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Abstract

In this thesis, an optical MPLS network using OOC as label has been proposed
with the architecture of core router based on all-optical code conversion. The
fundamental limits on scalability of the proposed core router, including the label
capacity and the switch cascadability, have been investigated with derived closed-

form solutions.

The first part of the thesis presents the detail of implementing the all-optical
OMPLS core router. It has a four-stage architecture: decoder, threshold device,

optical space switch and encoder.

The second part of the thesis investigates the scalability of the photonic OOC-
based MPLS network. For the proposed core router, the cascadability could be
degraded by the non-ideal performance of the optical space switch and the TGIT
device. For example, the finite crosstalk suppression ratio {e€) of the optical space
switch induces inter-channel coherent and incoherent crosstalk, and the limited
on/off ratio («) of the TGIT device induces the residue intensity of MAI and
sidelobes. In this part, the detrimental effects of the finite crosstalk suppression ratio
(f) of the optical space switch and the limited on/off ratio (a) of the TGIT device
are investigated. By the criteria of 1-dB power-penalty and 5% residue intensity, the
numerical simulations show that the network can support up to 20 consecutive nodes

for 64-label (8-wavelength, 8-code) switch fabric with 45-dB crosstalk suppression.
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On Architecture and Scalability of Chapter
Optical Multi-Protocol Label Switching (MPLS) Networks
Using Optical-Orthogonal-Code (OOC) Label

Chapter 1

Introduction

1.1 Multi-Protocol Label Switching (MPLS) Technology

The continuous explosive growth in Internet traffic has triggered a surge in
bandwidth requirement, both in long haul network and in metro/access network.
With the huge capacity of optical fiber, emerging wavelength-division-multiplexing
(WDM) technology can meet this bandwidth requirement. Proposed as a means to
dramatically increase the transmission capacity in a single fiber originally, WDM
network designs have been evolved to include other desirable features, such as,
protocol transparency, dynamic reconfigurability, and improved survivability [1-

5,10], outperforming the traditional SDH/SONET networks.

Meanwhile, there are several major trends in designing a robot WDM network.
These are: (1) Dynamic bandwidth/wavelength provisioning ; (2) Interoperability
between vendors/service providers; (3) Intelligent optical routing/signaling; (4)
Rings to mesh architecture; (5) Ultra long distance transmission line and (6) collapse
of protocol stack. Among them, the most important is that emerging WDM networks
need to support intelligent optical routing and switching. For this purpose, efficient

routing can be achieved by collapsing of the protocol stacks [6].

As shown figure 1.1(a), traditionally, network designers incorporate several
standard layers (IP over ATM over SONET/SDH over Optical) to implement optical
systems. Collapse of these layers can enhance WDM network to provide protocol
transparency, dynamic recofigurability and improved survivability. In Figure 1.1’
two alternative approaches based on multi-protocol label switching (MPLS)

technology are proposed for the collapse of protocol stacks.

Figure 1.1(b) shows the layer stack of the first one using the combination of IP and
MPLS over optical layer. The combination of IP and MPLS over optical layer
promises interoperability and End-to-End QoS, and the optical layer provides high

Lightwave Communications Lab 1lg
The Chinese University of Hong Kong
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capacity transport, reliable transport and bandwidth management. Based on current
technology, routers based on Internet Protocol/multi-protocol label switching
(IP/MPLS) are now reaching capacities in the sub-terabit-per-second throughput
range, with 10 Gb/s line cards. To reach multi-terabits-per-second throughputs,
massive parallelism and complex interconnection are proposed. Although probably
feasible in the medium term as claimed by several vendors for a third generation of
router [6], they are not likely to drive the cost down significantly. However, this
approach has the advantage of being completely IP-driven, and therefore obviously
compatible with traffic engineering and distributed management techniques

developed for IP networks.

The other approach shown in Figure 1.1(c) incorporates MPLS in optical layer,
and provides OMPLS interface for upper layer, such as, IP layer. For this approach,
the optical layer can be partitioned into two basic components: (1) optical switches
for direct cross-connection of optical channels without electrical demultiplexing, and
(2) MPLS-based control plane, for enhanced management flexibility. This scheme
has great potential as it makes simplified forwarding and all-optical label swapping
possible. Moreover, application of OMPLS techniques, which allows transport of IP
over service-sensitive lower-layer technologies and switching of MPLS on top of
optical crossconnects for dynamic resource allocation, provides some flexibility and
agility in the redistribution of resources along the network. Thus, it performs better in
coping with the massive traffic pattern variations that core networks experience over

long periods of time.

To accommodate data traffic in WDM packet-based network, slim protocol stacks
with flexible bandwidth-on-demand and dynamic reconfigurability features are
designed [7]. In these designs, the second approach (optical multi-protocol label
switching (OMPLS) technique) is employed to allow efficient packet forwarding
while decoupling the packet routing and forwarding operations to support multiple-
routing services [8]. OMPLS also extends beyond the traditional IP forwarding

function, and has many advantages including simplified forwarding, efficient explicit

Lightwave Communications Lab 1 g
The Chinese University of Hong Kong
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routing, traffic engineering and QoS routing. Most likely, OMPLS will be used as a
unifying network management and traffic engineering protocol for a variety of
transport systems, thus also extended as Generalized Multi-Protocol Label Switching

(GMPLS) [9].

HHHHHIIAMNN ABIfIHITTIIHAY A"KHWIiUAMY
(a) (b) (©)

Figure 1.1 Protocol stack solutions for transport of IP-over-WDM networks, (a)

Traditional approach, (b) IP/MPLS approach, and (c) IP over OMPLS approach.

Lightwave Communications Lab 1 g
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1.2 Objective of this Thesis

The architecture issues and the scalability of optical multiprotocol label switching
(OMPLS) networks using optical orthogonal codes (OOC) as labels are investigated
in this thesis. The thesis is organized as follows.

Chapter 1: Introduction

This chapter describes some network trends that meet the rapid growth of the
bandwidth requirement. The promising trend is the collapse of stacks. There are two
approaches to incorporate optical layer and MPLS into WDM networks for

intelligent optical routing/signaling: IP/MPLS and IP-over-OMPLS.
Chapter 2: Optical MPLS Network and Optical Label Schemes

This chapter describes a generic photonic MPLS network and its layer
infrastructure. With this infrastructure, an overview of four primary optical MPLS
technologies is given in this chapter. These are (1) time-division label scheme, (2)
wavelength-division label scheme, (3) frequency-division label scheme and (4) code-

division label scheme.

Chapter 3: Architecture of OOC-based OMPLS network

The architecture issues of the generic OOC OMPLS network are described in this
chapter. First, the fundamental idea of OOC OMPLS is given. Then, we will focus
on the most important component of this network, a four-stage code converter for
core router. Finally, the various implementations of every individual stage of the
code converter are outlined and compared. There are encoders/decoders, threshold

device and optical space switch fabric.

Chapter 4: Scalability of OOC-based OMPLS network

The fundamental limits on the scalability of optical multi-protocol label switching
(OMPLS) networks using optical orthogonal codes (OOC) as labels are investigated
in this chapter. Based on the proposed four-stage architecture of the optical core

router, closed-form results for the label switching capacity and the network

Lightwave Communications Lab 1 g
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cascadability are derived. Originated from the intrinsic uni-polar property of OOC,
the multi-access interference (MAI) results in a code conversion error rate (CCER)
floor for the scheme. Accordingly, the label switching capacity, i. e. > the maximum
number of supportable code channels per wavelength, is determined by the
acceptable CCER floor. Inter-channel crosstalks due to the finite crosstalk
suppression ratio of the optical space switch, and the residual intensity of the
sidelobes from the decoder due to the limited on/off ratio of the threshold device are
also analyzed, and their impacts on cascadability are manifested by closed-from
expressions. By the criteria of 1-dB power-penalty and 5% residue intensity, our
numerical simulations show that the network can support up to 20 consecutive nodes

for 64-label (8-wavelength, 8-code) switch fabric with 45-dB crosstalk suppression.

Chapter 5: Conclusion

This chapter summarizes the thesis and points out possible future work.

1.3 Reference
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Chapter 1

Introduction

1.1 Multi-Protocol Label Switching (MPLS) Technology

The continuous explosive growth in Internet traffic has triggered a surge in
bandwidth requirement, both in long haul network and in metro/access network.
With the huge capacity of optical fiber, emerging wavelength-division-multiplexing
(WDM) technology can meet this bandwidth requirement. Proposed as a means to
dramatically increase the transmission capacity in a single fiber originally, WDM
network designs have been evolved to include other desirable features, such as,
protocol transparency, dynamic reconfigurability, and improved survivability [1-

5,10], outperforming the traditional SDH/SONET networks.

Meanwhile, there are several major trends in designing a robot WDM network.
These are: (1) Dynamic bandwidth/wavelength provisioning ; (2) Interoperability
between vendors/service providers; (3) Intelligent optical routing/signaling; (4)
Rings to mesh architecture; (5) Ultra long distance transmission line and (6) collapse
of protocol stack. Among them, the most important is that emerging WDM networks
need to support intelligent optical routing and switching. For this purpose, efficient

routing can be achieved by collapsing of the protocol stacks [6].

As shown figure 1.1(a), traditionally, network designers incorporate several
standard layers (IP over ATM over SONET/SDH over Optical) to implement optical
systems. Collapse of these layers can enhance WDM network to provide protocol
transparency, dynamic recofigurability and improved survivability. In Figure 11>
two alternative approaches based on multi-protocol label switching (MPLS)

technology are proposed for the collapse of protocol stacks.

Figure 1.1(b) shows the layer stack of the first one using the combination of IP and
MPLS over optical layer. The combination of IP and MPLS over optical layer
promises interoperability and End-to-End QoS, and the optical layer provides high

Lightwave Communications Lab lg
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capacity transport, reliable transport and bandwidth management. Based on current
technology, routers based on Internet Protocol/multi-protocol label switching
(IP/MPLS) are now reaching capacities in the sub-terabit-per-second throughput
range, with 10 Gb/s line cards. To reach multi-terabits-per-second throughputs,
massive parallelism and complex interconnection are proposed. Although probably
feasible in the medium term as claimed by several vendors for a third generation of
router [6], they are not likely to drive the cost down significantly. However, this
approach has the advantage of being completely IP-driven, and therefore obviously
compatible with traffic engineering and distributed management techniques

developed for IP networks.

The other approach shown in Figure 1.1(c) incorporates MPLS in optical layer,
and provides OMPLS interface for upper layer, such as, IP layer. For this approach,
the optical layer can be partitioned into two basic components: (1) optical switches
for direct cross-connection of optical channels without electrical demultiplexing, and
(2) MPLS-based control plane, for enhanced management flexibility. This scheme
has great potential as it makes simplified forwarding and all-optical label swapping
possible. Moreover, application of OMPLS techniques, which allows transport of IP
over service-sensitive lower-layer technologies and switching of MPLS on top of
optical crossconnects for dynamic resource allocation, provides some flexibility and
agility in the redistribution of resources along the network. Thus, it performs better in
coping with the massive traffic pattern variations that core networks experience over

long periods of time.

To accommodate data traffic in WDM packet-based network, slim protocol stacks
with flexible bandwidth-on-demand and dynamic reconfigurability features are
designed [7]. In these designs, the second approach (optical multi-protocol label
switching (OMPLS) technique) is employed to allow efficient packet forwarding
while decoupling the packet routing and forwarding operations to support multiple-
routing services [8]. OMPLS also extends beyond the traditional IP forwarding

function, and has many advantages including simplified forwarding, efficient explicit
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routing, traffic engineering and QoS routing. Most likely, OMPLS will be used as a
unifying network management and traffic engineering protocol for a variety of
transport systems, thus also extended as Generalized Multi-Protocol Label Switching

(GMPLS) [9].

E|
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O (b) (©
Figure 1.1 Protocol stack solutions for transport of IP-over-WDM networks, (a)

Traditional approach, (b) IP/MPLS approach, and (c) IP over OMPLS approach.
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1.2 Objective of this Thesis

The architecture issues and the scalability of optical multiprotocol label switching
(OMPLYS) networks using optical orthogonal codes (OOC) as labels are investigated
in this thesis. The thesis is organized as follows.

Chapter 1: Introduction

This chapter describes some network trends that meet the rapid growth of the
bandwidth requirement. The promising trend is the collapse of stacks. There are two
approaches to incorporate optical layer and MPLS into WDM networks for

intelligent optical routing/signaling: IP/MPLS and IP-over-OMPLS.
Chapter 2: Optical MPLS Network and Optical Label Schemes

This chapter describes a generic photonic MPLS network and its layer
infrastructure. With this infrastructure, an overview of four primary optical MPLS
technologies is given in this chapter. These are (1) time-division label scheme, (2)
wavelength-division label scheme, (3) frequency-division label scheme and (4) code-

division label scheme.

Chapter 3: Architecture of OOC-based OMPLS network

The architecture issues of the generic OOC OMPLS network are described in this
chapter. First, the fundamental idea of OOC OMPLS is given. Then, we will focus
on the most important component of this network, a four-stage code converter for
core router. Finally, the various implementations of every individual stage of the
code converter are outlined and compared. There are encoders/decoders, threshold

device and optical space switch fabric.

Chapter 4: Scalability of OOC-based OMPLS network

The fundamental limits on the scalability of optical multi-protocol label switching
(OMPLS) networks using optical orthogonal codes (OOC) as labels are investigated
in this chapter. Based on the proposed four-stage architecture of the optical core

router, closed-form results for the label switching capacity and the network
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cascadability are derived. Originated from the intrinsic uni-polar property of OOC,
the multi-access interference (MAI) results in a code conversion error rate (CCER)
floor for the scheme. Accordingly, the label switching capacity, i. e. - the maximum
number of supportable code channels per wavelength, is determined by the
acceptable CCER floor. Inter-channel crosstalks due to the finite crosstalk
suppression ratio of the optical space switch, and the residual intensity of the
sidelobes from the decoder due to the limited on/off ratio of the threshold device are
also analyzed, and their impacts on cascadability are manifested by closed-from
expressions. By the criteria of 1-dB power-penalty and 5% residue intensity, our
numerical simulations show that the network can support up to 20 consecutive nodes

for 64-label (8-wavelength, 8-code) switch fabric with 45-dB crosstalk suppression.
Chapter 5: Conclusion

This chapter summarizes the thesis and points out possible future work.
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Chapter 2

Optical MPLS Network and Optical Label Schemes

2.1 Optical MPLS Network

A generic optical MPLS network is shown in Figure 2.1. The source node A
generates IP packets, which are routed by conventional electronic routers (i.e. IP
routers) to an edge device (the ingress router) of the optical MPLS network. Labels
are encapsulated onto IP packets at the optical edge device located at the ingress
router. The optical core routers perform routing and forwarding by label swapping.
When packets leave the photonic MPLS network at another edge device (the egress
router), the egress router removes the labels and forwards the packets to its

destination.

Figure 2.2 shows the operation of network elements in the layer infrastructure of
the OMPLS network [1]. IP packets are generated at the electronic routing layer (IP
routers) and processed in an OMPLS adaptation layer that encapsulates IP packets
with an optical label without modifying the original packet structure. The adaptation
layer also converts the packet and label to a new wavelength specified by local
routing tables. An optical multiplexing layer multiplexes labeled packets onto a
shared fiber medium. Several optical multiplexing approaches may be used including
insertion directly onto an available WDM channel [2], packet compression through
optical time multiplexing or time interleaving through optical time division
multiplexing [3], and optical code-division multiplexing [4]. In the optical MPLS
network, core routers, which can be partitioned into two basic parts: control
component and forwarding component, perform routing and forwarding functions. In
the control component, the routing algorithm computes a new label and wavelength
from an internal routing table giving the current label and optical interface (including
current wavelength and fiber port). The routing tables (at egress and core routers) are

generated by mapping IP addresses into smaller pairs of labels and wavelengths and
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distributing them across the network via piggyback on top of routing protocols (e.g.
OSPF or PIM) or a separate protocol (e.g. Label Distribution Protocol)[5]. The
forwarding component has the responsibility of swapping the original label with the
new label and physically converting the labeled packet to the new wavelength. The
reverse process of optical demultiplexing, adaptation and electronic routing are

performed at the egress node.

JE _ nS
A Client A y
i m OMPLS CORE SWITCH e« A A
OMPLS EDGE SWITCH At
A router Client B

Figure 2.1 A generic Optical Multi-Protocol Label Switching (OMPLS)
network. The dash line shows the label switched path (LSP) that routes IP
packets from the source, through router, edge switch and core switch, to the

destination.
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Chapter 2

OMPLS Egress
W Interface Router

Electronic Routing Uver
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* Receive on
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OMPLS Adaptation Layer
*» Receive optical label
*Transmit on

Opticitl Multiplex Layer
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f

Figure 2.2 Layered routing and forwarding hierarchy and associated network

element connection diagram for a generic OMPLS network. (Adapted From Ref

[1])
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2.2 Optical Label Schemes

As shown in Figure 2.3, the label embedded in the IP packet could be
implemented by (a) time slot, (b) wavelength, (c) subcarrier or (d) code, and usually
denotes critical label-switched-path information such as the source and destination.

For optimum performance:

1. Optical label should not deprive much wavelength resources originally

dedicated for data channel;

2. Optical label swapping should be easily implemented, preferably in optical
domain;
3. Optical label should be immune to the accumulated distortions from

dispersion, timing jitter, and interference from other co-propagation labels.

Based on these criteria, there are four primary optical label schemes proposed
previously. As shown in Figure 2.3’ there are (1) time-division label scheme, (2)
wavelength-division label scheme, (3) frequency-division label scheme and (4) code-

division label scheme.
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Figure 2.3 The schemes of optical label technology: (a) Time-division Label, (b)
Wavelength-division label, (c) frequency-division label and (d) Code-division
label. Tp is the packet duration; /l,is the carrier of data, >~ 4] are for label,
different combinations of these carriers denote different labels;/d and/i are the rate
of data and label, fs is the subcarrier frequency; 71 and Tc are the duration of data

bit and code chip.
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2.2.1 Time-division OMPLS scheme

Figure 2.3(a) shows a schematic diagram of time-division OMPLS scheme. In this
label scheme, optical label is implemented by adding a routing header before the
payload in time domain. The bit rate of routing header is usually the same as or lower
than the data rate [6]. The former one avoids much buffering time for label
processing, but puts some challenges on the processing capacity of label processor.
Since the label rate is the same as the data rate, for the current transport networks, the
label processor must work at multi-Gbps rate to process label recovery, label
swapping and packet forwarding. The latter one processes label in a comparably
lower rate, but needs more buffering time for the fixed number of optical label bits.
Due to the mature electronics technologies (e.g. FPGA and ASIC) in lower

processing rate, this approach is preferable at current stage.

All-optical label processing (recovery, swapping and reinserting) is essentially
important for OMPLS networks. For time-division label scheme, traditional header
processor could be introduced for label processing. However, with the coherent
nature of optical routing label, label swapping can be realized by optical label
conversion with simple XOR gate [7]. Its operation principle is simple, just using
another sequence (swapping sequence) to change the old label via optical XOR
processing. In the following, its operational experiment was described according to

reference [7]\

Figure 2.4 shows a schematic diagram of the label-swapping scheme with the
interferometric XOR gate. At the input of the core switch, the optical signal in
incoming packets is split into two copies. One copy is forwarded to the switch
control component to perform label discovery and header clock recovery, both
necessary for any header modifications. In the control component, the swapping
sequence is located in the routing table according to the received old label and

optical interface. Then, the optical swapping sequence, modulated onto CW-light at a

‘To avoid redundant reference indication, we do not put quota number while presenting the
experimental setup and results.
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fixed internal wavelength AIt is coupled into one of the interferometer arms
(port #2), while the other copy of input packet at An is coupled into the other.
Meanwhile, CW-light at the desired output wavelength, Aout is coupled into port #3.
Due to cross-phase modulation (XPM), the output packet at Aatcorresponds to the
logic XOR of the input packet and the swapping sequence, i.e., a ZERO bit in the
swapping sequence will leave the input data bit unchanged at the output, while a
ONE bit will reverse the bit of the input packet. One advantage of the scheme is that
it has no restriction on the payload data rate, since the time-slot corresponding to the
payload is kept to be ZERO bit, thus no effect on the original data payload.
Furthermore, 40-Gbit/s wavelength conversion has previously been performed in a

wavelength converter, indicating the high-speed potential of the scheme [7].

The experimental set-up implemented in [7] is shown in Figure 2.5, which is used
to investigate the XOR label-swapping scheme at 10 Gbit/s. In order to generate the
input packet sequence and the label swapping sequence economically, a 10-Gbit/s
RZ data signal containing the input packet sequence in tandem with a label swapping
sequence (A) is generated at 1538 nm. As shown in Figure 2.5, the signal is passively
split into two copies. After delaying one copy appropriately with respect to the other,
the swapping sequence is fed into one arm of the Michelson Interferometer (MI), while
the packet header is fed into the other arm. Meanwhile, another 1543 nm CW-light
source is coupled into the MI at port#3. Output from port #3 is the wavelength
converted output packet sequence (including untouched data payload and swapped
packet header). Finally, a BPF filter is used to selects the output packet sequence for

detection and error counting.

Experimental results (the measured input and output packet sequences) are shown
in Figure 2.6. The packet has a packet length of 123 bits, including a 23-bit header, a
7-bit guard band and a 93-bit payload. As expected, the input and output packet
sequences are identical in data payload, except that the bits in the header have been

altered by the label-swapping processing. In Figure 2.7 > the input header and partial

Lightwave Communications Lab lg
The Chinese University of Hong Kong



On Architecture and Scalability of Chapter 2
Optical Multi-Protocol Label Switching (MPLS) Networks
Using Optical-Orthogonal-Code (OOC) Label

payload along with the corresponding label swapping sequence and output header are
enlarged to verify the label-swapping processing. As shown in the output packet, the

old header has been changed to the new header by XOR processing with the swapping

sequence.
payload header , @
~N MN IWC payload header
— 1ttt M”MaK) [pJmnut
Swapping AN S i Output packet
% sequence on g ! g N
— CW-light
y
's-) Switch management laser p%

Figure 2.4 Schematic of practical implementation of label swapping scheme.

MOD: modulator. (Adapted from Ref [7])

input packet . JVfichelson
H p-~i-p-, p-j interferometer
, rt* P Nl — circulator
10 Gbit/s I \ \ P #1\ ] L
RZ sequence -< var. delay VA2Ir .
(1538 nm) \ N Nl op AM J \ Y
> iActive SOA |
swapping sequence ; waveguides 1 1543 nm
laser
J
filter output packet
‘ B 1 P [Hl [ZXHIl AlPre-amnlifieHlJ innK t/c
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Figure 2.5 Experimental set-up for time-division label swapping. (Adapted from

Ref [7])
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Figure 2.6 Measured input and output packet sequences. (Adapted from Ref [7])
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Figure 2.7 Scheme verification-enlargement of header (H) and payload (P).

(Adapted from Ref [7])
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2.2.2 Wavelength-division OMPLS scheme

Wavelength-division optical label is also called wavelength-coded label. Shown in
Figure 2.3(b), three public wavelengths (ki, ?B and X4) are reserved for label coding,
and data payload is carried on its lightwave carrier (Xi). Different combinations of
present or absence of these three public wavelengths represent different destination
labels. In figure 2.3(b), ?2 and A4 are present, ?B is absent, thus the coded wavelength
label is [1 O 1]. For an TV-public-wavelength label system, the total number of
wavelength labels is 2". Therefore, though N wavelengths are reserved only for label

coding, this number is small compared with the supportable data channels (2").

For a wavelength-division OMPLS network, the all-optical label switching router
(core router) is easier to implement compared with other OMPLS schemes, since it
can be implemented with FBG. One representative system based on wavelength-
division OMPLS network was proposed by Wada and Harai [8] 2, though their
proposal has very low wavelength efficiency. As shown in Figure 2.8, the header
carries a wavelength-coded label that corresponds to a destination node. In the
scheme, multi-wavelength labels are carried on Alia@ XibXic, and Payload data
uses another different wavelength (_Ale). Wavelengths ranging from \ 7 through Ale

are defined as a wavelength band AIA-E.

The multi-wavelength label switching router [8] is proposed in Figure 2.9. The
infrastructure consists of two basic subsystems: the control components (M ? "label
processor) and the forwarding components (label/data separator, IXxN optical switch
and label changer,). At first, the separator separates packet label and burst data. Then
in the control components, optical label recognition is performed in parallel manner
by M ?i-label processor. Using the label information, the M ?i-label processor
configures the forwarding components. Therefore, the IP packet can be transported to

a desitnated port though ihelxN optical switch. Meanwhile, according to the new

2To avoid redundant reference indication, we do not put quota number while presenting the
experimental setup and results.
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label provided by the control component, the label changer can generate a new label

for the output packet.

Figure 2.10 shows the experimental setup [8], which can be partitioned into three
sections: M A”-packet transmitter, 33-km dispersion shifted fiber (DSF), and 3-port M
X-LSR.

In the optical packet transmitter, the supercontinuum (SC) light source with
bandwidth over 140 nm is generated and split into two copies for header insertion
and data modulation with LiNbOs intensity modulators (M). For header insertion, M
? i-pulse from SC source is disassembled into three pulses by the three-section FBG to
form the M A-label ("?i,a, ? i n Figure 2.10). For data modulation, optical pulse
at wavelength X ,eis extracted by a BPF at first, and 64bit-long burst data is
modulated on the optical carrier. After optical coupler, optical packet with three-chip

M >.-label and data is all-optically generated.

In the M A-LSR, the label and data is separated by an optical BPF. The data signal
is forwarded to the 1x3 optical switch, while the label signal is forwarded to the
optical correlator array for label processing. In the label processor, three FBGs are
used as optical correlators. If the input wavelength label is matched with the setting
of an FBG correlator, the output takes a high value corresponding to the
autocorrelation peak, and the correlation signal is converted to the electrical domain,
and amplified to open the IM gate switch. Thus, the packet can be transported to an
objective output port. Otherwise, for unmatched case, the correlated signal takes a
low value corresponding to the crosscorrelation. Therefore, the bias of the IM gate is
not changed, and then the gate switch keeps close. The label processor can be
configured to open a specific switch and direct the matched packet to the destination

port.

Experimental results are shown in Figure 2.11. Figure 2.11(a) and (b) shows the
generated M X -label (?la, ? ?wb) and the packet, respectively. When the input label
is he, Adb), the correlation outputs ofFBGI* with the setting of X*c, ? and

Lightwave Communications Lab 1lg
The Chinese University of Hong Kong



On Architecture and Scalability of Chapter 2
Optical Multi-Protocol Label Switching (MPLS) Networks
Using Optical-Orthogonal-Code (OOC) Label

FBG3* with the setting of AL > ) are shown in Figure 2.11(c) and (d). For the
matched case (Figure 2.11(c)), correlation signal has a high autocorrelation peak;
while for unmatched case (Figure 2.11(d)), the signal has no high peak. This is the
experimental demonstration of the all-optical M ? i-label discovery. Figure 2.11(e) and
(f) shows the measured payload data at Ports 12 and 3 > corresponding to the two
different input packets having label of (%, matched with FBGI* and

?\B > he) matched with FBG3*. It demonstrated that the M X-LSR could switch optical

path, which depends on the input wavelength label and optical interface.
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Figure 2.8 Schematic diagram of packet format for multi-wavelength label

switching scheme. (Adapted from Ref [8])
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Figure 2.9 Multi-wavelength label switch router. (Adapted from Ref [8])
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Figure 2.10 Experimental setup of multi-wavelength label switching router.
(Adapted from Ref [8])
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Figure 2.11 Experimental results of multi-wavelength label switching. (Adapted

from Ref [8])
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2.2.3 Frequency-division OMPLS scheme

Figure 2.3(c) shows the operational principle of the frequency-division optical
label scheme. In this scheme, optical label is carried by out-of-band subcarrier [6].
The payload and label are transmitted at different rates, and label recovery is
performed independent of the payload data rate by using simple microwave filtering
techniques. Subcarrier label recovery is performed using optical and microwave
amplitude detection alleviating the need for RF coherent techniques and phase
synchronization across the network. Furthermore, the mature electronics guarantees
the practicability of optical subcarrier label scheme. Thus, there are more and more

attention paid to this kind of label implementation and testbed [9-11].

Another attraction of frequency-division optical label is packet transparency. In
this scheme, packet transparency is realized by setting a fixed label bit rate and
modulation format independent of the packet bit rate. The choice of label bit rate is
determined by various factors including the speed of the burst-mode label recovery
electronics and the duration of the label relative to the shortest packets at the fastest
packet bit rates, etc. Additionally, running the label at a lower bit rate allows the use
of lower cost electronics to process the label. The label and packet bits can be

encoded using different data formats to facilitate data and clock recovery.

However, subcarrier label system limits the payload bit rate. In order to avoid the
label's interference to the payload, there must be some guard-band between the
payload spectrum and subcarrier spectrum. For example, if the subcarrier frequency
is 10 GHz and label format is 100-Mbps NRZ, the payload rate should be below

9 Gbhps to avoid the leakage of label spectrum.

With both pros and cons, optical subcarrier label is the most promising candidate
for OMPLS network. Therefore, all-optical label swapping for this scheme gains
much attention both in academic and commercial institutes. Currently, researchers
prefer to use remove-and-reinsert mode label swapping for subcarrier label scheme.

In essence, it is a three-stage label processing. At the first stage, subcarrier label is
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extracted and removed in all-optical ways. At the second stage, label is recovered
and label information is fed to the control plane to determine the next label. Finally,
at the final stage, the new label is remodulated at the same microwave carrier
frequency for the IP packets. Currently, there are three major research projects on

this scheme [9-11].

2.2.3.1 UCSB Testbed

The first project is implemented at the University of California at Santa Barbara
(UCSB) [9] . The optical subcarrier modulation (OSCM) label technique is shown in
Figure 2.12. A differentially modulated interferometric modulator is used to combine
baseband payload and subcarrier label onto an optical carrier. The RF power

spectrum of the packet is also shown in Figure 2.12.

For label swapping, a two-stage label processor with two wavelength converters is
proposed in Figure 2.13. Besides the desire subcarrier label swapping function, this
processor also provides independent wavelength conversion, thus enhancing the

flexibility of the scheme.

The first XGM-SOA-WC performs three functions including (1) conversion to an
internal wavelength, (2) suppressing of the SCM label, and (3) reduction in
modulation dynamic range. Conversion to an internal wavelength allows the use of a
fixed frequency optical filter to separate unconverted and converted signals. A side
effect of this wavelength conversion is bit inversion, which can be negated in the
second wavelength converter. While the payload is converted to a new wavelength
via XGM, the label is suppressed due to the low pass filter characteristics of the
SOA-WC. Reduction in output dynamic range of the first converter sets a stable

operating point for the XPM interferometric SOA-WC.

The second XPM SOA-WC takes the responsibility that the throughgoing payload

and a new label are reinserted onto the new wavelength. The XPM SOA-WC is

3 To avoid redundant reference indication, we do not put quota number while presenting the
experimental setup and results.
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operated in the inverting mode to negate bit inversion of the baseband in the XGM
SOA-WC. Square law detection of the subcarrier makes label recovery insensitive to
the inversion due to wavelength conversion [9]. The converted payload from the
XGM SOA-WC is fed to one arm of the interferometer to add the payload onto a
new wavelength optically. Meanwhile, a new SCM label is added onto the converted
payload by current modulation of the SOA in the other arm. At the same time, the
nonlinear transfer function of the XPM converter enhances the extinction ratio of the
outgoing payload. Therefore, a cascadable packet switched node with label swapping
capability is realized with optical 2R regeneration of the payload and the swapping of

the SCM label.
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Figure 2.12 Differential interferometric transmitter used to generate packets with
payload at baseband and header multiplexed on a subcarrier. Also shown is the

resulting RF power spectrum. (Adapted from Ref [9])
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Figure 2. 13 Double stage SOA-based wavelength converter capable of optical
header label swapping by subcarrier suppression and replacement. The first stage
is based on XGM and the second on XPM interferometric structure. Subcarrier
header replacement is performed with electronic modulation of SOA current in

one arm of the interferometer. (Adapted from Ref(] 91)
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2.2.3.2 UC-Davis Testbed

The second experimental testbed is reported from the University of California at
Davis [10]4. Figure 2.14 shows the schematic diagram of the experiment. This
system represents the core switch of an optical label switching router/node. It
consists of an optical-subcarrier transmitter, and optical-header/data separator, a
header detector, a forwarding table, a switch controller, a tunable wavelength
converter including a tunable laser and semiconductor optical amplifier (SOA)E
uniform-loss-cyclic frequency (ULCF) AWG, header rewriters and receivers. The

experiment setup works as follows:

Stage I: In the transmitter, the original label (header ; ) at 622 Mb/s is modulated
on a 14-GHz subcarrier, and then combined with the 2.5-Gb/s data payload packet.
After that, the combined RF signal is added onto the optical carrier (1549.3 nm).
Therefore, the modulated signal includes double side band subcarrier label appearing

14 GHz away from the center optical wavelength 1549.3 nm.

Stage IlI: A Fiber Bragg Grating (FBG) with peak reflectivity centered at
1549.3 nm is used as the optical-head/data separator to separate the subcarrier label
and data payload. The FBG has higher than 99.9% peak reflectivity and a Half-
Width-at-Half-Maximum pass band of 5 GHz. Therefore, the data payload appearing
at the center lobe will be nearly perfectly reflected, and the subcarrier label appearing
at the double side band will be nearly completely transmitted. Then, the optical
circulator separates the input signal, the reflected data payload, and the transmitted

subcarrier label.

Stage Il1: The 40 bit long optical-label is first detected by the header detector, and
then compared with the entry of the forwarding table to locate new optical-label,
finally the controller generates a switch control signal and new optical-label content.
The data payload is delayed via the 50-meter optical fiber for approximately 250 ns
optical delay, and fed to the SOA-based wavelength converter. This data payload is
4 To avoid redundant reference indication, we do not put quota number while presenting the

experimental setup and results.
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converted to another counter-propagating optical wavelength source, which is
generated by the tunable laser. This counter-propagating geometry avoids the need of
an optical filter to select the transmitting tunable laser output, and also further
reduces leakage of the subcarrier header from the higher modulation frequency to the
base-band data payload. Of course, a side effect of wavelength conversion is bit
inversion, which could be corrected by cascading another inverting wavelength
converter in tandem. The switch control signal from the controller is forwarded to the
tunable laser, tuning its wavelength output to the one that corresponds to the desired

output destination port of the AWG.

Stage IV: At the output ports of the AWG, an additional optical modulator works
as header rewriter to overmodulate a new subcarrier label on the routed data payload,

and hence achieving optical-label swapping.
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Figure 2.14 Experimental Setup of UC-Davis testbed. (Adapted from Ref [11])
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2.2.3.3 NCTU-Telecordia Testbed

The third testbed [IIf was implemented in the joint project of National Chiao-
Tung University and the Telecordia Technologies. In this project, optical single-
sideband (OSSB) modulation technique is proposed to implement the optical
subcarrier label. In this way, the resultant optical spectrum contains only one
subcarrier label sideband, which significantly reduces the interference from the label
to the data payload. Another advantage of using OSSB subcarrier label is that it can
avoid the fiber dispersion-induced carrier suppression effect [12], which can limit the

transmission distance between switching nodes.

The experimental setup for transmitter, intermediate switching node and detector

is shown in Figure 2.15.

In the transmitting node, a 50-mW 1551-nm DFB-MQW laser and a two-electrode
LiNbOs external Mach-Zehnder modulator (MZM) with a 3-dB bandwidth of
20 GHz and an insertion loss of 4 dB were used. A bursty 155-Mb/s ASK subcarrier
label at 12 GHz was applied to a hybrid coupler whose two outputs have 90° phase
shift with respect to each other. These two outputs were then combined with a bursty
2.5-Gb/s data and data invert, respectively. Two low-pass filters with a 3-dB
bandwidth of 2.4 GHz were used to prevent the tails of the 2.5-Gbs NRZ data from
interfering with the ASK subcarrier. The two combined NRZ data and ASK
subcarrier outputs were then used to drive the two electrodes of the MZM,

respectively.

In the switching node, the received optical signal was split into three copies. The
first copy was simply fed to a data payload receiver for system monitoring. The
second copy was fed to the label receiver for label processing (recovery and
swapping). The third copy was reserved for label swapping. This optical signal
passes through a Fiber Fabry-Perot (FFP) filter via an optical circulator, so that the

old subcarrier label was notched out. The FFP filter has a free spectral range (FSR)

5 To avoid redundant reference indication, we do not put quota number while presenting the
experimental setup and results.
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of 1500 GHz, a finesse of 100 > and a reflection loss of 1.5dB. The optical signal with
its subcarrier label suppressed subsequently passed through a polarization controller
and another MZM for label reinsertion. At the MZM, the optical signal was
demodulated with a new ASK subcarrier label, which had the same carrier frequency
and optical modulation index (OMI) at those of the old subcarrier label. At the output
of the switching node, an EDFA with an output power gain of 12dB was used to

amplify the optical signal for inter-node transmission.

In the detection node, data payload and subcarrier label are processed in the same

way as those in switching node.
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Figure 2.15 Experimental Setup for NCTU-Telecordia testbed. (Adapted from
Ref [11])

Lightwave Communications Lab 1 g
The Chinese University of Hong Kong



On Architecture and Scalability of Chapter 2
Optical Multi-Protocol Label Switching (MPLS) Networks
Using Optical-Orthogonal-Code (OOC) Label

2.2.4 Code-division OMPLS scheme

Recent progress in high bit rate optical code division multiplexing (OCDM) opens
a new way to use optical codes as the optical labels [13]. This is a novel approach in
that it eliminates any logic operation in the table look-up, which has been the
toughest challenge for optical processing, but it only requires optical correlation [13].

In general, code-division optical encoding schemes are classified into coherent and
coherent approaches according to the degree of coherence of the light source. Thus,
there are also two alternative solutions to incorporate OCDM into code-division

OMPLS scheme.

2.2.4.1 Coherent Code-Division Label Scheme

The first one is the coherent approach proposed by Kitayama [14]. The operation

principle of this approach is shown in Figure 2.16.

For this proposal, label swapping can be implemented in all-optical domain. The
schematic diagram of photonic label swapping is shown in Figure 2.17. Based on
XPM effect, the operation principle is illustrated in Figure 2.18. When the input
signal pulse propagates along with the control optical pulse in an optical fiber, the
refractive index seen by the input optical pulse is changed by the control pulse
because of the cross phase modulation (XPM). As a result, the input signal pulse
experiences a phase shift which is determined by both the intensity of the
control light and the interaction length. By appropriately setting the wavelength and
intensity of the control pulse, the signal pulse will have a desired phase shift at the
output of the fiber. For example, to swap the 4-chip long BPSK optical code, [0000]
to a different code [00teti], as shown in Figure 2. 18 - the intensity of the control pulses
have to be set so that the total phase shift becomes n. Therefore, all-optical label

swapping is realized by using control pulses to change the phase of the signal pulses.
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Figure 2. 16 Operation principle of coherent optical code division multiplexing
(OCDM). (Adapted from Ref [14])
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Figure 2.17 Architecture of photonic label swapping for code-division label.
(Adapted from Ref [14])
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Figure 2.18 Principle of photonic label swapping for code-division label.
(Adapted from Ref [14])
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2.2.4.2 Noncoherent Code-Division Label Scheme

The noncoherent approach was proposed in reference [15-16].As shown in Figure
2.3(d)’ data bit is modulated by optical orthogonal code (OOC) in time domain, that
is » when data bit is ONE, an OOC is sent out, and when data bit is ZERO, no code is
sent or the complementary format of the OOC is sent. This OOC also performs as the

optical label, which can be used to forward the IP packet to its destination.

In reference [15], the sequence inversion keyed (SIK) direct spread (DS) code
division multiple-access (CDMA) scheme is considered. In an optical SIK system,

the data bits are modulated either by a unipolar signature sequence c, or its

complement C, - depending on whether the transmitting bit is ZERO or ONE,
respectively. With this property, all-optical label swapping can be implemented by
code conversion, which can be realized by processing the incoming code label and a

control code with an optical XOR gate.

In the routing node, the input signal is a SIK DS-CDMA signal modulated by the
code Cu corresponding to the Virtual Optical Code Channel (VOCC) VOCC{i). An
optical code converter is used to convert the code Q to code Cj, corresponding to the
routing from VOCCii) to VOCCIij). Here the concept of conversion code Qij is
introduced. By processing the input signal with Qij’ the information carried in the
yOCC{i) can be coupled to the VOCCij). Thus our proposed code converter realizes
the all-optical CDMA switching function.

For the scheme, the conversion code Qij must have two properties of C,.[] = C.

and C, C).. It is found that with Q.j = C / @ Cj,
Ci®Qij =C,(C; D C=C; ®C, (C[” 0DCj. =Cj

el ! g O0= o 0OC , O 0O
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Thus the unique conversion code Q,=q@Cj can facilitate the routing function from

VOCC(i) to VOCCij). For example, for the 4-chip Walsh codes having Ci=[l 0 1 0]

and C2=[l 10 0], the code conversion function from c, to C"is verified by

=q 1 10

® o 1 01®[0 1 1 0l=[1 1 0 0]=C"
q @02=[0 1 0 110 1 1 0]=[0 0 1 1]1=0Q

Based on this principle, a proposed code converter is shown in Figure 2.19.

The code converter is a modified TOAD that has two arms of control pulse input.
One is the routing node's input channel code Q, and the other is the conversion code
Qij- These two signals are of the same wavelength, whereas the XOR clock is on a
different wavelength, such that they can be separated by an optical filter at the output
port. After the clock enters the loop through the main coupler, it splits into two
pulses, a clockwise (CW) and a counter-clockwise (CCW) pulse. Each of these two
pulses passes through the SOA once, and returns to the main coupler at the same
time. When the two control arms have the same signal level, 1 or 0’ the CW and
CCW pulses will experience the same transmission properties of the SOA. The clock
train is then totally reflected into the input port and no pulse appears in the output
port. On the other hand, if one of the two control arms has a 1 level and the other has
a 0 level, the CW and CCW pulses will experience different transmission properties

of the SOA. The clock pulse train will come out from the output port of the TOAD

when the phase difference between the CW and CCW pulses is tt. Thus, the output
channel code Cj = C,@® q/ Jis obtained at the output port of the code converter.

Another alternative code converter based on the same principle is shown in Figure

2.20.

However > none of these reported code-converted approaches investigates the
fundamental issue of multi-access interference (MAI), the cross-correlation between

the selected code channel and the other co-propagation code channels. Thus, in
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reference [16], we propose a switch fabric for OOC MPLS core router, which take
the MALI into consideration. In this thesis, | would like to investigate and discuss in

detail on the architecture and scalability of the OOC MPLS core router.
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Figure 2.19 A proposed code converter for OCDM OMPLS network.
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Figure 2. 20 Another proposed code converter for OCDM OMPLS network.
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Chapter 3

Architecture of OOC-based OMPLS network

3.1 Infrastructure of OOC-label switch router (code converter)

As mentioned in chapter 2 - several optical MPLS schemes were proposed
previously, such as, time-division label [1], wavelength-division label [2], frequency-
division label [3] and code-division label [4]. In particular, the code-division label
scheme has the advantages of employing optical orthogonal code (OOC) as label and
label swapping by code conversion. Thus, it alleviates the interference from other

labels and noises due to the orthogonality of optical code.

There are two approaches to use code-division label, that is, coherent scheme
(Bipolar code and phase modulation) and noncoherent scheme (OOC code and
intensity modulation). So far, for these approaches, all reported code conversion
schemes could be classified intro three different approaches. The first [5] is based on
coherent method, albeit its application is limited by fiber dispersion and polarization
disturbance. The second [6] on relies on look-up table and requires extensive,
undesirable OE-EO processing. The third [7] scheme uses an all-optical logic XOR
gate to implement code converter. Nevertheless, none of these reported code-
converter deals with the fundamental issue of multi-access interference (MAI), the
cross-correlation between the selected code channel and other co-propagation

channels.

Due to the intrinsic unipolar property of OOC set, MAI cannot be eliminated and
will degrade the performance of packet switching networks. Thus, in this thesis, a
MAI-suppression multi-channel code converter will be proposed, and the detrimental

effects of MAI will be investigated.
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3.1.1 Architecture of the Proposed Code Converter

Fig. 3.1 shows a generic optical switch fabric for the MAI-suppression multi-
channel code conversion. The received optical signals in a single input fiber are
composite signals consisting of WDM wavelength-code channels (k, Q, with each
channel uniquely described by a particular wavelength A., i=12".N and a particular
OO0C ¢, /=1-2>..M at any given time. The composite signals are first separated in the
wavelength domain by an optical wavelength demultiplexer, for instance, an array
waveguide grating (AWG). Following the AWG, the M code channels in each of the
demultiplexed wavelength are decorrelated by M decoders, each of which functions
as a dedicate correlator. Output from each decoder will feed into a time-gate-
intensity-threshold (TGIT) device. The TGIT device is necessary in order to
differentiate the auto-correlation peaks from its sub-peaks and cross-correlation
peaks, all generated from the decorrelated optical pulse train. Accordingly, for a
received data of ONE/ZERO bit, the corresponding auto-correlation peak is an
optical pulse/null. It should also be noted that the TGIT device could be configured
to perform wavelength conversion, thus offering additional function of data routing

(more details in section 3.2).

Following the threshold device array is an optical space switch, which can be a
non-blocking three-stage Clos network switch (Fig. 3.2) responsible for routing the
optical pulses to different output ports. For channel add-drop, the channel is routed to
a drop port. A new data channel is inserted through the add port of the optical space
switch. For optical signal forwarding function, the optical pulse decoded from code
channel iis routed to the input of the encoder of code channel j designated for code;.
Finally, the outputs of the encoder array are multiplexed by an AWG multiplexer

into the output fiber, and forwarded to next switching node.
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Figure 3.1 The schematic diagram of the proposed photonic code-based MPLS core router
fabric. TGIT: Time-Gating-Intensity-Thresholding Device
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3.1.2 Enhancement of the Code Converter

The above code converter architecture is inherently suitable for one in/output fiber
circuit-switch based optical label network. In order to support more practical system,

the proposed architecture can be enhanced to various robust versions.

Multi-fiber Extension

For a practical optical label router, it is common that it has two or more in/output
fibers. Therefore, our proposal can be extended to work in this scenario.
Conceptually, it can be implemented by adding another dimension over
wavelength/code, resulting in the fiber/wavelength/code dimensions. For the multi-
fiber nodes, every individual input fiber is first connected to an AWG device to
separate different wavelength channels. Then, the channels of the same wavelength
from different input fibers go through the code processor array designed for a certain
wavelength as usual. In the code processor array, the fiber dimension is transparent.
Before the output is combined in the final AWG device, the control component will

decide the output fiber for every wavelength-code signal.

Output Contention Resolution

In a packet-switched network, each packet has to go through a number of 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. There are three types of typical contention resolutions: optical buffering,
deflection routing, and wavelength/code conversion. For our proposal, it can perform
wavelength/code conversion inherently, thus offering an inherent reduction of
contention. In order to employ our proposed architecture for packet-based WDM
network efficiently, we can incorporate another type of contention resolution, such as
optical buffering or deflection routing. Combined with the consistent
wavelength/code conversion, it will offer the network designers more choice and

flexibility. As an example, in a switch node with both wavelength conversion and
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buffering, the input stage demultiplexes wavelength channels and the control
components locate available wavelengths on certain output ports. The nonblocking
space switch selects the output port or appropriate delay lines, which are used to
implement optical buffer. With the combined contention resolutions, it can reduce

the number of optical buffers or reduce packet loss probability [20].
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3.2 Implementation of the OOC code converter
3.2.1 Encoders/Decoders

For the systems with optical code-division label, the coding architecture of optical
encoders/decoders is a very important factor to be considered. For example, power
loss in encoders/decoders will impose restrictions on the power budget, the length of
sequences and the number of subscribers; the length of delays imposes restrictions on
the size and cost of such a system. Therefore, much attention [8-10] has been paid to
the design of good coding architectures to facilitate the implementation of OCDM

system.

In general, OOC encoders/decoders proposed previously can be classified into
three categories: (1) all-parallel approach [11], (2) all-serial approach [12] and (3)

serial-to-parallel approach.

3.2.1.1 All-parallel encoders/decoders

When OCDM was first proposed, all-parallel encoder/decoder (Figure 3.3) was the
hottest topic in this research field. Its operational principle is very simple: at the first
stage, pulse source is split into N copies by the optical splitter; at the second stage,
every individual copy of pulse source passes through an optical delay line of various
lengths with a step size x from the  path to the N path; then at the third stage,
electrical address signal is used to control the optical switch array that passes the
optical signal corresponding to code bit ONE and cuts off the optical signal
corresponding to code bit ZERO; finally, at the fourth stage, the optical combiner
combines all the optical signals to finish the coding processing. For the decoder, the

same structure can be used in the same way.

The advantages of the architecture are obvious. It is a basic architecture for OOC
encoders/decoders, with less implementation complexity. Though it originally

proposed for prime codes, it is suitable for any OOC family. However, it needs large
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number of delay lines and switches. Moreover, it can only be used to encode fixed
length OOC.
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Figure 3.3 All-parallel encoder.
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3.2.1.2 All-serial encoders/decoders

Recent research on the use of fiber-optic lattice signal processing provided a better
coding architecture for optical CDMA. Figure 3.4 shows the block diagram of the
modified 2" encoder, where an all-serial architecture is used for code sequence

generation, selection and correlation.

In each encoder, code sequence generation and selection are provided by a serial
combination of 2x2 switches and unit delays. The unit delays provide delays equal to
the duration of a single chip and are made of either optical fibers or waveguides. In
general, the encoder is basically constructed with a number of switching stages, each
with a 2x2 switch and unit delay. Each 2x2 switch can be configured into two
possible states (i.e., cross-bar or straight-through) according to its DC bias voltage,
fed by the electronic address selector. The cross-bar state allows optical pulses to
mix and to split inside a 2x2 switch, while the straight-through state allows optical
pulses to pass through the switch without changes. At the input of the encoder, a
narrow laser pulse is first split into two pulsed by a passive coupler. One of the
pulses is delayed and the amount of delays is accumulated as the pulse passing
through straight-through-state 2x2 switches. After the proper amount of delays is
obtained, the delayed pulse combines with non-delayed one at a cross-bar-state 2x2
switch. At the same time, the two pulses then split into four pulses (i.e., two pulses in

each path) and the process repeats until the desired number of ones are generated.

Because of the serial structure, 2" code is generated with n 2x2 switches in the
cross-bar states and the rest in the straight-through states. Apparently, the total
number of switches should depend on the sequence length N that is usually a large
number. Actually, by carefully choosing the amount of delay (i.e., using non-unit

delay) in each stage, the required number of switches can be reduced substantially.
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Figure 3.4 All-serial encoder/decoder.
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3.2.1.3 Serial-to-parallel encoders/decoders

For all-parallel approach, a large number of delay lines and switches are needed,
and for all-serial encoder, the number of switches is also very large. This cost will
limit their application in practical systems. In order to implement the label
encoder/decoder economically, we propose another approach called serial-to-parallel

encoder/decoder.

The schematic diagram of serial-to-parallel encoder is shown in Figure 3.5. The
encoder includes three unit delay lines, four switches, serial-to-parallel interleaver
and an optical combiner. At the input of the encoder, an optical pulse source is fed.
The interleaver partitions the incoming code sequence into four sub-code sequences
via serial-to-parallel processing, for example, the incoming code sequence
C1C2C3CAC5C6CT7CLIC2C3CACECE « =, after the interleaver, we have four sub-code
sequences: C1C5C2 --- » C2C6C3... » C3C7C4 --- » CACLCS5.... These four sub-code
sequences are used to control the switches. When the pulse passes through the delay
line path, four copies of the pulse are tapped out to pass through the switches. When
the driving bit is ONE, the switch let the pulse through; otherwise, the pulse is
blocked. The optical combiner combines the outputs of the four switching paths to

finish the coding processing.

Compared with the all-parallel and all-serial encoders, the serial-to-parallel
encoder is more economically practicable. The following advantages are obvious: (1)
it needs only three unit delay lines, and is independent of the code length; (2) it needs
only four switches, which is independent of the code length N; (3) it is suitable for
OOC family of any format and any length; (4) it relaxes the requirement for the
switching rate by four times and (5) it can be integrated with the optoelectronics
technology. Of course, the encoder requires more synchronization among the four

sub-sequences.
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3.2.1.4 Comparison the three kinds of encoders/decoders

In order to investigate the performance of these three kinds of encoders/decoders,
we compare five parameters of them under the same condition. The five parameters
are: (1) the number of switches, (2) the number of unit delay line, (3) switching time,

(4) power loss and (5) encoded extinction ratio.

In Figure 3.6, the three kinds of encoders are compared respect to five parameters,
where N is the code length, n is the parameter of 2" code, Tois the chip width, P is
the code weight, r [ ithe original extinction ratio and a is the degraded factor by a
switch. From the comparison, it can be known that the serial-to-parallel encoder
approach outperforms both the all-parallel encoder and the all-serial encoder in

implementation practicability.

For our proposed OOC MPLS network, the serial-to-parallel encoder/decoder

should be the first candidate for label processing.

All-parallel All-serial Serial-to-Parallei
Encoder Encoder Encoder
Switch N O(N) 4
Number
No.of Unit N~/2 O(N) 3
Delay line
Switch ™™ T; 41 ;
rate “
SO 10logioN 30(n+2)30(log2P+2)
Extinction Ratio ro*a ro*a" rn

Figure 3.6 Comparison of three encoder/decoder approaches. 0{N): the number

increases with the larger N.
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3.2.2 Time-Gate-Intensity-Threshold (TGIT) Device

As with all optical networks, chromatic dispersion [13] is one of the key issues
that corrupts the transmitted signal and limits the cascadability of the networks. It is
even worse in OCDMA systems, where the chip rate is generally L times of the
effective data rate due to the processing gain. Another critical issue for OCDM label
network is the Mutli-Access Interference (MAI) and sidelobes of the auto-correlation
of the code, which can also degrade the system performance. Therefore, in our

design, we must have some mechanisms to combat dispersion and suppress sidelobes.

In order to combat chromatic dispersion and suppress sidelobes, a device called
Time-Gating-Intensity-Thresholding (TGIT) device is proposed. It is a two-stage
device, the first stage is dedicated for time gating, and the second stage is dedicated
for intensity thresholding. In Figure 3.7’ a schematic diagram of TGIT is shown with

its operational principle.

As shown in Figure 3.7, the time-gating section is actually a pulse-sampling
device that selects the autocorrelation central spike. Thus, it can be used to improve
the pattern recognition contrast for the distorted waveform, making the transmission
more immune to the effects of dispersion. Time-gating is an all-optical process,
which essentially operates as a time-domain demultiplexer. Therefore, time-gating
section also suppresses any sidelobes originated from the autocorrelation of the
optical code, and reduces the effect of any interfering channels outside the time

frame of the main autocorrelation peak.

For our design, we need an optical pulse as the pulse source of the final encoding
stage when data bit is ONE, and this optical pulse should not come out for data bit
ZERO. Thus, in the TGIT device, the second section performs optical intensity
threshold processing. As shown in Figure 3.7 (b) and (c), when received data bit is
ONE - the demultiplexed central peak is over the threshold value, then after the
threshold device, an optical pulse can be generated for the final encoding stage. On

the other case, when received data bit is ZERO, the demultiplexed central peak is
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below the threshold value, and then no optical pulse will come up after the threshold
device. For optical threshold device, we can also use optical time-domain multiplexer
to implement. The intensity-thresholding section also suppresses the residue

sidelobes due to the non-ideal performance of time-gate stage.

With a two-stage TGIT device, we can combat the detrimental effects of chromatic
dispersion and suppress the sidelobes of the autocorrelation and the cross-
correlations [14]. Moreover, with a two-stage architecture, code conversion and
wavelength conversion becomes independent. This provides more flexibility to our

proposal. This issue is reiterated later in the implementation of TGIT device.

As we mentioned above, both the time-gating section and the intensity-
thresholding section of TGIT device can be implemented with an optical time-
domain multiplexer. Currently, there are mainly four candidates for optical time-
domain multiplexer: (1) Nonlinear Optical Loop Mirror (NOLM)[15], (2) Terahertz
Optical Asymmetric Demultiplexer (TOAD)[16], (3) Ultrafast Nonlinear
Interferometer (UNI)[17] and (4) Mach-Zehnder Interferometer (MZI) [18]. For
implementing the TGIT device, we can choose them according to the data/chip rate,
cost and flexibility. In the following, as an example, the architecture, the operational

principle and the features of a two-MZI-based TGIT device are investigated.

Figure 3.8 shows a TGIT device architect with two MZIs. The first MZI works as
the time-gating device, the second MZI works as the intensity-thresholding device.
The output of the decoder is fed into the time-gating device. The MZI is driven with
a Mode-Locked Laser (MLL) operating at an intermediate wavelength <1m. After the
band-pass filter (BPF), the central peak of the decoder output is demultiplexed and
converted to wavelength ?tt and the sidelobes are much suppressed at the same time.
On the second stage-threshold device, the demultiplexed central peak is used as the
control pulses of the MZI device, and another MLL (wavelength ? w) is used as the
new pulse source. Then after the second BPF, the demultiplexed pulse is enhanced or

suppressed according to the comparison between the intensity and the threshold
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value. Meanwhile, the final output is converted to a new wavelength. If we do not
need wavelength conversion in the design, we can set the new wavelength AXew equal
to the original wavelength, otherwise, we can choose the new wavelength as the
desired wavelength determined by the control plane. Therefore, code conversion and

wavelength conversion can be realized independently.

e Time A Intensity A
Gate 1 Threshold

(@) A schematic diagram of TGIT device

1101 R | I > "]

(b) The sequence flow of the matched code receiver

(c) The sequence flow of the unmatched code receiver

Figure 3.7 Schematic diagram of TGIT device with its operational principle.
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Figure 3.8 The architecture of a two-stage Time-Gating-Intensity-Thresholding
(TGIT) device based on two Mach-Zehnder Interferometers. SOA: semiconductor
optical amplifier, MLL: mode-locked laser, HI-SMZ: hybrid-integrated symmetric

Mach-Zehnder, . intermediate wavelength, :new wavelength.
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3.2.3 Optical Space Switch Array
3.2.3.1 All-optical Space Switch

Currently, optical switch fabric can be classified into two approaches: opaque
approach with OEO processing and transparent approach without OEO processing.
In the following, the two approaches are described and their pros and cons are

discussed.

In opaque approach, optical signals are converted back into electrical domain so
that their route across the middle of the switch can be handled by conventional
application specific integrated circuits (ASIC) or FPGA. Right now, the optical
switches being provided by Ciena Corp., Sycamore Networks Inc., and Tellium Inc.

can be classified into this category.

This approach has a lot of advantages. Most notable is to enable the switches to
handle smaller bandwidths than whole wavelengths, which supports current market
requirements. More over, the electrical cores also make network management easier,

because standards are in place and products are available.

However, the explosion in the number of wavelengths in telecom networks,
resulting from the deployment of DWDM (dense wavelength-division multiplexing),
cannot be handled by conventional electrical cores. Even until recently, it is reported
that state-of-the-art ASIC technology would not support anything more than a 512-
by-512-port electrical core, and carriers have been saying they need at least double

this capacity [19].

On the other hand, all-optical switches, which do not convert light pulses back into
electrical domain to process, do not suffer this limitation. Therefore, transparent
approaches are gaining much attention these days. Nowadays, plans for all-optical
switches with more than 1,000 ports have been announced by a number of vendors,
such as, Calient Networks, OMM Inc., Onix Microsytems Inc., and Nortel Networks

Corp.
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Another advantage of all-optical switches is that it can eliminate the need for
optical-electrical-optical (OEO) processing in the network, saving carriers millions in
both the network core and metro edge. In addition, all-optical switches make
networks more future-proof. Carriers will not have to upgrade equipment to support
higher transmission speeds, so they will be able to catch up with advances in
technology more easily and quickly. Finally, it enables faster bandwidth provisioning,

with new service can be provided in days, rather than months.

However, it is a little different in practice. Currently, vendors are trying to design
larger scale electrical cores. For example, Brightlink Networks Inc. announced its
switch would eventually scale to many thousands of ports; and Velio
Communications Inc. announced some electrical switching fabric developments that
could support cores of a similar scale. This may delay the domination of deployment

of all-optical switches.

All the same, the idea of all-optical networks will succeed in combating with
opaque approach. The folk developing fabric for all-optical switches have come a
long way, but they've still got a long haul ahead of them to convince carriers to use

their technologies. For our proposal, transparent approach is preferable.
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3.2.3.2 Optical switching technologies

Currently, there is a wide range of different technologies proposed for the switch
fabric of all-optical switches. However, it is unlikely that one particular technology
will dominate, because optical switches are likely to be used for a wide range of
applications. What is exactly the right switching fabric in one place could be exactly

the wrong switching fabric for somewhere else.

Here we list a few of the ways in which optical switch fabrics can be measured:
Matrix Size, Scalability, Granularity, Switching Speed and Loss. For our proposed,
we should evaluate all the available technologies in these ways according to the
application environments. Therefore, in the following, the overview and comparison
of the current optical switch fabric technology is quote from [19], including (1)
Micro-electro-mechanical systems (MEMS), (2) Liquid Crystals, (3) Bubbles, (4)
Thermo-Optics, (5) Holograms, (6) Liquid Gratings and (7) Acousto-Optics.

3.2.3.2.1 Scalability

Technology Key characteristics: Scalability

MEMS 1.For 2D subsystem, 32x32 ports are maximum number.
Multiple subsystems can be linked together up to 512x512 ports.

2. For 3D subsystem, the solution that can support thousands of
ports has been developed, but this hasn't been proven
experimentally.

Liquid Crystal 1. In theory, Good.

2. In practice, only modestly sized (80 wavelength maximum)
devices can be developed by vendors.

Bubbles 1. The prototype of 32x32-port and 32xI6-port subsystems has
been developed by Agilent.

2. Larger switch cores can be created by connecting multiple
these subsystems.

Thermo-Optics 1. The largest switch is a 16x16 port-device by NTT Electronics.

2. Size is limited not by optical losses, but by the power
consumed in switching.
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Holograms

Liquid Gratings

Acousto-Optics

By Trellis Photonics, up to 1920 wavelength per switch can be
supported.

1. Small switches (1x1, 2x2) are under research in DigiLens.

2. To scale the technology will probably require cascading
smaller devices.

1. Current crystal-based developments target a maximum of
256x256 ports.

2. Fused coupler developments probably target smaller switches.

3.2.3.2.2. Switching speed

Technology
MEMS

Liquid Crystal

Bubbles
Thermo-Optics

Holograms

Liquid Gratings

Acousto-Optics

Key characteristics: Switching speed

By OMM Inc., 10 milliseconds are typical for its 4x4 and 8x8
switches. Switching time increases to 20ms for the larger 16x16
device.

Problematic. Switching speeds can be improved by heating the
crystals to make them less viscous.

10 milliseconds, by Agilent.
1. Depends on how fast it is possible to heat the material.

2. For Polymer switches, a switching speed of a few milliseconds
can be achieved.

3. For Silica, the number is around 6 to 8ms, though startup Lynx
Photonic Networks claims switching speeds of 2ms and expects
to reduce this to 1ms.

Very fast. It is reported by Trellis Photonics that it can switch
from one wavelength to another in a few nanoseconds.

100 microseconds were reported by DigiLens. Only holograms
are faster than liquid gratings.

Varies from 500 nanoseconds to 10 microseconds
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3.2.3.2.3 Reliability

Technology
MEMS

Liquid Crystal
Bubbles

Thermo-Optics

Holograms
Liquid Gratings
Acousto-Optics

3.2.3.2.4. Losses

Technology
MEMS

Liquid Crystal
Bubbles
Thermo-Optics

Key characteristics: Reliability

Due to moving parts, reliability is limited by mechanisms
sticking, wearing out, or getting damaged by vibrations.

Potentially good; no moving parts

Potentially good; no moving parts and the problems of
manufacturing large volumes of ink jet pens have already been
ironed out. However, unlike an inkjet, the bubbles have to be
maintained for extensive periods of time. Agilent says that the
bubbles are held in a closed system, so cannot escape (an ink jet
uses the bubble to push out the ink). Moreover, the unit is
operated at the vapor pressure point -- the temperature and
pressure at which both liquid and gas can coexist. As a result, it
takes very little heat to create a bubble. Ink jet cartridges don't
have to last 20 years.

Potentially good as there are no moving parts.

The life of switches is limited by repeated heating and cooling.
Potentially good; no moving parts.

Potentially good; no moving parts.

Potentially good; no moving parts.

Key characteristics: Losses

By OMM Inc., for 4x4 unit, loses up to 3dB; for the 16x16 unit,
up to 7dB. ‘

Losses increase substantially if multiple subsystems have to be
linked together.

Can be problematic
4.5dB per 32x32 subsystem, by Agilent. “

Silica has very low losses.

Polymer losses are higher, but there has been a lot of progress in
reducing the material loss recently. AlliedSignal claims to have
developed a polymer with a loss of less than 1dB per centimeter.
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Holograms

Liquid Gratings

Acousto-Optics

Less than 4dB loss for a 240x240 switch by Trellis Photonics.

Very low. DigiLens claims that devices based on Liquid Gratings
have optical losses of less than 1dB in total.

Low. Losses of less than 2.5dB for its 1x2 switch by Brimcom.

3.2.3.2.5 Port-to-port repeatability

Technology
MEMS

Liquid Crystal

Bubbles
Thermo-Optics

Holograms

Liquid Gratings
Acousto-Optics

3.2.3.2.6 Cost
Technology
MEMS

Liquid Crystal
Bubbles

Thermo-Optics

Key characteristics: Port-to-port repeatability

Problematic in large switches, because light may have to travel
varying distances between ports.

By OMM, this could be as big as 3dB in the 16x16 device,
though it is less than 0.5dB for the smaller switches.

The same optical performance is required whether the signal goes
from port 1 to port 16, or port 2 to port 15. Potentially
problematic in most developments, because light has to be split
into two differently polarized beams before passing through the
liquid crystals, and then has to be recombined. If the path lengths
are slightly different, losses result.

Unknown.

Good

Good. In fact Trellis claims there is no path dependency within
its switch at all.

Unknown

Unknown

Key characteristics: Cost

Unknown
Unknown

Potentially low, because it reuses technology that's already mass
produced

Potentially very low, as planar technology lends itself to mass
production. Some vendors anticipate that polymer switches will
be cheap enough for access networks.
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Holograms

Liquid Gratings

Acousto-Optics

Not disclosed

Potentially low cost because a single device performs the
function of two or more in alternative technologies. For instance,
the projected price of a 4x4 device is $1,500.

At least one vendor of acousto-optic lab equipment says the
technology is too expensive for general telecom applications.

3.2.3.2.7. Power consumption

Technology
MEMS

Liquid Crystal

Bubbles
Thermo-Optics

Holograms

Liquid Gratings
Acousto-Optics

Key characteristics: Power consumption

Difficult to quantify, but is thought to be higher than other types
of optical switch fabric, and considerably less than for electrical
switch cores.

Very low for "bistable” crystals -- those that only need a current
to shift them from one stable state to another. Crystals that only
have one stable state need a continuous voltage applied to them,
but still use a lot less power than MEMS. Heating the crystals to
improve switching speeds can bump up power requirements.

Unknown.

Polymer-based switches require very low switching power,
typically 5 milliwatts.

Silica switches consume about 100 times more power.

Trellis's 240x240 port switch consumes less than 300 watts. High
voltages are required, placing demands on the electronic supply
equipment.

Typically 50 milliwatts

Unknown
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Chapter 4

Scalability of OOC-based MPLS network

4.1 Limitation on Label Switching Capacity

The limitation on label switching capacity occurs when MAI exceeds the threshold
value of the TGIT device, generating a "ghost" pulse or an encoding error in the
code-regeneration stage. The rate at which this error occurs is termed as the Code
Conversion Error Rate (CCER). CCER is mainly due to the MAI, and we neglect
other effects and assume the other three stages of the core router have ideal

performance in this study. To derive the CCER, we assume:

1. There are M co-propagation code channels that employ M quasi-orthogonal

codes in N wavelengths;
2. All channels have identical average input power at each decoder element;
3. Every channel has identical bit rate; and

4. The path length difference in the decoder is longer than the sources'

coherence length.

The transmitting signal Sn{t) for the data labeled with r** code is
= (1)

where @,At) - and C,,(t) correspond to the respective transmitted optical intensity,

binary bit of the transmitting signal, and the n™ OOC. dn(f) is given by
()

where d:")is the ™ data bit of the n™ label that takes on ZERO or ONE (on-off

keying) with equal probability, and P*O is the rectangular pulse with duration T. The
OOC, with length L and weight W, is given by

C0=I>~1(h)7 5 ). (3)
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Here, Prc(0 is the rectangular pulse of duration Tc (chip duration) and A¥) is the
code sequence, which is represented by binary optical pulses (0 1) with period/code

length L=T/Tc, i.e., = Af.

Summing all labeled data, the wavelength demultiplexed signal after the first

demultiplexer is

ro N = ~NrlJC “ K (4)

n=|
where 1, is the corresponding delay for individual data, Sn= 1 (I<n<M ) is

assumed for simplicity, and other parameters are normalized.

Consider any given channel (take n=I and Ti=0 for convenience), the decoder is

equivalent to an optical matched filter with output Z at time T given by
Z=+ £r(0C;(0& =d)v +[i+AV’ (5)

where T and Tc are the time duration of data bit and code chip, W is the code weight
of the first channel Ci, and ~/(Jis the detected data bit that can take on either ZERO
or ONE with equal probability. In this equation, 1y is the desired signal
term, /| — 71.] ) desaibes the MAL corresponding to the interference from other

channels, and Nt is the thermal noise with zero mean and variance crlJ

Note that I\ is the sum of (M-1) interference signals where each is a

random variable with mean and variance . Without loss of generality,

(2<ai<M ) are assumed independently and identically distributed random variables.

Then the mean [ and the variance a [l [tleftotal MAI li are given as
={M-1)M, (6)
N=(M-1)ct\ (7)
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where ju=M,in and a’ for 2<n<M . Therefore, the mean and the variance

g\ of the Gaussian random variable Z are

(9)

The probability density function (PDF) for Z is then
"z(Z)=*xpl-in]. (10)

Conceptually, the CCER can be defined as

PEccer [Th) = = Q)Pr(Z =/,+/V~>Th) + Pl:(d=)Pr{Z =W +1, + N~ <Th)
=[Pz ZI1" 0 =0)E (213 0 = = 3}

(11)
where Th is the effective threshold value of the TGIT device, and erfc{*) is the

complementary error function, defined as [1],
erfc(x) =-~"e-""dt. (12

To avoid lengthy calculations of all possible cross-correlation functions of a
certain OOC set, the CCER bounds under two extreme conditions are analyzed. One
is the chip synchronous case corresponding to the upper bound, and the other is the

ideal chip asynchronous case, corresponding to the lower bound [2,3].

4.1.1 Upper Bound

For the chip synchronous case where all channels are synchronous in chip level,
the variance of the MAI can take the maximum value, and this will give highest
CCER [2]. For this case, the mean and variance of the individual interference signal

[ are

OL O (13)
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and
(... 2 0
(14)
liy 2LJ 55

Therefore, the upper bound of CCER is given by
f \ f N

4.1.2 Lower Bound
For the ideal chip asynchronous case where all channels are asynchronous, the
variance of the MAI can reach the minimum value, and this will give the lowest

CCER [2]. For this case, the mean and variance of /y) are given by

“oTH, (16)
and

0= 1 W (17)

L¥S 4L) 0

Thus, the lower bound of CCER is given by
f \ / N

Th-(M-I)— W+(M-DA-Th
() oy

1
PEccsATh)=-erfc = >~ +erfe .(18)

Using Eqg.I5 and Eq.I8, the CCER's upper and lower bounds are plotted with
respect to the threshold value in Figure 4.1 > showing similar characteristics for both
the upper bound and the lower bound. The combination of the MAI and the thermal
noise yields a CCER floor for the proposed code converter. This is shown in Figure
4.2 where the CCER floor (upper bound) is plotted against the number of code
channels to illustrate the effects of MAI on the label switching capacity of each

switch fabric. For code weights of 5 or 10 and code lengths of 800 or 1500’ the
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switch fabric can support up to 12 code channels with an acceptable CCER floor of
10.9. To achieve the minimum CCER, we derived the optimum threshold value from

Eqg.ll » yielding
Ve (M- 0 (19)

The first part of the expression is originated from the OOC's code weight while the
latter part is due to the MAI from the co-propagation label/code channels. The dash
lines in Figure 4.1 shows the variation of TTiogt value versus the number of code
channel. For W= 10, L= 1000, Cfj = 0.01 > the optimum threshold values are 5.35,
5.45 and 5.7 for label numbers of 8 > 10and 15, respectively. These values are ~5, the
ideal threshold for system without MAI. Moreover, these optimum threshold values
increase with increasing number of co-propagation label/code channels, due to more

MAI contribution from increasing number of label/code as manifested in Eq.19.
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(b) Lower Bound
Figure 4.1 The code conversion error rate (CCER) against the threshold

value: (a) upper bound and (b) lower bound. W= 10, L= 1000 > crn=0.01,
andM= 8, 10 and 15 as shown.
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Figure 4.2 The CCER floor of upper bound versus the number of label

channel. The traces converge to 0.5.
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4.2 Limitation on Switching Cascadability

The scalability of the photonic OOC-based MPLS network is critically determined
by the cascadability of optical switch fabric, whose performances should be
determined by the implementation of the fabric. For our proposed core router, the
cascadability could be degraded by the non-deal performance of the optical space
switch and the TGIT device. For example, the finite crosstalk suppression ratio {e)
of the optical space switch induces inter-channel coherent and incoherent crosstalk,
and the limited on/off ratio {a) of the TGIT device induces the residue intensity of
MAI and sidelobes. Others disturbances such as fiber dispersion [4] and intersymbol
interference [5] contribute insignificantly to fabric performance because the TGIT
device can combat the detrimental effects of chromatic dispersion and suppress the
sidelobes of the autocorrelation and the cross-correlations [6]. Such effects will not
be discussed here. In the following, the detrimental effects of the finite crosstalk
suppression ratio (f) of the optical space switch and the limited on/off ratio (or) of
the TGIT device will be investigated with the assumption of ideal performance for

other devices.

4.2.1. Limit Induced by the Inter-channel Crosstalk

Inter-channel crosstalks are generated from the intrinsic non-ideal crosstalk
suppression ratio of the switching gate in the switching fabric. The crosstalks can be
classified into two categories, coherent crosstalk (on the same wavelength, within the
electrical bandwidth of the main channel) and incoherent crosstalk (on a different
wavelength) [7]. For the aforementioned optical switch fabric, the maximum number
of coherent crosstalk contributions is M -1 and the maximum number of incoherent
crosstalk contributions is 2{N - 1) [8]. Crosstalks can induce a timing jitter that will
accumulate in cascading nodes, eventually degrading the system performance in
terms of BER. Thus, a certain SNR is required at the input of cascaded switching

nodes to guarantee an acceptable BER at the final stage. In [8], the required SNR at
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the input of cascaded optical cross connects (OXC) with wavelength conversion

function is given as

-~ f®m - F 17 (20)
where /ris the slope of the rising edge of the signal, h is the number of cascaded

nodes, A is the amplitude of the signal, q" is the Q-value for an acceptable BER, and

cr: and erf are the variances of the coherent and incoherent crosstalk, respectively.
For our case, the variances of both coherent and incoherent crosstalk in the worst-

case scenario (same polarizations) are given by

2 As[E +[UM-lj +1Iflyin”’ (21)
L v vt J)

’ 22)

where e is the crosstalk suppression ratio of the optical space switch fabric. Thus,

the required SNR is

/

| rn. —_— V (23)
T+ (EL- 1)+
From EQq.23, the crosstalk-induced power penalty is
= 7-77TN——n X (24)

- W M =14 +30m -1) +\jej +2(N )E

From Eq.24, the crosstalk-induced power penalty versus the number of cascaded
nodes is plotted in Figure 4.3 for various N and e. In the figure, we assume M =N,
and qo =6 for BER = 10™. The crosstalk-induced power penalty increases with more
cascaded switch nodes. Thus, under different power penalty criteria, the maximum

number of cascaded nodes can be derived, given by
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n - R —

(4)#]_ 10? é\\;{M—W)£V 1+v ;Jl\}—\) + g e)\ +2[N-\)¢3’V (%)

The results are shown in Figure 4.4 > showing the maximum number of nodes as a
function of the crosstalk suppression ratio for various N and 5. For a 1-dB power
penalty criterion [9], up to 20 switch nodes can be cascaded, each with a switch size
of 64 labels (8-code/8-wavelength) and 45-dB crosstalk suppression. Table | shows
the number of cascaded nodes under different network parameters. From the table,
the number of channels (code*wavelength) and the crosstalk suppression ratio are the
two key constraints limiting the cascadability of the proposed switch fabric. Under
the same power penalty criterion, the maximum number of supportable cascaded

nodes increases with the increase of crosstalk suppression ratio, but reduces with

increasing number of code/wavelength channels.
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Figure 4.3 The crosstalk-induced power penalty [1 against the number of the
cascaded nodes in the code-based MPLS routing networks, qois set to 6 for the
final node with a BER 10", and M is set equal to N for simplicity.
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Figure 4.4 The maximum number of nodes versus the crosstalk suppression ratio (e)
of the optical space switch. Different power penalty criteria (6=IdB, 2dB and 3dB)
are assumed.
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4.2.2 Limits Induced by the Residual Intensity of MAI and Sidelobes

In Chapter 3’ the effects of the MAI on label switching capacity are analyzed with
the assumption that ideal threshold device with an infinite on/off ratio are used in the
switch fabric. However, practical device exhibits a non-zero output even for input
signal below the set threshold. The reported on/off ratio a of SMZI-based threshold
device is limited [10]. The residual output will limit the cascadability of the photonic

code-based MPLS network.

Figure 4.5 shows the influence of MAI on the cascadability. The code chip
patterns after each processor are shown in the circles. For the worst case, we assume
that data bits in all labeled channels are ONE. Derived in Appendix 4.3.1, after Node
K, the normalized intensities of residue chips (denoted as 2,4,6) and desired chips

(denoted as 1,3,5) are given by
l1=/3=/5=l, 26)
AR @ED 1

h=SA~AFrrv"»r, (27)

h=2 — 7 ~ (28)
* ' WA [(M-Dju +1

O =S~TtA_—TTA (29)

From equation (27)-(29) - the intensity of residue chip 2’ 4 and 6 is the summation of

a geometric series and converges to the following values as k approaches infinite,

* , (30)
a[(M-I)/i  +1
+ ’ (31)
aW[(M-Dju +1I"
0 = . (32)
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To show the convergence of the residue chip, the normalized intensity of chip 6 is
plotted in Figure 4.6 against the cascaded node number. From the figure, in general,
the residual intensity of chip 6 converges very quickly. Moreover, the code weight W
and the on/off ration determine the convergence rate and the converged intensity of
the residue chips. The higher the on/off ratio or, the faster the convergence, and the
lower the intensity of residue chips. Meanwhile, with the reduction of the code
weight, the convergence rate would increase and the normalized intensity would

decrease.

After the intensity of residue chips converges (k — 00), most important factors that
determine the quality of transmission are the number of the co-propagation code
channels per wavelength and the on/off ratio a. From equation (32), Figure 4.7
shows the relation between the residue chip intensity and the code number per
wavelength channel. The normalized residual intensity increases with more label
channels. With the same OOC design, the residual power is determined by the on/off
ratio a. By the 5% residue power criterion (Derived in Appendix 4.3.2), with a =10
dB (W=5, L=1000), the residual intensity is unacceptable for any number of code
channel (M) per wavelength. Thus it cannot support any label channel. While for
or=15 dB (W=5, L=1000), the system can support up to 24 code channels per
wavelength. In addition, if the code weight is reduced, it can support more code
channels. For an OOC(iy, L) code set, the number of code is bounded by

MA=IL-\)/w{W-I)  [11]. This equation shows that enough labels can be designed to

cater for the increasing demand of OOC quota. Specifically, the converged
normalized power of residue chips versus (Xis plotted in Fig. 4.8. From the figure 15
dB is the minimum effective on/off ratio required with the 5% residue power
criterion. With a two-stage TGIT architecture, the on/off ratio of every individual
stage can be relaxed by 4-5 dB [12] since a quasi-digital transfer function obtained

by cascading two stage MZI makes the total effective on/off ratio a larger [13].
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W W

Figure 4.5 The evolution of chip intensity through the switch fabric. Chip 1 is the
desired auto-correlation peak, chip 2 is the MAI; Chip 3 is normalized desired peak
and chip 4 is the output of residue Chip 2 after the threshold device; Chip 5 is the
desired encoded ONE, Chip 6 is the encoded ZERO.
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Figure 4.6 The normalized residue intensity of the residue chip 6 versus the
number of cascaded nodes. Difference gate suppression ratio (a=10, 15, 18dB) and

code weight (W= 5,10) are assumed for the same code length (L = 1000).
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Figure 4.7 The converged normalized intensity (!) of residue chip 6 versus the

number of label channels (M).
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Figure 4.8 The converged normalized intensity (7) of residue chips versus the

suppression ratio a. For simulation, W= 5-L = 1000 > Mx = 50.
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4.3 Appendix
4.3.1 Derivation of Chip Intensity

Without loss of generality, we assume the incoming (prior to a decoder) code chip
intensity is normalized to 1 at any node. Fig. 4.5 illustrates the evolution of chip
intensity of the desired and residue chips through an optical switch fabric. From the
figure, after the decoder, the intensity of chip 1 (the desired chip) is W+{M-Dju , and
the intensity of chip 2 (the residue chip) is (M-I)// +Ifor the worst case (largest
possible interference). W is the code weight of the OOC, M is the number of co-
propagation codes, and// is the mean MAI value from other code channels. After
normalization, the intensity of chip 1is 1 and chip 2 is ((M-D)ju+ DKw+ {M-\)ju).
These outputs are fed into the TGIT device with an on/off ratio a to suppress the
residue chips. After the thresholding and normalization, the intensity of chip 3
(corresponding to chip 1 prior to the threshold device) is 1 - and the intensity of chip 4
(corresponding to chip 2 prior to the threshold device) s
a({M -Dju +D/(w +{M -lju). The outputs are fed into an encoder where a new code
is generated. Again, through normalization, the intensity of desired chip 5 is 1, and
that of residue chip 6 is aW({M-Dju + DIfw+  (M-1)ju).

By the same approach, the normalized intensities of the individual chip (residue
and desired) are derived in the following.

At node 1:
/1=13=/5=1,

= (M-1)// +1
2-W + {M-1)M -

a[{M-Dju  +1
4 — W+ {M-Dju -
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aW[(M-lju ~ +I

At node 2,
71=/3=/5=1,
O [HAM-1)"]+ +

_Qr[(M-DII +1] AL +\
=|>+(M-1)//]+ ’

,_aW\[M - \)iu+\] +r

At node 3>
/1=/3=/5=1,

7 _ [((M-D/IT+1]  aWA{M-\)ju +\
2 —|>+(M-I/1+ [m +(M-1)//]2

AWM - ViLi+\\ @' WALAM - V)ju +\

At node k,

/i=/3=/5=l, (a)
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rJr My (b)

=LF— ; rn o ()
€ [ i M-1)"]
*a'w'"-"0 (M- +1]
. (d)
M [w+ {M-Dju]

From equation (b)-(d), for k approaching infinite, the intensities of residue chip 2’ 4
and 6 are the summation of an infinite geometric series and converge toward the

following values.

[- L+

J - . . +1]

(9)
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4.3.2 The 5% residue power criterion

In Fig. 4.5 > the 5% residue power criterion is defined to characterize the effect of
the residue chips. That is, for the residue chips, intensity below 5% of that of the

desired chip is considered acceptable. The reason is illustrated in the following.

For the regenerated code, under ideal conditions, the intensity of the residue chip
is 0’ and 0.5 is set as the virtual threshold to decide the validity of the code. But with
non-ideal threshold device and the cascading effect, the normalized intensity of the
residue chip is now given by equation (g), where the normalized intensity of desired
chip is 1. From Fig. 4.9’ with a Gaussian thermal noise added to every individual
chip, the residue chip is subject to a Gaussian distribution with mean 4 and variance
a2 « Thus, its probability distribution function (PDF) is

1 (fin)

e 0 r N e 2 (h)

Therefore, the probability that a residue chip is determined to be ONE, which is
denoted by shaded area in Fig. 4.9, is

pley=¢ / ( * + / {2 ) (1)

Related to the requirement of network quality of service (QoS), 10" is assumed
acceptable for this probability. Thus, from equation (i), the normalized intensity of

the residue chip k is 0.05. This gives rise to the 5% residue power criterion.
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Figure 4.9 The error probability of the intensity of the residue chips and the
desired chips. The horizontal coordinate shows the chip pattern of the

regenerated code, the vertical coordinate shows the probability distribution of

the intensity of the individual chips.
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Chapter 5

Conclusion

5.1 Summary of the Thesis

In this thesis, an optical MPLS network using OOC as label is proposed with the
architecture of core router based on all-optical code converter. The fundamental
limits on scalability of the proposed core router, including the label capacity and the

switch cascadability, are investigated with close-form solutions derived.

Chapter 2 presented an overview of optical MPLS network and optical label
schemes. A generic OMPLS network is proposed with its layer infrastructure. The
optical label schemes include (1) time-division label scheme, (2) wavelength-
division label scheme, (3) frequency-division label scheme and (4) code-division

label scheme.

Chapter 3 provided the details of implementing the all-optical OMPLS core router.
Basically, it is a four-stage code converter: decoder, threshold device, optical space
switch and encoder. The implementation issues of these devices are presented in this

chapter, including different approaches and comparison among these approaches.

Chapter 4 presented the scalability of the photonic OOC-based MPLS network,
whose performances should be determined by the implementation of the fabric. For
our proposed core router, the cascadability could be degraded by the non-deal
performance of the optical space switch and the TGIT device. For example, the finite
crosstalk suppression ratio {£) of the optical space switch induces inter-channel
coherent and incoherent crosstalk, and the limited on/off ratio (or) of the TGIT
device induces the residue intensity of MAI and sidelobes. In this chapter, the
detrimental effects of the finite crosstalk suppression ratio (e) of the optical space
switch and the limited on/off ratio (a) of the TGIT device are investigated with the
assumption of ideal performance for other devices. By the criteria of 1-dB power-

penalty and 5% residue intensity, the numerical simulations show that the network

Lightwave Communications Lab 1 g
The Chinese University of Hong Kong



On Architecture and Scalability of Chapter
Optical Multi-Protocol Label Switching (MPLS) Networks
Using Optical-Orthogonal-Code (OOC) Label

can support up to 20 consecutive nodes for 64-label (8-wavelength, 8-code) switch

fabric with 45-dB crosstalk suppression.

5.2 Future work
For future work, it could be classified into two aspects, one is the experimental

work, and the other is theoretical work.

Due to the device availability problem, a fully functional core router based on
OOC MPLS technology was not implemented. For future work, an all-optical four-
stage code converter can be implemented, and the testbed of OOC-based OMPLS
network can be setup hereafter. And, the performance of the testbed can be verified

with the implementation of a switching node.

We have investigated the scalability of the proposed OOC-based OMPLS network
in this thesis. The cascadability could be degraded by the non-deal performance of
the optical space switch and the TGIT device. For example, the finite crosstalk
suppression ratio (f) of the optical space switch induces inter-channel coherent and
incoherent crosstalk, and the limited on/off ratio {a) of the TGIT device induces the
residue intensity of MAI and sidelobes. Others disturbances such as fiber dispersion
and intersymbol interference can also contribute detrimentally to fabric performance.
For future work, the effects of these issues can be investigated in more details.

Another interesting topic is the code allocation algorithm for better throughputs.
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Title: Performance Verification of a Variable Bit Rate Limiter for On-Off-Keying
(OOK) Optical Systems

Authors: Yong-Gang Wen, Lian-Kuan Chen, Keang-Po Ho, Frank Tong and Wai-
Shan Chan

Publisher: IEEE/OSA JOURNAL OF LIGHTWAVE TECHNOLOGY, Vol. 18 > No.
6 > June 2000, pp.779-786

Abstract: A close-form analytical expression is obtained for the performance study
of a Bit Rate Limiter (BRL). Both Bit-Error-Rate (BER) and power penalty
are derived for different BRL modulation signals and modulation formats
using a random signal model. We also present ways to improve the BRL
performance and to eliminate the BRL-induced crosstalk, by using an
optimal BRL modulation index and a specific BRL modulation signal,
respectively. The analytical expression is found to match well with the

experimental measurements.

2. March 2000

Title: An All-optical Code Converter Scheme For OCDM Routing Networks

Authors: Yong-Gang Wen, Lian-Kuan Chen, Keang-Po Ho and Frank Tong

Publisher: ECOC'2000, paper P4.5, Sep 3-7" 2000 > Munich Germany

Abstract: A novel all-optical code converter scheme using a TOAD-based
architecture is proposed for OCDM routing networks. Theoretical
analysis of BER and power penalty is given and shows less than 0.22 dB

extinction-ratio-induced power penalty.
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Title: Fundamental Limitation and Optimization on Optical Code Conversion for
WDM Packet Switching Networks
Authors: Y.G. Wen, L.K. Chen and F. long
Publisher: Proceeding of OFC'2001, paper TUv-5, March 17-22, California, USA.
Abstract: Fundamental performance limitation originated from multi-access
interference on a generic code converter for WDM packet switching
networks is derived and analyzed. A closed-form optimal threshold value

that yields the lowest code conversion error is also given.

4. November 2000
Title: Fundamental Limits on Scalability of Photonic Code-based Multi-Protocol
Label Switching (MPLS) Networks

Authors: Yong-gang Wen, Yu Zhang, Lian-Kuan Chen and Frank Tong

Publisher: Submitted to JLT, Paper #5017

Abstract: The fundamental limits on the scalability of optical multi-protocol label
switching (OMPLS) networks using optical orthogonal codes (OOC) as
labels are investigated in this paper. Based on the proposed four-stage
architecture of the optical core router, close-form results for the label
switching capacity and the network cascadability are derived. Originated
from the intrinsic uni-polar property of OOC, the multi-access interference
(MAI) results in a code conversion error rate (CCER) floor for the scheme.
Accordingly, the label switching capacity, i. e.” the maximum number of
supportable code channels per wavelength, is determined by the acceptable
CCER floor. Inter-channel crosstalks due to the finite crosstalk suppression
ratio of the optical space switch, and the residue intensity of the sidelobes
from the decoder due to the limited on/off ratio of the threshold device are
also analyzed, and their impacts on cascadability are manifested by close-
from expressions. By the criteria of 1-dB power-penalty and 5% residue

intensity, our numerical simulations show that the network can support up
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to 20 consecutive nodes for 64-label (8-wavelength, 8-code) switch fabric

with 45-dB crosstalk suppression.

5. March 2001

Title: A Novel All-Optical Code Converter Scheme For OCDM Routing Networks

Authors: Yong-gang Wen, Lian-Kuan Chen, Keang-Po Ho, and Frank Tong

Publisher: In preparation

Abstract: An all-optical code converter scheme using an SMZI-based architecture is
proposed for future optical code-division multiplexed (OCDM) routing
networks. Theoretical analysis of BER performance and extinction-ratio-
induced power penalty is given and shows less than 0.044 dB extinction-

ratio-induced power penalty.

Lightwave Communications Lab 1 g
The Chinese University of Hong Kong



bl



SUHK |-blgr

=]

e =

aa3as'iyLda



