
among themselves or ii) contention with already stored packets in the buffer. During
contention of any type, priority will be given to the already stored packets in the buffer
modules and then if possible, the rest of the contending packets will be buffered. FCFS
scheme is considered for routing, so that no packet is delayed indefinitely. Direct path
will only be used when no packet in any of the buffer modules is destined for that output

port.

The number of buffered packets (x;) for the output j, should never be greater
than the maximum buffering capacity m x B i.e., x; < mB. Also, the total amount of
buffered packets, cannot be larger than m x B ie., ) x; < mB. The storage principle
for a packet in the buffer module will remain same as given in Chapter 5. Since a
DEMUX is used here, a change occurs only during the readout of packet. Hence for
reading out a packet, the corresponding TWC inside that loop is now tuned to the
free wavelength at the DEMUX output port, and then the packet is directed towards
switching section through this DEMUX. Finally, these scheduled packets on reaching
the switching section will be switched to the destined output port through the space

switch fabric.



7.2 Scheduling Algorithm 121

7.2.1 Performance Evaluation

We have simulated the architecture Al to evaluate the performance in terms of packet
loss probability and average delay. The arriving traffic is considered to be uniformly
distributed and random in nature. We have done the simulations by applying a heuristic
approach for the selection of various combinations of B, M and m for a particular switch
of N = 16 with D = 4 under different loading conditions. Several combinations of M
and m are used for the values of B as 4, 8 and 12. Only those results are shown in
Figure 7.4, which provide the packet loss probability up to an acceptable level. We
have chosen three best combinations, one for each case of B =4, 8 and 12. These are
termed as C'1, C2 and C'3 respectively, and can be written as

Cl:B=4, M=8ym="6, K=232

C2:B=8 M=4, m=4, K =20

C3:B=12, M =4, m=4, K =20

We found that the value of K is different and greater than N for these three
combinations. Since, the space switch can be asymmetrical in size (i.e., K > N for
switch of size N x K and K x N), so all the three combination are possible, but we

have to select the suitable combination.

7.2.1.1 Combination selection using simulation results

The average delay for a packet using the switch of size N = 16, D = 4 and combina-
tions C'1, C2 and C'3 is shown in Figure 7.5. We can observe that under lower loading
conditions, the delay performance is same for all the three combinations while at higher
loads, the average delay increases significantly for C'3. Thus we obtain lower loss proba-

bility for C'3 as compared to C'1 and C2 (Figure 7.4) but at the cost of increased delay.
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Thus, we will also compare the size/number of the optical components used for each of

the three combinations, to find out the suitable choice among the three combinations.

7.2.1.2 Combination selection in terms of component complexity

The major components and their size/quantity used in Al for the above three com-
binations are compared in Table 7.1. The size of scheduling and switching stage are
asymmetrical for each case but larger for C'1, and the same for C2 and C'3. The number
of TWCs (= D xm+ B xm) are same for C'l and C2, and higher for C3. The number
of DEMUX is highest for C'1 while it is same for C'2 and 3. On the other hand, size
of DEMUX used inside the recirculating loop will be smallest for C'1 (i.e., 1 x 4) while
largest for C3 (i.e., 1 x 12), and g0 is the insertion loss. Hence, there will be a trade-off
between the number and size of DEMUX, and this indicates that €2 will be the better

choice in terms of DEMUX usage.

Another important parameter is the gain of the EDFA placed inside the recircu-
lating loop. Since in the case of ('3, the maximum number of wavelength channels are
used for buffering (B = 12), thus the EDFA used in this case will be of highest gain to
compensate the loss of 1 x 12 DEMUX (Table 7.1). Similarly, the gain of EDFA used
in C'1 will be lowest as the value of B is 4. The EDFAs will also produce amplified
spontaneous emission (ASE) noise which increases alongwith the gain of EDFA. Since
ASE noise is a degrading factor so, it should be as low as possible and so is the gain.
Thus, €2 will be the better choice in term of using EDFA because its gain lies between
the gain of EDFAs used for C'1 and C3. Hence, the suitable choice among the three
combinations of parametric values is C2ie., B=8, M =4, m = 4 for D = 4 and

N = 16.
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Combi- Size of Size of Total Total number Gain
nation | Scheduling | switching | number of DEMUX of
of section section | of TWC (Inside+Outside) EDFA
values N x K K x N of loop
C1 16 x 32 32 x 16 48 6(1 x 4) +6(1 x 4) = 12 | Lowest
C2 16 x 20 20 x 16 48 4(1 x 8) +4(1 x 4) = 8 | Medium
C3 16 x 20 20 x 16 64 4(1 x 12) + 4(1 x 4) = 8 | Highest

Table 7.1: Complexity analysis of major component used in architecture Al for three
efficient combinations at D =4 and N = 16

We can generalize the combination C2 as B = 2D, M = N/4 and m = N/D
for larger values of N and D. The effect of increasing switch size alongwith the other
parameters is examined, using this generalized form of combination C'2. Figure 7.6
shows the packet loss probability with-increasing load for various sizes of switch. Figure
7.7 shows the packet loss probability with increasing switch size for various loading
conditions. The results show that the loss probability increases with the increase in
load for a particular switch size. We can also observe that the loss probability decreases
with increase in switch size at a given load. This indicates that the extent to which
contention occurs, reduces with increase in switch size. Since the amount of buffering
is proportional to switch size, the loss probability reduces as the switch size increases.

The explanation and the proof of this statement is well described in section 5.3.2.

The results for average delay are shown in Figure 7.8. It indicates that the delay
is more at higher load and it is obvious because of the presence of more number of
packets in the system at any instant of time. But there is not much effect of increasing
the switch size. This could be because of the increment in the available buffer space
and also the amount of traffic passing through switch, since both grow proportionally

with the switch size.
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7.3 Power Budget Analysis for Architecture Al

The presence of various optical components in the loop buffer memory module causes
signal power loss and addition of noise power. This will restrict the storage time (cir-
culation count) in the loop buffer because of the degradation in packet quality during
each circulation. Thus, we are required to calculate the number of maximum allowed
circulations (C) for a packet before its correct reception. In other words, the packets

cannot be retrieved after (C + 1) revolution because the value of BER would have

reached beyond the acceptable level.

The proposed switch is analyzed in terms of loss, power and noise by using the
model shown in Figure 7.2 and 7.3. This analysis is done for the architecture Al (Figure

7.1), where the size of both the section of Al are considered as N x N (i.e., symmetrical
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switch). Value and nomenclature of various parameters used in the following analysis,

are reported in Table 5.1.

7.3.1 Loss Analysis

The loss analysis has been divided into three parts according to the three sections of
Al (Figure 7.1). The input (scheduling) and output (switching) sections consist of a

space switch fabric, so the loss through them is defined as

Lyn = Lgs (7.3.1)

and

Low = Lss (7.3.2)

Loss through the buffer module for one circulation is obtained in terms of each compo-

nent loss.

LBM(l) — LTWCLComALBLSdBLDEMUX (733)

where Ay p is the loss through the recirculating loop which consists of 8 splices [55], and

is defined as

Arg = LsagLpemuxLrweLcomLisoLppr8LsLp (7.3.4)

The loss of the buffer module after *.J’ circulations will be,

Lpm(J) = LrweLcom(ALs)’ LsasLppmux (7.3.5)
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Thus the total loss through the switch architecture after J circulations,

L = Lz’nLBM(J)Lout (736)

7.3.2 Power Analysis

In this analysis, we have considered only a noiseless TWC, as we have seen in the earlier
chapters that a noisy TWC does not produce a significant effect. The input power is
defined as P,,(b) where b = 1 for bit ‘1’, and 0 for bit ‘0’. Thus the signal power after

one circulation, just before the 3dB coupler;is given by

Pub) = Pu(B)AL ARG A (G A DnyhtBed, (7.3.7)
where

A1 = Linlrwelcom (7.3.8)

Ay = LisolLppr3Llsly (7.3.9)

In the Equation 7.3.7, first term represents the signal power, and the second term is
ASE noise power added due to the EDFA [47]. Here, A; is the loss from switch input
up to the input of 3dB coupler, and A, is the loss in the last portion of loop i.e., after

EDFA up to the 3dB coupler input (Figure 7.3). Thus the power of bit ‘0" after J

circulations,

Pi(b) = Pu(b)A(Arp)’G7 + (G — D)nghvB, Ayl (7.3.10)
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where

1=Arp@ 2 (7.3.11)

o 71_<ALBG>J ALBG <1
J AppG =1

For SNR maximization, product of gain and loop loss must be equal to unity (A,pG =

1) [45], thus
Pi(b) = Pu(b)A1+ (G — D)ngyhvB,Asd (7.3.12)
Hence the power for bit ‘b” at the output of the switch, is given as,

P) = Pj(b)LaapLpemtix Lot (7.3.13)

7.3.3 Noise Analysis and Calculation

The noise analysis is similar to the one explained in Section 5.4.1.3 for feedback switch
architecture. The procedure for calculating the gain and length of EDFA is also same
as explained in Section 5.4.1.4. Depending upon those observations, the number of
maximum allowed circulations (C') is obtained (Table 7.2) at different power levels
(mW) with various sizes of switch (N) and number of buffer wavelength (B). The

value of C is the largest value of J for which BER < 1077,

This circulation limit will also affect the maximum buffering capacity for any par-
ticular output, as given in the scheduling algorithm section. Hence, the new condition
will become as x; < min(mB, C). The second condition of total buffering capacity will

still remain same i.e., > x; < mbB.
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N | B C C C C C C

at I1mW | at 2mW | at 4mW | at 6mW | at 8SmW | at 10mW
16 14 28 56 84 113 141
32| 4 11 22 44 67 &9 112
64 8 17 35 53 71 89
16 4 9 18 27 36 45
32| 8 3 7 14 21 28 35
64 2 5 11 17 22 28
16 1 2 5 8 11 14
32|12 1 2 4 6 9 11
64 0 1 3 5 7 9

Table 7.2: Number of maximum allowed circulations (C') for various sizes of switch (V)
and buffer wavelength (B) at different power levels (P) considering D = 4.

7.3.4 Simulation Results

The simulations are done using the scheduling algorithm and the results for ‘packet loss
probability’ and ‘average delay’ are obtained under various loading conditions. To keep
the switch size equal to NV x N, such values of m and B are chosen which will provide
minimum loss probability. For N.= 16 and D = 4 at P = 2mW, the loss probability
is minimum (8 x 107°) for m = 3 and B = 8 (Figure 7.9) whereas at P = 8mW,
minimum (2 x 107°) is obtained for m = 3 and B = 12. The later obtained loss
probability is 4 times lower than the earlier one but at the power level 4 times higher.
Thus, this advantage of lower loss probability will be overshadowed by the performance
degradation due to nonlinear effects in the fiber caused by such a higher power level.
The average delay is same at all power levels for B = 4 and 8 but, it increases with
power for B = 12 (Figure 7.10). Also, there is a sudden increase in the average delay
for m > 3. So, we have to consider the case of m = 3 as the optimal choice for 16 x 16
switch, and will again analyze the switch to optimize the value of B for N = 16 and

D=4 at m=3.
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We observe in Figure 7.11 that as the signal power increases, the probability of
packet loss decreases due to the increment in C' with power. The switch parameters are
considered as N = 16, M = 4, m = 3 and D = 4. The maximum buffering capacity
(m x B) for B = 8 is 24 while for B = 12, that will be 36. At lower power levels
and under lower loading conditions, B = 8 gives better results as compared to B = 12
(Figure 7.11) because of the larger number of maximum allowed circulations for B = 8.
But, at higher powers and under lower loading conditions, B = 12 gives better results
as compared to B = 8. The reason is that the number of maximum allowed circulations
in case of B = 12 is as good in number as achieved with B = 8 at lower power levels
(Table 7.2). Also at higher powers, the larger number of maximum allowed circulations
for B = 8 does not give any advantage because the maximum circulations count is
limited by the available buffer capacity and net by the circulation limit. Under higher

loading, the loss probability is very large for both cases.
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0.6 0.7 0.5 09 1
Load an the system

Figure 7.11: Probability of packet loss for various power levels at D = 4.
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The average delay for B = 8 is nearly equal at all power levels under moderate
loading conditions (Figure 7.12). The average delay for B = 12 increases with higher
power levels due to more utilization of buffering capacity while at lower power levels,

the average delay is very small and nearly constant under various loading conditions.

On the basis of above results, one may deduce that B = 12 should be favored over
B = 8 because it provides better loss probability. But the main disadvantage of B = 12
is that the recirculating loop for this case will use larger size of DEMUX/Combiner
and more number of TWCs. Also, the EDFA used in this case needs to have a higher
gain. Another important issue is that, although the B = 12 provides better results at
higher power levels (Figure 7.11), but working at such a high power level will induce
the nonlinear effects into the signal. Hence, the loop buffer of capacity B = 8, will be a

better choice. Thus the optimal choice for N =16is D=4, B=8 m=3& M = 4.
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Figure 7.12: Average delay (slot count) for various power levels at D = 4.
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7.4 Description of the Architectures A2 and A3

The architectures A2 and A3 are shown in Figure 7.13 and 7.14 respectively. Both of
these architectures use same buffer module as shown in Figure 7.15. In the architecture
A2 the scheduling stage is made of a space switch, and its size is same as of Al (i.e.,
N x K) while the switching section is made of an AWG of size N x N. In the architecture
A3, both of the scheduling and switching stages are made by AWGs of size N x K and
N x N respectively. The architecture of the loop buffer module for A2 and A3 (Figure
7.15) will remain nearly the same as the one used in Al (Figure 7.2). The working of
switches A2 and A3, and the corresponding buffer modules will also remain same as of
Al. The only difference is that the DEMUX at the output of buffer module of Al will
be replaced by a BPF for A2-and A3. The wavelength range of this BPF is chosen to
be different from the range of buffer wavelengths, to prevent the direct transfer of input

packets bypassing the recirculating loop-
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Figure 7.13: Switch Architecture - A2
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The buffer module for A2 and A3 uses (B + N) wavelengths. Here, N is the
number of wavelengths used for reading out the packets from the loop buffer. Due to
the wavelength dependent self-routing nature of AWG, the extra TWCs are introduced
at the input of AWG. These TWCs are placed at every input of scheduling stage in A3,
and in the direct path of A2 and A3. These TWCs are used to tune the incoming signal

at the appropriate wavelength depending upon its destination.

7.5 Comparison among three architectures

The asymmetric space switch of size N x K (where K > N) has been demonstrated
and is being used in various studies of switch architecture [28], while the asymmetric
AWG have not been used in any study sofar. Thus the availability of asymmetric AWG
is assumed in the architecture A2 and A3, as they may become practically feasible in
near future. But, in such circumstances where K > N for the current use, we can use
the AWG of size K x K and leave K — N inputs free, in order to analyze the behavior

of the switch architecture.

7.5.1 Link Loss Analysis

The maximum physical loss attained by any packet while passing through the architec-
tures A1, A2 and A3 are obtained by adding the loss (in dB) through each component.

The maximum loss for these architectures are

Lar = Lgs+ Lrwe + Leom + Lpp + Lsap + Lppumux + Lss (7.5.14)
Las = Lss+ Lrwe + Leom + L+ Lsag + Lpr + Lawa (7.5.15)

Las = Lywe + Lawe + Lrwe + Leom + Lig + Laap + Lppr + Lawe (7.5.16)
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Here, L p is loss through the recirculating loop and is defined as

Lip = Lsip+ Lpeymux + Lrwe + Leom + Liso + Lppr (7.5.17)

The path loss for any packet passing through the switch and the loop buffer module
is calculated for all the three architectures using the combination C'2 at N = 16 and
D = 4. These losses are

L1 = 36.45dB,

Lo = 35.45d B, and

L s = 36.95dB.
These values are obtained by using the values of parameters, given in Table 5.1. In
the above calculations, we have considered only single revolution for a packet in the
recirculating loop i.e., if any packet performs more number of circulations then its loss
will be more. These results indicate that physical loss remains nearly the same for a
packet passing through any of the three architectures. Thus the selection of the suitable
architecture depends on the controlling ability of the system as well as on the system

requirements.

7.5.2 Control Complexity

There will not be any difference in the performance of all the architectures in terms of
packet loss probability and average delay, because the same scheduling algorithm will
be used for each case. But the implementations of these architectures require a specific

set of components for their optimal operation.

The architecture Al consists of space switch fabric at both stages i.e., at scheduling

as well as switching stage, hence their control complexity is high. The architecture A2
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uses AWG at switching stage while A3 uses AWG at both ends in place of space switch
fabrics. There is no requirement of control of AWG due to its wavelength-specific self-
routing nature. But this advantage will be countered by the presence of TWC at input

ports of AWG because these TWCs also require controlling.

7.6 Summary

In this chapter we have presented three architectures having different types of scheduling
and switching sections. We have compared the three architectures in terms of link loss
and EDFA gain. We have also optimized the buffer parameters for better loss probability
and average delay. It was found that the final three combinations of parameters are

comparable among each other, and can be used accordingly.

The architecture (A1) is analyzed mathematically and found that the effect of noise
imposes a limitation on the number of maximum allowed circulations for a packet in the
loop buffer. Also by making an optimal choice of number of buffer modules and buffering
capacity, one can obtain a better loss probability at a reasonable delay for various sizes
of the switch. The optimal values for switch of size N = 16 are B = 8, m = 3 and
M = 4 in case of symmetrical switch. This switch architecture is scalable but the main
constraint is the requirement of a large number of optical components. We have not
discussed the power budget analysis for architectures A2 and A3 because the analysis
and calculation procedures will remain same as for Al. The only change will occur
in the final values of maximum allowed circulations, since each of these architectures

incorporates different optical components.



Chapter 8

A comparative analysis of Optical
Packet Switch Architectures for
Optical Cost and Bursty Traffic

In this chapter, we present the comparative analysis of various optical packet switch
architectures!. The comparison is done on the basis of optical cost of these switch
architecture and their performance for bursty traffic. The architectures chosen for the
analysis have already been discussed in the earlier chapters. This chapter should be

considered as the cumulative extension of the previous ones.

8.1 Switch Architectures - an overview

The architectures chosen for comparison, are the Staggering Switch [28], its modified
version (Chapter 3) [58], feedback shared buffer switch architecture (Chapter 5) [62] and
feed-forward shared buffer switch (Chapter 7) [60]. These architectures are referred as

Al, A2, A3 and A4 respectively in the following text. These are shown in Figures 8.1 to

L«Optical Packet Switch Architectures: A comparative analysis for Bursty Traffic and Optical Cost,”
Fiber and Integrated Optics, (accepted for Nov/Dec’ 2007 Issue).
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8.4. All of these are examples of “almost-all” optical packet switches incorporating fiber
delay lines for contention resolution. These architectures extract the header information
from the packets, process it electronically, and route the packets following the scheduling
algorithm defined for the respective architectures. The details of these architectures
have already been given in the respective chapters. Here, we will present only the
comparative analysis. We are using the notations ‘S’ and ‘R’ instead of ‘m’ and ‘I’
respectively for Al and A2, as used in Chapter 3. This is done to avoid the confusion,

because the notations ‘m’ and ‘D’ are also being used for A3 and A4.

We will first compute the optical cost of the above mentioned four architectures.
Then, depending upon the similar range of optical cost, the performance of these archi-

tectures will be compared for bursty traffie.

& i
1 |
O | ] we e | gt WL Ly
. ! — R |_"-"I_t_"-"
Seheduling | | ™ E Switching
Stage : ; i Stage
NXS s—p-C1»] SXN
: g
Column 1 Column §

[ - one packet deday line

Figure 8.1: Switch Architecture - A1.

8.2 Optical cost analysis

The cost estimation for any switch architecture consists of investigation of optical cost
as well as electronic cost [9]. The optical cost estimation deals with the count of optical
components used to build that architecture, whereas the electronic cost is obtained by

counting the number of optical-electronic-optical (OEQO) conversion circuits used for



8.2 Optical cost analysis 141

4 b
g I | ees | | ! I
T Jeee [T }»
Scheduling | ! Switching
Stage I *. : Stage
I
(VRN | = e S
I
: o T
]
cofumn 1 column s
Extra delay
lines, R
Figure 8.2: Switch Architecture - A2.
1
m
*. Space Switch "
™ ™
(X2
1 b
Figure 8.3: Switch Architecture - A3.
Scheduling Direct Path Switching
section (Mo Delay) 1 Section
1 1
2
2 m 2
. M
M=K ExW
Space :l:ll 11 1 Space
Switch Ao L1 D awitch .
: [ o] .
. I
L ]
9| [ |- M
Buffer module

Figure 8.4: Switch Architecture - A4.



8.2 Optical cost analysis 142

header reading. The architectures considered here use various techniques to resolve
the contention among the packets and hence, they incorporate different sets of optical
components. In this chapter, we compare only their optical costs because the header
reading process is assumed to be the same for each architecture. Thus, their electronic

cost will also remain same.

The optical cost of a switch architecture is calculated by adding the optical cost
of individual optical components used in that architecture. The optical cost of individ-
ual optical components is obtained by counting the number of fiber-to-chip couplings
(FCC) [9]. The FCC is the number of interconnections to the outer world through that
component. The counting of optical components in the switch architecture is started
from the switch input. The number of each component is multiplied by the respective
number of FCCs as given in Table 8.1, and then the optical cost of the whole switch is

calculated by adding them.

Function Description Number of FCC
Cp(W) Demultiplexer (W channels) W41
Cr(W) TWC (W wavelength) W41
Ceom(W) Combiner (W x 1) W+ 1
Cswiten (I, O) | Switch (I/O input/output ports) I+0

Camp Amplifier 2

Crso Isolator 2

Cppr Band Pass Filter 2

Cyp 3dB Coupler 4

Table 8.1: Optical cost function of the components

8.2.1 Estimation of Optical cost

In this section, we will compute the optical cost of each architecture, and then decide

which of these should be compared.



8.2 Optical cost analysis 143

8.2.1.1 Optical cost of architecture A1l

The optical cost for Al is calculated in term of FCCs as

CAl — CSCheduling sectz’on(N; S) + CSwitching section(S; N)

Since we are using the switch Al with NV = 16 and S = 16, then C4; will be calculated

from the parametric values of Table 8.1 as,

Cap — (N+S8)+(S+N) = 2N+25 — 64

8.2.1.2 Optical cost of architecture A2

The optical cost for A2 is calculated in term of FCCs as

CvA2 — CSCheduling section(N + R; S "} R) i CSwitching section(Sa N)

Using the parameters for Al alongwith R = 4, the optical cost for A2 is obtained as

Cao = (N+R+SH+R)+(S+N) = 2N+25+2R = 72

8.2.1.3 Optical cost of architecture A3

The optical cost for A3 is calculated in term of FCCs as

CAg — CSwitch(2N72N) +m X [D X CT(B) + CCom(D) + C?)dB + CD(B)
+ B x CT(D) + CCom(B) + CAmp + CISO + CD(D)]
— @N 2N tmx[Dx (B D)+ (D11)+4+ (Br1)

FBxD+ 1)+ (B+1)+2+2+(D+1)
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We are using the switch A3 of N = 16 with m =4, B =8 and D = 4. Thus the optical

cost of A3 is

Cas = AN +mx [2BD +3D +3B+12] = 512

8.2.1.4 Optical cost of architecture A4

The optical cost for A4 is calculated in term of FCCs as

Car = Cswiten (N, K)+m x [D x Cp(B) 4+ Coom(D) + Cagp + Cp(B)
+ B x Cp (D)t Coon(B) + Camp + Crso + Cepr + Cp(D)]
+ Cowiten{ K;:V)
— (N+EK)+mx [DX(BY D H(D+1)+4+ (B+1)

FBX (DA +(BY Ly F24242+(D+ 1)+ (K +N)

We are using the switch A4 of N =16 with m =4, B=8, D=4 and M = 16. We
have considered M = 16 for A4 to make it equivalent to the lower N output ports of
A3 for direct transfer of packets without being stored. Since K = M +m x D = 32, the
effective size of the scheduling and switching stages of A4 will be 16 x 32 and 32 x 16

respectively. Thus the optical cost of A4 is

Cay = 2N +2K +mx [2BD +3D + 3B+ 14] = 552

We found that the optical costs of Al and A2 are nearly equal, so they are comparable.
Similarly, the optical costs of A3 and A4 are in same range, so they are also comparable.
While, the optical costs of A3 and A4 are much greater than that of Al and A2, so the

comparison between them is not justified.
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8.3 Bursty traffic analysis

Bursty traffic is more realistic, and has been considered for comparing the switch per-
formance. For this analysis, we have considered two-states Markov chain model to
describe the behavior of bursty data. Further, the traffic is assumed to be uniformly
distributed in terms of destination. The architectures A1, A2, A3 and A4 are simulated
and analyzed for bursty traffic arrival to obtain packet loss probability and average

delay.

8.3.1 Bursty traffic model

The traffic on each input will-be composed of bursts of packets destined to the same
output. These bursts are followed by an idle period which can also be of length zero,
where the new burst will be adjacent to the older one i.e., two back to back bursts

(Figure 8.5). The bursty traffic is characterized by two parameters:

1. average offered traffic load (p), and

2. average burst length (BL).

Time correlation of traffic on each input can be modelled by the Markov chain as shown
in Figure 8.6. The chain is composed of two states: idle state (0) or burst state (j).
The system will be in the idle state when no packet arrives in the current slot. Also,
no packet will arrive in the next slot with probability F,. Thus, a new burst will begin
with probability (1 — F,) and the system will be transferred to the burst state ‘j” where
j is the destination. We have assumed that j can choose any integral value between 1

to N with equal probability for an N x N switch. The next arrival will be either the
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Figure 8.5: Packet sequencing for bursty traffic
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Figure 8.6: Markov chain model for bursty traffic

part of existing burst with probability F, (i.e., destined to the same destination) or the
burst will terminate with probability (1 — £,). The termination of the burst can occur

in two ways.

1. Either a new burst will start for another destination. This transfers the system to
a new bursty state with different value of j. The choice of another destination is
equiprobable. The probability of going to this state from the existing burst state
will be (1 — Fy) x (1 — F,).

2. Or, the transition to idle state with probability (1 — B,) x P,.
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The steady state equation for this Markov chain (Figure 8.6) can be written in terms

of steady state probabilities as,

{ufh>u_g@%gpfﬁ{?}{?} (8.3.1)

Here, 7 is the steady state probability of the system being in any one of states j i.e.,

N
=YW (8.3.2)
j=1

Further, using the property that summation of all the state probabilities of any Markov

chain is equal to unity i.e.,
TotT = 1, (8.3.3)

By solving Equations 8.3.1 and 8.3.3, we get the steady state probabilities in term of

P, and Py, as
P,(1—-F)
™0 1_7% (834)
and
(1 B Pa)
T (8.3.5)

The average offered traffic load p will be equal to the fraction of the time the system is

not in the idle state i.e.,

(8.3.6)
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The probability of burst length being £ is
Pk) = (1-P)PF, k>1 (8.3.7)

Hence the average burst length is

BL = > kP(k) = 1—1Pb' (8.3.8)
k=1

Considering some fixed value of p and Bl in Equations 8.3.6 and 8.3.8 respectively, the
value of P, and F, can be calculated. This analysis is used to simulate the performance
of various switch architectures (Figure 8.1 to 8.4) under bursty traffic conditions. The

results are analyzed and plotted in the following section.

8.3.2 Performance evaluation and Results

According to the results of optical cost analysis, we will compare Al with A2, and A3

with A4, with respect to the performance under bursty traffic.

8.3.2.1 Comparison of A1 and A2

The simulation results for packet loss probability and average delay for the architecture
Al of size N =4, S = 4 have been obtained under the bursty traffic arrival pattern of
various burst lengths. The effect of increasing the number of extra delay lines (R) for
A2 on these results are shown in Figure 8.7 and 8.8. The loss probability is better for
R = 4 as compared to R = 0 when the length of bursty traffic (BL) is increased from
1 to 5. Also, the effect of increasing R is more pronounced for smaller lengths of burst

(Figure 8.7). It should be remembered that when R = 0, the architecture A2 becomes
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similar to Al. The average delay for a packet in A2 is more for large burst lengths on
all the loads (Figure 8.8). But for smaller burst lengths and lower loads, the average
delay in A2 is same as in Al. These results are expected because the packets, arriving

in the form of burst, have to wait for longer duration before being serviced.

The effect of various combination of S and R at a particular burst length of BL = 2
and switch of size N = 4 are shown in Figure 8.9 and 8.10. The loss probability is
comparable for (S, R) = (4,2) and (6,0) while the results are better for the case of
(S, R) = (4,4) as compared to (6,0). The average delay variation for (S, R) = (6,0) lies
between (S, R) = (4,2) and (4,4). The reason behind getting these results is related to

the effective buffer utilization, and has been already discussed in the section 3.3.1.
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Figure 8.7: Loss probability for various length of bursty traffic applied on switch of
N =4 and S = 4. Al is represented by R = 0 while R = 4 is used for A2
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Figure 8.10: Comparison of Average delay using various combination of S & R for
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8.3.2.2 Comparison of A3 and A4

The bursty traffic analysis for A3 and A4 is done for same buffering capacity with
N =16, m =4, B =8 and M = 16. We have considered M = 16 for A4 as it is
equivalent to the lower N output ports of A3 for direct transfer. The loss probabilities
(Figure 8.11) and the average delay (Figure 8.12) are better for A3 as compared to A4
under all the considered burst lengths. Usually, the average delay increases when loss
probability is reduced by increasing the resources, but this is not happening with A3.
It implies that A3 is effectively utilizing the available buffering capacity while A4 is not

doing so.
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Figure 8.11: Loss probability for Feedback switch {A3) and Feed-forward switch (A4).
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8.4 Summary

The modified staggering switch is advantageous over the original one, in terms of loss
probability under bursty traffic. The optical cost of A2 is also not much greater than
that of Al.

The feed-forward switch A4 effectively uses the principle of staggering switch Al
and in addition, it applies the WDM technique to store the packets in the recirculating
loop. Due to their much higher optical cost, A3 and A4 are not compared with A1 and
A2. Also, the FIFO discipline cannot be maintained in Al and A2 while A3 and A4

maintain it.

The architecture A3 utilizes WDM loop ‘buffer modules in feedback configuration
for data storage while the architecture A4 utilizes WDM loop buffer modules in feed-
forward configuration. The optical cost of A3 is much higher but still comparatively
less than A4, and so A3 is compared with A4. The feedback switch is advantageous
over feed-forward in term of loss probability and average delay under bursty traffic due
to its more effective use of buffers. Hence we can conclude that the feedback shared
buffer switch architecture (A3) is best option among all the compared architectures in

this chapter.



Chapter 9

Conclusions and Scope for Future
Work

The general conclusions drawn from the studies of the switch architectures presented in
this thesis are presented in this chapter. While analyzing the work, some new problems

have been identified which have been mentioned as the possibility for future work.

9.1 Conclusions

The general conclusions of the thesis are as follows. All optical switches (that do not
perform deflection in space or wavelength domains) require optical buffers for storage
of those packets which are going to be lost, and thus improve the loss probability
performance. Fiber delay lines are a viable option for implementing optical buffers.
The length of these delay lines is generally considered to be equal to one time slot or
one packet length. We have observed a trade-off between loss probability and average

delay in all the architectures.

We have proposed addition of extra delay lines to the Staggering Switch architec-
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ture. It does not affect the cost of the architecture greatly. Further, this slight increase
in cost is overshadowed by the performance improvement in terms of lower probability of
packet loss. In the Data Vortex switch architecture, a modification has been suggested

which improves the performance while retaining the switch scalability.

In all the proposed loop buffer based architectures, the application of modular
structure reduces the need of a large range of wavelengths because the same set of
wavelengths is used in all the buffer modules. The multiple loop buffer modules act
together as one single fully shared buffer. The use of loop buffer module is a better
choice because it provides WDM shared buffering, and its capacity can be increased

without changing the actual size of the switch architecture.

The presence of various-optical components in the loop buffer generates several
noise components. This imposes a limit on the number of maximum allowed circula-
tions. Using the power budget analysis; the recirculation limits were computed. This
circulation limit is then used to obtain the packet loss probability as well as the av-
erage delay through the switch using simulations. These simulation results have been
validated by comparing them with the mathematical results. Then, these results have
been used to gain the understanding of the proposed optical packet switch architectures’
performance. All the switch architectures discussed here perform well under uniform

random traffic as well as the bursty traffic conditions.

In all the proposed architectures, we have considered the single switch network
which implies that the fresh data is generated at the switch input and received at the
switch output. In a network where many such switches will be cascaded, packet may go
through different amount of circulations in different switches. The packet will be passed

through similar core switches many times (i.e., whenever it moves from one switch to
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other). Further, the links between these switches will also attenuate the signal. Thus,
the signal will have to suffer loss from the additional core switches and the fiber links.
Hence, the number of maximum allowed circulations will be decreased and will depend
on history of the packet. The history of a packet will refer to the number of circulations
already done at the previous nodes, before reaching any particular node. So, the total
amount of circulations a packet performs in all the switches have to be less than the
number of maximum allowed circulations in case of a single switch network. In order
to simplify and to focus only on the single switch performance, we have taken this

maximum limit.

9.2 Scope for Future Work

During the course of this work, we have identified some problems which need further

investigations.

1. Performance analysis of the switches, under more realistic traffic (e.g., Pareto),
should be done. The effective utilization of buffer need to be investigated. The
lessons learned from these investigations may be used for better design of switch

architectures [27, 67].

2. Analyses of these architectures when variable length packets are used needs to be
done. The investigations will provide insight in deciding the optimal length of the
loop buffer [10].

3. The performance of the network built by cascading several such switches needs
to be evaluated. The current thesis assumes single node network. This also

needs a framework where link degradation and switch degradation needs to be
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characterized in terms of equivalent number of recirculations.

4. The degradation in the signal quality may demand for the regeneration of a sig-
nal. When different kind of regenerations are used, one needs to understand the

limitations of networks having all optical packet switches.
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