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Abstract

Wavelength Division Multiple Access (WDMA) networks are likely to play a key role in future
telecommunication infrastructure. In recent years, different aspects of these netwarks have been explored to
address the challenge of utilizing the huge bandwidth capacity of optical fiber. This thesis focuses on the
aspects of architecture design and interconnection of WDMA fiber ring local-area networks.

As a method of approach, the elements of network architecture ang the system and device technology
are integrated together in one stady. Recently, as the field of optical network architectures has begun to
evolve and interest has grown, it has become evident that the combination of emerging network
architectures and the maturing photonic and optoelcctronic device / system technologies will be necessary
for continued progress. 1 hope'; through this analysis, readers can have a clear picture of the component
requirements for potential network architectures as well as the network impact of the new optical devices
and inizgrated subsystems.

The research work is divided into two parts. In the first part, the design of WDMA ring ATM-based
local-area network architectures and the photonic components, including optical Add-Drop Multiplexers for
architectural implementation, are studied. Based on this, the physical constraints of these components on
the overall network performance are explored. The emphasis is placed on gaining a theoretical understanding
from the modeling of the random gain of cascaded optical amplifiers in WDMA ring ATM-based local-area
netwarks with optical Add-Drop Multiplexers.

With the advent of fiber optic LAN research, a major issue that has surfaced is the interconnection
of optical LANS using fiber optic technology. In the second part of this thesis, which focuses on this topic,
the WDMA fiber ring ATM-based LLANs proposed previously are taken as the basic building elements in
the low layer of the proposed hierarchical three-layer all-optical wide-area network architecture. Several
distributed wavelength routing tol?ologies for interconnection of fiber ring LANS are proposed as the
network imermediate layer architecture, They are implemented using the photonic component called Bragg
Cell Cross-connect as the optical bridge. Concepis like wavelength reuse and network scalabilily‘arc
developed with this architecture. At the wp layer, an ultra-high capacity photonic ATM switch based on
ultra-short optical pulse time/frequency division and wavelength division multiplexing is proposed and
studied as a part of the We wide-area lightwave network that interconnects the intermediate layer
networks. Overall, this architecture shohld offer 'signiﬁeam advantages in network capacAily and
connectivity, ' .

\
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Chapter 1
Introduction

1.1. Background

In today's telecommunications ficld, the design and implementation of vast capacity
optical system and network has become a widening avenue of research since its aggregate
capacity is expected to create nUMErous applications to meet the needs of future customers.
The great appeal of lightwave for such applications is the enormous bandwidth of tens of
terahertz inherent in the optical medium. With the advancement in technology, the
application of optical fiber in point-to-point transmission facilities is now being
supplemented with the applications to multiuser local and metropolitan area networks, where
many users couple onto and share the transmission capacity of a single fiber.

Since the processing speed of the opto-¢lectronic components at network access noécs
is only a tiny fraction of the usable optical spectrum (gigahertz versus terahertz), the
approach of optical multi-access network is proposed in order to tap into this huge
bandwidth reservoir. Indeed, it is only in such multi-user networks that we can begin to
exploit the bandwidth potential of optical fiber, measured in tens of terahertz. Specifically,
until the advent of true optical processing (i.c., opgical gates, memories, etc.), end-user
speeds wﬂl be limited to the gigabit-per-second performance of electronics that generate and
sink traffic on the network. Therefore, the potential of sharing this tremendous bandwidth of
opncal medium among a multitude of relatively lowcr-Speed users in a network is regarded

as the major attraction of hghtwave technology for multi-user apphcanons



Among the various techniques to exploit this tremendous bandwidth, wavelength
division multiplexing(WDM) appears to be very promising. Such multiplexing enables
many optical signals at different wavelengths to be transmitted concurrently on a single link
through multi-wavelength tschnology. It takes advantage of the huge bandwidth of optical
fiber to achieve high capacities, and of the orthogonality of different wavelengths to realize

multi-channel operation.

Classification of WDMA Network Systems:

WDMA networks based on their channel spacing in the optical domain (i.e., the

difference between two adjacent wavelengths) are categorized in three different classes.

1) Conventional WDMA: In these networks channels are separated by 10 nm or more.
2) Dense WDMA: In these networks, channels are separated by 7 nm.

3).Optical FDMA: Channel spacing in these networks is in the order of signal
bandwidth. | ‘

10nm

Al A2 A3

100nm-> 1Thz

Conventional
WDMA

§



1nm

M A2 A3 M
1 nm --> 100 GHz

Dense WDMA

(AL

Channel Spacing
in the order of
Signal Bandwidth

Al

‘| Optical FDMA

Fig. 1.1

As illustrated in Fig. 1.1, we can sch several broaﬂband signals concurrently on the
fiber w_ithout their inwrfeﬁng with each other, by having several different carriers placed at
| different wavélengths. In a perfect system, with high-qﬁality lasers capable of producing |
pure tones, we can have imndreds of these channels in one fiber (optical FDMA). -



The minimum channel spacing is limited by crosstalk. By employing distributed
feedback laser (DFB) or distributed Bragg Reflector (DBR) laser and other narrow

linewidth lasers , a channel spacing of 1 nm or less can be achieved.

In order to develop an effective WDMA network, an end user must be able to
transmit'to multiple WDM channels, or receive from multiple WDM channels, or both.
Accordingly, a great amount of effort is being devoted to the design of tunable transmitters
(Tasers). tunable receivers (filters), which can operate over a wide range of WDM
channels, and channel-tuning ( switching ) operations of which can also be performed very

fast, ideally in a few nanoseconds or less.

In the optical domain, one can build a multi-access network in which dynamically |

available connections between nodes are possible using different optical wavelengths.
Since each node can transmit data at the rate of a few gigabits per second, in this electronic

domain (namely the second level), different multiplexing schemes can be used to fit a very

large number of simultaneous connections, by using different time slots (cléctronic time

division multiplexing-TDMA), or different signal waveforms (code division multiﬁlexing-

CDMA), or different frequency carriers (electronic frequency division multiplexing-

FDMA). Since electrical carriers compared to optical carriers are subcarriers, electronic

FDMA is also called subcarrier multiplexing.
_ | 3
Classification of WDMA Network Architectures:

- WDMA lightwave networks can be ciassiﬁcd into two categories: broadcast-and-select
networks, and wavelength-routing networks. In turn, each of these can be classified as
eitﬁer single-hop networks, or as multi-hop networks. This classification is shown in Fig.

2.2 and each of these éatcgories will be discussed.



Broadcast-and-Select Networks:

In broadcast-and-select networks, the transmission from each station is broadcast to

. all of the network stations. At the receiver, the desired signal is then extracted from all the
signals. For example. each station could transmit at an optical wavelength different from
the other smﬁions, and then at each receiver a tunable optical filter would be used to select
the desired vivavclcngth for reception. Alternatively, tunable transmitters and fixed tuned

| receivers, ol- hofh tunable receivers and transmitters could be used. This network

|
il architecture is suitable in LAN and MAN.

Broadcast & Select Wavelength routing

1

\

|

|
C ot .
o !
L l ~ Fig. 1.2. Network Architecture Classification
i:‘-‘ . 1} s J

,,:Wavéle_;fzgth Routing:

[ N
L G

“In_wajreléngth routing nctworks, wavelengths are routed along perhaps a limited .

1 , .
number of optical switches so as to be able to reuse the wavelengths in the network. In
‘ ‘ | ' ! : .



these networks, as long as the paths taken by any two connections do not overlap, they can
be on the same wavelength. This results in a tremendous reduction in the number of
required wavelengths. In addition, the power-sphtting problem is no longer present. This

network architecture is suitable for WAN applications.
Single-Hop Networks:

We use this term for the networks where information transmitted reaches its iinal
destination directly, without being converted to electronic form in between. Single-hop
“networks are sometimes called all-optical networks.

Multi-hop Networks:

We use this term for the networks whers information transmitted reaches its final

destination aficr being converted to electronic form in the intermediate nodes.
Typical Network Topologies:

'In broadcast-and-select networks, topologies such as star, bus and ring can:bc used for
the purpose of broadcasting. In the following, a comparison between star and bus
tbpo!ogies is given. Ring as a topology for these kind of networks will be the focus of the

research in this thesis.



Star and Bus Topologies:

The star topology shown in Fig.1.3 is preferred to the bus topology shown in Fig. 1.4,
because it is more efficient in distributing the optical power. Both the star and the bus use
passive 2x2 optical couplers. In the bus architecture, each station transmits into the bus
through a coupler and receives from the bus via another coupler. Each 2x2. coupler
distributes the power from the input ports to the output ports according to a specific
splitting ratio. If this ratio is optimized, and if each station transmits with a power P, then,
in a bus, only P/N2 is received by another station, where N is the number of stations on the
bus. A single-mode fiber NxN star coupler is ;nadc up of 2x2 couplers, each with a
splitting ratio of 0.5. Thus, in the star architecture, each station receives a power of P/N.
In practice, couplers are not ideal devices and they introduce an excess loss in addition to a
_ splitting ratio .

‘In staf, the power is distributed evenly among all the stations and the dynamic range
required for the receivers is small, whereas in a bus, there are different power values,
requiring a larger dynamic range for the receivers. Typically, a bus can support a few tens

of stations. Wi,dcband optical amplifiers can be used to increase this number .

Tx
Rx

g

Fig. 1.3. Star Topology
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Fig. 1.4. Bus Topology

Impacts of Optical Amplifiers in WDMA Networks

The main physical limitations for high-speed transmission systems in WDMA
networks result from the transport properties of optical fibers, namely, attenuation and
dispersion characteristics. To overcome the attenuation and eliminate the optical budget
restrictions, optical anipliﬁcrs have been uscdl in these networks to replace regenerators,
because the WDM approach iﬁcreases the regenerator complexity significantly if the
separate wavelength channels must be demultiplexed, separately regencrated, and
multiplexed again. Obviously, amplified WDM systems expand transmission capacity in |

long-distance lightwave telecommunications.

Although optical amplifiers are of great value in WDM networks, they can degrade
signal quality, primarily through noise added to the output sighal. and nonlinearities caused

by dynamic saturation of the optical gain. In a chain of repeat amplifiers, amplified . .

spontaneous emission (ASE) generated in each ampiiﬁer accumulates and is further
~ amplified by the ':succccding amplifiers. 'fhc accumulated ASE noise is proportional to the

~ gain of each amplifier and the n‘umbcr‘of amplifiers. It has effects on both the detected



noise and the gain saturation. The detected noise at the receiver due to ASE consists of both
a spontaneous-spontancous component which is the self-beat noise of the ASE power
within the optical band of the receiver, and a sienal-spontaneous component from the beats
between the signal and the ASE. Its degradation will be studied in some sections of Chapter
2. Chapter 3 is focused on the saturation effect of optical amplifiers in WDMA ring

networks.
1.2. Organization of Thesis

The thesis is focused on architecture design and analysis of layered WDMA.

wide-area networks. My original contribution in this thesis is as follows:

Chapter 2 is focused on the study of WDM fiber ring Local-Area Networks, in
which two architectures are proposed and theﬁ system and component building blocks, as
well as performance, are studied. In Chapter 3, the ‘model of random gain due to non-linear
 effect _(saturation) of opticail ami:liﬁers in WDMA ring networks is proposed. These two
' chapters are focused on the architecture design of WDMA ring LANs, which is considered
as the element (or t.he low layer) in the design of layered WDMA wide-area network
architecture. Chapter 4 is focused on the intermediate layer and the top Iayer, in which the
hierarchy of layered wide-area networks is proposed systematically first; then using Bragg
~cell cross-connedt to interconnect WDMA ring LANs is proposed as the distributed

approach for mternetworlung in the intermediate layer; and in the ton layer, an ultra-high
| capaclty photomc ATM switch based on optical pu]se FDM and WDM is proposed to
| mtenconnect the Intermedxate Layer Networks Fmally, a conclusion is provided in Chapter
5.



Chapter 2
Architectures for WDMA Fiber Ring
Local-Area Networks

With the development of fiber-optic transport systems, the demand for high throughput in
interoffice communications grows. In {13, a TDM fiber ring is proposed for this application. As
the need for the transmission capacity at Central Offices increases in the network. the limitation of
electro-optic process speed becomes more pronounced. The best solution to this problem is to
employ Wavelength Division Multiplexing (WDM) lcr.;hnology. WDM allows expansion of
network traffic volume simply by adding more wavelengths, as opposed to expensive system
upgrades in electronics and fiber transmission systems. In [2][3], passive‘ WDM ring networks
are proposed using acousto-optic tunable filters (AOTFs) as optical add-drop multiplexers
(ADM). Compared with the TDM fiber ring network, the aggregate throughput of the network is

increased substantiaily.

| In this thesis, a transparent dense WDM ring network using a four-port Fabry-Perot etalon |
as ADM is proposed and studied in Section 2.1. This novel ADM achieves a much better
resolution bandwidth than an AOTF ADM (i nm). Therefore the conventional WDM can be
replaced by dense WDM technology, in which the channel spaciqg is in the order of 1 nm and the
crosstalk between channels is minor. By inserting optical amplifiers on the ring net\#ork. the
network capacity and the distance between Central Offices can b? increased significantly. In
Section 2.2, an altemauve approach is proposed, in which an Add-Dmp Mu1t1p1cxcr is replaccd
by a Wavelength-Selective Router. Althou gh this architecture is thcomncally less ﬂexlblc than the

first one proposed in Section 2.1,itis a better solution in terms of power divisioning.

10



2.1. WDMA Architecture I: A Transparent Dense WDMA Ring
Network using Fabry-Perot Add-Drop Multiplexer '

2.1.1 Introduction

With the continving advances in photonic devices, the design of novel network
architectures that exploit these devices becomes desirable. Particularly, the invention of optical
amplifier creates the exciting possibility to push fiber LANs into the realm of large-scale, high-
capacity, all-optical networks. The expansion raises the demand on the network growth,
flexibility and other issues that are considered secondary in today's photonic network design.
From this point of view, the power-division problem is no longer the dominant factor among the
troubleéome limitations in photonic network design, and the advantages of the star topology are
not obvious. Alternative architectures need be expldred in order to to besi exploit the emerging

technologies.

In general, throughput, delay aﬁd power budget are taken as the figures of merit in comparing
different optical network architectures. With recent dramatic advances in fiber-optic technologies,
 attention has been drawn to those network architectures that are viable for the next technology
. generaﬁon. In other words, consideration should be given to the architecture in which the network
structure and c:)nnecﬁvity can be reconfigured easily, in order. to enhance network function
without significant physical inodiﬁcations; thus services may be a;ldcd or removed over time to
accommodate diverse requirements sparked by the nev& technologies. Besides, as the evolution of
- - photonic, ncltwork architecture becomes more and more sensitive to the rapid advanccment' of
photonic technology, thc network topology should accommodate the novel photonic devices
: easﬂy and cost-effectively, and utilize them efficiently. As ne.wly mventcd photomc devices Yike

fiber amphﬂers make it a reality to build the fiber network covering a large geographic area, it will

‘eventually become important to achieve full network connectivity with a minimum number of
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single-mode fibers. Among various topologies, the fully transparent fiber ring shows promise in
fulfilling these requirements, and can be envisioned as a suitable candidate to meet the changing

traffic and service needs of the future.

The fully transparent fiber ring provides a single data path which is shared by all the
attachments; compared with star, it is vsuvally fairly easy to add (or rcmovc)l One More access
node. Therefore, the fiber ring, a purely broadcast network, can be used as a common physical
medium, and its access nodes are taken as multiple subscriber premises (e.g., B-ISDN, circuit-
switched service) integrated onto this fiber ring. Thus reconfiguration can be achieved fairly
easily. Unlike bus, it possesses the geometric feature that provides it with at least double the area-
coverage efficiency. Therefore, taking ring as a physical topology, the network can be expanded
to a large scale in geographic span. Also, it can support a large number of users by placing optical
amplifiers economically in the "common single data path”, and the benefit of optical amplifier can
be shared by more than one access node. Optical amplifiers, in conjunction with WDM
technology, could therefore dramatically increase the network capacity and offer a significant
performance advantage in all-optical networks. Thus, with a fairly reasonable power budget, the
network capacity canl‘ be increased. Also, for large-scale optical networks, unlike star topology,
ring topology does not require a large number of ﬁbefs, and the network implementation cost is

lowered.

2.1.2. Network Architecture

The proposed network configuration is shown in Fig.2.1.1. Four nodes are used for _
illustration. The network is composed of N communication nodes which are interconnected
passively by a single-mode fiber forming a ring. The single-mode fiber servesas a unidirectional

communication link, allowing the information transmission in a fixed direction along the '
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ring, which it is defined to be counter-clockwise here without loss of generality. Therefore, each
node has both incoming and outgoing links. In the fiber ring, an EDFA is placed in the incoming
link of each node, adjacent to each receiver system in order to compensate for the power loss. The
ring is a fully passive medium by being "all-optical” in nature, in the sense that once the
information enters the ring network, the information may remain in optical domain until it is
delivered to its destination; accordingly, the ring provides full connectivity among communication

nodes, perfectly transparent to bit rate and signal format

Each network access node comprises an Add-Drop Multiplexer (ADM) and an ojatical
receiver system. The function of ADM is three-fold. First, to inject the optical information signal
on the pre-defined wavelength for this node into the optical fiber ring so that it can propagate
through the other communication nodes. Second, to extract the residual of the same wavelength
light previously injected out of the ring after it passes through all the receivers of the other access
nodes on the ring exactly once. This is done in order to prevent the light from circulating around
the ring indefinitely and interfering with later transmissions on the same wavelength through the
same ADM. Third, to direct the optical signals of other wavelengths back into the fiber ring for
further circulation. Therefore, each of them has virtually four ports corresponding to the incoming
link, the outgoing link, the port to which the optical information on selected wavelength is injected
from the transmitter, and the port where the removed residue is extracted. Optical signals are
injected/removed to/from the fully transparent fiber-optic ring at different pre-defined wavelengths
on cach node. A singlc-longitu.dinal-mode‘lascr diode operating at fhc pre-defined wavelength is
linked to the individual ADM as a transnutter Therefore, the ADM plays the role of the source
node in this architecture. On a predefined wa\{elcngth, each user transmits its information onto the
optical fiber ring through the ADM. The injected signals are allowed to circulate counter-

clockwise for one complete round and offer a fraction of their power to any node along the path.
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The remaining power will be filtered out by the ADM at the network access nodes where they

originate.

The receiver system at each node consists of a wavelength de-multiplexer using cascaded
Mach-Zehnder periodic filters, and an array of as many as N electro-optic receivers containing
PIN photodiodes. The de-multiplexer separates different carrier wavelengths before
photodetection of the individual signal. The receiver system can receive and process transmissions

simultaneously and asynchronously from the source of any of the other nodes.

With this architecture and these system components, N different users transmit information
at N different wavelengths concurrently through the fully transparent fiber ring. All the
information on the ring is received by each node, selected by a multitude of receivers. Therefore,

WDMA scheme is realized via ring.
2.1.3, Optical Add-Drop Multiplexers

The fcalization of Wavelength Division Multiple Access (WDMA) optical networking via
ring topology is contingent upon the development of its key component, namely, Optical‘ Add-
Drop Multiplexer(ADM). In this subsection, implementation of optical ADM i§ studied
systematically. In 2.1.3.1, mode-coupling effect ADM is described; 2.1.3.2 cxplaiﬁs the proposal
of implementing optical ADM usiﬁg high-isolation polaﬁzaﬁon—indepepdent optical circulators and

Fabry-Perot etalon; finally, the two approaches are compared in 2.1.3.3.
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2.1.3.1. Overview of Mode Coupling Effect ADM

The mode-coupling approach attempts to exploit the advantage of some special features in
structures and properties from the acousto-optic and electro-optic family of tunable passive filters.
The functions of these filters are solely based on the wavelength dependence of mode coupling

induced by external perturbations.

Among these mode-coupling effect filters, the acousto-optic tunable filter[4] is more
attractive because it can cover the entire spectrum of low-loss region in the single-mode fiber in
terms of tunability. The electro-optic filter covers a typical band of only 16 nm, although it has
faster tuning speed. This discrepancy arises because the period of the acoustooptic grating is equal
to the acoustic wavelength, which can be adjusted easily; for the electro-optic filter, the periodicity
is fixed during fabrication. Also, acousto-optic devices can exhibit very precise frequency tuning
using electronic RF oscillators, ‘with drive voltage as low as 4 few mW for guided wave
interaction. Because of the large electric field within the electro-optic device, its modulation
voltage is generally much higher. Although both acousto-opﬁc_: devices and electro-ﬁptic devices
are ndt mature, it is more efficient to realize ADM by employing acousto-optic filters with state-of-.

the-art technologies.

The operating principle of acousto-optic filters is as follows: An acoustic transducer
generates acoustic waves in the acousto-optic medium. The waves cause a périodic perturbation in
the refracﬁve index. Under the phase matching conditions, this perturbation allows only a nasrow
range of optical wavelength to be filtered. 'Iﬁc acoustc_)?optic filter is Sct to Qiffcrent wavclcngths iy

by changing the acoustic drive frequency.
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A typical example of acousto-optic device for ADM function is the four-port polarization-
independent acoustical wnable optical filter (PIATOF) [5]. The most remarkable feature of this
device is its ability to interchange any one or more of the wavelengths in one input with the same
subset of wavelengths on the other input. The selection of wavelength is controlled by the
acoustic drive frequency. This mechanism together with its four-port structure and polarization-

independent property makes it available in realizing ADD-DROP function in WDM ring

networki2].
From Transmitter fi Rem;rg:d
A | >
‘ Acousto-optic
_ ADM
N Ay ¥ 2
. ! A"1 lk A'N
| Incoming Link Outgoing Link
Fig.2.1.2. Block
Diagram of
Acousto-optic ADM

As shown in Fig.2.1.2, the network access nodes arc interconnected so that the Tower

input port of the PIATOF-ADM of one node is connected to the lower output port of the PIATOF-
 ADM of the preceding node by a section of single-mode fiber; and the lower output port is
connectcd to the fiber going to the éucceeding node. This process is repeated for the rest of the |
adjacent nodcs to form a complete closed optical path For the other two upper nodes which are
~not connected in the ring, thc upper mput node serves as the link to t.he transmitter, whxle the

uppcr output nodc is used as the export for the rcmoved signal of the prevmus transmxsmon.
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2.1.3.2. Four-Port Fabry-Perot ADM

The mechanism of four-port Fabry-Perot ADM is wavelength correlation w_ith transmissions
and reflections from beams interference by multiple reflections in a Fabry-Perot etalon[4].
Fig.2.1.3 (a) shows an ideal model, with the selected wavelength of the Fabry-Perot etalon
defined as A,. The light from the fiber ring containing the whole spectrum of WDM wavelengths
enters the Fabry-Perot etalon from Port 1. An infinite number of partial waves is produced by the
reflections and transmissions on Mirror 1 and Mirror 2, and the light that is trapped in the etalon
gradually Jeaks out through these two mirrors. The light containing the selected wavelength 4,,
namely the transmitted wave, exits the etalon at Port 3. The light containing the other
wavelengths, namely the reflected wave, exits at Port 2 into the fiber ring. Therefore, the DROP
function is exercised. At Port 4, the uansmiucr injects the light containing the selected wavelength
A,. By t.hclprinciplc of reversibility, this light beam transmits through these two mirrors without
reflection, and is combined with the light beam of the other wavélengths at Port 2 into the fiber

ring. Therefore, the ADD function is exercised.

Fig. 2.1.3 (b) illustrates the configuration of pfactical implementation of Fabry-Perot ADM.
It consists of one Fabry-Perot etalon and two High-Isolaﬁon Polarization-Independent Opticai

Circulators [6] [7] coupled with single-mode fibers.
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Fig. 2.1'.3(bj Implementation of Fabry-?erot ADM
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The optical circulator is a non-reciprocal functional device exhibiting the distinct feature of
directing light emerging in one circulator port in its unique direction to another predefined port.
With this device, the functionality of communication systems can be greatly enhanced.
Applications of circulators combined with optical amplifiers have already been studied and

experimentally confirmed (81 [9] {10].

In general, the optical circulator has N ports (typically, four) coupled with single-mode
fibers which can be connected into the lightwave communication systems and networks. The light
emerging from fiber i and entering the circulator at port i (I <i <N -1, integer) proceeds
through the circulator and exits only at port i+1, and is injected into fiber i+1; and that from port

N couples only to port 1.

Consider the beam propagation from i to j in a 4-port circulator, where i and j are integers
from 1 to 4, and j=i+k(mod 4). The propagation mode k=0 means the return by reflection, called
weeturn loss”, k=1 is the forward mode termed "insertion loss", and k=2 and 3 are backward
modes or “isolation". In [6], the prototype high-isolation polarization-indépcndcn; optical
circulator (HIPIO-Circulator) is reported to possess isolation over 30 dB and jusertion loss at 1 |
dB or less ét wav&lzlength 1.299um. In [7], the prototype HIPIO-Circulator using birefringent
crystals is reported to exhibit over 60 dB of isolation and insertion loss under 1.5 dB in the
wavelength range of 70 nm around 1550 nm. In[l1],a high-isolaﬁ'on polarization-independent
IquaSi-Optical Circulator is reported to be fabricated. This circulator has a much simpler structure
than those previous reported, and'pfcscrvcs the same level of isolation, insertion loss and return
loss as shown ig [11].

With the desirable feature of the optlical‘circu]ator, the ADD-DROP function is demonstrated

as follows: at node k, Fiber 1 and Fiber 3 coupled with Optical Circulator A are connected into the
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fully transparent fiber-optic ring, with Fiber 1 to the incoming link and Fiber 3 to the outgoing
one. The light with the entire spectrum of WDM wavelengths A;, i=l,...k,...N, travels into the
circulator through Fiber 1 at Port 1. Because of the unique feature of an optical circulator, the light

beam exits at Port 2 of e circulator, passes through Fiber 2, and is incident on the reflector

surface of the Fabry-Perot etalon, whose selected wavelength is A,. According to the effect of
beam interference by multiple reflections, the incident light of wavelength A,, which is injected
previously into the fiber ring and has circulated for one round in the ring, passes through the
etalon and enters the Optical Circulator B at Port 2'. This light is exported by the circulator at Port
3" in the meantime, the effect of beam interference by multiple reflections also causes the incident
light containing other wavelengths 4;, i=1.....k-], k+1,...N, to reverse its propagation direction
and re-enter Optical Circulator A at Port 2. According to the unique feature of the optical
circulator, this light beam leaves the circulator at Port 3, connected to the outgoing link, goes back

into the fully u-anspérent fiber optic ring and propagates to the next access node.

A u-ansfniner is linked to Port 1' of Optical Circulator B, and injects light at wavelength 4;.

-~ The chctcd light procceds through Optical Circulator B, emerges at its Port 2', and enters Fiber

2 toward the etaton of se]ccted wavelength Zk “Then the light transmits through this " band-pass

filter" of its own wavelength and is combined with the returning light of the remaining

wavelengths propagating through Optical Circulator A into the fiber optic ring.

With Fabry-Perot etalon, as follows, we take the typical parameters used in commercial
industry for the performance analysis_{ in the next section: for the selected wavelength, the insertion
losé,is 3dB, a1l1d‘ the reflection loss is 15 dB; for the non-selected wavelength, the insertion loss is

| 30 dB, and the reflection loss is 0.1 dB; for one circulator, the insertion Loss is 1 dB, and .

isolaﬁon is greater than 29.9 dB.
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When the light cqntaining non-selected wavelength, A;, i=1..,k-1, k+1,...N, passes through
one interference ADM. it loses 2.1 dB power. When the injected light at wavelength A, . travels
through the ADM into the fiber ring, it loses 5 dB power. The filtered light at wavelength 4,,
which has circulated in the ring for one complete round, has a small fraction of power reflecting

back into the ring. The degradation of this power from ADM is 17 dB. In other words, the

residue of the previous transmission wavelength A, decreases by 17 dB.

2.1.3.3. Comparison of an Acousto-optic ADM and a Fabry-Perot ADM

Obviously, considering the structure, a Fabry-Perot ADM with two physical ports exhibits
the same system function as the acousto-optic ADM with four physical ports. In combination with

the optical circnlators, the virtal four-port Fabry-Perot ADM has four physical ports.

Besides the structural diffcrence, there is an inherent difference in the overall performance
of the two types of ADM because of the different physical mechanisms. For the ADM usmg
acousto-optic filter, for example, PIATOF there is a wider tuning range (-400 nm). but a poorer
resolution (-1 nm), so it is suitable for convennonal WDM all-optical networks with a wide

channel spacing.
The Fabry-Perot ADM, on the other hand, provides a much better resolution bandwidth ( <
0.01 nm) but a narrower tuning range (around 50 nm). Thus, this ADM is suitable for dense

WDM ring networks with an ultra-fine channel spécing.

The umquc features of simple structure and the very fine rcsolvuon bandwidth of Fabry-

Perot ADM, coupled with t.hc advantage of high gain (-30 dB) 01 Er+3- Doped fiber amplifier
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(with an operating bandwidth of 30 nm) make the idea of WDMA on ring topology attractive
when utilizing dense WDM technology.

2.1.4. A Limiting Network Performance Analysis

The following symbols and values are used in the performance evalvation of the dense

WDMA fiber ring network using Fabry-Perot ADM:
-0.3d

Ly, : Loss factor of the fiber (including splicing losses) : 0.3 dB / Km, or 10 © | where d is

the distance between two nodes in the ring. Assume nodes are equally spaced over the ring.
-0.2

L,,,: Excess loss factor of the tap : 02dBor10 19,

G: EDFA equivalent gain. Typically, EDFA gain is taken as 30 to 35 dB. Taking coupling

efficiency n;, as 0.31 and 7, as0.26 into account, the equivalent gain is assumed to be 20
20
- dB, ‘or 1010, EDFA gain is wavelength-dependent, and gain equalizers have been proposed to

‘obtain a flat gain {12]. In the following calculations, we assume an equalized gain EDFA.
* Therefore, the result obtained is an upper bound on the performance of a WDMA ring network
using unequalized gain EDFAs.

Py,sex: Power injected from the laser: 1 mW.

Lp_p_gyans : Loss factor of the transmitted power passing through the Fabry-Perot ADM, § dB as
calculated in the previous section,

Ly _p_pay, : Loss factor of the reflected wavelength power as passmg through Fabry-Perot ADM,
2.1 dB as calculated in the previous section. |

B : Tap fraction of each node towards the Mach-Zehnder de-multiplexer.
' L,,,_z Loss factor of thc Mach-Zchndcr demultiplexer, 10 dB assuming it has five stages and 32
channels. | | | | |

a:Loss bctwcen amplifier and rccewcr,
o= p th LM—Z - (2. 1 )
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N : The number of nodes in the ring network, where N = 32.
Then. the resulting loss factor between nodes is
K, n= L, GLy (1-8) Le_p_pos (22)

Direct detection scheme is used in the receiver system. A worst case uncoded bit error rate
(BER) of 107 is used as the minimum required performance. Here, the worst case is considered
as the case when the power from node #1 reaches the receiver at the node # N.

The output power from the Nth optical amplifier is

Pomp-out-N = Praser Lr-p-trans K p=n [Lp_p-pass (1-B )Ly, T Q.3)
so the power into the PIN receiver is

P, = Pamp-ous-n © (2.4.)

After opto-electronic processing, the electrical signal poweris: S = (?— nP,) (2.5.)
: c

where ¢ is the electron quantity, e = 1.6 x 107"°, J is the Plank constant, & = 6.63 x 107,
¢ is the speed of light ¢ =3 x 10® m/sec, 4 is the optical wavelength taken as 1.55 um,

11 is the quantum-efficiency taken as 1 for the ideal case.

The interference-to-signal ratio is,
ISR=K P_,,” L/l pps (26)

Where L'is the loss factor of the selected wavelength reflecting back into the ring through the
Fébry—Pcrot. Here L'is 17 dB as calculated in the previous sgction.

The parameters and formula for noise calculation are the fdllowing:'

N,: EDFA ;pontancous emission factor. N, =1.4.

Rb: Transmission bit rate per channel, assuming all the channels have equal bit rates.

Be: the electrical bandwidth of the receiver , here Be = 0.7 Rb. |

Bo: The optical bandwidth of the receiver. With 30 nm bandwidth of EDFAs (1 nm is equwalcnt
to 133 GHz at 1.55 um), for each of the 32 channels, Bo = 62 GHz.
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I,,: The peak thermal noise equivalent current density is taken to be 12 pA /v Hz according to

[13].
Since there are N fiber amplifiers distributed in the ring, for the amplifier-related noises at
the Nth receiver, we have the effective spontaneous emission factor as:

Nopogr = Tlous (Np + KppNop + KpoaN,, SUEY QA

= TouNep ___11—3?;._., -
p-n

Then, the thermal noise is [13]:

N, =1,%Be (2.8.)

The shot noise is:

A |
Ny = 2-’%&(?, +0oN,_,(G-DhvBo)  (29)

The signal and spontaneous beat noise is:

n%e?
Nop =4 -BeP,a(G-DNyg  (210)

The spontaneous-to-spontaneous beat noise is:
Npopp = N°€*a*[N,_ (G -1 (2BoBe~Be’)  (2.11)

Most gigabit applicaﬁﬁns have a BER requirement between 10~ and 1 07*°. Among them,
Viszfalizarion and Conferencing have a BER requirement of 1079, while Medical Image and
CPU Interconnect réquire a BER of 107, Assume 7 is the electrical signal-to-noise ratio at the
receiver; then according to the communications theory, to obtain a BER of 107°, vy is assigned
the following values: 72 for OOK; 20 for DPSK; 36 for FSK; to obtain a BER of 1072, y is
assigned the following values: 99.1232 for OOK; 26.631 for DPSK; 49.5616 for FSK; to obtain
: a. BER of 1077, ‘ Yy is as.signcd the following values: 123.874 for OOK; 33.874 fdr DPSK;

. 61.937 for FSK. |

Solving the following nonlinear equation by computer with 8 ‘equalwto 0.02,
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SN =f (Rp,d) =7 (2.12.).

The performance can be achieved as shown in Table 1. The results in Table 1 are the attenuation-
limited transmission distances. Here, we assume the laser linewidth is sufficiently small so that
the material dispersion-limited distance is sufficiently long, and also the modal dispersion is

negligible. Besides, the total system rise time is small enough to support the assumed range of bit

rates.

Note that these calculations are obtained assuming there is no interference on the network.
The real case is slightly worse. To determine the impact of the interference on the system
performance, we relate the ISR to the interference power penalty (i.e., the degradation of the
required optical signal power at the detector's input, relative to the case of no interference). We
assume that the effects of the interference can be recovered, by restoring the original eye opening
(i.e., without the interference) at the decision circuit of the receiver. The increase in the minimum-
detectable received power required for the same error rate is defined as the power penalty. The
computation of power penalty involves a worst-case assumption that a logic ZERO in the signal

coincides with interference logic ONEs, and vice versa.

Based on these assumptions, the eye opening with interference is smaller than the eye

opening without interference by the factor (1-ISR)[14]. Consequently, the power pcnalty 15

101 B
Ologyg(——— -ISRM (2.13.)

The result of interference-to-signal ratio versus bit rate is shown in Table 2, and the

corresponding power penalty versus bit rate is shown in Table 3.

26



Table 1.(a) Bit Rate Versus Distance Between Nodes (BER=10")

Bit Rate (Gbivs) Distance (km)(OOK)  Distance (m)(FSK) Distance (Km)(DPSK)
1 60.39 60.76 61.06
2 60.01 60.39 . 6070
3 59.78 6017 60.49
4 59.61 60.01 60.33
5 59.47 59.88 6021
6 59.36 59.78 - 60.11
7 5926 . 59.69 60.03
8 59.17 59.61 59.95
9 59.09 59.54 59.88
10 59.01 59.47 59.82

Table 1.(b) Bit Rate Versus Distance Between Nodes (BER=10"7)

Bit Rate (Gbit/s) Distance (km)(OOK)  Distance (km)(FSK) Distance (Km)(DPSK)
1 60217 60.589 60912
2 59.828 60.217 | 60.551
3 . 59.588 59.992 60.334
4 59.410 59.828 60.178
5 59.267 59.697 60.054
6 59.146 __ 59.588 59.951
7 59.039 | © 59.494 50.863
8 58944 59.410 59.768
9 58.858 | 59.335 . 59.717
10 58.778 59.267 59.645
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Table 1.(¢) Bit Rate Versus Distance Between Nodes (BER:IO”S)

Bit Rate (Gbivs) Distance (anj(OOK) Distance (kam)(FSK) Distance (Km)(DPSK)
1 60.094 60.471 60.793
2 59.697 60.094 60.428
3 59.451 59.865 60.209
4 59.267 59.697 60.050
5 59.118 59.563 59.924
6 58.991 59.451 59.819
7 58.879 59.353 59.729
8 58.779 59.267 | 59.650
9 58.687 _ 59.189 59579
10

58.601 59.118 59.514

Table 2. (a) Bit Rate Versus Interference-to-Signal Ratio (dB) (BER=10"%)

‘Bit Rate (Gbit/s) Inter-to-Signal . Inter-t0-Signal Inter-to-Signal
(OOK) (FSK) (DPSK)

1 31.017 34531 37437

2 21366 31.018 - 34004

3 -25.138 28903 -31.952

4 -23.500 -27.366 -30473

5 22189 -26.151 29.308

' 6 -21.086 -25.138 .28.344

7 20127 -24.266 27.519

8 -19.275 -23.500 .26.795

9 -18.505 ‘ 22813 -26.150

10 -17.799 22,189 -25.567
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Table 2.(b) Bit Rate Versus Interference-to-Signal Ratio (dB) (BER=107%)

Bit Rate (Gbit's) Intee-to-Signal Inter-to-Signal Inter-to-Signal
(OOK) (FSK) (DPSK)
1 -29.355 -32.925 -36.028
2 25,617 -29.355 -32.560
3 23314 -27.193 -30.480
4 -21.609 -25.617 | -28.976
5 20233 24362 27788
6 -19.068 -23.314 -26.802
7 8049 22,409 25957
8 17137 -21.609 25214
9 -16.308 -20.888 24552
10 -15.542 20233 23952

Table 2.(c) Bit Rate Versus Interference-to-Signal Ratio (dB) (BER=107*)

Bit Rate (Gbit/s) Inter-to-Signal Inter-to-Signal Inter-to-Signal
(O0K) (FSK) (DPSK)
1 -28.174 31791 -34.884
2 24364 28174 31382
3 -21.999 25975 29276
4 20234 24.364 27.748
5 -13.803 | 23077 26539
6 -17.583 21.999 .25.533
R 16510 - 21064 24,668
8 15.544 20238, -23.908
9 14661 19486 23221
10

-13.841 -18.803 . ' 22.609
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Table 3.(a) Bit Rate Versus Power Penalty due to Interference (dBYBER=10")

Bit Rate (Gbit/s) Power Penalty Power Penalty Power Penalty

(COK) (FSK) (DPSK}
1 0.003473 0.001737 0.000869
2 0.007810 0.003473 0.001737
3 0.013442 0.005642 0.002605
4 0.019499 0.007810 ’ 0.003907
5 0.026411 0.010411 0.005208
6 0.033744 0.013442 0.006510
7 0.042354 0.016472 0.007810
8 0.051805 0.019499 0.009111
9 0.061664 0.022957 0.010411
10

0.072782 0.026411 0.012143

Table 3.(b) Bit Rate Versus Power Penaliy due to Interference (dB)(BER=107"%)

Bit Rate (Gbit's)  Power Penalty Power Pcna]ty' Power Penalty
(OOK) | (FSK) (DPSK)
1 0.00523 0.00217 | 0.0008685
2 0.01214 . 000521 © 0.002605
3 0.02036 0.00824 0.003907
4 0.03029 0.01214 0.005642
5 0.04149 0.01604 0.007377
6 0.05395 0.02036 0009111
7 0.06950 0.02512 0.016844
8 0.08472 . 0.03029 0.013009

9 010300 0.03547 001517
10 0.12289 004y 0.01734
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Table 3.(c) Bit Rate Versus Power Penalty due to Interference (dB)(BER=107")

Bit Rate (Gbit/s) Power Penalty Power Penalty Power Penalty
(OOK)} (FSK) (DPSK)
1 0.0065 0.00304 0.001303
2 0.01604 0.00651 0.003039
3 0.02771 0.01084 0.005208
4 0.04149 0.01604 0.007377
5 0.05738 0.02123 0.009544
6 0.07662 0.02771 ‘ 0.0121433
7 0.09791 0.03417 0014741
8 0.12289 0.04149 0.017770
9 0.1511 0.04923 ' 0.020792
10 0.18326 0.05738 0.023321

2.1.5. Conclusions

A transparent WDMA ring network architecture using a Fabry-Perot etalon as an ADM has
beéh proposed in this subsection. This ADM achieves a much better bandwidth resolution than the
ADM using acousto-optic tunable filter (-1 nm) propbsed previously. Therefore, dense WDM
technology can be employed. In addition, the unique feature of ring topology makes it easy to
incorporate optical amplifiers in the network. The network capacity and its geographic span can be
increased significantly. However, the gain of the optical amplifier is wavelength-dependent.
" Research on the study of gain eqﬁalizcr has been cérricd out. In this subsection, the limiting
" performance of the network capacity and geographic span was analyzed numerically under the
ideal assumptiqn of the opticai amplifiers having a wave]ength-il%gepcndcnt gain. Meanwhile, the |

residual interference was also studied, numerically.
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2.2. WDMA LAN Architecture 1II: A WDMA Ring Network With
Holographic Wavelength-Selective Routers

2.2.1. Motivations

| For WDMA fiber ring networks, there are two types of scenario for the noise power level at
the receiver systems. One occurs where there are no optical amplifiers placed on the fiber ring,
usually the case with small-sized Local Area Networks(LAN). The other occurs where optical
amplifiers are placed on the ring, usually the case with large-sized LAN or Metropolitan Area
NetworksQMAN). With no amplifiers on the ring, two types of noise are present in the receiver
system, namely thermal noisel and signal shot noise. Both are linearly proportional to the
transmission bit rate. Therefore, as the signal carried on one specific wavelength, say A
propagates and is tapped by the remaining nodes on the fiber ring, the amount of power required
to combat noise in the receiver is the same. In other words, the power sensitivity for the signal on
this particular wavelength is the same for the receivers on the remaining nodes. If the optical
amplifiers are placed on the optic fiber ring, the receiver noises consist of five elements: receiver
thermal noise, signal shot noise. accumulated optical amplifier spontancous shot noise,
accumulated optical amplifier signal-spontaneous beat noise, and accumulated o'pticai amplifier
spontaneous-spontaneous beat noise. The greater the number of 6ptical amplifiers the signal on
this specific wavelength needs fo pass before reéching the destination node, the larger the power
sensitivity for the receiver at this wavelength at the node. In the case of the sigtia] at wavcicngt.h
_ A, injected at node 1, the receiver of wavclcngm A, at node N has the largest receiver power

sensitivity.

. .On the other hand, the propagation power df the injected signal decreases as it propagates
through more nodes, Take Prop i as the propagation power at node i for 4;, then |
Prop 1 > Prop 2 >... >Prop N.
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In the previous scheme with optical ADMs, the same fraction of power J is tapped from the
fiber ring to the receiver for all the wavelengths and in all the nodes. Therefore, the power
appearing at the receiver nodes decreases from node 2 to node N along the ring. Because of the
monotonously increasing power sensitivity and the monotonously decreasing propagating power
along the path, this uniform tap causes a certain amount of power to be wasted, thus limiting the
network performance from its potential capacity. In addition, residual power exists in the ring,
and ADM is needed at the transmission node to remove this residual signal and prevent its
interfering with the later transmitted signal.

2.2.2. Proposed new network architecture

In a network with ADMs, the following network components are present for each Network

Interface Unit (NIIJ) as shown in Fig.2.2.1 {a):

1). A gain equalized optical amplifier .[12]

(2). Wavélength Demultiplexer with a low crosstalk and a low insertion loss.

(3). Uniform tap which is insensitive to wav;_lcng;hs and has a very low excess loss.
@. ADM using optical filtes with low crosstalk and low insertion loss.

(5). High-performance transmitters and receivers. ,
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In order to avoid the problem discussed in the previous section, we propose a new
network component, namely, Wavelength Selective Router (WSR), to replace items #2, #3 and

#4 above. See Fig.2.2.1.(b).

The function of WSR is to non-uniformly tap the optical power from different wavelengths
on the ring. This is done according to the prescribed power-tapping fractions pre-assigned to each
node. Thc purpose. is twofold: (1) to bring the optical power received at each node on the ring
closer to its power scnsnmty than with uniform tapping; therefore the transmission power is used
more efficiently; (2) to make the optical power of the wavelength carrying the information,
circulated exactly once, to be fully tapped and to be sent to the receiver at the last exit node.
Therefore, in theory, the interference of the residue of the injected signal is fully eliminated, and

expensive ADMs are not needed in the network.
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Fig. 2.2.1. (&). UNI in WDMA Ring Network with ADM
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Fig. 2.2.1. (b) UNI in WDMA Ring Network with WSPD
Assuming that on the ring, node i injects signal on the pre-assigned wavelength 4;; then

the power-tapping fraction matrix for this network is:

| wovelength:..... Ay AgeAgencensneeidy
| Station# I..... .‘..ﬁ,..ﬁN.ﬁN‘_, .......... B.
| Stqtion#2 ........ Bg-By:By-Byogeeres Bs

I XS LRI R RN R LR ) [TEXEERES sesesanne 4sssssernane

| Station# N.......By-By-geeeesse B..By | | o o

[N
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define B,=0, By=1. B; < B < .....< By, then,

wavelength: ........ P S S O Ay
|Station#1......... [ SO0 SO U B,
|Station# 2........ BoiiO.ooiloe Bygeennennnirnnnnn B,
|Station#3........ Bg-Bo. 0ol By geeiininnnnn. B,
U P RERE
O ER PRSP 0....1
|Station# N ...... b R B;..0

The rows of this matrix are the parameters of WSR at each specific node, and the columns
refer to the tapping fractions on the nctwork nodes for each wavelength. This matrix indicates that
no power on a specific wavelength is éxtracted from the transmission node, and all the power is |
removed from the last exit node. In order to make the amount of tapped power cxacﬁy equal to the
power sensitivity of each node, the other elements on the matrix have to be expressed as functions
of both static network parameters (i.c., distance between stations, loss factor of nctwork

components, amplifier gain) and network system transmission bit rate.

As in the analysis of the previous section, there are ﬁvo factors contributing to the
inefficient use of optical power: the degradation of signal level in propagation because of the
amount-of loss which is not compensated by the optical. amplifiers, and the incrcasc of -powcr‘

sensitivity at the receivers, which is due to the effect of accumulated o;mcal amphﬁcr spontaneous

emission noise. Herc. from a practical point of view, we propose a mcthod 10 speclfy the other-

elements on the matrix only by static network parameters and to eliminate the effect of the first

factor on the distribution of power.

36



2.2.3. Power Division Problem

In this subsection, the elements in the power-tapping fraction matrix are expressed as
functions of static network parameters (i.e., distance between stations, loss factor of network
components, amplifier gain). Based on this, the condition of minimum transmission power
required at each node is derived.

2.2.3.1. Specification of the Matrix Elements

The matrix elements are specified according to the following criteria: for any one of the

- . specific wavelengths, the amount of optical power which appears at the receiving nodes is the

same, and the amount is chosen to be the power sensitivity of the last -exitnode. Since this value

is the largest power required among all the rccewcrs, the power received on the rest of the

network nodes is beyond the power sensitivity of each node.

The following symbols are defined for the purpase of analysis:
| | -0.3d
Ly, : loss factor of fiber (mcludmg sphce) 0.3 dB / Km, or 10 10 where d i is the average

_ distance between any two nodes in the ring, assummg nodes are equally spaced in the ring.

- G: amplifier equivalent gain, Assuming the carrier lifetime of the optical amplifier (i.e., EDFA) is
much larger than the signal bit period, each node transmits continwous bit stream; then, during one
carrier lifetime, 'afrerage input pchr t'p each amplifier is the same, G is the same for all the
amplifiers. Typically, EDFA gain is taken as 30 to 35 dB. Taking a coupling efficiency of 7;, =

‘0.31 and 7, = 0.26 ihto a@uﬁ; the equivalent gain is assumed to be 20 dB. . |
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P, ,srp: the power value injected from the laser: 1 mW
Lysp: loss of WSR
L 1ng* Coupling loss at the transmission node

Define P, as the power received at the ith node along the loop for a specific wavelength

and the transmission node as the first node; in other words, P,, =0. Then,

P 2= (P laancou_pll'na) Lﬁbﬂ' GLWSRﬁ 2
Pyy = (ProueLuvsging I U 00 G* Lwsn (1= ) LopingBs

P = (P Iaueruplina ) Lsﬁf’" G°L'wsr(1 "Bz J(1-B, J L2°°“Pzi"8ﬁ4
. (2.14)

:Pm = ( Py Leoipiing )L eGP L wsp
(1 —ﬁz)(l "ﬁg)- .. (1 -ﬁnq)Ln-zw"P““CBn ‘

Define m=Ly,,, Lyspp Leoping G bY setting all the P terms equal, the following

relations are obtained:

ﬁ_ mn+1
n

T 1+mB,., - (215

 where n=2,3,...N-1.
‘ e

By mathematical induction, B, can be expressed as a function of m, which contains only .

static network parameters. o
[
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5 - m
N1 Tim’
Bz = - »
) _ = )
H2" 1+m+m? i‘m’
i=0
Bn-i=- i
Fm
ix0

- m? mPi(1-m)
Be=gz—= I-
j=0

_m(1-m) @19

In general, |
- Be= 1-m

L7
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2.2.3.2. Minimum Power Requirements

Define Pr as the power received at each of the photodiodes, then Pr is the same for each of

the nodes, and we have
m¥3(1-m) _ m¥i(1-m)
Tom P T g

P, = P,s = Ppgyeett; = Prope (2.17)

After opto-clectronic process, the electrical signal power is:

s=Ctapy @19
he

where e is the electron quantity, e = 1.6 x 107%¢
h is the Plank constant, b = 6.63 x 107

¢ is the speed of lighte =3 x 10°m/sec

A is the optical wavelength and taken as 1.55 um

7 is the quantum efficiency and is taken as 1 for the ideal case.

Since for a specific wavelength, the last exit node on the ring has the largest amount of
noise on the receiver system, the minimum required power has to be large enough for the signal-
to-noise ratio(SNR) to satisfy the prescribed value. In other words, given the static network
parameters, the network can be implemented using the WSR with prescribed tapping matrix. In |
this network, there is an upper bound on the transmission bit rate sncﬁ that all the SNR

requirements of each node are satisfied.
The parameters and formula for noise calculation are:

‘N,P: g:ontaneous emission factor. N, =1.4

Rb: bit rate of ujansmissioh per channel, assuming all channels have equal bit rates
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Be: the electrical bandwidth of the receiver; e.g., take Be = 0.7 Rb

Bo: the optical bandwidth of the receiver; ¢.g., for EDFA 's 30 nm bandwidth, and 1 nm
equivalent to 133 GHz at 1.55 pm, for each of the 32 channels, Bo 62 GHz

R, : wransimpedance resistance
g, transconductance of FET
R input resistance

C;: input capacity

We define the equivalent accumulated optical amplifier spontaneous noise factor as:

Nyor = TourLwspp [ Ny (1=By 1)+ Ny, m*(1-By, (1~ ﬁN-2)+ ------
+NspmN-2 (1 ”ﬁN-I )(1 _ﬁN-R)'"(I —32
"‘N-pmN-r (1 ‘ﬂn-z)(ll"ﬂn-z)---(l -B.)]

m m?

= + Feiannn
n""LWDN"(I-!-m 1+m+m® |

mN -2 mN -1

+
1+m+ m2 1+m+..+mh?
N-2 mf mE ' (2.19)

= N - -+
n""‘st”D (iz; :‘,'mf 1+m+...+m"2

j=0

The sensitivity of an optical PIN-FET receiver is mainly determined by the following noise

. sources:

Thermal noise of the transimpedance resistance:
- _4RT

N, =22 Be=1,7Be (2.20)
HA
Noise of the FET-transistor:
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4. 4kT[§1—-B +(2::CT)2§-Be3] Qa2n

gm E

Negr =

Shot noise :

N, 2h Be(P, + ,P_,”(G-Tl)hvBo) (2.22)

Signal and spontaneous beat noise:
N, h BeP (G-1)N,, _, (2.23)

—p =

Spontaneous-to-spontaneous beat noise:
N, ,=me[N, s(G- ~1)J3(2BoBe-Be?) (224)

p

Defining ¥ as the electrical signal-to-noise ratio at the receiver, then the minimum power

transmitted must satisfy the following equation:

S
>y @25
N, N FNau # N, * Ny | @2) .

s=-sp p-sp

For the given static network parameters and transmission power, the transmission bit rate
which satisfies the above equation is an upper bound on the bit rate for each transmission node in

the network.

2.2.4. Integrated Waveguide Holographic Multiple Phase Grating: A Proposed
Approach to build Wavelength Selective Router

Physically, the function of Wavelength Selective Router can be realized by using niultiplc
gratings to diffract different wavelengths from one multiple wavelength optical input into many
different directions[15] [16). Each pre-reco\\rdcd grafipg deflects one and only one wavelength

3
1

i
N
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with pre-determined diffraction efficiency to a pre-determined angle into the receiver system. For

a perfectly phase-matched, lossless, unslanted transmission grating, the diffraction efficiency is:

__”_And_,_ ] (2.26)

A,(cos8)?

n, =sin®(

where An and d are the associated index modulation and interaction length, respectively. By
adjusting An and d, as well as 6, we can get the desired tapping efficiency (which is equal to
the diffraction efficiency) for wavelength A;. Notice that the long interaction length (>lcm)
coupled with the large index modulation depth (4n >0.1) will dramatically increase the
wavelength selection resolution and deflection angle resolution. However, they will also increase
the absorption loss and spread the beam. Trade-off exists between these factors. Parameter d is
controlled by the lithographic process and An is manipulated thfough exposure dosage and wet

and dry processing parameters.

L li i'lvﬂs

S
i

(1-M5) Ay

- Fig.2.2.2. Structure of Multiple Grating WSPD
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As shown in Fig.2.2.2 above, the planar optical waveguide with a holographic grating can
be fabricated monolithically through the standard ion-exchange process. The multiple wavelength
light beam is launched into the planar waveguide through a prism cotpler. The light propagates
down the planar waveguide until it encounters the phase grating on the top of it. Because of the
evanescent field interaction, the light will be deflected, according to the pre-defined diffraction

efficiency, by the phase grating recorded in the applied photosensitive material.

Multiple grating has additional advantage of being more economical to mass produce as a

product to fit different tapping matrix spcciﬁcatidns.
2.2.5. Conclusions

In this section, an alternative approach to realiz¢ WDMA via a ring topology has been
proposed. Theoretically, it is a better solution to the power-dwmomnrf prob]em than WDMA ring
network with ADMs. However, it is less flexible in modifying th\ network parameters. Smccf‘
holographic grating is easy to duplicate once it is recorded, this axch:tcc,mre can be an option in

standardization for WDMA ring network.
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Chapter 3
Modeling of the Optical Amplifiers' Random Gain
in WDMA Ring Networks with Add-Drop Multiplexers

3.1. Introduction

In the analysis of the previous chapter, the optical amplifiers are modeled to possess a
constant wavelength-independent gain. With this ideal model, the results obtained in the
previous chapter are considered to be a limit on the performance of the WDMA ring networks.
In reality, many problems arising from the intrinsic physical property of optical amplifiers
degrade the network system performance.[l‘?]

In WDMA ring network, optical amplifiers amplify several channels at different
wavelengths at the same time; therefore the network link budget improves. However, many
problems related to the optical mpﬁﬁem (i.e., induced crosstalk and noises) can reduce the

amount of link budget improvement actually obtained. Typical problerns are as follows:

-WaVcicngth-depcndent gain of optical amplifiers can cause serious problems in cascaded
optical amplifier systems. Gain equalizers have been proposed to solve this problem. Further
study has also been cérried out.[18}

-Inter-modulation distortion can become siglaiﬁcénf if the optical carriers are spaced too closely
such that the carrier density can l:cspond at the beat frequency. This problem can be solved by

arrangement of relatively large channel intervals, e.g., greater than 10 GHz.{19]-[23]

In this chapter, the focus is on the modcliﬁg.of the amplifier nonlinearity (or gain
saturatidn)-induced channel crosstalk problem in WDMA ring network with ADMs. The

. problems of unequal gain and intermodulation distortion are assumed to have been solved. The
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amplifier here can be a doped fiber amplifier or a semiconductor laser amplifier.[17] Here, we
assume the typical problems related to each of these two types of ampliﬁ;rs have been solved,
i.e., for semiconductor laser amplifiers, assume that the problems of polarization dependence
and Fabry-Perot ripple in the gain have been solved so that the available gain is limited by noise

and saturation rather than by the facet reflectivity or polarization dependence of the gain.
3.2. Statement of the Problem

In the optical amplifier stimulated emission model, the dynamics of the carrier density in
the active region are described by a carrier rate equation assuming the spontaneous emission

intensity is much smaller than the signal intensity in the gain region{24]:

'dn(t)=£c__n(t)_Ii,,(t)[G(t)—1]
at &t I, ol

c (4

G.1)

Where ¢, is the camrier recombination lifetime, L is the length of the active region, ¢ is the gain
coefficient, n_ is the pumping intensity, I,,, and I,, are the saturation and the input optical

intensity, respectively.

When the input intensity is varying at a rate much smaller than ti the carrier density in

the optical amplifier responds rapidly to the changes in the input intensity. In other words, with
an mtensny-modulatcd data stream (i.e., OOK) coming into the amphficr at a bit rate much .

smalier than f— the steady state conditions are reached quickly within a fraction of the b)t

c

period, and the left-hand of Equaﬁ'on (3.1.) can be set to zero. Therefore,
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Lot

Ln(t)=grsgolln.—n(t)] (3,
and by setting
G,=exp{oL[n,~nz]} (3.3.), (3.4)

G(t)=explaL[n(t)-n;]]

where n, is the transparency density corresponding 10 the onset of population inversion,

“we get [24}:
- Iu! Go |
L) =G -1 G0 G3)
or
—Pu ;.G
DPin = G—IIn G (3.6.)

" Here, P, =I,A and P, =1,,A,A being the cross-sectional area. In this equation, G, is

the small signal gain of the amplifier (i.c., the gain when P, =0).

From this equation, we see that as the input intensity increases, carriers are depleted from

the active region, resulting in a reduction in the gain.
From the above analysis, the following .conclusion's are reached:

(1) Gain is a function of the total input power to the amplifier. In other words, the gain seen by

a particular channel is affected by the intensity level on other channels., -
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(2) At data rates much larger than the inverse of the carrier lifetime, the amplifier gain remains
almost constant at a value corresponding to the average input power. In terms of effect on the
signal power level of a particular channel (on a particular wavelength), only saturation
component exists, that is, the steady-state reduction in the gain resulting from the existing

signals' power on the other channels.

(3) At a data rate much smaller than the inverse of the carrier lifetime, the amplifier gain varies
as the input power intensity changes. Both saturation component and crosstalk component
exist. The crosstalk component refers to the variation in the gain resulting from the randomness

of the total input power around the mean.

The crosstalk impact of gain saturation on the system performance is a strong function of
the lifetime in the optical amplifier. The carrier recombination lifetime in the semiconductor
laser amplifier is around 1 ns; the fluorescence life of ions within a Doped-Fiber Amplifier is
around 1G ms Therefore, two types of amplifier gain models are proposed in the WDMA ring
network with ADMs:

(1) Constant Gain Model
This corresponds to the doped fiber amplifiers with regularly varying input intensities. In
this case, the amplifier gain cannot respond to the fluctuations in the input power level, and the

ion density within the amplifier will remain a constant.
(2) Random Gain Model

This corresponds to the doped fiber amplifiers with randoinly varying input intensity or

semiconductor laser amplifiers (TW, MQW) with any sources.
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In the following section, emphasis is placed on the random gain model in WDMA ring
networks with Add-Drop Multiplexers. The problem related to this proposed model is referred

to as the Two-Dimensional Crosstalk issue.

3.3. Closed-Loop Markov Chain Model for Optical
Amplifiers' Random Gain in WDMA Ring Networks

Consider the procéss for a signal injected into the fiber loop of WDMA ring
networks towards the last exit node. The signal passes through n optical amplifiers. When thé
condition for Constant Gain Model is satisfied, the amplifier gain is considered to be a
constant, and the model and aﬁalysis in the previous chapter are valid. However, if the
condition for Constant Gain Model is not satisfied, a stochastic model needs to be established
to simulate the random gains; determined by the total random input power of OOK optical
signals, provided the parameters of the optical amphﬁers are given. This model is referred to as
a Closed-Loop Markov Chain Model. In it two types of probabilities are Imvolved namely the
probability distribution of the number of channcls at "ON" state for a specific optical amplifier
(referred to as the amplifier stage) in thé signal route, and the transition probability of the signal
path from one optical amphﬁer to the optical.amplifier in the next stage. In Subsection 3.3.1.,
expressions for theso two probabilities are derived from different sorts of sources. In

Subsection 3.3.2,, the transmon probabilities of the case when multiple ADMs are placed

between a pair of optical ampliﬁers are derived. In Subsection 3.3.3., a Closed-Loop Markov

Chain Model is formulated. Subsection 3.3.4. is devoted to a brief description of the effect of

‘ two-dimensional crosstalk based on the Closed-Loop Markov Chain model.
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3.3.1. Probability Distribution and Transition
Probability for Different On-Off Key Source Models

In this subsection, the two types of probabilities for different On-Off Key source
models are derived. Starting with the general continuous bit stream source model, the regular
ATM source model and bursty ATM source model are derived. These will be used as the

fundamental models in the following study of optical amplifiers’ random gain.
3.3.1.1. General Continuous Bit Stream Source Model

Assume coding is applied to the source and as a simple model, the bits in continuous

stream x,=1,2,... are dependent and satisfy the following property, i.e.,

P(x,,,=1x,=0)=a

(3.7.)-(3.8)
P(xn-u =0Ixn =1) =b

where 0 <a < 1,0<b <1, Then the transition matrix is[25]:

0 1
p=0|1a a - (39)
1l b 1-b -
1 1y (l-ab) |2 -2
n_ b a -a- -
p= —— R
ath |y a + athb |b b (3'10).
and the stationary distribution is,
(7 1) = (e =2 ) (3.11)
°l’ 1 a+b’a+b
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Define T as the length of a bit, 7 as the round trip delay on the fiber ring, then
7 = Nn'd/c, where N is the number of channels in the WDMA ring network, d is the equal
distance between stations, ¢ is the speed of light, n’ is the refractive index of single-mode

dispersion-flat fiber. Therefore, when nT < 7< (n+1)T,

Probability{ n.uew. pulses. generated. in.(0, 1) ] = {ntl)7-% I%T -t
(3.12)-(3.13)

Probability{n+ 1.new. pulses. generated.in.(0, 7)) = I:T"—

thus,

= plx(t)=1x(t+t)=1]=p[x(t)=1]p[x(t+ 7)=1lx(t)=1]
= —BProb[ (n.new. pulses. generated. given.above) ]U(n+1.new pulse.s‘ generated. given. above )]

gt U= (2T g
n+]
_E%E[[(R'PI)T T](a+b (1 a-— b)b)+[z ﬂ]{—lE+a a-— b) b)]

a+b
- nT {(1—-a-b)ab
—br'l‘[l (a+b)~—F— )JW
| Similarly,
: N 2
Pa’o=P[x(t)‘=}o‘x(t+7)=oj=(aib)z'*(l(:.,.:jzab” —(a+b)(E= "'T)]
_ _ _y7._ @b _(1-a-b)ab., T— nT
P""_P[x(”"o’x(tﬂ)_1]_'(a+,b)2 a7 [1-(a+b)( )]

ab (1-a-b)"ab T- nT
(a+b)  (a+b)® [1-(a+b) <

P, =Plx(t)=1,5(t+7)=0] =

(3.14)-3. 1‘7) ,
- so for a continuous bit stream the probablhty that out of N-1 cha.nnels, K of them are ON i is,
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Let P,, P, and P., denote the probabilities that the number of ON channels remains the same,

increases by one, and decreases by onc when the signal passes through an ADM, respectively.

Then we have,

(3.19)-(3.21)

3.3.1.2. Regular ATM Bit Stream Source Model

Assume the ATM cells for the N channels are synchronized in each cell slot, and the
probability of sending a cell for a particular channel at time ¢t is g, which is the same as thatat
any other time z+7. In each cell, for each bit period T, the probability that the bit is ON or OFF

b
is (my,my ) =(—— — 5

the input of an optical amplifier, then

) as derived before. Let x denote the number of ON channels in

N .
P(x=K']=Y P,y(K'In)Py(n)

nmi

ZK'I(,,L_‘“K) ool '__,,f(N YA "(1-g)""

;'?.f‘mlrlfm‘!f zg) (1-mg)*

(3.22)

Where K'=0,1,2,....N.
When a specific channel is assigned to be in ON state, for N-1 other channels, with X of them
in ON state, the probability is given by ‘
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(N-1)!
KI(N-1-K)!

Pix=K}= (mg)* (1-mg)" """ (3.23)

where K=0,1,2,...,N-1.
Let P,, P; and P_, denote the probabilities that the number of ON channels remains the same,

increases by one, and decreases by one when the signal passes through an ADM, respectively.

Then we have,

P, =q*nym, +(1-qlgm,
P, =¢*mm, +qn,(1-q) (3.24)-(3.26)

P, =g*(mymy + mymy )+ qmy(1-q) +(1-g)qmy +(1-q)?
3.3.1.3. Bursty ATM Bit Stream Source Model

Assume time is divided into two periods, Period I and Period II, and the periods

altcrﬁatc, the transition prbbabih‘ty between these two periods is,

~Periodl:  Period Il
Period I L R T4
 Period II R 4
B E @2

Then, the distributions of Periods I and II are geometric with parameters ¥, and ¥,,

reépeéﬁvely.
Model A Assume Period I is an active period, and'cach slot contains a cell with a probability

o, independently. Period I is assumed to be a silent period. The average arrival rate of a cell is )

then
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_ a(l"')"e)
=T-p+1-7

(3.28)
Model B: Assume Period I is an active period, and each slot contains an ATM cell with
probability «,, independently; Period II is also an active period, and each slot contains an

ATM cell with probability «,, independently. Then the average arrival rate of an ATM celi is,

g= &{l1-7,) a.(1-7,)
1-7+1-7, 1=n+1-7,

(3.29)

With these expressions, the other probability distributions are the same as the regular ATM bit

stream source model as detailed in the previous section.

3.3.2. Transition Probability for Multiple Add-Drop
Multiplexers Between Optical Amplifiers

Assuming there are M ADM's between two optical amplifiers, then the transition

probability is,
M! Wt
P,= 3  ———pyDpyp;  (330)
F‘:‘i"‘n:f':’)”“}' n,inging:
ny =y ux

where p.'s denote the probability that the number of OM channels increases by x, if x is
positive; decreases by x if x is negative as the signal passes through M Add-Dfop Multiplexers,

respectively. Variable x can be any integer from -Mto M. More specifically,
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forx> 0,

M

! Rt b L
P:= Z M- 2n,ﬁ:[1-gl:)n'(n1 x)rpx Pu P (3.31)
forx<0,
M M, ny+x .H‘-:“.‘ "3

7 D P P (3.32)

P =n,£x(n_.,+x)’(M -2, -x)!n,!

Example 1. For two ADMs between optical amplifiers, the transition probabilities are

po =P +2P, P,

p=2P\P,

D4=2P, P, (3.33)

p,=P '1’ "
py=P '-:1

Examplc 2. For three ADMs between opncal amplifiers, the transmon probabilities are
=6P P, P, +P)

b =3P'l Py -1-31"'1 P,

Py =3P, Py 43P Py

P =3P By (3.34)

P2=3PL Py

',
Pa=P,
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3.3.3. Closed-Loop Markov Chain Model: An
Approximation of Optical Amplifier Random Gain

To model the different random gain levels of a signal on a specific wavelength on the
ring, a model for approximation is proposed in this subsection. As shown in Equation (3.6),

for signals on a particular wavelength of a particular channel, the only external parameter

related to the optical amplifier gain G is the input power level, P, . consisting of three terms:
P.: power level of the ON signal in the specific ckannel to be traced.

Py;_,: total power of the other N-1 channels, which is a random variable depending on how

many actual number of the N-I other channels are ON.

P,o;: accumulated spontaneous emission noise introduced by all the émpliﬂcrs in the ring at
the input of one particular optical amplifier. Since na single amplifier is treated any differently
than any other amplifier in the ring, on an ensemble and statistical average basis, P g is a

constant for all the amplifiers. Its formula will be derived below.

Assume L as the total loss per section between two optical amplifiers, g as the equivalent
gain per section based on statistical average, taking into account the external factor P, and the

internal factor G, (G, is different for different wavelengths in reality). Based on this, define
the section coefficient & as the product of L and g. Therefore, the non-lasing condition for the

loopis & < 1. The stable condition for the loop is & < 1

~ In the following derivations, assume the stable condition is satisficd.
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3.3.3.1. Derivation for P, :

Assume there are N channels, N, optical amplifiers on the ring. The optical

bandwidth of each channel is B,. For each channel, the spontaneous emission noise power at
the output of the inducing amplifier is given by:

P, =2N_hvB,(g-1) (3.35)

where N,p is the spontaneous emission factor, v is the photon energy.

In the following derivation, take N= N, . Each amplifier is followed by a user node,
including a receiver and an ADM. Therefore, the amplifiers can be denoted as Ampl, ...,
AmpN corresponding to the user nodes of wavelengths 4, to Ay . Since the total input noise to
each of the amplifiers is the same, an arbitrary amplifier, say Ampl, can be taken for analysis;
the result obtained is the same for the reét. The total accurnulated spontaneous emission noise at

the input of Amp1 can be derived as follows:
Pusg = Pusp s, + Ppspa, - +Passa, (3.36)

where Pjggs seeesPassa, are the accumulated spontancous emission noise powers on

wavelengths Ay ses Ay, respectively.

For P,z ,,, since only the spontaneous emission noise generated by Ampl is filtered

- out by the ADM at Node 1 tuned to A, adjacent to it, so

Pysga, =(8+8 +..+8"1)2N,hvB,

1-8%1 (3.37)
= 1'—_5 2N ,ph VBQ

TN

For P,gx,;.. the ;pontaneous emission noise on this wavelength generated by Amp1 and

* Amp?2 is filtered by the ADM at Node 2 tuned to 45, 50

57



Pysgs, =(8+8%+...+8"%)2N, hvB,
_sl- 5N-2 (3.38)

Similarly, for spontaneous emission noise power at wavelength A,_;,

7 — §N-(N-1)
Passan. = STZN »1VBo (3.39)

For spontaneous emission noise power at wavelength A4y, all the noise power generated

by N amplifiers is filtered by the ADM tuned to A, before reaching Ampl, so,

Pysss, =0 (3.40)

so the total spontaneous emission noise powsr at the input of Ampl is,

Pyp= _§_a [(N-1)=(6+8+..+6")]2N,_hvB;-.
s 1- 1§V L (34])
=I~'—5[(N-1)-6 -3 J2N, hvB,

N
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3.3.3.2. Closed-Loop Markov Chain Model
As seen from the previous discussion, when the internal parameter of the optical

amplifier is given, the gain level of the amplifier is determined by the total input power level,

P, , which is a combination of three terms: P;, the power level of the ON signal in the specific
channel which is to Bc examined; P,_,, the total power of the other N-1 channels, which
depends on the actual number of the remaining ON channels; and P, ¢, the accumulated
spontaneous. emission noise induced by all the amplifiers in the ring at the ini:ut of one
pﬁculm optical amplifier. Among them, only Py_; is a random variable, making P, a
random variable. Thus tne gain level becomes a random variable. The distribution of the
number of ON channels is given by Equation (3.23). Therefore, the number of remaining ON
channels is distributed according to (3.23) for each stage of amplifier input. Taking these
numbers as states between consecutive stages of amplifiers, we see they form a Markov chain,
as shown in Fig.3.1. The transition probabilities are derived in the previous section. Note that

this Markov chain is closed-loop in the sense that Amp N is directed to Ampl with the same

transition probabilities.

ith Stage Amp

(+1)th Stage Amp

Fig.3.1. Marl{ov Chain for Number of ON Channels
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Denote P, ; as the total power of the N-J channels of Stage i amplifier with j channels

ON, then P, ;s form a Markov chain with the same transition probabilities as shown in

Fig.3.2.

ith Stage Amp

(i+1)th Stage
Amp

Fig.3.2. Markov Chain for Total Power of N-1 Channels

The gain levels of optical amplifiers as seen by a particular signal also form the closed-
loop Markov chain with the same transition probabilities. With these random gains, the signal
levels at the receiver have multiple amplitudes. This will cause a power penalty in the system,

as discussed briefly in the next section.

As an approximation, for the ith stage amplifier that a signal propagates through, if there
are n out of N-1 ON channels at the amplifier input, the total input power of the N-I amplifiers

can be approximated as,

n 1-871+5-8"
D

“N-1 1-6 (3.42)

P i,n
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where P'= Py, LipyLsse,» while Lypy and Ly, are the loss of ADM and the loss of
fiber, respectively. Note that there is a one-to-one mapping of P, with P, atthe jth stage
amplifier, and P,, has a one-to-one mapping with G,, the gain of ith stage amplifier. The

input signal power to be examined at the ith stage amplifier is

Pith.ltagr = Ij-IGI eee Gi..JP ' (3.43)
Proof of (3.42) is as follows:

(1) At the input of Stage 1 amplifier of a particular channel, if all the other channels are ON, on

the average, the power of each channs] is

1 p _1-6""

———P'(5+8+..+6"1) = 5 44
N-1 (845 ) N-1 1-6 3.44)
so the total input power from the interfering channels to the first stage amplifier when n of the
N-I interfering channels are ON is
5-8%
P, =——P" .
" N-1" 1-6 (3.43)

Sgtting i=1 in equation (3.42), the same result can be obtained.

N
S
(2) ;\s'f':ihc input of Stage 2 amplifier of a particular channel, if all the other channels are ON, on

3

) iy, X
the;average, the power of eath channel is

X
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P, ==l P'(1+62+8+. .+8"")

* N-1

) (3.46)
o
N-1 1-6

Setting i=2 in equation (3.42), the same result can be obtained.

(3) Assume Equation (3.42) holds for the ith Stage amplifier, that is,

p =N 1—8i"+5i—6"p.
wEN-1 1-6

then, for i+] Stage amplifier, the total input power level is

(3.47)

_n I1-6714+8 =8 g ey
P;,B—N_I( 15 +0 5 )P

n o 1-5 45 -8"
N1 ¢ 1-8 !

Thus, the proof is complete by mathematical induction.

(3.48)

3.3.4. Two-Dimensional Crosstalk Issue

Saturation-induced crosstalk is a potential probiem in WDMA networks. In [26].[27].

this problem has been analyzed for WDMA networks with one optical amﬁlifier. It occurs

because of the dependence of the amplifier gain level on the total input intensity. Incrcascl of the

input intensity results in a reduction in the gain. Thus, the gain seen by a particular channel is

affected by the intensity level of other channels.

Two components from the interference of other channels contribute to the power penalty

of an optical link, namely the saturation component arising from the steady-state reduction in
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the amplifier gain resulting from the increase in the average input power, and the crosstalk
component arising from the variation in the gain resulting from the randomness of the total
input power around the average input power. The saturation component is proportional to the
total number of channels in the network and the probability of one particular channel being ON
at any given instant. The crosstalk component appears when the data rate is much smaller than

the carrier lifetime.

When only one optical amplifier is placed in the optical link, the amplifier gain level
follows the same Binomial distribution P(x,N) as that for when x number of N independent
channels are ON. Therefore, the signal level at the receiver end is a random variable with the
same probability distribution P(x,N). The spread of signal level causes a crosstalk power

penalty in addition to the power penalty caused by saturation.

When N optical amplifiers are placcd in the optical link, with M optical ADMs between
each pair of optical amplifiers, the muluplcxed amplifier gain Jevel of the lmk is distributed with
probabﬂmes P(x,N)P.,P,...P., where a, b', ¢’ are integers from -M to M, P;s are
transition probabilities in the Markov Chain, and there are a total of N- such terms in a single
. product. Therefore, the crosstalk penalty is determined not only by the Binomial distribution of
the ON channels at the input of the first optical amplifier in the link, but also by the randomness
" \‘of the "add" and “drop" bits of the optical ADMs. In this thesis, this phenomenon is referred to
as two-dimensional crosstalk in which the degree of randomness is larger and the spread of
signal is more severe than the one-dimensional crosstalk[27]. Much work has been reported on
one-dimensional crosstalk[27]. In further research, the closed-loop Markov chain model of
optical amplifier gam proposed in the previous section can be used as om; model for the
investigation of the p(;wcr penalty resulﬁng from two-dimensional crosstalk in different

WDMA ring networks.
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Chapter 4
Towards Layered Wide-Area Networks

4.1. Introduction

In the previous chapters, architecture and performance analysis of Wavelength Division
Multiple Access (WDMA ) fiber ring local-area networks were presented. In addition, physical
constraints of photonic and opto-electronic components (e.g., optical amplifiers, optical ADM)
employed in WDMA fiber ring local-area networks were studied. All thcsf. studies focus on
one objective: the design of a WDMA fiber ring local-area network (LAN) that possesses a
high performance, while at the same time preserving the possibility that the network evolves in
time, not only in terms of size, but also in terms of technological and architectural
improvements, This is taken as the first step and considered to be fundamental to the rest of the

work in this thesis.

When several WDMA fiber ring LANS exist, the natural question of how to interconnect
them arises. Interest in this question has grown as research in optical wide-area networks
draws more and more attention. Hence, in this chapter, the topics of interconnecting WDMA
fiber ring LANs and the logical structure and physical implementation of WDMA wide-area

networks are addressed.
4.1.1. The hierarchy of photonic Wide-Area Networks

In this thesis, the logical structure of proposed WDMA wide-area networks cmploys a
three-layer hierarchy, with WDMA fiber ring LANs studied previously as their elementary
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building blocks. The layers are defined from bottom to top to be Broadcast-and-Select
Layer, Distributed Wavelength Routing Layer, and Centralized Switching Layer, as

shown in Table 4.1.

Table 4.1. Functions of Layers in WDMA wide-area Networks

Top Layer Massive Interconnection of a finite set of Intermediate Layer optical
networks with a centralized ultra-high capacity all-optical switch

Intermediate Layer Pairwise interconnection of a finite set of ring LANs using Bragg Cell
cross-connect with distributed wavelength routing scheme

Low Layer WDMA ring LANSs with broadcast-and-select scheme

The low layer of the hierarchy, namely wae Broadcast-and-Select Layer, is a set, or a
collection of WDMA fiber ring LANS using optical Add-Drop Multiplexers (ADM) proposed
previously. Each of them is all-optical in nature. In other words, all the optical ring LANSs in
the low layer are single-hop networks with broadcast-and-select scheme. Obviously, they can
-support not only the sessions of point-to-multipoints broadcast, but also those of point-to-point
and conferenciﬁg. Improved with advanced technology, these WDMA fiber ring LANs are
considéred as the clementary building blocks in the wide-area global high-speed

communications infrastructure,

The technology and architecture for interconnection of these networks is the main theme
inthe design of the intermediate and top layers. In this thesis, the distributed routing approach
is applied to the intermediate lﬁycr, and the centralized switching approach is proposed for the

top layer, -
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4.1.2. Wavelength Reuse and Network Scalability in the

Intermediate Layer

The intermediate layer is also called the Distributed Wavelength Routing Layer. The
techniques here focus on one idea: wavelength reuse, which, theoretically, is the principle of
using each available wavelength many times throughout the network, either in different times,
or in different spatial locations, or over different routing paths, in such a way that the signals at
the same wavelength never interfere with each other on the same transmission path, except for

the crosstalk from the wavelengths nearby.

In this approach, the total number of wavelengths, W, available from the two low-loss
wavelength windows of single-mode optical fiber in the spectrum around 1.3 pm and 1.5 um
is divided into two categories, namely the intra-LAN wavelength (or local wavelength)
Ai, i = 1,2,..., N, and inter-LAN wavelength (or communicating wavelength) A'k, k=1,
3, .. K. Therefore, W= N+E. This total number, W and the number of N and K are functions
of the technologies used in the network of this intermediate layer and information bandwidth of
the signal to be transported. As shown in Fig. 4.1, each WDMA fiber ring LAN shares locat
wavelengths 4i, i = 1,2,.., N, in;emally, and there is reuse of this subset of wavelengths
among different WDMA fiber ring LANS in the same layer logically, but different geographic
locations spacially. In this thesis, this is defined as Level One Wavelength Reuse. In fact,
in each of the WDMA ﬁbcr ring LANs with optical ADM, different information signals.ca.n'icd
on the same wavelength injected through the same optical ADM on a specific node bropagatc
through the ring loop at different tinics. The intcrferex;bc of the residual signals on the newly
transmitted one is minimized through the opﬁcﬂ ADM pre-tuncri on this wavelength. This is
also a phenomenon of wavelength reuse temporally, defined as Level Zero Wévelength

Reuse. As a consequence, Level Two Wavelength Reuse refers to the reuse of thc subset
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of inter-LAN wavelengths, or the communicating wavelengths, Ak k=12, .., K, between

diffcrcm pairs of WDMA fiber ring LANs.

Fig.4.1 Wavelength Reuse in the Intermediate Layer Network

The larger the number X is, the more routing paths the network provides. In this thesis,
K is assigned integer values between 2 and 4 in the proposed topologies. The wavelength reuse
at this level is achieved by carefully designing the connection patterns of WDMA fiber ring
LANs so that the signal on the reused communicating wavelength does not overlap the signals
on the same wavelength over different routing paths, and by selecting or implementing suitable
photonic or opto-electronic _dcvices so that the pre-defined function of communicating
wavelength reuse can be realized. In Section 4.2, several architectures are proposed and

cormsponding‘pcrfomlancc is analyzed and compared.
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The wavelength reuse techniques create the possibility for the architecture of the
intermediate layer network to be scalable in all the dimensions. In this thesis, the "dimension”
refers to the number of users and the transmission data rates of each user. In the intermediate
layer with distributed wavelength routing, the network is defined to be scalable if and only if
all of the Level Zero, Level One and Level Two Wavelength Reuse are achievable.
Physically, scalability implies one more access node may always be added to a network in the
intermediate layer; therefore, the intermediate layer network user nodes can grow to an arbitrary
large population spreading over an arbitrary large service domain. With this definition of
scalability, the number of nodes in the intermediate layer network is independent of the total
number of wavelengths available, which is limited by the state-of-art technology practicaily,
and is a finite value theoretically. Therefore, the intermediate layer network architecture can
achieve an outstanding performance with a finite number of independent wavelengths. In this
intermediate layer network, the only obstacle to the network expansion is the signal routing

delay in the process of wavelength translation, as discussed later.

‘When the total number of wavelengths W and the number of communicating
wavelengths K are gi\ien, the number of available local wavelengths N of each WDMA fiber
ring LAN is fixed. These three numbers are technology-dependent. For example, using Fabry-
Perot etalons as ADMs results in a larger number of local wavelengths compared to that using
polarization independent tunable acousto-optic filters as ADMs, As a consequence, the total
number of wavelengths in the intermediate network, W, will be larger. In other words, each
WDMA fiber ring LAN in the low layer has a maximum number of nodes N. When a new
node is added to a WDMA fiber ring LAN with N-I users and the LAN reaches its maximum
number of nodes, the LAN i)ecomes a module in the intermediate layer network and further
newly added nodes to this intermediate layer network topology form a new WDMA fiber ring

LAN, which eventually evolves into a module.
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Besides the feature of network scalability and modularity in the intermediate layer
network resulting from wavelength reuse, there exists another mechanism for realizing
dynamic wavelength routing, namely wavelength translation. With this feature, the intermediate

layer network is in nature considered to be a multi-hop wavelength routing network.

‘Wavelength translation is defined here to be the process of moving 2 signal from one
wavciength to another wavelength through the optical-to-electronic and electronic-to-optical
transformations in the process of wavelength routing. At the device level, a wavelength
translation function is performed by receiving and detecting a signal at one wavelength and
then switching the detected signal to the proper transmission ncde containing a laser diode
tuned to the desired wavelength through an electronic space-division cross-connect switch, and
then retransmitting it on another wavelength. Practically, a detector array, a transmitter array,
and a digital cross-connect chip can be integrated into a single module which serves as an

intermediate node (called the Exit Node of LAN in this thesis) in the wavelength routing path.
In order to have a clear picture of wavelength routing, two terms need be defined:

Wavelength Path: The term "v;avclcngth path” is defined as the network path taken by an
optical signal traversing on a si:ecific communicating wavelength, A%, k=1,2,.., K A
| wavélcngth path can contain a passive or active dcviée which neither converts the optical signal
to electronic form or \ncc versa, nor changes ‘ifts opﬁcal frequency. Thus, a wavelength path can
have optical amplifiers, optical ADMs, optical taps and optical filters on it, but not electro-optic

- transducers. )
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Information Path: The term "Information Path” is defined as the path which an optical
signal traverses from a source to a destination in the network. Therefore, an Informztion Path
may be a simple wavelength path, or it may be composed of several wavelength paths '
interconnected by wavelength converters that perform wavelength translation. Through an
Information Path, an inter-LAN optical signal can route from any node as a source to any other
node as its destination in multi-hop connections by relaying through the Exit Nodes, defined

to be the nodes between two different communicating wavelengths.

‘When the network is expanded to a certain large size, the number of Exit Nodes becomes
large. Consequently, the accumulated queueing delay at each Exit Node, together with the
electro-optic processing delay in the wavelength converters, becomes a serious issue. With this
limitation in network expansion, a third layer needs be defined for wide-area optical networks.
This layer is considered as the top layer in the proposed hierarchy, and in this thesis is named
Centralized Switching Layer, in which an ultra-high capacity photonic ATM switch is designed
as the backbone of the global wide-area optical network to handle the traffic among different

intermediate layer optical networks.

4.1.3. Ultra-High Capacity Photonic Switching in the Top Layer

In the design of wide-area photonic network architebturc in the intermediate layer, the
distributed wavelength routing approach demonstrates its advantage in network scalability with
a number of available wavc]engt.hs However, commumcauons between user nodes from
distant WDMA fiber ring LANs suffer from a Iargc delay froc—!_hc multi-hop wavelength
translation process. To address this problem, the proposed network architecture in the top layer

possesses opposite features. In this layer, a centralized wavelength division all-optical ATM
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switch fabric is employed. The input and output poris of this switch fabric are linked with the

intermediate layer networks discussed previously.

Ultra-High
Capacity
Photonic

Intermediate
Layer
Network#P

Fig. 4.2 Schematic Diagram of the Top Layer Network Architecture

Each of these intermediate layer networks takes full advantage of the wavelength reuse
feature in its architecture; while the worst-case inter-LAN delay of information delivery within
it is controlled to an acceptable level by limiting the network size at this layer. The proposed
ultra-high capacity photonic ATM switch fabric is all-optical in natural, implying that the
transport layer of the switch fabric is transparent, so that there is no optical-to-electronic or
' electromc-to -optical conversion during the switching process. This makcs the delays of

communications between the intermediate layer nctworks much smaller than those within each
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intermediate layer network. However, the switching capacity (or the number of input and
output nodes) is strongly correlated with the total number of available wavelengths. In other
words, the uvltra-high capacity photonic ATM switch fabric, which can b2 considered as the

backbone of the optical network in the top layer, is not scalable in wavelength domain.

With the increasing demand on the network transport and process capacity, the future
optical wide-area network needs to possess both a high capacity and a high flexibility to
support services of various rates and nature. A similar requirement is imposed on the all-optical

switch fabric in the top layer as its backbone.

To address the issue of high capacity, the large spectral. temporal, and spatial bandwidth
offered by the state-of-the-art transparent photonic systems for switching function in optical
domain needs to be fully exploited. By appropriate combination of space-, time-, and
wavelength-division tcchniﬁucs, a multi-dimensional ‘photonic switch with a high capacity can
be formed. In this thesis, two techniques in optical domain are combined, namely the
generation of ultra-short optical pulses through gain-switched distributed feedback laser diodes
[28] or mode-locked laser diodes, and multiplexing over wavelength divisioning using tunable
lasers with a wide tuning range combined with a narrow linewidth and a good frequency
stability [29]. As solutions, the ultra high-capacity photonic ATM switch fabrics based on

optical pulse time / frequency and wavelength division multiplexing are proposed.

To meet the demand of the high flexibility, the asynchronous transfer mode (ATM) [30),
which is flexible to handle a multiplicity of rates and burstiness of traffic sources, is applied in
* the design of the photonic switch fabric. Thus, the implcmcntafion of‘ the photonic switch
fabric as a backbone of optical wide-area network can be realizéd through the integration of all

these technologies.
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4.2. Distributed Approach for Internetworking in the Intermediate

Layer

In this section, the architecture for the intermediate layer network is studied. The work is
divided into four parts. First, the design of the optical bridge for interconnection of WDMA
fiber ring LANSs is explored from the device level. Then, using this newly-proposed optical
bridge as the interface between LANS, the intermediate layer network architecture with the
advantage of wavelength reuse is proposed. Based on it, five topologies are proposed for the
intermediate layer optical networks. Finally, the pcrformahce of these architectures in terms of

inter-LAN routing throughput capacity is analyzed and compared.

4.2.1. Optical Bridge for Internetworking of WDMA Ring LANs Using Bragg Cell

Cross-Connect

Three types of LAN interface are classified in communications networks, namely,
bridge, router and gateway [31]. Only the design of a bridge using lightwave technology for
interconnection of WDMA fiber ring LANS is studied in this thesis. In this subsection, starting
with the physical mechanism, the design of the optical bridge and its function in WDMA fiber

ring network interconnections are explored in detail.

4.2.1.1. Acousto-optic Interaction
‘k"'
The physical mechanism of the device named Bragg cell used in this proposed
architecture is acousto-optic interaction [32]. Consider a light deflector cell as shown in Fig.

4.3.

{
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Incident Wave * K
' ' Deflected Wave

Transducer Non-Deflected
” Wave

Fig.4.3 Light Deflection Through Acoilstooptic Interaction in the Cell

Through ihe action of the transducer, the electrical signal is converted into the acoustic
waves propagating in the acoustic medium. The pressure of the sound wave creaies a travelling
wave of compression and rarefraction in the medium. This results in a change in the density of

the medium, which in turn causes a change in its index of refraction by[32]
An(z,t) = Ansin(wt -kz) @.1

where W, and k. are frequency and propagation vectors of the acoustic wave, whose velocity
is
V= w/lk,. 4.2)

Thus, the cell acts as a thin tpha.se) grating with a grating line separation equal to the

acoustic wavelength A, and the acoustic wave can be characterized as a series of partially

reflecting mirrors scparated by /A , moving at acoustic wave velocity. Since the velocity of the
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acoustic wave is much slower than that of the lightwaves, the medium can be treated as a

stationary diffraction grating in the cell. Therefore, a light beam with a specific wavelength /‘LO

incident on this acoustic wave with a specific angle is deflected through diffraction.
4.2.1.2. Bragg Diffraction

When the cell is thin, and the intensity of the acoustic wave is low, the change of
direction of the ray during transmission through the cell is small. The emerging wave becomes
a plane wave with its phase modulated spatially. This is the Raman-Nath diffraction pattern, in
which a phase grating splits incident light into various orders with different scattered

directions, and the angle 8, (m=...-2,-1,0.1,2,..0) of the directions of the maxima of the

emerging wave is govemned by the grating equation[33]

. . Ay
sinf_ -sinf, = m-X, Where m=......,-2,-1,0,1,2,......(4.3)

- and 6, is the incident angle.

Thus, on both sides of the extending line from the direction of the incident ray, a number

of maxima associat‘cd with m=......,.-2,-1,0,1,2,...... appear.

. Obviously, this feature is not desired in the design of a photonic device which can act as
a bridge. in the distributed wavelength routing process of WDMA fiber ring LAN
interconnection. The required feature in the design would be that only one order of the

deflection beam is generated, so that the light power in this specific wavelength is guided in
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only one spatial direction and routed on the predefined Information Path in the wavelength

routing.

With a sufficiently wide transducer, the thickness of the cell and the intensity of the
acoustic wave are increased. As a consequence, the cell becomes a stack of reflecting layers
spaced by the acoustic wavelength A . When the difference in the optical paths between the
adjacent layers equals an integral multiple of the light wavelength ;‘Lo. the light rays reflected
from each layer will be in phase and the reflected light intensity will display only one peak.
‘This peak is the Bragg diffraction wave, which is in the direction where the diffraction angle is
equal to the incident angle. This diffraction pattern is called Bragg diffraction, and a cell with
this property is defined as a Bragg cell.

When the acoustic wavelength and the incident angle of the light beam containing a comb
of wavelengths are given, only the power of one specific wavelength will satisfy the pﬁysical
condition described above and be deflected. The power of the other wavelengths in the incident
beam will pass through the Bragg cell without a change in the directions. The relation between
this specific optical wavelength and other parameters, i.e., acoustic wavelength and incident
angle, is derived by taking advantage of the dual particle-wave nature of light and of sound
[33].

Alight beam withi a propagation vector kand ‘(radian)‘frcqucncy o can be considered to
.consist of a stream of particles (photons) with momentum %k and energy Fc. The acoustic
wave can likewise be considered to be made up of particles (phonons) with a momentum hk.
and energy AwW,, where A=h/27®, and h =6.63 x 1 0*"(]-8) denotes Planck's

constant. The diffraction of light by an approaching sound beam becomes a series of

collisions, each of which involves an annihilation of one incident photon at ), and one
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phonon and a creation of a diffracted photon at W,. The new photon propagates along the
direction of scattered beam. The conservation of momentumn requires that the momentum
h( k + R ) of the colliding particles be equal to the momentum hk, of the scattered photon,
S0

k =k +k (4.4)

The conservation of ehcrgy principle gives the form

w, =w, +w, (4.5)

If a new (diffracted) photon and a new phonon are generated while the incident photon is
annihilated, the conservation of energy principle yields

w,=w, —-w, (4.6.)

Since the sound frequencies are below 10 GHz and the frequencies of the optical beam are

above 10 THz, then

So. k =k (4.8)

Fig.4.4 Momentum Conservétion Relation of Propagation Vectors
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As shown in Fig.4.4, take the magnitude of the two optical wave vectors as k. The

magnitude of the sound vector is thus

k =2ksinf 4.9)
Using k =27/ 2A,,k, =2n/ A, the equation becomes,
. Al n
sin@ =— (4.10)
2A

Therefore, if the cell thickness is large énough that the Bragg condition holds, that s,
2

A
L>>— 4.11),
7 4.11)

then the cell becomes a Bragg cell , and the power in wavelength 2.0 of the light beam incident

atthe angle 8, such as the above equation holds, will be deflected, and the power of the other

wavelengths incident at this angle will pass through the cell directly.
4.2.1.3. Four-Port Bragg Cell with Micrograting

Micrograting refers to the grating in Bragg cell such that the grating period A becomes
comparable with the optical wavelength ﬂ.o.

T Diffracted Light

Incidu;t Li'ght V//// '
| // .M //

Fig 4.5 Bragg Cell with Microﬁraﬁng Used in the Proposed Architecture
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A
Consider the Bragg cell shown in Fig.4.5, in which A = —‘\/%. Therefore, the light

with wavelength A, incident at 45° will be deflected by an angle 90°. By changing the
grating period slightly, the central wavelength of Bragg cell can be shifted in order to keep the
Bragg condition satisfied. In terms of wavelength selectivity, a bandwidth of about 0.5 A’
around the tuned wavelength can be achieved, and a wavelength separation of 10 A’ canbe

obtained with very little crosstalk. Thus, by properly choosing the grating period A, only
wavelength A, from the coming input wave will be deflected by an angle 90°, and all others,

A, # A, will remain on their original direction.

A, ydirection

Age- 1N
-
A Ay s b //// -
A Ay o Ay o

Fig. 4.6 (a) Four-Port Bragg Cell

Fig.4.6 (a) shows the four-port Bragg cell, which will become a basic building block for

optical bridge in photonic network interconnection. Suppose an input in the y (or x) direction

with N wavelengths 4,,4,,... A, amives at the single Bragg cell tuned to A, Only A, will
be defiected by 90° and gets out in the x (or y) direction. All other wavelengths A, # 4,

will propagate out in the driginal ¥ (or x) direction.
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Mg Ak, A oA 4

Port A Bragg Cell Port C
Tuned at
PortB A3 Port D
KAAsh MAaAgh 4

Fig 4.6 (b) Black Box Model of Four-Port Bragg Cell (A4, = 4.,i = 1,..4)
Fig 4.6 (b) shows the "blackbox" system model of it, in which deflection is represented

by "port change” of the selected wavelength. The four ports are denoted as Port A, Port B,

Port C and Port I,
4.2,1.4. An QOptical Bridge Using Bragg Cells in Network Interconnection

Consider two WDMA fiber ring local-area networks using optical ADM, ﬁamcly, LAN-

A and LAN-R as shown in Fig.4.7 below. The ¥ are interconnected through an optical bridge
consisting of four Bragg cells, namely, BC Al, BC-A2, BC-B1, BC-B2. Each of them is a
four-port Bragg cell with micrograting, as described in the previous subsection. BC-Al and
BC-A2 are linked in series in the ring loop of LAN-A using the same connection pattern as the
optical ADMs in it. The same holds for BC-B1 and BC-B2 in LAN-B. Two ports of BC-Al
and two ports of BC-B1 are cross-connected with each other, respectively. With this
a;‘clﬁtecmre of interconnection, suitable for wavelength reuse, one communiéating wavc!cﬂgth
IS sufficient for inter-LAN communications either from LAN-A to LAN-B, or from LAN-B to
'LAN-A, provided that the intra-LAN signal propagation along the loop is clockwise in one

LAN and counter-clockwise in the other. Therefore, all the four Bragg cells are tuned to this
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wavelength. Without loss of generality, define the information transmission along LAN-A to

be counter-clockwise, and that of LAN-B to be clockwise.

<+
LAN-A

BC-A2 BC-Al

Exit
Node

Y

BC-B2 BC-B1

LAN-B
-

Fig.4.7. An Optical Bridge Using Bragg Cell Cross-Connect

The operation principle is as follows: Within each LAN, user nodes can send

information to any other node on local wavelengths, l ZN, defined previously, which

" are associated mth the optical ADMs When a node needs to send mformauon to one or more

nodes which are n6t located in the same LAN, say, for example, a node in LAN-A needs to

“send data to the nodes in LAN-B, as a first step, it broadcasts the information along the ring.
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The information is tapped, and goes through WDM-de-multiplexer towards receivers at the
Exit Node in addition to the N user nodes on the ring. BC-B2 is also located in this Exit Node
shown in Fig.4.7. With ATM technology, the destination addresses are contained in the cell
header. Through the electronic space-division switch as shown in Fig.4.8 below, the cells 10
be transmitted to LAN-B will be queued on the laser tuned on the communicating wavelength
A'. Alaser diode is linked with Port B of the four-port Bragg cell BC-A2 of tuned wavcl&:gth
A designed with certain grating period. According to the property described previously, this
wavelength will be deflected, and exits the Bragg cell at Port C. It will then enter the BC-Al at
its Port A and be deflected at its Port D. Through the cross-connection, it will enter Bragg cell
BC-B1 at Port A and be deflected at Port D. Then it will circulate around the ring in LAN-B
clockwise, and deliver the signals to each node in one complete round. The remaining power
will be filtered out through the deflection at Bragg cell BC-B2 at its Port D. This is done to
prevent its circulating around the ring infinitely and interfering with later inter-LAN

transmissions on the same communicating wavelength.

Similarly, for a user in LAN-B to transmit information to users in LAN-A, the ATM
cells are converted from one local wavelength to a commﬁnicating wavelength through the
wavelength translation at the Exit Node inside LAN-B. The communicating wavelength
carrying the information will be deflected at Bragg cells BC-B2, BC-B1, go through the cross-
connection, and be deflected at BC-Al. It will propagate clockwise inside LAN-A, delivering
information to each node. After one complete round, the wavelength will be filtered out at BC-
A2. Through these paths, wavelength reuse is achieved between mutual pairwise LANS inter-

communications.
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Fig. 4.8 Structures of Local Node and Exit Node in the WDMA Ring Network .
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4.2.2. Architecture for Wavelength Reuse through Bragg Cell Optical Bridge

Obviously, by using the Bragg cell optical bridge, intra-LAN wavelength (2,1 yons A ~)
reuse is achieved inside each of the pairs of ring LANSs, and one communicating wavelength is
sufficient to achieve bi-directional inter-LAN communications. With a proper structure, inter-

LAN wavelength A4 'J j=1,...,k, can also be reused among different pairs of LANs. Consider

the structure shown in Fig. 4.9, in which each circle denotes a WDMA fiber ring LAN.
The LANs in this architecture are distributed according to the following criteria:

(1) Each LAN with its local information transmissidn direction in the loop clockwise is
interconnected with those with their local information transmission direction counter-
clockwise. Meanwhile, each LAN with its local information transmission direction counter-
clockwise is likewise interconnected with those with their local information transmission

direction clockwise.

(2) Each LAN needs to be connected with the same number of LANS. It is equal to the number
of communicating wavelengths needed in the intermediate layer network, and also equal to the
number of Exit Nodes on each LAN. 1

As shown in Fig. 4.9 below, by proper arrangement, the set of communicating
wavelengths is reused properly for interconnection. With certain to‘pology at the intermediate
network layer, inter-LAN information transmission is achieved through routing of the

communicating wavelengths. The information is first sent in-the local wavelength, then goes

through a finite number of wavelength translations. The routing Information Path is pre-
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defined in the header of ATM cells, so that wavelength translations are only realized on the Exit

Nodes of the pre-defined routing path.

L
Bridge

Fig.4.9 Architecture for the Intermediate Layer Network
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4.2.3. Topologies for Distributed Approach in WDMA Ring LANs Interconnection

In this thesis. five types of topology interconnection of WDMA fiber ring LANs are
proposed as shown in Fig.10 below, in which each circle represents a WDMA ring LAN. Among
them, Type I is a spherical structure observed in a two-dimensional plane. It appears to be like a
Manhattan Street network but, fundamentally, they ars completely different. A Manhattan Street
network is a logic structure with a uni-directional transmission. while Type I is a physical
topology with each pair of LANs mutually communicating through the optical bridges. Each "link”
represents a bi-directional cross-connection of Bragg cells. Four communicating wavelengths are
required for this topology structure. In Type II, WDMA ring LANGS are interconnected to form a
loop, in which each "link" also represents a bi-directional ¢ross-connection of Bragg cells. In this
structure, two communicating wavelengths are required. Type III, Type IV and Type V have a
similar structure. They are enhanced versions of Type II, in which three or four communicating
wavelengths are required. Therefore, Type II, Type IV and Type V have a higher routing
throughput than Type 1L The following section will focus on the inter-LAN routing throughput
analysis fo'rlt'hc topologies of Type I, Type Il and Type HI, representing typical approaches in the

proposed topology design. As a conclusion, their performances are compared after evaluation.

86



S
Sk




Fig. 4.10 (c) Type I Topology
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4.2.4. Throughput Analysis and Comparison

In this section, the performance of the three typicai architecture topologies proposed
above for the intermediate layer network are analyzed. At the intermediate layer, the main
function of network is inter-LAN wavelength routing. Therefore, the figure of merit of the
network performance will be the routing throughput between LANSs. It is evaluated by the

following criterion:

Assume the generated inter-LAN traffic is uniform throughout the networks in the
intermediate layer. Define F as the statistical average of the number of wavelength translations
required for a message from an arbitrary node to reach its destination in the other LAN.

By definition, F can be expressed as,

w
F = X i x{number of destination nodes that nced i wavelength uanslaticns } /{number of destination nodes }
i=}

where w is the maximum number of possible wavelength translations one node can have. The
"node” in the above expression refers to the WDMA fiber ring LAN as an elementary unit in
the intermediate layer network. |

Thus, the throughput is defined to be
T=(NxLYF 4.12)

where Nis the total number of LANS in the intermediate layer network and L is'the.numbcr of

communicating wavelengths available in this intermediate layer network.
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4241. Throughput Anatlysis of Type I Topology

In this closed spherical structure of LAN interconnection, each LAN has the same
"surrounding” as any cther LAN. In other words, no one LAN has a better position in the
intermediate layer than the others in terms of receiving or transmitting information from or
towards any other nodes located in the other LANs. Therefore, with the assumption of uniform
traffic, the throughputs in terms of the transmission from one LAN to any other LANSs are the

same for each LAN, that is, L/ F, where L=4 in this case. For the convenience of derivation,

the number of nodes in the Type I interconnection can be writien as N = pz; then the

number of destination nodes is p° — I, where P is an integer, it can be even or odd.

case 1, when p is odd, then w = 2 x (p-1)/2

number of destinations in 7 wavelength translation: 4

number of destinations in 2 wavelength translation: 8

.

number of destinations in (p-1)/2 wavelength translation: {(p-1)/2 x4
number of destinations in {p+1)/2 wavelength translation: (p-1)/2 x4

number of destinations in (p+3)/2 wavelength translation: (p-3)/2 x4

number of destinations in 2 x (p-1)/2 wavelength translation: I x4

Then F can be expressed as follows:

21



[1x4 + 22(224) + 52(3x4) .. P21 Pl

F =
p’-1 2 2

+p;1x(p;1x4)+p;3x(p;?x4)+...+(2xp2_1)x1x4]

(4.13)

By grouping terms, the following expression can be obtained,

4 = 2 p+(2h-1), % p+(2h-1)
Ry X h—
Feegl 8+ 3 - E(gh - D
4 1

———-—{2h"’+4z[p +2p(2h-1)+(2h-1)]

15 15
-8 3 p(2h - 1)—-—5:(2h 1))

4 5 p -1 p% 1%
=;...__1.{£1h2 S5 22(2h 1)+ z(2h—1)"'

f(zh 1)-— 5:(2h 17}

p-1 p-1

'p_'ﬁfézhz 1222l L(Sqn - Fah+ £1))
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4 =, pip-1) =,., FT, 1p-1

=i { Zh*+ 3 -2h +£§1h—z———-—2 /
p-1, p-1

_ 4 {pz(p_1)+ 9 (1+ 3 )_ _1}

p’-1 8 2 8

— 1 3 iy 4

—2(p2_1)(p p)—2

case 2, when p is even, thenw =p

number of destinations in J wavelength translation: 4

number of destinations in 2 wavelength translation: 8

number of destinations in (p-2)/2 wavelength 'tmnslatidn: (p-2)2 x4
number of destinations in p/2 wavelength translation: p/2 x4-2

number of destinations in (p+2)/2 wavelength translation: (p-2)/2 x4

number of destinations in p-7 wavelength translation: 4
number of destinations in p wavelength translation: /

Then F can be expressed as follows:
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F =

p—

-+

pgzx(p;2x4)+...+(p—1)x4 + px1}

p-2

2
=1 {4x2h2+p +Az-1-’—4—h—
p—- 4

-2 -2 p-2

}

=?1—{4£,‘1h2+p +Epr-4E R

2p_2]

(4.15)

3

__ P
2(p*-1)

So, for the Type 1 topology, the parameter F is:

& 2
F— p +}_£_1(2p p)_1(2N

22(p°-1) 22 4 p'-1° 4 N-I

(134+228+. +p;2x(p;2x4)+-§x(—%2—x4+2)

1

)(4 16)

where N is the number of nodes representing LANSs in the intermediate layer network.

| Therefore, the routing throughput for Type I topology is

AN 16N(N 1)_16\/_ (N-1)
F 2N2 Nz | 2.N 1 ‘

T =
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4.2.4.2. Throughput Analysis of Type 1I Topology

In this loop structure of LAN interconnection, each LAN has the same "environment" as
any other LAN. In the other words, no one LAN has a better position in the intermediate layer
than the others in terms of receiving or transmitting information from or towards any other
nodes located in the other LANs. Therefore, with the assumption of uniform traffic, the
throughputs in terms of the transmission from one LAN to any other LAN are the same for
each LAN, that is, L/ F, where L =2 in this case. The number of LANSs in this topology can

be either even or odd.
case 1, when N is odd, then w = (N-1)12

number of destinations in 1 wavelength translation: 2

number of destinations in 2 wavelength translation: 2

number of destinations in (N-1)/2 wavelength translation: 2

Then F can be cxprcsséd as follows:

F = N1_1(1x2 +2x2+...+-N—2_£x2)
N-1, N-1I (“.18)
__2 _2 (1+J )=N+1
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case 2, when N is even, then w = N/2

number of destinations in J wavelength translation: 2

number of destinations in 2 wavelength translation: 2

slumber of destinations in N/2 - 1 wavelength translation: 2
number of destinations in N/2 wavelength translation: I

Then F can be expressed as follows:

1 N N
= Ix2+2 veeF(—— —
F N—l[ x2+2x2+ +(2 1)x2+2]
N N 4.19)
N-1 2 2 4(N -1)

So for Type II topology, the parameter F is

_IN+1. 1 N _ 2N’-I

F== += =
2 4 24(N-1) 8(N-1)

(4.20)

- where N is the number of nodes representing LANs in the intermediate layer network.

Therefore, the routing throughput for Type II topology is

_2N _ 16N(N-1)

T
F aN? -1

(4.21)

96



4.2.4.3. Throughput Analysis of Type I11 Topology

In this enhanced version of loop structure of LAN interconnection, each LAN has the
same "environment" as any other LAN. In other words, no one LAN has a better position in
the intermediate layer than the others in terms of receiving or transmitting information from or
towards any other nodes located in other LANs. Therefore, with the assumption of uniform
traffic, the throughputs in terms of the transmission from one LAN to any other LANSs are the
same for each LAN, that is, L / F, where L =3 in this case. The number of LANSs in this

topology must be even.
case 1, when N is a multiple of 4, then w = I+(N-4)/4

number of destinations in 7 wavelength translation: 3

number of destinations in 2 wavelength translation: 4

number of destinations in 7+(N-4)/4 wavelength translation: 4

Then F can be expressed as follows:

F= N1_1[1x3 + 2xd+...+(1 +N4_4)x4]
(4.22)
1 N'+4N-8
N-1 8

case 2, when N is not 2 multiple of 4, then w = 24(N-6)/4
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number of destinations in / wavelength translation: 3

number of destinations in 2 wavelength translaton: 4

number of destinations in I+(N-6)/4 wavelength translation: 4
number of destinations in 2-+(N-6)/4 wavelength translation: 2

Then F can be expressed as follows:

1 N -6 N -6

F=N_1[1x3+2x4+...+(1+ Jx4+(2 + Z )x2]
(4.23)
1 N?+4N

N-1 8

So for Type I topology, the parameter F is

1 1 ._N?*+4N-8 N?*+4N
F== ( += )
2N-1 8 8
(4.24)
=N"-;-4N—4 |
S8(N-1)

where N is the number of nodes representing LANs in the intermediate layer network.

Therefore, the routing throughput for Type I topology is

_3N _24N(N-1)

T = =
F N°?+4N-4

(4.25) .
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4.2.4.4. Comparison of Throughput Performance in Three Topologies

The throughput per node is defined as the total throughput in the network divided by the
total number of nodes (or LANS) in the network. Table 4.2 below shows the compautation
resuits of the throughputs per node of Topology I, Topology II. and Topology HI versus the
total number of nodes (LANs) in the network. Since the total number of nodes in Topology 1
has to be the square of an integer, for the convenience of comparison the total number of nodes
in Topology IT and Topology 1II also have to take this form. From the results, we notice that
the throughputs per node decrease as the total number of nodes in the network increases. This
is because the more nodes in the intermediate layer network, the larger the span of the netkvork

is, and therefore the more destinations that need a large number of wavelength translations.

Topology I has the largest throughput per node of the three. Topology II the second
largest. Meanwhile, Topology I has four communicating wavelengths, Topology 11 three, and
Topology II two. This implies the larger the total number of communicating wavelengths
available in the intermediate layer network, the larger the throughput is. Also, notice that larger
~ throughput is associated with larger routing delay. The trade-off between them needs to be
considered. On the other hand, the larger the total number of communicating wavelengths
employed, the smaller the total number of local wavelengths is, and therefore the smaller the

capacity that each LAN (module} possesses.

In Table 4.3 below, the total network throughputs in Topologies I, II and III are
presented versus the total number of nodes in the network. These resuits can be used as an
impoﬁant parameter in the design of optical networks in the intermediate layer. In the design
. pr:ocess, these two factors need to be taken into account: how many nodes (WDMA fiber ring

LANS), in other words, the value of N, are needed in the ﬁhotonic network at this layer; and
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how large a capacity each LAN module should possess. In other words, what values of the
total number of local wavelengths and the total number of communicating wavelengths should
be assigned when the total number of wavelengths available, w, is constrained by the available
photonic technology. Then, we find out from Table 4.3. whether the throughput (and the

related queueing delay) is desirable.
As observed, Topb]ogy I has a significant change of throughput with the total number of

nodes available in the network. On the other hand, the throughputs in Topologies IT and II are

quite stable as the total number of nodes increases.
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Table 4.2. Throughputs Per Node in Topologies I, II, &II1
Versus the Total Number of Nodes

Total Number of Nodes Throoghput per Node  Throughput per Node  Throughput per Node
™ Topology 1 Topology H Topology 111
16 1.9355 0.46967 1.1392
25 1.5673 0.30745 0.79889
36 1.3146 0.30745 0.58496
49 1.1311 0.15897 0.44427
64 0.99213 0.97553 0.34775
81 0.88337 0.79204 0.27903
100 0.79598 0.079204 0.22855
121 0.72425 0.065571 0.19046
144 0.66434 0.055171 0.16107
169 0.61356 0.047058 0.13793
196 0.56997 0.040609 0.11940
225 0.53215 0.035398 0.10435
256 0.49902 0.031128 0.091953
289 0.46977 0.027586 0.081632
324 0.44376 0.024615 0.072948
361 0.42047 0.022099 0.065573
400 0.39950 0.019950 0.059259
441 0.38052 0.018099 0.053811
434 0.36326 0.016495 0.049080
529 0.34750 0.015094 0.044944
576 0.33304 0.013865 0.041308
625 0.31974 0.011817 0.038095
676 0.30746 0.010959 0035242
729 0.29609 : 0.010959 0.032697
784 0.28553 0.010191 - 0.030418
841 0.27570 0.009501 0.028369

900 0.26652 . 0.008879 0.026519
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Table 4.3. Network Throughput in Topologies I, I, &I
Versus The Total Number of Nodes

‘Total Number of Nodes Throughput in Throughput in Throughput in
(N) Topology 1 Topology 1I Topology IIT
16 30.968 7.5147 18.228
25 39,184 7.6861 19.972
36 47324 7.7808 21.058
49 55.423 7.8384 21.769
64 63.496 7.8760 22.256
81 71.553 7.9018 22.601
100 79.598 7.9204 22.855
121 87.635 7.9342 23.046
144 | 95.665 7.9446 23.194
169 103.69 7.9528 23.310
196 nmn 7.9593 23.402
225 119.73 7.9645 23.478
256 . 127.75 7.9688 23.540
289 135.76 7.9724 23.592
324 143.78 7.9753 23.635
361 151.79 7.9779 23.672
400 159.80 | 7.9800 23.704
441 - 167.81 7.9819 23.731
484 175.82 7.9835 23.754
529 183.83 7.9849 23775
576 191.83 7.9861 23.793
625 199.84 . 79872 23.809
676 ' 207.85 7.9882 23.824
729 215.85 7.9890 - 23.836
784 22386 7.9898 ° 23.848
841 , 231.86 -~ 7.9905 23.858
900 . 23987 7.9911 - 23.867
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4.3. Centralized Approach for Internetworking in the Top Layer
4.3.1. Overview of Photonic Switching

Because of the limits of the speed of electronic circuits, as well as the high power
consumption and heat generation in high-speed electronic circuits, electronic ATM switching
systems cannot achieve the desired future throughput level. The approach of photonic ATM
switch should be considered in order to take full advantage of high optical bandwidth.
Furthermore,‘the development of photonic ATM switching is essential to match the

transmission bandwidth that fiber-optic links can provide.

At present, photonic ATM switching systems have been studied in order to exploit the
broad spectral, temporal and spatial bandwidth of an optical medium [34]-[38). One proposal
has been made for large ATM switches based on memory switching and a passive optical star
coupler [36]. This presents an example in which the system will achieve a switching capacity
of 2.5 Tb/s. In [36], the authors have combined the strength of electronic switching with that
of dynamic multiwavelength optical interconnection. Another ultra fast photonic ATM switch
with optical output buffers is presented in [37]. Feasibility studies show that an 80 x 80 switch
with a 1 Gb/s input/output can be constructed using the present technology. This ATM switch
is based on a time-division broadcast and select network. In [39], the application of photonic
space-division switching for fiber-optic subscriber network in B-ISDN is proposed. In [40), a
photonic packet switching fabric, namely, HYPASS, is proposed. It combines space-division
rhulﬁple:dng (which ca.n reconfigure itself rapidly to allow the sharing of space channel in time)
_ with wavelength-division multiplexing. The space divisioning is controlled by another

wavelength-division control network.
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In general, the photonic ATM switch architectures proposed in [35]-{40] utilize separate
electronic controllers for switching elements. With an increase in the number of input and
output ports, the electronic control circuitry becomes quite complicated because of the rapidly
growing number of high-speed electronic circuits. “pvestigations have been carried out to
explore photonic ATM switches that use all-optical contro} inseparable from the switching
element structure. In [41], a photonic ATM switch is proposed, which consists of the optical
buffer memory and the optical header-driven self-routing circuit using the vertical-to-surface
transmission electro-photonic devices (VSTEPs). This all-optical transport and control ATM

switch is expected to reach a total throughput of Tb/s.

In this section, two photonic ATM switching architectures, namely (1) photonic ATM
switching based on optical pﬁlsc time-division and wavelength-division multiplexing with
separate electronic controllers, and (2) photonic ATM switching based on optical pulse
frequency-division and wavelength-division multiplexing with integrated optic logical control,
are proposed as the options for backbone in the top layer optical wide-area network. The idea
of time divisioning comes from [37], and that of frequency divisioning is from {42]. The idea
of wavelength divisioning comes from {43]. The com.’bination of these ideas is explained for

the design of ultra high-capacity photonic ATM switch",-.s in the following subsections.
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4.3.2. Architecture I: Photonic ATM Switch Based on Optical Pulse TDM and WDM

4.3.2.1. Switching Architecture

The ATM switch fabric 1s an N (= n x k) inputs (k groups with n inputs per group as
shown in Figure 4.1 1. below), N (= n x k) outputs based on an optical pulse time-division and
wavelength-division "multiplexing and de-multiplexing" network with electronic control. All
the cells of each group are time-multiplexed as ultrafast optical cells. They are compressed (in
time) and they share the transparent devices with many other users. Each cell addresses a

certain output according to the following high and low addresses:

1. A "high" address (Virtual Path Identifier [VPI] in the cell header) specifies the order of the
output group that the input cell will be going to (at the output, we have &k groups with n
outputs in each group). This address tunes the tunable source to A;. The selected wavelength
will be one of the available wavelengths A;.,..., Ay, With current technology, A; is in the order
of nm [43]. The wavelength allocation is shown in Figure 4.12 below. On each A; we have an

available bandwidth around 0.3nm (= 40 GHz).

2. A "low" address (Virtual Channel Identifier [VCI] in the cell header) specifies the address

of the input cell within the pre-specified group of outputs, This address will be specified by
Aadd;. |

We talk about input/output groups. On the input side, we have k groups, each with n
cells, where each cell dcpends on one input. Each cell consists of a series of binary optical
* pulses with wavelengths chosen from A; to Ax, depending on the receiver group address. On

the output side, the wavelengths A; ... Ay, are ordered by wavelength de-multiplexer in order to |
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route the signal to its appropriate group on the output side: on each wavelength (output group)
there will be 7 cells in each frame which will be de-multiplexed in time in order to finalize the

switching operation by the cell selector (CS), cell buffer (CB) and cell decoder (CD).

The last three blocks perform the address selection function. When the optical signal
arrives through wavelength de-multiplexer at its appropriate output group, the cell selector's
filter will separate the data from the low address and will convert it to an electrical signal in
order to route the cell to the correct output via the cell buffer. The cell buffer controls the
throughput of the selected data cells in order to have an output cell in one frame duration 7.
Therefore, between two successive cells, there is T second separation, and the cell decoder

converts the optical cells to the electrical cells with duration 7, at a rate V.

Cell time multiplexing is done by the coder and by k (n x 1) coupler as shown in Figure
4.11 for time multiplexing. Electrical cells with a duration T arrive at the inputs from various
transmission links at a rate V37)]. Since in time multiplexing the signal synchronization is very
important, when input cells arrive on different lines, they must be synchronized by the system
clock again and will bc formed within [0,T] time frame in order to enter the cell coder.
Simultaneously, according to the high addresses (VPI) on the cells, ultra-short optical pulses
are generated, having a selcétcd wavelength A;...A;,... A (based on wavelcngth allocation
shown in Figure 4.12) and with a very narrow width At at a repetition rate of V. As can be
~ seen in Figure 4.11, the elecmcal cells from the input are ﬁrst stored in a register and their data
fields in the payload and address fields in the cell header are read ‘'separately. Then, an external
modulator modulates the optical pulses on wavelength A, on the basis of the celi data fields,
and sends them to the compressor. Using the optical pulses, the cell coder converts the’

"~ electrical data cells to ultra-fast optical data cells with a duration /1, as shown in Figure 4.13.
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Figure 4.13 shows the detailed structure of the compressor. Each sub-compressor consists of
one 1 x 2 switch, two delay lines, and one 2 x 1 coupler. In 1 x 1 compressor #1, the 1 x 2
switch transmits pulses to high and low port alternately, with RF frequency V divided by 2,
i.e., V/2. Other switches do the same job with different frequencies as shown. Therefore, by
having {(I xI ) compressors, we will put L=2 {pulses besides one another. Of course, the
output of the RF signal dividers is used for all compressors of each input cell, and for each

input group, as well.

The compressor output and the address signal are wavelength multiplexed on each cell
coder. An n x 1 coupler combined with appropriately selected delay lines time-multiplexes each
cell into a time slot. Finally, the outputs of all input groups are coupled together by a k x
combiner, and the coupler distributes the cells over the optical highway (with signal
multiplexed in time and wavelength domain). Aadd; is a wavelength within the bandwidth of
group wavelength A; as shown in Figure 4.12. The bandwidth around each A; can be about

0.3 nm in order to carry = 40 Gb/S around 1.3 pm {43].

Time divisi.on and v)avc]cngth division n"lultiplcxed signal arrives at the wavelength de-
multiplexer (WD). The block diagram of the wavelength de-multiplexer is shown in Figure
4.14 below. In this figure there are k Bragg elements, and each is tuned to one of the k
wavclengthsl A ... Ap as illustrated in Figure 4.12. Therefore, if wavelengths Aj, Az2... Ag
arrive togsther, A; will be deflected by 900 by thé I-th element, since it is tuned to A;, and
Az,...Ax will go through su-aight Similar actions take place in the other elements, i.e., in the i-

th element only A; will be deflected, and so on.

Each deflected wavelength, say 7L. will go to the I x n coupler and go ﬂuough cell
- selector (CS), cell buffer (CB) apd cell decoder (CD). Based on wavelength allocation Ishown-
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in Figure 4.12, each group wavelength of A; has the low address wavelength Aadd; within the

bandwidth of the i-th group wavelength.

Therefore, on the input side, there are k groups such that in each group there are n input
modules. For each group, the compressor and the coupler provide time-multiplexing of n
signals together. The wavelength multiplexing is done by a tunable laser on each celi coder
depending on the output group address to which the signal has to be routed. This function is
" repeated for all the k groups and all the cell coders for each group; the time-multiplexed signals
of all k groups (each group with » input modules) will tilen be coupled together to go through
the n x I coupler with an appropriate delay element. The output cells of & (n x 1) couplers are

combined to bring the signal to the optical highway.

On the receive side, the received signal is first wavclength de-multiplexed, as shown in
Figure 4.14. Then an appropriate group wavelength is sent to its Jx n coupler, which guides
the optical signal to n outputs on each group. The functions of cell selector (C3), cell buffer
(CB) and cell decoder (CD) are explained in {37]. We will discuss their functions briefly, and

modify them for wavelength de-multiplexing as well.

When a cell arrives at the output via the J x n coupler, its address is separated and is
translated to an electric one. Then it is analyzed by the decoder to find out whether or not the
low address matches a specific output. High.address is specified by wavelength de-multiplexer
as mentioned earlier and as shown in Figure 4.15. Therefore, the cell leaving the buffer during

T is the only one cell.

The cell decoder function is shown in Figure 4.16 [37]. Optical information at a bit rate n

x Vwill be converted to electrical cells at a rate V. In CD, first the narrow optical pulses are
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produced by the de-multiplexer and converted to electrical pulses in parallel form; then these

signals are stored in a register at every T seconds.
4.3.2.2. Switching Capacity with SONET Signal Rates

The advantage of this proposed ATM switch fabric is that it employs both time and
wavelength division multiplexing, in order to obtain a higher capacity. For example, 40 input

groups can be used in near future.

Because the tunable range of the grating is about 40 nr2, and since the possible
wavelength separation is = 1nm [43 ], 40 WDM channels can be multiplexed and de-

multiplexed. Hence, 40 input groups are feasible.

Because the bandwidth around eaph wavelength can be 0.3nm in order to have a
reasonabie level of crosstalk [44], i.e., around 1.5 jim, the total available bandwidth on each
wavelength can be as large as 40 GHz. If each channel has a bandwidth of about 1 = GHz, we
can have 40 inputs per group. The total number of inputs (N = n x k) can be 1600, and the

optical bandwidth becomes 1600 GHz, which means, for an individual bandwidth of B GHz, -
Lgo inputs can be obtained. That is, for example,

=30864 SONET OC-1 (51.84 Mb/S) or
=10288 SONETOC-3  (155.52Mb/S) or
=3420 SONETOCS  (466.56 MbiS) or
=2572 SONETOC-12 (622.08 Mb/S) or
=1714 . SONETOC-18 (933.12Mb/S) or

=1286 SONET OC-24 (1244.16 Mb/S) or
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=857 SONET OC-36 (1866.24 Mb/S) or
=643 SONET OC-48 (2488.32 Mb/S) lines can be switched.

4.3.3. Architecture 1I: Photonic ATM Switch Based on Optical Pulse FDM and
WDM

4.3.3.1. Switching Architecture

The idea of designing an ultra high-capacity photonic ATM switch system, through
multi-dimensional combinations among different domains of optical medium, implies an
alternative solution, that is, to design ATM switching architecture based on an optical ultra-
short pulse frequency-division and wavelength-division "multiplexing and de-multiplexing”.
Obviously, the key step involved in this approach is to design, for each specific wavelength Aj
(where i = 1...k), n "multiplexing" and "de-multiplexing" systems to ﬁcrform ultra-short
optical pulse frcqucncy-divisioﬁ multiplexing and de-multiplexing. As discussed regarding
Architecture I, ultra-short optical pulse time-division multiplexing and dﬁ-mulﬁple)cing is done
with electronic logic control, such as a series of 1/2 frequency dividers for cell coding, and an
up/down counter for buffering. The controllers are completely separated from the data
channels. However, in the alternative approach of Architecture I, the proposed ultra-short
optical pulse frequency-division mulﬁplexing and de-multiplexing is performed through optical
logic control. The control elements ‘arc integrated in the data transport network, which is all-

optical. The detail functionality is described here.

Sirhilar to Architecture I in structure, this alternative version of ATM switch fabric has an
N (= n x k) inputs (k groups with n inputs per group, as shown in Figure 4.17), N (= nxk)

outputs. On the inpuf side, there are k groups each with » "multiplexing” systenis to perform |
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ultra-short optical pulse frequency-division multiplexing; therefore, n cells with different
optical pulse frequencies are combined in the optical star coupler for- each of the £ groups. In
addition, each cell consists of a series of binary optical pulses with wavelengths choscln from
A;to Ay, depending on the receiver group address. On the output side, the wavelengths A; ,
... Ay are ordered by wavelength de-multiplexer [43) in order to route the signal to its
appropriate group on the output side; on each wavelength (output group) there are cells with n
different optical pulse frequencies which will be split and directed into n different optical pulse
frcqucncy "cic-mu]tiplexing" systems. Each of them selects its unique optical pulse frequency
by optical pulse frequency selector (OFS). The selected cells go through an Optical Decoder

(OD), followed by the conventional O/E converter in order to complete the switching operation.

In this architecture, the optical pulse frequency of an optical signal refers to the repetition
rate of the laser pulses, which is also the modulation rate of the input data to the external
modulator. The particular pulse frequency can be controlled electrically. This unique
"frcqucﬁcy“ is used as a signature to identify a particular user from n different users on the
same wavelength. As shown in Fig.4.18, on the same wavelength, User #1 sends a signal of
pulse frequency f1=1/T? with a duration 7, where T1 is the time between pulses. User #2
sends a signal of pulse frequency f2=1/T2 and the same duration 7, so that each pulse is offset
‘by the increasing multiples of df in reference to f7. and so on. The offset in time domain
should be larger than the pulse duration ¥ but smaller than 71/ n. On a particular waveicngth,
optical ultra-short pulses generated b}}r the lasers with different repetition rates are combined
through an optical star coupler to compléte the process of optical pulse frequcncy-divisibn
multiplexing. On the output side, the de-multiplexing is done by a splitter (a broadcast star
coupler) to dclivcf the optical pulse frcqucncy-multiplc:_;cd signals to n different paths so that
on eécl; path optical (pulse) freciucnt:y selector (OFS) works as a pulse frequency filter which
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passes only cells with the unique selected pulse frequency and rejects the incoming cells from

all other pulse frequencies.

In this switch architecture, each cell addresses a certain output by the following high and
low addresses:
1. A "high" address (Virtual Path Identifier [VP]] in the cell header) specifies the order of the
output group that the input cell will be going to. This address tunes the tunable source to A

The selected wavelength will be one of the available wavelengths 2; ... Aj, based on the

wavelength allocation shown in Figure 4.12.

2. A "low" address (Virtual Channel Identifier [VCI] in the cell header) specifies the address of
the input cell within the pre-specified group of the outputs. This address will be specified by

the optical pulse frequency of the tunable laser and the data input rate to the external modulator.

As shown in Fig.4.17, electrical cells arrive at the inputs from various transmission links
at different ratés, asynchronously. They are first stored in a register, and their address fields in
the cell header and data fields in the payload are read scparately,'according to the bit positions
of VPI and VCI in the cell header and the bit location in the payload. The wavelength and
optical pulse frequency of the tunable laser, as well as the input data rate to the external
~ modulator, are specified by the address field. Then, with the repetition rate of fj on wavelength
A;, the modulator modulates the optical pulses on the basis of the cell data fields, and sends
them to an n x 7 coupler for each group. Annx I star ‘coupl”er frcqﬁency-multiplexes each cell.
Finally, the outpt‘lts of all input groups are coupled together by a k x I star coupler, and the
coﬁplcr‘ disuib‘utcsmc cells over the optical highway (with signal inultiplexéd in optical pulse

frequency and wavelength domain).
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The optical pulse frequency and wavelength multiplexed signals arrive at the wavelength
de-multiplexer as shown in Fig.4.14. In the de-multiplexer, each of the k Bragg Elements is
tuned to one of the k wavelength A; ... Ay; therefore, if cells with wavelengths Aj ... Agarrive
together, in the ith element, only A; will be deflected by 900 by the i-th element since it is
tuned to A;, and Aq...Ag will go through straight. Each deflected wavelength will go to the / x n
coupler and go through optical pulse frequency selector (OFS) and optical decoder (OD).

4.3.3.2. Design of Optical Pulse Frequency Selector

4.3.3.2.1. Gene_ral Structure

Optical pulse- frequency selector (OFS) is the optical logic control of the proposed
photonic ATM switch, linked in the all-optical data transport network to make the ATM switch
structure simple and all-optical in nature. In this paper, we propose a structure for the

realization of this control function.

Each proposed OFS structure consists of two parts. One is an optical logic control signal
generator (LCSG) and the other is an optical "ON -OFF Gate" controlled by the optical logic
control signal originating from LCSG. As shown in Fig.4.19, the incoming cells to the
proposed OFS are broadcast evenly by a 1 x (p +2) coupler, the p+2 outputs of this coupler are
followed by delay lines of time interval of 0, T%, 2Tk,..., pTk pTk+ T". Accordingly, where Tk
=1/fk is specified by the uﬁique optical pulse frcquehcy fk 10 be selected, and 7" is the total
processing umc (or response time) of the optical logic control signal generator (LCSG) and
"ON-OFF Gate". By counting upward, the 6utputs delayed by 0, Tx, 2Th,..., pTkare inputs of
the optical logic control signal geﬁcrator (LCSG), an "AND" g'atc in this case. The output
delayed by pTx+Tis ;he input to the optical "ON-OFF Gate", which is controlled by the
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optical logic control signal to retrieve the optical signal of frequency fi=1/Tx and reject the
incoming signals from all others. By choosing the delay time Tk from 71, 72, ..., Tn
corresponding to the reciprocals of the optical pulse frequencies f1, 12, ..., fa, a signal with the
specified optical pulse frequency fi can be selected. This is done through the delay lines Tk,
2Tx...., pTkso that only cells with the same repetition rate of Jaser pulses can produce logic "1"
in the output of the "AND" gate. This in turn generates the bptica.l control signal through the
"AND" gate, to trigger the optical "ON-OFF Gate". When the "ON-OFF Gate" is triggered, it
allows the cells to pass through. In other words, only the pulses that are one of the p+]
consecutive pulses equally spaced in time by the period of the desired signal Tk can propagate
through. Obviously, the larger the number of the delay line p is, the more accurate the cell
selection is. The number of delay lines p is determined by the required BER [42].

4.3.3.2.2. Design of Optical Control Signal Generator

In this structure, optical "AND" gate is proposed as optical control signal generator.
Current technology provides several options for this component. One is to use bistable optical
devices containing semiconductor non-linear refractive material [45]746)[47) (i.e., non-linear
semiconductor etalons, bi-stable semiconductor laser amplifiers). The other apprqach is to
apply the quantum well self-electro-optic effect device (SEED) based on the quantum cbnﬁned
Stark gffect (QCSE) [48). Here, we describe briefly the mechanism of cmplﬁying symmetric
self-electro-optic effcct_devic;s ( S-SEEDs ) [49] [50] to implement an "AND" gate. Based on
this, we propose a multi-stage "AND" gates approach, and the approach using a single-stage
"AND" gate with a relatively higher preset pulse to implement the optical logic control signal."

generator (LCSG) in the pulse frequency selector (OFS) of this ATM switch fabric.
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The S-SEED consists of two MQW pin diodes interconnected in series electrically as
shown in Fig.4.20(a) below. Connected in this fashion, the diodes become complementary.
When one of the diodes is "ON", the other is "OFF". Physically, one diode will be in an
absorbing state while the other is in a transmissive state. The change of states is a function of
the ratio of the two input powers. Thus, S-SEED can operate as an optical Set-Reset latch. The
inputs are categorized into S (Set) iﬁput. R (Reset) input, and clock input. The S and R inputs

are separated in time from clock inputs.

R input and S input are able to change the state of the device when the clock signal is not
present. After the device has been put in its proper state, the clock signals are incident on both
inputs. The clock has the same intensity for both inputs, making the device insensitive to
optical power supply fluctuations. Its intensity is much higher than S input and R input. A
larger differential optical gain can be achicv&i between output and input. This type of gain is
referred to as time-sequential gain, in that the state of the device can be set with low-power
beams and read out with subsequent high-power beams. The device also shows good
input/output isolation because the large output does not coincide in time with the application of

the input signals.

The power of signal on the S input relative to the power of the signal on the R input
determines the logical level of the output, which is represented by the power of'the signal
coming from the Q output relative to the power of the signal coming from the Q' output. When
the power of the signal incident on the S input is greater than the power of thé signal on the R
input, the power of the signal leaving the Q output will be greater than the power of the signal
* leaving Q' output, and a logical "1" will be represented on the output. On the other hand, when
- the power of the signal incident on the S input is less than the power of the signal on the R

input, the opposite will occur.
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To achieve "AND" operation, the device is initially set to its "OFF" or logic "0" state
(i.e., Q low and Q' high), with preset pulse, preserb, incident on only one pin diode as shown
in Fig.4.20 (a). The intensity of the preéct pulse is equal to that of any input signal, assuming
the intensities of the two input signals are equal, and attenuation in the fiber delay line is
negligible. As an "AND" gate, S-SEED behaves like a three-terminal device. If both input
signals have logic levels of "1" (i.e.. set = 1, reset = 0), then the S-SEED "AND" gate is set to
its "ON" state. For any other input combination, there is no change of state. The requirement of
"AND" operation is fulfilled. After the signal beams determine the state of the device, the clock
beams are then set high to read the state of the "AND" gate. The corrcspoﬂding time diagram is

shown in Fig.4.20 (b) below, and the optical logic table is shown in Fig.4.20 (c) below.

This S-SEED "AND" gate described above only works for two input signals. By
connecting S-SEED "AND" gates in series with delay lines as shown in Fig.4.20 (d) below,
implementation of OFS's optical control signal generator with p+1 inputs delayed by the time
intervais of 0, Tx, 2Tk ... pTx can be completed. Except the first S-SEED'“AND" gate, the
preset pulse intensity of any other S-SEED "AND" gate is set to the larger intensity of the two
inputs, which is also the output one from the proceeding S-SEED "AND" gate. The approach
is categorized as the multi-stage "AND" gates method for the design of the optical control

signal generatdr of the OFS in the proposed ATM switch fabric.

An alternative solution is to design the optical control signal géncrator. of the OFS using
dnly one S-SEED "AND" gate, with p+1 inputs delayed by the time intervals of 0, Tk, 2Tk ...
pTx, accordingly. To exercise a logic "AND" operation on p+] inputs, the intensity of preset
puise presets needs to be controlled to be exactly p timcs'tﬁé. intensity of the individual input

signal. Here, the attenuation in fiber delay lines is assumed to be negligible. As shown in
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Fig.4.20 (¢) below, only when p+] inputs have a logical level of "1" (i.c.. set =1, reset = 0) is
the total power of the signal incident on the S input is greater than the total power of the signal
on the R input by an amount equal to the intensity of one input, and the S-SEED "AND" gate
set to its "ON" state. For any other input combination, the total intensity on the reset input is
always larger, because of the intensity of the preset pulse, and there is no change of state. The

requirement of "AND" operation on p+] input is fulfilled.
4.3.3.2.3. Optical ON-OFF Gate

The operation of the optical "ON-OFF Gate" is described here. When the control light is
not present, the signal light transmittance is zero; when the control light is prcsént, the signal
light transmittance is one. The operation can be realized by a semiconductor multiple quantum
well (MQW) waveguide with a deep grating as the waveguide core [51]. Its mechanism is as
follows: When the control light is injected into the MQW layer, the refractive index of the
MQW layer is changed by a non-linear effect, nafncly, the carrier effect (band-filling or plasma
effect). This leads to a shift of the Bragg wavelength to a shorter wave]c;ngth, and the
transmittance at the signal light wavelength changes. As shown in Fig.4.21 below, by proper
grating, the signal light transmittance is set to be zero around the specific "group wavelength”
when the control light pulse is not present. This notch is shifted to a shorter wavelength and the
signal light transmittance is changed to one around the specific "group wavelength” when the

control light pulse is imposed. Hence the operation of "ON-OFF Gate" is fulfilled.

The switching speed of the optical "ON-OFF Gate" is dependent on the pulse width of
the control li'ght. System design issues such as the switching powér level are also important.
All these parameters define the requirement of optical logical elements in the proposed future

~ photonic ATM switching systein.
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4.3.3.3. Switching Capacity with SONET Signal Rates

The advantage of this proposed ATM switch fabric is that it employs both pulse
frequency and wavelength division multiplexing, in order to obtain a higher capacity. For
example, 40 input groups can be used in the near future. Because the tunable range of the

grating is about 40 s, and since the possible wavelength separation is = 1nm [43], 40 WDM

channels can be multiplexed and de-multiplexed. Up to 40 input groups are feasible.
+ Number of inputs per group (n): 160

Because the bandwidth around each wavelength can be 0.3nm in order to have a reasonable

level of crosstalk [44], i.e., around 1.5 pm, the total available bandwidth on each wavelength
can be as large as 40 GHz As an example, the following parameters are taken for the optical
pulse frequency multiplexing and demultiplexing system:

7=1ps, 6t=2 ps, n= 160, fso = 1 Gb/S, |

then f1 = 1.188 Gb/s, f160 = 0.862 Gb/S

M =4, (M is the ratio of the bit-rate to the information rate)

the total information capacity is (fr+f2+... +f160VM =160/ =40 Gb/S

The result matches the minimum crosstalk fcquirement.

. Toﬁl number of inputs (N=nxk): 6400

. Optical highway bandwidth: 6400 GHz

'Hmé 1f each input has a B'GHz bandwidﬂi, we could have #2 inputs,
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that is,
= 123456 SONETOC-1 (51.84 Mb/S) or
=41152 SONETOC-3 (155.52 Mb/S) or
=13717 SONET OC-9 (466.56 Mb/S) or
= 10288 SONET OC-12 (622.08 Mb/S} or
= 6858 SONET OC-18 (933.12 Mb/S) or
=5144 SONET OC-24 (1244.16 Mb/S) or
=3429 SONET OC-36 (1866.24 Mb/S) or
=2572 SONET OC-48 (2488.32 Mb/S) lines can be switched.

Thc gcheration of ultra-short optical pulse is important to realize this switch system. As
seen in the above calculation, dtis determined by T such that 7< 67 <Ti/n. If 7 gets larger, the
optical pulse frequency deviation from J1 to fi60 will be increased. To satisfy the requirement
range for &7, the number of input per group has to be reduced. This is illustrated by the
examples sho.wn in Table 4.4 and Table 4.5 below. When the number of input lines per group
is less than the pre-designed one, 160, the maximum value taken is such that §7=T1/n, as
shown in these tables. When 87 is chosen to be smaller for the same 7, the number of input
" lines gets larger, with the same optical bulsc frequency deviation from f1to fn. In practice,
there is a certain bound on the deviation for setting optical pulse frcquenéics from the central
optical pulse frequency, fnz (setting the central optical pulse frequency is aiso important for’
' di;"fcrcnt signal rates). This is done in order that the bit rates of the switching system be
relatively uniform and /ithin the range of the transmission rates of the current DFB laser
diodes, Thus, if the opncal pulse Wldth is broader, it is not possible to utilize the whole non-
crosstalk bandwidth ( 40 GHz) around each wavelength, and the number of inputs per group
has to be decrcascd Therefore, the ultra-short optical pulse is essenual to the proposed ATM

switch system based on optical pulse FDM and WDM. Its importance for the proposed ATM ,
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switch fabric based on optical pulse TDM and WDM is even more obvious, since the cells are

compressed in time in the switching system.

Table 4.4

Parameters used in this table: 8t = 2t, fnf2 = 0.62252 Gb/s

1 (ps) n f1 (Gb /S) £30 (Gb /5) fn (Gb /5)
1 160 0.691 0.62252 0.566
2 160 0.775 . o252 0519
3 160 0.883 0.62252 0.479
4 134 0.928 0.62252 0.467
5 106 0.921 0.62252 | 0.468
6 88 0.917 062252 0.469
7 76 0.919 0.62252 0.468
8 66 0.914 0.62252 0.469
s 60 0923 0.62252° 0.466

10 54 0921 - 0.62252 . 0.466
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Table 4.5

Parameters used in this table: &t =1.51, fn2= 0.62252 Gbls

* (ps) n 1 (Gb /S) 30 (Gb /S) fa (Gb /S)
1 160 0.672 0.62252 0566
2 160 0.730 0.62252 0519
3 160 0.800 0.62252 0.479
4 160 0.883 0.62252 0.445
5 142 0925 0.62252 0.468
6 118 0923 062252 0.468
7 02 0925 0.62252 0.467
8 88 0917 0.62252 0469
5 78 0915 0.62252 0.469

10 72 0.925 0.62252 0.466

4.3.4. Comparison of Two Proposed Switching Architectures

. We have proposed two large photonic ATM switch architectures based on combined
optical pulse time/frequency and wavelength division multiplexing and de-multiplexing. Both
“have all-optical transport layers. Architecture 1 is electronically controlled, and incoming
lsignals need to be at the same bit rate and be synchronized; Architecture II is optically

controlled, and it can handle aéynf:hrdhbus incoming signals at different bit rates.
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In general, the two proposed ATM switching architectures possess the following

common features:

(1) In both architectures ultra-short optical pulses are used for cell signals, thereby minimizing
the throughput losses associated with the device set-up time. Ultra-short light pulse can be
obtained from a gain switched distributed feedback laser diode (DFB-LD) or mode-locked laser

diode.

(2) Both architectures are two-dimensional. In Architecture I, optical pulses are time-division
multiplexed on a pre-assigned wavelength by tunable lasers in caf:h group, and then
wavelength-division multiplexed between groups. In Architecture II, optical pulses are
frequency-division multiplexed on a pre-assigned wavelength by tunable lasers in each group,
and then wavelength-division multiplexed between groups. These multi-dimensional
combinations among different domains of optical medium increase the switching throughput
significantly, and fully exploit the transparency of the optical medium. With the feature of ultra-

short optical pulse, these architectures can achieve an ultra-high throughput.

(3) From Architecture I to Architecture II, the evolution of photonic ATM switches is
presented, namely from a hybrid opto-¢lectronic approach to an all-optical approach. In
Architecture I, the transport layer of the switching system is optical, and the control layer (a

separate controller) of optical pulse TDMA uses electronic controllers. The control and data

channels are completely separated. Architecture II presents a switch with control elements |

inseparable from the switch structure. Both layers are all-optica_l and physically merged into
one, because the control and data channels are intimately linked. With the current device
technologies, digital all-optical processing, i.e., optical logic, is not mature because of limits

imposed by non-linear optical material and a high required optical power. On the other hand,

137



electronic technologies are currently more controllable and flexible. With software. the
electronic devices can provide almost any function. Architecture I presents combinations of
high bandwidth of photonics in the transport layer and high functionality of electronics in the
control layer. The mixture of the processing capacity of electronics and communications
capacity of optics allows a connection-intensive ATM switch architecture to be implemented
with the current technology. Architecture 11 indicates the future direction: a photonic switch
fabric with all-optical transport layer and control layer. Both layers are combined into one in the
structure. As a different approach from the all-optical ATM switch architecture described in
[41], which uses optical buffer memory and optical self-routing circuitry, the control function
in Architecture II is performed by optical logical devices (i.¢., optical "AND" gate) integrated
into the data transport network. For such logical devices, data must have a very close
relationship between the time for a logical operation (such as "AND" or "QR"); therefore,
optical pulse frequency (repetition rate of laser pulse) divisioning is employed in Architecture
I1. Using optical pulse frequency-division multiplexing, this ATM switch fabric can handle
asynchronous traffic at different bit rates. From a different point of view, Architecture I
pofu'ays how the limited capacity of photonic devices constrains the switching architecture, and-
Architecture I shows how the switching architecture defines the requirements on the optical

devices.
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Chapter 5
Conclusions and Suggestions

WDMA networks have been studied intensively in recent years. Typically, two
approaches have been proposed. namely. single-hop broadcast-and-select scheme and muld-
hop wavelength routing scheme. Each of them has certain advantage and drawback. In this
thesis. a layered WDMA network architscture is proposed for the design of wide-area network.
In this proposal, the network is considered to have three layers. The low layer is Local Area
Network with broadcast and select scheme. The single-hop approach here is all-optical in
nature. In this part, two WDMA LAN architectures with ring topology are proposed. Link
performance is studied, and two-dimensional crosstalk issue is investigated for the optical
amplifiers in the ring architecture. Regarding the limited available wavelength in this layer,
network interconnecticn with wavelength routing scheme is proposed and studied in the
intermediate layer. The emphasis here is on the wavelength reuse and network scalability.
Throughput values are compared for different proposed topologies. In the top layer, centralized
| ultra-high-capacity photonic switch architecture based on optical pulse FDM and WDM is
proposed and studied. The emphasis is on the implementation of optical control for the switch
fabric. The approaches in the three layers benefit from the advantage of three different
technologies and as a whole, the network provides great potential and is considered a good

approach for the design of future optical network infrastructure.

As a method of approach, network architecture, system specification and device
technology are integrated together in one study. For the device technology, the design of
| optical Add-Drop Multiplexer, optical Wavelength Sclcc;ﬁye Router and Optical Bridge are -~
studied. In the system specification, link pcrfofmance ofl' optical ring LANS, closed-loop

Markov chain for crosstalk of cascaded optical amplifiers in the ring network, and throughput
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analysis for wavelength routing architecture are explored. For the nerwork architecture,
WDMA ring LAN with ADM, WDMA ring LAN with WSR, network interconnection
architecture for wavelength reuse and optical switch architecture based on optical pulse FDM
and WDM are proposed. This approach provides a clear picture for the connection between

component and system.

With the state-of-the-art technology, the proposed network architecture offers significant
advantages in network capacity and connectivity, and can be considered as a realistic approach

for photonic Wide-Area Network architecture.
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