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Thesis Summary

Erbium-doped fibre amplifiers (EDFAS) are a key technologythe design of all optical
communication systems and networks. The superiority of &8s in their negligible in-
termodulation distortion across high speed multichanmgglads, low intrinsic losses, slow
gain dynamics, and gain in a wide range of optical wavelengtbue to long lifetime in
excited states, EDFAs do not oppose the effect of crossggduration. The time character-
istics of the gain saturation and recovery effects are betveefew hundred microseconds
and 10 milliseconds. However, in wavelength division npiétked (WDM) optical networks
with EDFAs, the number of channels traversing an EDFA camgbealue to the faulty link
of the network or the system reconfiguration. It has beenddbat, due to the variation in
channel number in the EDFAs chain, the output system powlessrgiving channels can
change in a very short time. Thus, the power transient is dtieegoroblems deteriorating
system performance.

In this thesis, the transient phenomenon in wavelengtretbW DM optical networks
with EDFA chains was investigated. The task was performéagudifferent input signal
powers for circuit switched networks. A simulator for the Egain dynamic model was de-
veloped to compute the magnitude and speed of the powerdras the non-self-saturated
EDFA both single and chained. The dynamic model of the s#lirated EDFAs chain and its
simulator were also developed to compute the magnitude @eebsof the power transients
and the Optical signal-to-noise ratio (OSNR). We found that®SNR transient magnitude
and speed are a function of both the output power transiehtrennumber of EDFAS in the
chain. The OSNR value predicts the level of the quality o¥iserin the related network. It
was found that the power transients for both self-saturatelhon-self-saturated EDFAs are
close in magnitude in the case of gain saturated EDFAs nkswvor

Moreover, the cross-gain saturation also degrades therpshce of the packet switch-
ing networks due to varying traffic characteristics. The mitagle and the speed of output
power transients increase along the EDFAs chain. An inyastin was done on the asyn-
chronous transfer mode (ATM) or the WDM Internet protocol (WDWR) traffic networks
using different traffic patterns based on the Pareto ands@woidistribution. The simula-
tor is used to examine the amount and speed of the powerdrdasn Pareto and Poisson
distributed traffic at different bit rates, with specific t@mcon 2.5 Gb/s. It was found from
numerical and statistical analysis that the power swinge@mses if the time interval of the
burst-ON/burst-OFF is long in the packet bursts. This isabee the gain dynamics is fast
during strong signal pulse or with long duration pulses, ohis due to the stimulated-
emission avalanche depletion of the excited ions. Thusharease in output power level
could lead to error burst which affects the system perfocaan

Keywords: EDFA, power transients, circuit-switched and packet-slndtd, OSNR,
ATM-IP traffic, Pareto distribution, Poisson distribution
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Chapter 1

Introduction to optical networks

In this century, there have been impressive changes ino@leinications technology that
have rapidly enhanced the users’ lifestyles. The most itapbfactor which has driven these
changes is the continuous demand for an increase in theigapathe network. A major
cause of this increasing demand is the massive growth in uh&ar of users as well as
the increase in the amount of time spent by individual userthe Internet. Consequently,
the bandwidth required by each user is high. Internet voadls generate large amounts
of traffic in the network in comparison to traditional voicealls. With the rapid growth
in Internet traffic, broadband technology such as Digitabstuiber Line (DSL) and cable
access technologies (modems) have come into the picturpramile reasonably adequate
bandwidth to each user [1].

High-speed networks are now being used by businesses, &mnm& interconnection
between multiple sites of a company or between companidaufginess transactions. There
is a strong relation between bandwidth growth and the coteobandwidth. For instance,
telecommunication technology advances have achievededsttion which in turn lowers
the cost of bandwidth. In contrast to previously, the cliesnt use both phone and Internet
services for a longer duration at lower cost. One of the migotors which pushes for
development in the telecommunication industry, is a sigaift change in the type of traffic
that is progressively dominating the network. Traditidpyahe dominating traffic was voice,
however today more demand on the network is being stimulatethta. Yet most networks
are designed to support voice traffic and not data traffics €hange in the type of traffic is

now causing service providers to review and reconsider tregwork architectures, and has
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stimulated the deployment of high capacity optical netwsork

Let us briefly discuss a telecommunication network architec A Local Exchange
(LE) provides local services in metropolitan areas, andrdariExchange (1X) provides
long-distance services. Eventually, LE and IX overlap miitBervice areas. Metro networks
cover the area between the client locations and interofet@arks. The latter is known as
a metropolitan network and connects groups of central afficighin a city or region. This
network between offices within a city tends to be from a fewrkiéters to several tens of
kilometers.

In contrast to metro networks, long-haul networks havedifiom several hundred to
a few thousand kilometers. The services provided by metblang-haul networks are
different because the networks are different. Private agtsvwhich are owned, operated
and networked by the same company and cover only a few kilenwate called Local Area
Networks (LANs). Networks which are spread over a metrdgnlarea covering tens to a
few hundred kilometers, are known as Metropolitan-Areandeks(MANS). Networks that
cover even longer distances, spanning hundreds to thosisdridlometers, are known as
Wide Area Networks(WANS).

Figure 1.1 [1] illustrates a typical terrestrial public #ametwork architecture. The nodes
in the network are central offices, sometimes called PoifiRresence (POPs). In some
cases, the small nodes are denoted by POPs, and the largesr areddenoted by hubs. The
links between the nodes consist of fibre pairs, or multipleefipairs. A ring topology is
widely used to provide two links per node and this in turn jleg an alternative path to
reroute traffic in the case where some links fail. Mesh netw@re implemented in the
form of interconnected ring networks in order to provide #eraative path for traffic in
case of link failures. Optical fibres are also used in undengtworks. These networks span
hundreds to thousands of kilometers for paths across the dfeslich wide oceans as the
Atlantic and Pacific [19].

At a higher level, the networks can be divided into a metrid@olnetwork and a long-
haul network. As mentioned earlier, the former links witlairregion or large city, while

long-haul networks link to different regions far away.

22



CHAPTER1. INTRODUCTION TO OPTICAL NETWORKS

Central
office
Central
office .m
Central
office
Long haul Metropolitan Metropolitan
-
Interexchange Interoffice Access
Network Network Network

Figure 1.1: Different parts of a typical terrestrial pulfilere network architecture.
1.1 Circuit switching, and packet switching services

Network services can be classified into connection-oreeagvices and connectionless ser-
vices. In the former there is the concept of a connection éetviwo or more parties across
an underlying network. The differences in the connectiderted services depend on the
bandwidth of the connection and the type of underlying nekwehich provides the con-
nection. This has a strong effect on the Quality-of-Ser¢igeS) guarantee supplied by the
network administrators to their customers [1, 20, 21].

Circuit-switched and packet-switched networks are the twawémental types of net-
work infrastructures. These infrastructures are basedtmhmow traffic is multiplexed and
switched within the underlying network. Figure 1.2 showedent types of Time Division
Multiplexing (TDM) techniques. In a circuit switched neto the circuit-switched con-
nection is provided to its customers, and a secure amourdrahhbidth is assigned to each
connection, and is available at all times from the time that ¢connection is set up. The
total bandwidth of the connections must be less than thérgelimk bandwidth. The Public-
Switched Telephone Network (PSTN) is the most common examipihe circuit-switched

network. The PSTN allocates connections to the customéahsfiwed amounts of bandwidth
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(around 4 kHz) as soon as the connection is set up. This cbanex circuit is converted to
a digital 64 kb/s circuit at the central office. This type ofwerk was originally developed

to provide efficient voice streams.

X b/s

T LN

WLl : -
N —./

(@) (b)

Figure 1.2: Two types of TDM, (a) statistical TDM, (b) fixed WD

Recently, the circuit-switched services provided by the iatstrator or vendor include
circuits at different bit rates, starting from 64 kb/s vowecuits up to several Gb/s. These
connections are leased and stay connected for long peridiiseo They are known as pri-
vate line services. In contrast to PSTN, the private lingsuge not dial up to set up the
connections, the network administrator normally establksconnections using a manage-
ment system.

A disadvantage of circuit-switched networks is that it isffitient when dealing with
bursty data traffic. An example of a bursty data traffic stresmveb browsing. When the
user is looking at recently downloaded pages, the datartias®n is almost zero. However,
when the user clicks on a hyperlink, a new set of data packdtbevdownloaded from the
network. This type of data traffic requires large bandwiddimf the network while it is active
and very small bandwidth while the data traffic is not actiVbe network is designated by
an average bandwidth and a peak bandwidth which is relatdetiong-term average burst
rate and short-term burst rates, respectively. In caseetittuit-switched network, the
connection and bandwidth which are reserved for long-taverage bursty data traffic will
not be used efficiently for the short-term burst-data traffic

For efficient transmission of the bursty data traffic, thekeaswitched network was

invented [1]. In a packet-switched network, the data streadivided into small packets
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and the packets from different sources of the same netwerkradtiplexed. Then these
packets are switched according to their destination. Tlstirdgion address or the next
node’s address in the path is added to the payload in eacletpasla header. Intermediate
nodes in the path read the address and the routing informfrton the header of the packet
which has arrived at that node, then decide where to routeattieet based on the information
provided in the header. The data stream will be separatek (oeenultiplexed) when it
reaches the destination. The most well-known example otkgteswitched network is the
Internet, which uses the Internet Protocol (IP) to routekptecfrom their source to their
destination. The multiplexing technique which is used bgkea switching for multiplexing
multiple bursty data stream together in a link is cakgatistical multiplexingsee Figure 1.2
(@) [1,3,20].

Each bursty data stream could be either in a state of ON peri@FF period. Thus,
the bandwidth required on the link is smaller than the badtwused in the case while
all sources are simultaneously active. The advantaggatistical multiplexings that it
enhances the utilization of the bandwidth. However, theeeatgso some disadvantages. In
the case where a large number of bursty data stream sourcesrarltaneously active, the
available bandwidth on the link will be not sufficient. Thensequence of this is that some
packets will have to be queued or buffered until the link lmees available. Therefore, the
number of packets delayed and the amount of delay dependsmmhny packets there are
in the queue ahead. The delay is a random parameter. Morefother number of packets
in the queue are higher than the queue size, this drives ffex mto an overflow state and,
some of these packets could be lost. In such circumstane#stisport layer(higher layer
of the network) which uses Transmission Control Protocol (idRhe Internet, will detect
this problem and ensure retransmission of all lost packits. transport layer is explained
in Section 1.3.

The packet-switched network is based on a connection imaigme concept. The packets
belonging to a certain connection are dealt with as indepetnahits from a related group of
packets, and each may take a different route to reach thgiindéon through the network.
This is the condition with the networks using IP. This typeofnectionless service is called
a datagram service This datagram service produces varying delays with diffepackets

which requires the transport layer to re-sequence theearpackets at each destination.
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Best-effort servicés a type of service in which the network tries to get data frawarce
to destination with a minimum delay but without providingyaguarantees. This already
exists now with Internet services. The best-effort serigcefficient for applications whose
performances are not highly affected by random packet detach as web browsing and file
transfers. However, this service cannot be applied totresd-video or voice calls, because
these applications are highly sensitive to delay.

Another example for a packet-switched network serviceasie relay This service is
provided by the network administration to interconnectdhta networks. The user who has
applied for a frame relay service will be guaranteed avelbagelwidth. Thus, the user can
use some higher than average bandwidth for a certain timeesead than average bandwidth
at other times. However, the user cannot exceed the avevage tong period of time. This
service can provide the user with a burst rate above the geesde but without offering any
guarantees, but it is not efficient for real-time video andt@aalls. Thus, there must be a
packet-switched network that is capable to guarantee ti& tQat has been offered by the
system administrator. The QoS of the network might includeErage bandwidth guarantee
for each connection, packet delay and the delay variation.

The Asynchronous Transfer Mode (ATM) is the outcome of tH@e& guarantees [22—
24]. The Internet Protocol has been developed to providallose services. The QoS de-
pends on having a connection-oriented layer. For instavicétj-Protocol Label Switching
(MPLS) in an IP network provides virtual circuits to assiatido-end traffic streams [21].
The virtual circuits support certain types of QoS guarasitbg enabling better resource al-
location inside the network. The enhanced resource aitotat done by forcing all packets
to follow the same path inside the network. The virtual airdoes not provide a guaranteed
bandwidth inside the network because the statistical piaking is applied to multiplex the
virtual circuits within the network.

Advances in network technology and increased competitnoorey service providers as
well as increased customer demands for bandwidth have @aagil change in the service
models that are used by network management. The increasemhwr demand for band-
width is making it popular to lease the lines ranging in cagdoom 155 Mb/s to 10 Gb/s.
Another reason for alteration is related to the availapditthese circuits. The availability is

defined as the percentage of time the service is availableetager. Normally, the adminis-
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trators offer high percentage of availability which indiesithat the network down-time does
not exceed a few minutes per year. This requires the netwatrsider speedy restoration
of service in the case of failures such as fibre cuts. Theres@re complicated methods
which enhance the bandwidth efficiency but normally at thet obslower restoration times.
As mentioned earlier, the circuit-switched services affeint from packet-switched
services, so the network providers need to operate bothonkeswto get the necessary mix-
ture of services. This is in fact costly because there arts @ssociated with each network
while operating, such as maintenance, the provision of memections and upgrading the
infrastructure. Optical networks offer high capacity bardth to fulfill the bandwidth re-
quirements where and when needed and provides a commostiofiture that enables the

network providers to offer a range of services [1-3].

1.2 Optical networks

With the advance of optical technology, optical networks @pable of fulfilling the band-
width requirements where and when needed. Optical fibres bfgh bandwidth and are
immunes to electromagnetic interference compared to copgdde. For instance, optical
networks with 40 Gb/s are commercially available and areidating the market, however
twisted pair copper cables, as mentioned in category 5,iwtffer only 100 Mb/s at a dis-
tance of 100 m, are still widely used [25, 26]. Fibre transiois technology has evolved
over the last decades to offer high bit rates over long distaand a 3 Thit/s (160 Gbit/s19
channels) optical signal has been successfully transihotter 40 km of dispersion-shifted
fibre [27]. Although the bandwidth into the user's home isited with the telephone’s
twisted-pair copper cable bandwidth, this remains a popukthod for data transmission
using Digital Subscriber Loop (DSL) technology.

Another method of data transmission at a few megabits p@nseto each subscriber is
the cable network, which offers the above rate on a shared bsiag cable modem technol-
ogy. In the first generation of optical networks, opticaldivas used for transmission only.
Good examples are Synchronous Optical Network (SONET) gndi8onous Digital Hier-
archy (SDH). In the second generation, optical fibre was t@dadansmission, switching and

all other network intelligent functions. Before explainitig infrastructure of recent optical
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networks, a brief overview of multiplexing techniques (alinare an effective component in
providing the capacity required by these types of netwatk8[20, 21]) is given.

Multiplexing techniques provide economical data transiois at higher bit rates over
single fibre than data transmission at lower bit rates oveltiphel fibres. There are two
fundamental techniques to increase the transmission itapda fibre, see Figure 1.3. One
of these techniques is TDM which uses electronic means ferl@aving the lower-speed
streams to obtain a higher-speed stream. When a higher ditsra¢quired, Optical Time
Division Multiplexing (OTDM) is used.

Another multiplexing technique to increase the transroissapacity of a fibre is Wave-
length Division Multiplexing (WDM). WDM is basically the sanss Frequency Division
Multiplexing (FDM), which has been used in radio systemd. dpplied to optical commu-
nication. The basic idea of WDM is to transmit data simultarsiypat multiple wavelengths
over fibre. The band guard or space between these wavelaagthfficient that the wave-
lengths do not interfere with each other. In recent netwdrkth WDM and TDM are used
to increase the transmission capacity as shown in Figure 3y8tems with transmission
capacities of many Thb/s are available over a single fibre raxaatally [27], while systems
with transmission capacities of 10 Gb/s to 40 Gb/s have beaitahle commercially since
the beginning of this decade, and these systems use a cdimbiofTDM and WDM tech-
niques [1, 2, 28].
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Figure 1.3: Different types of multiplexing techniques disgth an optical fibre network to
increase the transmission capacity, (a) TDM or OTDM, andNB)M.

In second generation optical networks, WDM is extensivelgdusin this generation,
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Figure 1.4: WDM Wavelength-routing network, the main netwaonits are: Optical Line
Terminals (OLTs), Optical Add/Drop Multiplexers (OADMs3nd Optical Cross Connects
(OXCs), the light-paths of different wavelength (or A2)are provided by the network to
the users, which are IP routers or SONET terminals.

switching and routing functions, which were provided bycélenic devices in the first gen-
eration, are integrated into the optical part of the netwdfkr example, if the data is in
blocks of 53 bytes or 424 bits (the cell size in ATM networksg need 4.24us to pro-
cess the block in a 100 Mb/s data stream, and need 42.4 nsdegsrthe block at 10 Gb/s.
The electronic devices at the node in first-generation nétsvperform this function, and
any other data processing for the data belongs to other nodhe network and traverses
through this node. However, by assigning the latter taskeooptical part of the network,
the burden on the electronic devices at the node is greatiyces.

Figure 1.4 shows a wavelength-routing network and its &chire is of a type that has
been used recently. The SONET terminal and IP routers amapga of such wavelength
routing networks and provide light-paths to users. Lighths are optical paths that connect
a source node to a destination node, over a wavelength onieinediate link. The
switching and routing are performed at each intermediatie ramd wavelength conversion
may be performed along the route. In the wavelength-routetg/ork the same wavelengths
are used in the different light-paths as long as those ligitits do not share any links. This
creates a re-use of the wavelength in the network [1, 2].

In Figure 1.4, six light-paths are shown. The light-pathwesin B and C, the light-
path between D and E, and the light-path between E and F arshaoéd in any other
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links in the network so they can use the same wavelehgthThe light-path between A
and F uses wavelengtyp because it is sharing a link with the light-path between B and
C. The same condition exists with the light-path between D arahd therefore, it uses
wavelengthA; while light-path between E and X uses wavelengthand the light-path
between X and F uses wavelength Wavelength conversion is performed by node X.
Therefore, the light-path can be set up using waveleigtbn link EX and wavelengtiA,

on link XF. The wavelength conversion capabilities withire thetwork are essential in the
absence of a sufficient number of wavelengths in the netwarklf shared links.

The main network units in the wavelength-routing opticatwaek are Optical Line
Terminals (OLTs), Optical Add/Drop Multiplexers (OADMs3nd Optical Cross Connects
(OXCs) as shown in Figure 1.4. The OLTs perform the multipigxand demultiplexing
function at source and destination of the WDM link respetyivén OADM has two line
ports, where each port is carrying the composite WDM sigmal,anumber of local ports,
where individual wavelengths are added or dropped. An OX£ahkarge number of ports
ranging from a few tens to thousands. This OXC performs theedainction of OADM but
with more ports and OXCs are able to switch wavelengths frompmnt to another. OXCs
and OADMs are capable of performing wavelength conversibciently. OLTs have been
widely used for point to point applications. OXCs and OADMs ased in long-haul and

metro networks because of the huge capacities of those ret\ig 29].

1.3 Optical layer

Before illustrating the details of the optical layer, we vaitiefly explain the architecture of a
layered network. The network consists of different unitgwai variety of tasks. The network
tasks are assigned into different layers as shown in Figitredd this layered model was
defined by the International Standard Organization (IS@)erearly 1980s [1-3]. Each layer
performs a set of functions and provides services to the lalyeve. At the same time each
layer expects services to be provided by the layer belowhie Service interface between two
adjacent layers is called a Service Access Point (SAP)eShere are many sets of services
between layers, there are also multiple SAPs between layeontrol and management

system controls each layer in the network. The network ples/iconnection-oriented and
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connectionless services to the user. The management ufotps the setting up, taking

down and managing of the state of connection between sonttdestination nodes.

@ Application

@ Presentation
-m I:I @ Session
' | | [ ] Ca> Transport
La er | — | | — | 3D Network
[Crayer1 | | —— ] — | 2> Data link
@ I @I(:onnectim: é @ Physical

(@) (b)

Figure 1.5: Different layers of a network suggested by 1S@®efnational Standards Organi-
zation) [1-3]; (a) Layered hierarchy of a network at eachvoek element (NE) and (b) The
classical layered hierarchy.

The following section concentrates on the connection temodel. Each element of
the network along the connection path has a set of layetsgtdirom the lowest layer up to
a certain layer in the OSI (Open Systems Interconnectia@rphchy [1-3]. The data related
to different connections is multiplexed and the destimaii@ormation is added to it and
transmitted to the next higher layer. It is essential to Bpdhe functions of each layer,
and the interfaces between layers in the OSI model. Thisfsgon is standardized and
supports the development of each layer by different dewestoOptical networks consist of
different layers. Each layer constitutes sub-layers as Widle classical layered hierarchy
of a network which is suggested by ISO is shown in Figure }.5{the physical layeris
the lowest layer in the hierarchy which offers a specific amiaf bandwidth to the next
higher layers. The physical media can be optical fibre, @aable, twisted-pair cable or a
wireless link.

The data link layeris the next layer above the physical layer. The data linkrlggs-
forms framing, multiplexing and demultiplexing of the datnt through the physical layer.
For reliable transmission of data across the link, datav&ldd into frames, and framing
protocols specify how data is transmitted over a physicé. [iThis framing protocol con-
tains overhead information for detecting and recovering &rrors. Some examples of the

data link protocols which operate efficiently over point twrg links, are the point-to-point
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protocol (PPP) and the High-level Data Link Control (HDLC)f@m@ol. In many LANS, such
as an Ethernet and token rings, the Media Access Control (M&€) which is included in
the data link layer, manages and controls the transmissibdgferent nodes which share
the same bandwidth.

The layer which is above the data link layer is called tieéwork layey and above the
latter is thetransport layer The network layer provides virtual circuits (VC) or datapsa
to the transport layer. This VC defines a source to destinatimnection with a certain set
of parameters related to QoS, such as bandwidth and ereor Tae data is transmitted in
sequence by the source and received in the same sequersdedtination. Datagrams are
small messages transmitted from source to destinationamthnreliable connection. The
network layer provides the routing function, passing mgssdrom its source and delivering
it to its destination. The IP layer and IP router are the mBinetwork elements, IP performs
the routing function of packets (datagrams) in a packetetwed network. In addition, the
IP provides statistical multiplexing of a number of packatsl simple service restoration
techniques. The IP layer has been modified to work with amdiffephysical media, such as
serial telephone lines, Ethernet, optical fibre, and cdaahble lines. The transport layer’s
task is to ensure the arrival of packets in sequence andfesmrAn example of such layer
protocol is the transmission control protocol (TCP) usechin Internet. In addition to the
layers mentioned, there are layers above the transpont, lngesession, presentation, and
application layers. These layers are beyond the scopesfitesis.

The ATM is a networking standard that was developed to aehmeany objectives, one
of which was the integration of voice and data networks. ArMAflietwork uses packets
or 'cells’ with a fixed size of 53 bytes = 424 bits; ATM providasconnection-oriented
service (virtual circuits) and can provide different QoSgantees. ATM is being used by
system administrators as a means to provide reliable pagkisthed services. Recently,
more practical layered model networks use multiple prdtstacks positioned one on top
of the other. Each stack includes several sublayers whighpravide functions similar to
physical, data link, and network layers. An example of suskistem, is IP over SONET. In
this case, the SONET routes and switches the connectionthénwords, SONET performs
the tasks of physical, data-link and network layers eachto€lwrequires at its own link. In

such a scenario, the IP network treats the SONET networkpysng it with point-to-point
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links between IP routers.

Another example of such a layered hierarchy network is anvd® ATM over SONET
network. In some cases, an ATM use network which operateseo8©NET infrastructure,
to provide services for IP users, and then the converts thetRets to ATM cells at the
periphery of the network. The ATM switches are connecteoitbh a SONET infrastructure.
In such a layered hierarchical network, the IP network use#\I M network as its link layer,
and the ATM network treats the SONET as its link layer.

Another layer added to the protocol hierarchy is called aicaplayer. This was intro-
duced in the second-generation of optical networks. Thealgayer provides services to
different user layers. Examples of user layers that redddgathe optical layer are ATM, IP,
SONET/SDH, Gigabit Ethernet protocol, Enterprise Seriah@zction (ESCON) or Fibre
channels (which provides the same function as ESCON but ggleehspeeds). There are
also other user layer combinations, such as ATM over optayar or IP over ATM over
optical layer. User layers use the light-paths providedhsy dptical layer. For example
SONET networks which operate over optical layers replacaection media between two
nodes with optical fibres in the physical layer. The lightkpig a connection between two
nodes, and a wavelength is assigned to each link on the patth \izavelength carries data
at the rate of a few gigabits per second. This is providededibher layer in the network
based on bandwidth. The setting up or taking down of any otiore path in an optical
layer is performed according to inquiries from the highgelaor user. An example of this
service is where the network in the circuit-switched sex\sets up or takes down calls in
response to an inquiry from the subscriber. The network nnayigee permanent light-paths
which were set up at the time when the network was starteds [light-path service can
allow high-speed connections for a variety of overlyingwaks.

The optical network consists of several sublayers and itiges functions which corre-
spond to the data link and network layers in addition to thecfions of the physical layer.
Before the advent of the optical layer, SONET/SDH was the magely known and was
used as a transmission layer in the telecommunication mkefwad until now this layer has
remained much the same.

The SONET layer has several features: (a) end-to-end maradge(b) circuit-switched

connections, (c) efficient multiplexing techniques frorwéw bit-rate stream to higher bit-
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rate stream, (d) efficient demultiplexing techniques fraghkbit rate to low-bit rate at the
intermediate node, (e) high degree of network reliabilitg availability, and (f) comprehen-
sive overheads that support operators to manage and olteermetwork. The components
of the SONET network are line terminals, add/drop multiplsx(ADMSs), regenerators and
digital cross-connects (DCSs). The functions of the linenteals are to multiplex and de-
multiplex the traffic stream. Linear and ring networks use #&DMs which provide an
efficient technique for dropping some of the traffic at a nodle @assing the rest of the traf-
fic through the network. The regenerators regenerate theESQiignal whenever required.
The function of DCSs is to switch a large number of traffic stiea

The tasks performed by the optical layer are equivalent ¢otaéisks performed by the
SONET layer. IP and SONET components use the light-pathsded by the optical layer.
The low bit-rate circuit-switched traffic is multiplexed blye SONET layer and then modu-
lated on the individual wavelength. The packet-switcheghhit-rate traffic is statistically
multiplexed and then modulated onto an individual wavellend@he optical layer has mul-
tiple multiplexing of the wavelengths. These wavelengttes @mbined into wavelength
bands and they are further processed in order to produce barwhdifferent wavelengths
on a fibre. These multiple layers in the network that perfdiengame functions are signifi-
cantly reducing network equipment costs. The SONET layaviges an efficient technique
for multiplexing lower-speed connections into higheresgbeonnections. The SONET layer
also provides an efficient mechanism for extraction of eaehdpeed stream from a high-
speed stream. At present, it is costly to have this layergg®@ 10 Gb/s stream coming
in on a WDM link. However the optical layer can efficiently pess traffic at a bit rate 10
Gb/s on a wavelength basis, but it is not good at lower beégauch as 155 Mb/s. In sum-
mary the optical layer must be used for large bandwidth traffiile the SONET layer can
be employed for smaller bandwidth traffic. The same ideaeasl uis the service restoration
function of these networks. The optical layer efficientlyntiees certain failures while the

SONET layer or IP layer deals with other failures.
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1.4 All-optical networks

An all-optical network belongs to the second-generationeifvorks. Transparency is the
major feature of the light-path service provided by secgederation networks. Trans-
parency in the network provides many useful facilities. Fstance, service transparency
can provide a variety of different services using the sanfrasiructure. In the networks
where the protocols or data bit-rate have to be changed to foteee requirements, equip-
ment compatible with the previous services may not need dethng and the same equip-
ment could be deployed for new requirements. The telepheheank is an example of a
transparent network. After a call set-up is finalized, th&tey provides the subscriber with
a bandwidth of 4 kHz which can transmit different types officaon it, such as voice, data,
or fax. This transparency in the telephone network has a gaolhiepact on our everyday
facilities, and has become an important feature in the sbgemeration optical network.

An all-optical network is another term related to transparestworks. In other words,
the data is sent from source to destination in the form of lat lsggnal without any conver-
sion from optical-to-electrical during its transmissidine physical layer does impose some
limits on all-optical networks, due to the nature of the siign Efficient handling of analog
signals in the network requires different specificatiom&icompared to that of digital sig-
nals and it is very difficult to operate a network that is cotiiga with analog and digital
signals at different bit-rates.

The network is considered as a non-transparent networkevieeiit handles a single bit
rate and protocol. The most commonly used networks todathareetworks which handle
digital signals with a certain range of bit rates. In-spitéh@ discussion on all-optical net-
works, electronics still plays a very important role in thamagement and control functions
of the networks. For instance, if a signal is required to baveaed from one wavelength to
another, the signal is usually converted from an opticahfto the electronic form and back
to the optical form. The process of electronic regeneratibim re-timing and reshaping, also
known as 3R, is used in the paths of signals and this reducéstisparency of that path. In
other words, it eliminates transparency to bit rates anahifig protocols. Electronic regen-
eration without re-timing is called 2R if it provides tramspncy of bit rate without handling
analog data or different modulation formats. This type gergeration limits the number of

regenerators especially at high bit rates due to the jitteckvaccumulates at each regenera-
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tion step. The third type of electronic regeneration isezhllR, where the signal is received
and retransmitted without re-timing or reshaping. The lgeneration can process analog
data but with a lower performance compared to 2R and 3R regeéoe. Optical amplifiers
are extensively used for optical signal amplification withoonverting the optical signal to

electrical form.

1.5 Optical packet switching

The most recent optical networks that provide light-patres generally circuit-switched,
although there is ongoing research in the field of opticalvpdts to seek the possibility
of providing packet-switching in the optical form. The agati packet-switched network
can provide services which are provided by ATM and IP netwpskich as virtual circuit
services or datagram services. Each individual connectiay have a bit-rate less than the
total bit-rate on a wavelength or a link. In this case the we&twmust have some time-
division multiplexing facility to gather all individual emections and transmit them on one
wavelength. At a high bit-rate it may be more efficient to us=e®TDM [1].

The idea behind the development of optical packet switchindes is to provide op-
tical packet-switched technology with much higher switchcapacities than conventional
electronic packet switching. The node reads the header aitches the packet into the
appropriate output port. In addition, the node controlsdbetention for output ports. All
functions inside the node are performed within the opticahdin. There are many limita-
tions to signal processing in the optical domain, and oné@important factors is the lack
of random access memory for buffering although these me&wa@nie available experimen-
tally [30]. Another limitation in optical packet switchinthe same as in electrical switching,
is that it requires a massive amount of real-time softwaitdrol the optical network and

provide a high QoS, the optical switching software is avddaxperimentally [1, 31].

1.6 Optical communication systems

In this section the transmission basics are discussed. WDMks are defined by the wave-

length or frequency of the signals. The wavelengtifrequencyf, and the speed of light in
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free space are related by the equatioe:= A f [1,5]. The speed of light in free space is
2.998 x 16 m/s. All parameters in our simulation in this thesis will basbd on the speed
of light in the free space. The speed of light in a glass fibr@i898 x 18)/n m/s, where
n is the refractive index of the glass, so the wavelengthievavith refractive index [7]. In
free space a wavelength of 1.56 would correspond to a frequency of approximately 193
THz = 193 x 162 Hz. Channel spacing is another critical transmission patam€hannel
spacing is defined as the spacing between two wavelengthé/ibM system. The channel
spacing can also be measured in units of wavelength or fregué&he relationship between
wavelength spacing and frequency spacing can be obtainddfesentiating the equatioa
=\ fand that gives:

Af= —}\—C%A)\

This equation is accurate for optical communication syst&®cause the wavelength
spacing is small compared to the actual channel wavelefgthexample, a typical spacing
in WDM systems is 0.8 nm, equivalent to a frequency spacin@0i@Hz, at a wavelengtky
= 1550 nm. The above equation is used for calculating therel@pacing in our simulations
described in Chapter 3 of this thesis.

The digital information signals in the time domain can becdégd as a sequence of
periodic pulses. The bandwidth of a digital signal is adyudécided by the signal pulse it
uses (pulse width and shape). Since one pulse is employexh&bit, the pulse width is
proportional to the bit period and inversely proportior@alkhe bit rate. These digital sig-
nals have an equivalent representation in the frequencyaotooalled the power spectrum.
The energy of the signal is spread across the frequencidgegidwer spectrum [32]. The
width of the power spectrum is the bandwidth of the signal.e Bandwidth and bit rate
of a digital signal are related, but the two are not exactyysdame. The type of data en-
coding method in the communication system defines the oelstip between bit rate and
bandwidth. For example, the telephone line of bandwidth 2 &ltbws a bit rate of 56 kb/s
allowing some sophisticated modulation techniques. $akefficiency defines the ratio of
bit rate to bandwidth. An important issue is related to theegrwement of spectral efficiency
of dense WDM systems as much as possible. The spectral effjcisrdefined as)s =
b/Av, where b is the single-channel bit rate aldis the channel spacing. Most commercial

WDM systems in 2004 were operating witfa less than or equal to 0.2 (b/s)/Hz, as they
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were designed to transmit 10 Gb/s channels with a spacin@ @é13z. Many laboratory
experiments have illustrated that WDM systems whose champarate at 40 Gb/s with a
spacing of 100 GHz can be designed to realize system cagmoitimore than 2 Th/s with a
spectral efficiency of 0.4 (b/s)/Hz. Such a 50-channel systecupies a bandwidth of 5 THz
that requires the whole conventional band (C-band) (apprataly 1530-1565 nm). Any in-
crease in the capacity requires either the use of both theeational and long wavelengths
band (L-band) (approximately 1565-1625 nm) or a decreashamnel spacing. For this
reason, many experiments transmitted 40 Gb/s channelsavgitacing of 50 GHz, provide
a spectral efficiency of 0.8 (b/s)/Hz. These WDM systems eitise modulation formats
that are different from the standard RZ and NRZ formats or pie-the optical signal at the
transmitter using an optical filter [33]. It is very importan note that the signal bandwidth
in each channel must be smaller than the channel spacing wiliprevent interference
and distortion between adjacent channels in the opticahwamication system. Practically,
a spectral efficiency of less than 1 (b/s)/Hz can be realizeehva binary modulation scheme
is applied. The use of polarization multiplexing can inseabove 1 (b/s)/Hz, but the im-
provement is limited due to the difficulty in reproducing dgzation-coded bit sequence
at the receiver. Despite that, a value of 1.28 (b/s)/Hz ha® laehieved with polarization
multiplexing. Larger values afs (defined as the maximum capacity of a linear channel per
unit bandwidth) are possible if multilevel signalling iseas A spectral efficiency of 1.6
(b/s)/Hz was clearly achieved in an experiment in 2003 incla format known as differ-
ential quadrature phase shift keying (DQPSK) was used inbaaattion with polarization
multiplexing [33].

WDM systems use the 1.58m wavelength window for two reasons, firstly the loss
occurring in the optical fibre is the lowest in this window a®tondly the best performance
of the optical amplifiers is possible in this window. Howewesirly WDM systems used C-
band. At present, L-band and C+L-band are being used due tetredopment of optical

amplifiers in this window.
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1.7 Components of optical communication systems

The block diagram in Figure 1.6 is a general diagram of a filptecawommunication sys-
tem. An optical fibre cable is used as the communication nmedilhe optical transmitter
and receiver are designed in such a way so as to meet theegemuits of the optical fibre
communication channel [5, 7, 34]. In this section, an inticidry overview of transmitter,

1.7.1, fibre, 1.7.2, and receiver, 1.7.3 is given.

Input Optical Communicatio Optical output
— Transmitter Channel Receiver

Optical Communication System

Optical Modulator Channel
Source Coupler

Components of an Optical Transmitter

Optical Input
Channel Photodetector Demodulator
Coupler

Components of an Optical Receiver

Figure 1.6: Block diagram of a fibre-optic communication eysttransmitter components,
and receiver components.

1.7.1 Optical transmitters

The main function of an optical transmitter is to convert &hectrical signal into an optical
form and then send the generated optical signal into theapiibre which is used as a

communication channel. Figure 1.6 shows the schematicahagf an optical transmitter.
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The optical source and modulator are the basic blocks of piead transmitter [5, 34]. A
coupler is normally a micro-lens that is used to focus theécapsignal on the input plane
of an optical fibre with maximum possible efficiency. The oglipower which is generated
by the transmitter is an important design parameter in aptiommunication systems [35].
When the transmitter power is high the spacing between aegliiin the transmission link
increases, but the maximum value of the power is limited bylinearity effects which will
be discussed in Section 1.7.7.

Most communication systems use semiconductor lasers &sabgpources, because of
their narrow optical bandwidth that allows operation athhigt-rates with less dispersion,
enhancing spectral efficiency. For instance, the lowegtlaser available is the Fabry-Perot,
but this type of laser has the worst dispersion becausewfdis optical line-width, typically
of 125-500 GHz [36]. Standard Distributed Feedback (DFER)Yasypically have optical line
widths on order of 12 GHz. It operates on gigabit data ratastwtan be a serious limitation
for distances over 50 km. Screened DFB is basically the saser Hesign as the standard
DFB, however it has been selected for its very narrow linethitypically 1-5 GHz. This
specification allows the link to reach much longer distarategigabit data rates when data
rates are in the low gigabit range and transmission distaaeeless than 100 km, most fibre
optic transmitters use directly modulated lasers [37]. Elmv, as the data rates and span
lengths grow, wavelength chirp caused by turning a laser OQKF, limits the data rates.
The wavelength chirp widens the effective spectral widttheflaser which causes dispersion
problems which will be discussed in Section 1.7.6. A lasers® with no wavelength chirp
and a narrow line-width provides one solution to the probldimis solution takes the form
of external modulation which allows the laser to be on cardirsly. The modulation is
accomplished by an external modulator placed outside ofaser cavity, which converts
the continuous wave light into a data-coded pulse streaimtivit proper modulation format.
Two main categories of optical modulators developed fdrtiave system applications are:
the electro-absorption and electro-optic materials metdus.

The performance of an external modulator is specified by théutation bandwidth and

the ON-OFF ratio, which is also known as extinction ratio, 3%, 39].
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1.7.2 The optical fibre

Optical fibres possess many characteristics that make it an excellent physical medium for
high-speed transmission. By using a low-attenuation window, which is shown in Figure 1.7,
the signal loss for a set of wavelengths can be made very small, thus, reducing the number

of amplifiers and repeaters needed.

Aston University
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Figure 1.7: The attenuation regions of an optical fibre [4, 5].

Fibreis flexible, reliable in corrosive environments and is made from one of the mostly
readily available substances on earth, sand (silica). Fibre transmission is immune to elec-
tromagnetic interference. This makes fibre ideal as a transmission medium unlike cop-
per [1, 4,5, 34]. An optical fibre operates on the principle of total internal reflection. To-
tal internal reflection occurs when light travels at different speeds in different materials. A
dimensionless number called the refractive index, relates to the different mediums through
which the light is travelling. The refractive index, n, is the ratio of the velocity of light in

vacuumc to velocity of light in a specific medium|[5, 7].

As light passes from one medium to another with a different index of refraction, the light

is refracted. Thus, if the light passes from a lower refractive index to one with a higher
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refractive index, the light is bent toward the normal axieweéver, if the light passes from
a higher to a lower refractive index the light is refractecagirom the normal axisSnell’s

Law calculates the amount the light is bent and is given by [5, 7]:
N1 SiNB; = Ny SinB, 1.2)

The angle of refraction approaches’98s the angle of incidence increases. The angle
of incidence is called the critical angle when the refractmgle is of value 90 Increasing
the angle of incidence above the value of the critical anggelts in total internal reflection.
This is a basic principle for the operation of the opticaldibfhe critical angle is calculated
as follows:

8 = sin 112 (1.3)
N1

Where,n;, andny are the refractive indices of the core and cladding. The obr@n
optical fibre has a higher refractive index than the cladding- n,, allowing total inter-
nal reflection. In optical fibre, propagation delays aretesldo the refractive index of the
material. Propagation time through a fibre is calculatedHbgvis:

Lxn
t— eff

C
A
s — g_n (1.5)

(1.4)

Where,t is the propagation time in secondsjs the fibre length in meters angs+ is
the effective refractive index of the propagation mode, agid is a number quantifying the
phase delay per unit length in a waveguide, relative to tles@lklelay in vacuum, the symbol
[ is the propagation constant and defines phase change pé&ngth for light propagating
in a medium or waveguida, is the wavelength of the propagating optical signal [40]efEh
are two basic types of optical fibre: multimode fibre and Singbde Fibre (SMF). These

propagation modes are determined by a parameter calldédiaimealized Frequency (\gnd

2mn
V:Ta\/ni—ng (1.6)

Wherea is the core radiusp; andny are the refractive indices of the core and cladding

defined by the equation:

respectively, and is the wavelength of the optical signal. When the valu¥ @ less than
2.405, the fibre transmits the optical signal in a single pggtion mode. This happens

in a SMF. The SMF, as shown in Figure 1.8, is designed by chgoaivery small core
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diameter ranging 5 to 1@m. This will support the elimination of all higher order mdat

the operating wavelength.

n0

‘s Cladding
* n2

. ni f\
1 Core \J

Figure 1.8: Single mode fibre.

A SMF allows the transmission of information at a higher @afyabecause it is able to
retain the quality of each light pulse over longer distaremed does not exhibit dispersion
caused by multiple modes [1,4,5, 7, 34]. SMFs also have Ifer attenuation than multi-
mode fibre, which is typically 0.2 dB/km at wavelengths arod®0 nm. Attenuation
and dispersion will be discussed in detail in Sections lané 1.7.6. The SMF has a few
disadvantages which include: coupling of light into theecbecomes more difficult due to
the small core diameter, and the tolerances for single modeexctors and splices are much

more demanding.

1.7.3 Optical receivers

The function of an optical receiver at the end of the optidalefiis to convert the optical
signal into an electrical signal. As shown in the schematgmm in Figure 1.6, the light
detector is the basic block of the receiver [1, 5, 7, 34]. Adigetector performs the con-
version from the optical signal into electrical impulsas;lts as data, video, or audio signals
that are used by the receiving end of the system. The most condetector is the semicon-
ductor photo-diode, which produces current in responsediaent light. Light striking the
photo-diode creates a current in the external circuit. BatsitRe-Intrinsic-Negative (PIN)
photodiodes and Avalanche-Photo-Diodes (APD’s) are desigo be used as detectors for
fibre optic systems. Responsivity is one of the most impordatector specifications because
it defines the relationship between optical input and dlsdtoutput. The responsivity of a

photodetector is the ratio of the current output to the lightit. The higher the responsivity
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of photodetectors, the better the sensitivity of the remreisince responsivity varies with
wavelength it is specified either at the wavelength of peagaasivity or at a wavelength of
interest [1,5, 34]. Quantum efficiency is an important sfieatiion of a photodetector, and is
the ratio of primary electron-hole pairs created by inctdarotons to the photons incident
on the diode material. A few factors that prevent the quargéfraiency from being 100%
are coupling losses from the fibre to the detector, absormtidight in the P or N region of
the photo-diode, and leakage current in the detector.

The capacitance of a photodetector may also be specifiedhaavill depend on the
active area of the device, and the reverse voltage acrosetee. The response time, which
is another important specification, represents the timdegkéor the photodiode to respond
to optical inputs and produce an external current. The mhotie capacitance, the load
resistance, and the design of photodiode are three panawdiech determine the response
time. Dark current is a small current which flows through tetedtor in the absence of light.
This is because of the intrinsic resistance of the detectbtlze applied reverse voltage. The
dark current contributes to the detector noise.

Noise is a phenomenon that limits detectors and is any @lattr optical energy other
than the signal itself. Noise appears in all elements of ansonication system. However,
it is usually most critical in the receiver because the resras trying to interpret an already
weak signal. The same noise in a transmitter is usually mifgignt since the signal at the
transmitter is much stronger than the attenuated signethibaeceiver picks up.

There are two main categories of noise in the receiver. Stiseroccurs because the
process of creating the current is a set of discrete ocoteegerather than a continuous flow.
As more or fewer electron-hole pairs are created, the cufligtuates, creating shot noise.
Shot noise occurs when no light falls on the detector. Evehowt light, a small current,
dark current, is thermally generated. Noise increasestvlturrent and bandwidth. When
only dark current is present, noise is at a minimum, but iteases with any current resulting
from optical input. Thermal Noise is the second type of naitsarises from fluctuations in
the load resistance of the detector. The electrons in thstoesire not stationary, and their
thermal energy allows them to move about. At any given mopnteatnet movement toward
one electrode or the other generates random currents tth&b add distort the signal current

from the photodiode. Shot noise and thermal noise existarréceiver independent of the
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arriving optical power. The signal quality at the photodetector can be expressed as the Signal-
to-Noise Ratio (SNR) [1,5, 34]. The SNR is a ratio of average signal power and total noise

power, and can be written as

SNR= > (1.7)

Zln

S
N
In equation (1.7), the information to be transmitted is denoted by signal (S), while the

SNR@B) =10 log;( (1.8)

integration of all noise factors over the full system bandwidth is denoted by noise (N). In
equation (1.8) this ratio is expressed in decibels.

The demodulator is another important block in the receiver diagram. The type of de-
modulator depends on the modulation format used by the optical communication system.
Intensity Modulation with Direct Detection (IM/DD) is used by most optical communication
systems. A decision circuit performs the demodulation function through the identification of
the bits as 1s or 0s. This decision depends on the amplitude of the received electrical signal.
The efficient performance of the decision circuit depends on the SNR of the electrical signal

at the photo-detector.

Aston University
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Figure 1.9: Relationship between BER and Q-factor for Gauswse statistics [5, 6].

The Bit-Error Rate (BER) or Q-value (Q-factor) can be used as the measure of the quality

of the performance of the digital optical communication system [5,41,42]. The BER can be
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specified as the average probability of incorrect bits raczayl at the receiver. The receiver
sensitivity can be defined as the minimum optical power thatrbe present at the receiver
in order to achieve the performance level required for argsyestem. The receiver sensitivity
analysis will be affected by several factors such as theceantensity noise, noise generated
in amplifier and the noise in the receiver. The shot noisegéisel earlier, is the dominant
form of receiver noise. Receiver noise is directly propeordioto the square root of the
receiver's bandwidth. The receiver sensitivity also dejseon the bit-rate as some noises
(such as shot noise) increase in relation to the signal bigitisiwtime jitter is instability in
the pulse arrival time and inter-symbol interference isdabtcome of other bits interfering
with the required bit. Any factors mentioned in the sengitianalysis may affect bit error.

The BER of a system can be estimated as follows [5, 7,19, 38]:

2
BER= Q- [ 4:\| B] (1.9)

Where N is noise power spectral densi?/Hz), | is the effective signal amplitude
(Amperes), B is bandwidth (Hz), and Q(x) is cumulative dttion function (Gaussian
distribution).

The relationship between the Q-factor and the Bit Error Ratebeawritten as follow:

_exp(—Q%/2)
BERN—Q. ST (1.10)
|1 — ol
Q= - (1.11)

wherepy andyyp are the mean of bits 1 and O respectivelyandog are the standard deviation
of bits 1 and O respectively. These values can be measuredtfre eye-diagram of the
received signal [19]. The approximate form of BER in equafibi0) is accurate for @
3. The BER improves as Q increases, and BER becomes less th&hf@a0Q > 7. The
receiver sensitivity corresponds to the average opticalgpdor which Q~ 6. Figure 1.9
shows the variation of the BER with the Q factor and when Q =6BERx 10~° [5].

As shown in Figure 1.10 optical SNR is also a measure for tladityof the performance
of the digital optical communication system [5]. The Optis@nal-to-noise ratio (OSNR)
is the ratio of the received optical signal power to the naigmal power. The OSNR is

measured before a demodulator and its value is importaratusecit provides information
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about the received noises which are dominated by the cascaded optical amplifiers in the
communication link. The OSNR gives information about the performance of the optical
networks [35]. The OSNR is used in this thesis (in Chapter 6) for analysis of the quality of
the received signal during power transient phenomenon of the EDFAs.

The BER and OSNR are interrelated as shown in Figure 1.10 [7]. The variation depends
on the data encoding method, Figure 1.10 is for Non-Return to Zero (NRZ) data. A higher
OSNR vyields a lower BER. Receiver sensitivity is obtained by the optical power necessary
to achieve a required OSNR, and hence a given BER. For instance, an OSNR of 10 dB would
yield a BER of about 10°. Improving the OSNR by only 0.9 dB to 10.9 dB enhances the
BER by a factor of 1000 times to 18 [5, 7,19, 38].

Aston University
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Figure 1.10: Relationship between BER and OSNR, this curve isdlyfor NRZ data [7].

1.7.4 Characteristics of optical fibre

In this section, we introduce and define the characteristics of optical fibre that are related to

optical communication system impairment [43].
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1.7.5 Attenuation

As the light signal propagates through the fibre, it is atiéed. In other words, the power of
the signal is decreased. Attenuation (loss) is a logarithrelationship between the optical
output power and the optical input power and is a measureeologs of light power, that
occurs as light pulses transmit through the length of theefjthir 4, 5, 7, 34]. Figure 1.7
shows the two low-attenuation regions of optical fibre [B]4,The first is a small trough
centered at about 1300 nm, has a range of about 100 nm andehaadton is less than 0.5
dB/km. The total bandwidth in this region is about 25 THz. Am®t, much wider trough,
is centered at about 1550 nm, has a range of about 200 nm, #etiuation as low as 0.2
dB/km. Combined, these two regions occupy a bandwidth of 50. THe three peaks in the
loss are shown in Figure 1.7 as occurring at about 950 nm, hg¥tand 1390 nm. These
peaks are due to the presence of residual water vapor ia aitid correspond to a hydroxyl
ion (OH™) impurities in the fibre.

Attenuation in optical fibre is caused by several intringid axtrinsic factors. Two intrin-
sic factors are scattering and absorption. The most commom 6f scattering is Rayleigh
Scattering, and it is caused by microscopic non-unifoesith the optical fibre. It becomes
important when the size of the structures in the glass im@fcomparable in size to the
wavelengths of the light travelling through the glass. THasg wavelengths are less af-
fected than short wavelengths. The fibre attenuationdecreases as the wavelengi)
increases and is proportionalXo*. Extrinsic causes of attenuation include cable manufac-
turing stresses, environmental effects, and physical ingnaof the fibre. The decay in the

power transmitted along the fibre is exponential and can peessed as [1, 7]:
R =Pyel ) (1.12)

Where R is the optical power at distantefrom the input Py is the optical power at fibre in-
put,a is the fibre attenuation coefficient. In terms of decibels,gquation may be rewritten

as [5]:

a(dB/km) = —1—Lolog10 (%) ~ 4.343%0 (1.13)

Most of the optical communication systems use the low-l@wicentered at 1550 nm.

The fibre losses are compensated by using optical amplifigh&eicommunication link. The
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in-line optical amplifiers are either semiconductor ogdtamaplifiers or Erbium-doped fibre
amplifiers (EDFA) which are discussed in Section 1.8.1. Rugetine usable bandwidth
of fibres in most long-distance networks is limited by the dwaidth of the EDFAs. The

low-loss band at 1550 nm is divided into three regions. Thediei band from 1530 to
1565 nm is C-band where WDM communication systems run usingnd-E®DFAs. The

band from 1565 to 1625 nm, is called L-band is used in high cap®/DM systems. The

gain-shifted C-band EDFA includes the wavelength range ofa@dbbut the peak of the
spectrum is shifted from around 1550 nm to around 1560 nmhé@ddst region of C-band),
and developed in this thesis and used for investigationeptiwer transients in the circuit-
switched and packet-switched traffic in Chapter 4. The bahohb&530 nm consists of
wavelengths shorter than those in the standard C-bandJesidhe S-band.

1.7.6 Dispersion

The light signals travelling at different speeds throughbaeficauses temporal spreading
of the signal. This is either due to modal or chromatic effddt 4,5, 7, 34]. The modal
dispersion is also called multimode dispersion because at ¢haracteristic of multimode
fibre only. Chromatic dispersion occurs due to material dspa, waveguide dispersion or
profile dispersion. At a wavelength near 1550 nm the chrantisipersion goes to zero in
dispersion-shifted fibre (DSF). Standard fibre, multimodgiiogle mode, has zero dispersion
at a wavelength of 1310 nm. The main advantage of single-rfibdeis that intermodal
dispersion is absent because the energy of the injecteegaglransported by a single mode.
However, pulse broadening does not disappear altogethes. gfoup velocity associated
with the fundamental mode is frequency dependent becausleromatic dispersion. As a
result different spectral components of the pulse travslightly different group velocities,
a phenomenon referred to gmup-velocity dispersion (GVDyr fibre dispersion

In optical communication systems, the shape of pulses paipay is not preserved. The
important parameter controlling the evolution of pulsepghes the second derivativ@, =
d?B/dw? of the propagation constafit B, can be explained as follows, @ = dB/dw,
1/B1 is the velocity with which the pulse propagates in opticatdibnd is known as the
group velocity.3; is related to the rate of change of group velocity with fretgye For most

optical fibres, there is wavelength at which the GVD paramBie= 0, and this is called
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the zero dispersion wavelength.34 > 0, the chromatic dispersion is defined to be normal.
Whenf3; < 0, the chromatic dispersion is defined to be anomalous [5$.dalied dispersion

parameter and can be computed from equation (1.14) in uingts/om/km.
21C

The dispersion effects cause the broadening of the lighewaNses when the lightwave
communication system is dispersion limited. The factor wfp broadening was given by

Agrawal [5]:

1+ (BZXZ)ZI (1.15)

Where, the paramet@p represents the half-width at an intensity 1/e, at distanc@ zIt
is related to the full-width at half-maximum (FWHM) of the gelby the relation,
Trwhm = 2 (In2)Y/2 Ty ~ 1.6665Ty
WhereT; is the half-width, defined similar t@g, at distance z along the fibre. In the

equation (1.16)lp represents the dispersion length.
_ T
Bl
The oldest and most widely used single-mode fibre is nonedsspn-shifted fibre (NDSF).

Lo (1.16)

This type of SMFs were initially designed for use near 1310 fiime NDSF has very high
dispersion at 1550 nm. Thus, another SMF has been develdpedijspersion-shifted fi-
bre(DSF), that shifted the zero-dispersion point to theO188 region. It was found that
while DSF performed well at the single 1550 nm wavelengtlepittained serious nonlin-
earities when many, closely-spaced wavelengths near I'850ere transmitted in DWDM
systems. Due to these nonlinearities other fibres were olesdl These are grouped as non-
zero-dispersion-shifted fibres (NZ-DSF). The fibre is afa# in both positive and negative
dispersion varieties and is quickly becoming a widely uslegfin modern telecommunica-

tions systems [44,45].

1.7.7 Nonlinear optical effects

Nonlinear effects in fibre have become very important astrassion lengths, optical power
levels, number of wavelengths and optical fibre data ratee mcreased. Intense electro-

magnetic fields (light) produce nonlinear effects in anyediic material. The waveguide
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geometry that confines light to a small cross section ovag fiore lengths makes nonlinear
effects quite important in the design of modern communicaslystems which must be con-
sidered in designing optical systems. Such effects inctititaulated Brillouin Scattering
(SBS), Stimulated Raman Scattering (SRS), Four-Wave MixiWgNF, Self-Phase Modu-
lation (SPM), Cross-Phase Modulation (XPM) and Inter-Madioh mixing. All these non-
linearities are important as they represent fundamentalitig mechanisms to the amount
of data that can be transmitted on a single optical fibre.

The two most important parameters leading to fibre nonlitiearare the refractive in-
dex of glass which is a function of the optical power passhrgugh the material, and the
effective area of the fibre core. The equation for the reifrachdex of the core in an optical
fibre is [5, 7]:

P
— — 1.17
n no+nz<Aeff) (1.17)

Where,ng is the refractive index of the fibre core at low optical powevdis,n; is the
nonlinear refractive index coefficieri2.6 x 10-2°m?/W for silica fibre), P is the optical
power,Acs ¢ is the effective area of the fibre core. The intensity depeoe®f the refractive
index is referred to as thi€err-nonlinearity or Kerr-effect which results in induced-phase
shifts in the propagated signal, and hence spectral braaglen

The equation shows that by minimising the powrand maximising the effective area
of the fibre,A¢t ¢, the nonlinearities introduced by the power dependencbeféfractive

index are reduced.

e SBS occurs when a powerful light wave travels through a fibie iateracts with
phonons of the acoustic vibration modes in the glass. Thisesa scattering mech-
anism that reflects much of the light back to the source. SB®s@pan upper limit
on the amount of optical power that can be usefully launcima @an optical fibre.
The SBS effect has a threshold optical power. When the SBS thiceshexceeded,
a significant fraction of the transmitted light is rediretteack toward the transmitter.
This results in extra attenuation of the optical power r@aghkhe receiver, as well as
problems associated with the back reflection of the opticpiad. The SBS process
also introduces significant noise into the system, regultindegraded bit error rate

(BER) performance. Controlling SBS is particularly importamthigh-speed trans-
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mission systems that employ external modulators and aomtis wave (CW) laser
sources. The precise threshold for the onset of the SBS elépeinds on a number of
system parameters including wavelength (the threshotwhier at 1550 nm than 1310
nm) and line-width of the transmitter. The SBS thresholdeases proportionally as
the optical sources or laser line-width increases. SBS ismsed by broadening the

effective spectral width of the optical source [5, 7].

e SRS is a fibre nonlinearity similar to SBS while for SRS photores srattered by
interaction with optical phonons, and SRS has a much highieshiold [5, 7]. This
mechanism causes the transfer of power from shorter waytlesignals to longer
wavelength signals. SRS is much less of a problem than SB&rétshold is nearly a

thousand times higher than SBS. SRS is a third-order nonlefesative susceptibility.

e FWM usually appears in fibre optic transmission systems tinatilsaneously carry
many wavelengths, such as DWDM systems [5, 7]. FWM is a thicttononlinear ef-
fective susceptibility , as is described witl&) coefficient. It can occur if at least two
different frequency components propagate together in #imeanr fibre. A refractive
index modulation at the difference frequency occurs, whigates two additional fre-
guency components. These cross products cause problemsskedbey often fall near
or on top of the desired signals. The magnitude of the FWM ptxdis determined
by the FWM mixing efficiency [46,47] . Two factors strongly iméince the FWM
mixing efficiency. The first is the channel spacing. The ngxefficiency increases
greatly as the channel spacing becomes smaller. The seactod is fibre dispersion,
because the mixing efficiency is inversely proportionalie fibre dispersion, being
strongest at the zero-dispersion point. In all cases, the FiW&ihg efficiency is ex-
pressed in dB, and more negative values are better sincerttlieie a lower mixing
efficiency [1, 5, 34].

e SPM, like FWM, is due to the power dependency of the refradghdex of the fibre
core. It interacts with the chromatic dispersion in the filorehange the rate at which
the pulse broadens as it travels down the fibre. SPM causesgaeincy chirp on
the rising and falling edges of an optical pulse. Increasirggfibre dispersion will

increase the impact of SPM but will reduce the impact of FWMMKB very similar
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to SPM, except that it involves two pulses of light, whereB#§Sheeds only one pulse.
XPM causes multiple pulses travelling down the fibre to imtethrough their mutual
effect on the refractive index of the fibre. XPM causes putselsecome distorted
as they interact. Fibre designs with larger effective aredsice XPM and all other
fibre nonlinearities. Inter-modulation mixing is similar XPM and SPM except that
it causes new frequency components to appear that are prodsets of the original

frequencies.

1.8 Optical amplifier

Any communication medium attenuates the signal that pabsesgh it. This is also the
case with fibre optic transmission media [5]. In the silicadg the attenuation coefficiemt
varies with wavelength as mentioned in Section 1.7.5 antt@srsin Figure 1.7. Thus, the
transmission distance is limited for fibre optic commurimasystems by fibre loss. In the
early stage of long-haul fibre optic communication systeev&tbpment, this limitation was
resolved by using optoelectronic repeaters, as discuas8ddtion 1.4. These regenerators
have become sophisticated and costly in WDM optical netwookspared to the alternative
techniques available. Optical communication systems i®self-compensated by using
optical amplifiers. These amplifiers directly amplify thght signal and there is no need for
signal conversion. An optical amplifier may be defined as erlasthout feedback from the
optical cavity. In the amplifier's gain medium, stimulatedission causes the amplification
of the incoming light signal.

During the 1980s, different types of optical amplifier weexeloped. During the 1990s
these amplifiers were applied to long-haul light-wave comitation systems. First semi-
conductor amplifiers were used, but then fibre-based ampglibecame more interesting
owing to their low coupling losses, polarization insen#yi inter-channel crosstalk and
noise figure [48]. Raman amplifiers require high pump powes(f0.5 to 1 W), whereas
semiconductor lasers do not readily provide such high p¢#@ thus, at present Raman
amplifiers are not used as much as EDFAs. Fibre-Brillouin g have small bandwidth
and it is not feasible to use them as in-line amplifiers inthglave communication systems

although they require low pump powers for operation. Sifibees doped with rare-earth
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ions were later developed as a new kind of fibre amplifier. TB&A was found to be the
most suitable for light-wave communication systems. Thd&=EMDas been an important
technology in the evolution of optical communication sys$e EDFAs were first developed
in 1987 and the first commercial EDFAs in 1990 [34]. EDFAs weased in 1992 for video
distribution in the cable TV industries and in 1995 they wesed as in-line amplifiers for
the undersea trans-Pacific fibre cable system. In additibikAS are used for soliton com-
munication systems [6, 8,50, 51]. Recently, with the develept of high pump power laser
diodes, the application of Raman amplifiers as a complemdtiDteA amplification is being

widely encouraged [52, 53].
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Figure 1.11: Internal structure of a simple erbium-doperefdmplifier.

1.8.1 Erbium doped-fibre amplifier

The research on active-fibre technology in the 1550 nm wagéteregion has been moti-
vated by the development of erbium-doped glass fibres. Aseb@lt of which, research
concentrated on the applications of the rare-earth dopeglri@sulting in high-gain erbium-
doped fibre amplifiers, the applications of these active ilre now widespread and include
optical amplifiers, lasers, switches, and a variety of m@ar devices. The good performance
of optical amplifiers and other devices enhance optical comeoation systems and support

designers in achieving transmission requirements. TheAEBFnost commonly used be-
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cause of its excellent amplification properties near 1550thenwavelength region in which
the fibre loss is minimal [54]. As shown in Figure 1.11, the maart of the EDFA amplifier
is fibre doped with erbium, a rare earth element that hastdeitnergy levels in its atomic
structure for amplifying light signals in a band of 1530 nml&25 nm. The EDFA 'pump’
laser injects energy into the Erbium-Doped Fibre (EDF) abaelength of 1480 nm or 980
nm. When the input light signal enters the EDF, this light alggtimulates the erbium ions
to radiate their stored energy. This energy is added to et iight signals. This process
continues along the erbium-doped fibre, growing strongétr teavels through. At the end,
the light signal between wavelength of 1530 nm and 1565 nimigdiéied. However, noise
is generated through Amplified Spontaneous Emission (A3E,[34], when erbium ions
are not stimulated by the input signal. These erbium iong &ghit through spontaneous
transition and that adds noise to the original amplifiedaigfhe ASE noise is accumulated
during the cascaded EDFAs in the network link and can degita@leetwork performance.
However, filters can remove some of the unwanted noise. THeAEdan amplify the light
signals in the C and L bands, and the hybrid EDFA can ampliylidgiht in the wideband
1530-1625 nm (C + L band) [7,55].

Transmitter e ——

1

: In-line Amplifier —l'_l—l‘-L
i

1 S O

L ————— + Receiver

Preamplifier

Figure 1.12: Different applications for the EDFA in optic@mmunication networks.

The EDFA can serve many purposes in the communication nktsy@tems, as shown
in Figure 1.12. There are three major functional categasfdSDFAs: The power ampli-
fier/booster is placed directly after the optical transenjtthe in-line EDFA amplifies the
small signals along the network link, and the preamplifi@vtes loss compensation for

the optical network at the receiver.
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This thesis is concerned with the investigation of powengiant phenomena of in-line
EDFAs in WDM networks. This phenomenon affects the perforreaguality of the net-
works. The power transients which are studied in this thes@r through system recon-
figuration, as in circuit-switched networks, or the natuiréhe network traffic as in packet-
switched networks. The EDFAs basic properties, and theetiod, and analysis of its
power transients are presented in detail in the followingptérs.

To mitigate the effects of EDFA optical power transients qutical networks, differ-
ent protection schemes have been reported and implemeitihed eumerically or exper-
imentally. These approaches have been proposed to mitigatEDFA power transients
in specific conditions or for a particular application. Thewey below shows some recent

approaches developed to mitigate EDFA power transients.

1.9 Approaches to channel protection

In optical networks, channels will suffer from output poviamnsients caused by a link fail-
ure, a network reconfiguration or from the nature of the tadfithe network. These power
transients (which will be modelled and analysed in the fwifg chapters), affect the per-
formance of the networks. The QoS provided will be unacdsete the users. The speed
of the power transients is proportional to the switchingetiaf the optical power which is

input into the EDFAs in the networks. Therefore, the recgvtechnique which is required

to protect against such power transients must be extrerastyfdr large networks. Several
schemes to protect the cascaded EDFA network links agd&iegast power transients have

been developed in recent years [52].

1.9.1 Pump control

The gain of an EDFA can be adjusted by the control of its pumipeod. One approach con-
trols the pump current in the time scales of the spontanefaiisrie of EDFAS [8]. Another
has used low-frequency feed forward compensation with alegquency control loop [56].
Further approaches have been proposed after the discoléagtgower transients, e.g.
pump control on short time-scales has been demonstrateditéHe power transients of the

surviving channels [57]. The automatic pump control in a-stege EDFA operating on a
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time scale of microseconds has been implemented expeaitygnt channels were added
or dropped in an 8-channel WDM system. The power transiertsesled 6 dB without the
application of a gain control technique. When the pump cotdahnique was added to the
experimental set-up, the power transients reduced toHass.5 dB both for power dropped
and power added conditions. The speed of the control civeastwithin 7-8us, and in this
way, the power transient effects on the surviving channetsehsed [58, 59].

Several other approaches have also been implemented gataithe effect of the EDFA
optical power transients on optical networks, and have beeronstrated by both Mehta and
Karkasek, including the gain control technique, to enhaheeperformance of all-optical

EDFAs networks during power transients [60—62].

1.9.2 Link control

The disadvantage of the pump control technique mentionedeglis that it requires protec-
tion at every EDFA in the network. The word “link” here refécsa segment between two
network elements or nodes, where channels can be addedppedto Another technique
to control the gain of amplifiers employs a control channethi@ transmission band. An
approach compensating the power transients in an EDFA afreguencies £ 1 kHz) by
use of an idle compensation signal has been reported [63)th&n link control technique
demonstrated by Srivastava and Zyskind uses the fast linkagprotection of surviving
channels in the multi-wavelength optical networks. In typroach, a control channel is
added before the first optical amplifier in a link (the outpuipdifier of a network element).
The control channel is removed at the next network elemehis fechnique protects the
surviving channels on a link-by-link basis. The power of duatrol channel is such that
total power of the signal channels and control channel i éapstant at the input of the first
amplifier. This will maintain constant loading at the inp@iati EDFASs in the link.

Desurvire and Zirngibl have demonstrates a link controksoh [63]. The experiment
used 8 channels including the control channel. The fastf@adcircuit was used to align
the line control channel power to maintain constant totavgro The fast feedback circuit
with a response time of s was used to adjust the power of the line control channel to
keep the total power of the communication system constdrg.signal and control channels

are transmitted through seven cascaded EDFAs. The BER wasure€aon one of the
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signal channels. It was found that, in the absence of a docttieonel, and when 5 out of
7 channels were added or dropped at a rate of 1 kHz, the sogvohannels suffer power
transients exceeding 2 dB and deterioration in BER. This p@egealty is decreased to a
few tenths of a dB, and BER adjusted to within the acceptablié ifmetwork performance
when the fast link control circuit was switched on [52]. Ahet approach, such as that used
by Dimopoulos added an additional channel with the inpunaighannels to compensate
for the increase or decrease of the input power during thrgdeschannel failures to maintain

an acceptable level of survivability at low cost [64].

1.9.3 Laser control

A new scheme for link control based on laser gain control reenldeveloped. A com-
pensating signal in the first amplifier is generated using#ita feedback laser loop and
then propagates down the link [65]. This forces the EDFA tango lasing oscillation at an
out of the band frequency, limiting the gain of the amplifiedeépendent of the total input
power. Once the power transients start to occur, the lasymakis treated as an additional
signal in the link. The laser gain control scheme has beerodstrated by Zirngibl [66].
Another approach using this technique was developed bylJaokl Richards [65]. In their
approach, they succeed in combining laser control withitiledontrol scheme mentioned
above. The system stabilized within a few microseconds hagower penalty decreased
to a few tenths of a dB after 6 EDFAs in the link. The draw-batthe scheme is that the
speed of the response time is directly related to the lasaxaton oscillations which are
generally on the order of tens of microseconds or slowerg8]/,Homogeneous broadening
of EDFAs, with the resulting spectral hole burning, can teegain variations at the signal
wavelength, which will limit the range of control from thiedhnique. This problem also
applies to the link control scheme.

Much research, based on the above three basic schemes dswvariplemented to mit-
igate the effect of the EDFA power transients in optical rerks, e.g. Pavel has developed
an approach both for transient power control across opticaimunication links, and for
spectral power control at EDFA sites [69]. It is obvious ttied two parameters of optical
power control are: transient power control at optical lingpéfier sites, and spectral power

control (equalizing the optical powers of each channel egpectrum at dynamic EDFA
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sites). A transient control strategy was proposed basedoomdination of feed-back and
feed-forward control. A spectral control approach basedenoupling the control loops by
using time-constant layering [69].

Many comparative investigations of techniques to contoslgr transients in wavelength
routed optical networks have been carried out. One of theseby Olivers [70], who anal-
ysed extreme conditions for the addition or dropping of cteds His results showed these
techniques performed satisfactorily. However, diffeeseere noticed regarding the effi-
ciency, complexity, and implementation cost of each teginai

In addition to channel addition or removal in optical netigyrthere are two other types
of signal disturbances that affect the performance of theapnetworks: pilot tones and
bursty traffic. Pilot tones are used to track and monitor teégomance of each channel.
Binary data can be frequency modulated upon the pilot toretlas is important for signal
routing. Tone frequencies are typically set above EDFAsna&fain dynamics, and below
the links payload, i.e., between 10 and 100 kHz. Tone ang#iis below 10% of average
power to avoid large penalties [71, 72]. However, due to<igan modulation these pilot
tones induce ghost tones on surviving channels which may ib&aken as pilot tones at
the receiver. Optical Burst Switching (OBS) allows for effidi@esource sharing amongst
numerous users which have burst-mode traffic. In burstyidrafput channel powers are
turned ON and OFF for random lengths of time. As input trafipraaches self-similarity,
burst lengths become comparable to EDFAs natural respanse leading to large output
power swings.

The methods used to control EDFA power transients involvataising a constant av-
erage input power to each amplifier in the network. This caoliained in optical networks
such as SONET or SDH, that use electrical multiplexing wkeeoentinuous bit stream is
transmitted along the optical link. When the traffic in thewmk is in burst-OFF periods,
idle codes are transmitted that maintain the average poiwke @ptical channel almost con-
stant. Hence, EDFA power transients are not a problem fertyipie of network. However,
the current trend is to develop and evolve these networksallibptical systems that support
optical burst switching (OBS), optical packet switching &Pand optical circuit switching
(OCYS). In these type of networks, there can be large timevalgkwhere the average power

in a specific channel is zero during the network operatiore dynamic channel power and
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cascades of EDFAs can produce significant transients.

A method has been developed for resolving the effects otalghower transients gener-
ated by rapid changes in the input power of EDFAs [73]. Becthusamplitude and duration
of the optical power transient provided by the EDFA is akéeldby how rapidly the input op-
tical power to the EDFA varies, if the switching time for thgut power is increased, the
amplitude and duration of the power transient generateddiaa of EDFAs is decreased,

see Section 6.2.3.

1.10 Thesis overview

In this chapter, a general introduction and the basics obfitieal networks have been cov-
ered. The components of optical communication systemstaidgpecifications have also
been discussed. The approaches which mitigate the eff&dBA power transients in opti-
cal networks have also been reviewed. The following chaptét describe the work of this
research project in detail.

Since this research predominantly focuses on modellingsandlating the dynamic be-
haviour of the EDFA, and the numerical and statistical asialgf the simulation results, it is
necessary to introduce the basic model of the EDFA, its foreadal properties and param-
eters, which are used in the simulation work. These areweddn Chapter 2 which also
includes an explanation of techniques for simulating tiffeidntial and transcendental equa-
tions representing the EDFA dynamic and steady-state lp@imawhe numerical simulation
results, and their critical analysis are discussed in Chafted, 5, 6 and 7.

Chapter 3 illustrates the gain dynamic behaviour of the EDiA&iicuit-switched net-
works. The network configuration for providing better Qo%ymequire dropping or adding
channels to the network, and this management process m®ductuations in the input
signal of the EDFA. This in turn produces variation in thepauitpower of the EDFA. The
chapter also presents the output power transient duringetveork configuration process in
cascaded EDFAs. A dynamic model of the EDFA developed by $ah[@4] has been used
to build our power transient simulator. The power trangenttput of the simulator was val-
idated by comparison with original model results. There g@sd agreement. This model is

not self-saturated by its own ASE. The gain spectrum is h@negusly broadened and there
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is no absorption loss of the excited-state. These conditia fulfilled when the input signal
power is high enough or when the gain, in our simulationsess than 20 dB [75] and this
is the common situation with WDM systems. These conditiorsiafined as gain non-self-
saturated-conditions for our implementation. This debniwill be used for gain saturation
in the whole thesis. Also in Chapter 3 the numerical outpué adtthis model was used
to analyse the power transients in single and a chain of C-E®feAs in circuit-switched
WDM optical networks. Gain-shifted C-band EDFA was also depetl from the C-band by
increasing the geometry parameters, however, the ion ptpos and length of EDF were
kept the same as in the C-band. The developed simulator waasdsl for testing the power
transients of the gain-shifted C-band EDFA. The behaviouhefpower transients of the
gain-shifted C-band was analysed numerically and staiticTo the best of our knowl-
edge this is first time this gain-shifted C-band configuratkas been used for testing the
power transients in WDM optical networks. If the C-band anchgdiifted C-band were
connected in parallel in the WDM optical networks the opticahsmission band increased.
A self-saturated model was developed as an extension ofibtng model in Chapter
3. The self-saturated model is developed by adding ASE aptuiead-photon models to
Sun’s model for testing and analysing the power transientgcuit-switched WDM optical
networks. This self-saturated model including ASE andwagat photon noises has not been
previously reported for investigations of the behaviouthed power transients in EDFAs.
Chapters 4 and 5 investigate the effects of different distidims of ATM and IP traffic in
the packed-switched networks on the optical power tratsi@ia chain of EDFAs. The dis-
tribution of the ATM and IP traffic affects the performancetioé network. This is because
of the fluctuation in the input power which then produces angwn the output power and
degrades the OSNR of the cascaded EDFAs in the network lihks& studies can also be
useful in enhancing the QoS of the network. In Chapter 4, theessimulator which was
developed for the EDFA model of the gain dynamic of non-salfarated-conditions was
used for examining the behaviour of power transients. s ¢hse-study, the input source to
the simulator was an ATM-IP traffic source instead of the CWalgf the circuit switched
networks. In this chapter, ATM-IP traffic sources of diffetelistributions is developed in
order to analyse their effects on system performance ttrthg power transients phenom-

ena. Chapter 4 presents the impact of the ATM and IP traffic oétBalistribution on the
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power transients of a chain of EDFAs. The simulation used-aake of 2.5 Gb/s. In this
chapter, we first investigate the ATM and IP traffic in which ad®o distribution is only
applied to the burst OFF period of the traffic (referred to @sqalic traffic in the thesis). In
short, the PDFs of the output power transients are plottéu agsociated Gaussian distribu-
tion for analysis. In the same chapter ATM and IP traffic istigated while both burst-ON
and burst-OFF periods follow the Pareto distribution ans iththe case for video, web and
Ethernet traffic. This study is applied both to the C-band aaid-ghifted C-band cascaded
EDFAs in the network link during ATM and IP traffic of truncat®areto distribution with
degree of variability of 1.2 for the burst-OFF and burst-Giipds. Analysis shows that the
power transients generated by gain-shifted C-band EDFAsvarse than those generated
by C-band EDFAs.

Chapter 5 presents the effect of ATM and IP traffic of Poissatribution on power
transients of a chain of EDFAs. The PDFs of the output povesrsients and their Gaussian
fits were studied and analysed for the EDFAs model for nofssglirated-conditions. Then,
the simulation was repeated for the same traffic with the EDF&n unsaturated condition.
The numerical simulation and statistical analysis werdiagpo the C-band cascaded EDFA.
ATM and IP traffic of Poisson distribution was used in this wior examining the behaviour
of power transients singly and in a chain of EDFAs in the paskatched WDM optical
networks.

Chapter 6 demonstrates the evolution of output power and OB&iRRients in EDFA
chains. A set of numerical simulations have been perforroedvestigate the permissible
OSNR limits using a self-saturated EDFA dynamic model dgved in Chapter 3. We are
interested in OSNR limits when channels are added to the liakause this decreases the
OSNR magnitude. The lower limit of OSNR, min(OSNR(t)), is cdéded from simulations
and then related to the network performance through the terrBit-Error rate, using the
curve that expresses the BER as a function of optical SNR. Afsairoerical simulations
were performed to investigate the effects of the abrupttiggnal variation in chains of
EDFAs on the performance of WDM optical networks. The gradisd/addition of EDFA
input power or input power shaping is reported as an apprtmaatitigate the effect of the
power transients in the cascaded EDFA networks [64, 73].

Chapter 7 demonstrates the gain locking system for EDFA in WIphtal networks us-
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ing a PID controller. The controller consisted of propamag) integral, and derivative (PID)
controllers, with pump updating interval of 5. The main idea presented in this chapter
for mitigating the power transient phenomena, is to restoeegain to the level prior to the
occurrence of the perturbation, as well as requiring thestemt rise and relaxation times to
be minimised, which are the main requirements from the aatmngain controller. A pump
controller was used to clamp the cross-gain saturatione&FA when four out of eight
channels in the system were dropped or added. From abovs teveluded that it is possi-
ble to use the P-controller or I-controller or D-controldone to mitigate the power transient
phenomenon in a saturated EDFA. However, the performandeasfd D-controllers are
better than that of the P-controller since the power trantgieershoot and the total transient
time is less than for the P-controller. We report the optadisontroller parameters under
different operating conditions and show for the first time our knowledge, the effect of
modulation frequency, speed of dropping or adding differembers of channels and their
affect on the value of the controller gain parameters fonglsiEDFA.

Finally, the thesis conclusions and future work are giveGhapter 8. In the appendices,
the properties of optical fibres are briefly reviewed, thadsasf the EDFA rate and propa-
gation equations are illustrated and the detail of dynanodehgiven. Finally, we discuss

issues related to computer implementation of the simwatdiich have been developed.
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Chapter 2

Gain dynamic model of the

erbium-doped fibre amplifier

2.1 Introduction

Research into active-fibre technology within thBimwavelength region was motivated by
the development of erbium-doped glass fibres. Researchoeation rare-earth doped fibre
until the development of high-gain erbium doped fibre angatdi Now active fibres are used
widely in optical amplifiers, lasers, switches, and a varitnonlinear devices [1, 5, 34].
High performance optical amplifiers and other devices ec@dightwave communication
systems. EDFA technology was first announced in 1987 [76, TR EDFA is the most
commonly used optical amplifier due to its excellent amgaiiien properties near.35um,
which is the wavelength region where the fibre losses are ahimum [54]. EDFAs are a
key technological support for driving the development ohBe Wavelength Division Mul-
tiplexing (DWDM) networks. This is due to many factors: (1eithgain spectrum cover-
ing a wide range of wavelengths, in which the fibre loss is maij (2) readily obtainable
high-quality high-power semiconductor pump lasers, (3hdpan all-fibre device makes it
polarization independent, and (4) immunity to cross tallewlamplifying WDM signals.
EDFAs are used in WDM optical networks to compensate for teeds within fibre spans
and other network elements.

Research has also demonstrated the potential of rare-egyéddibre in photonic sys-

64



CHAPTER 2. GAIN DYNAMIC MODEL OF THE EDFA

tems and instrumentation [6, 8, 78—80]. Models for amplifiers and lasers based on rate and
propagation equations have also been presented by various researchers [6, 8,9, 34]. These
models are necessary for predicting the amplifier performance and investigating the ampli-
fier's behaviour within different network conditions. In order to explain the model used to
demonstrate the gain dynamic characteristic of the EDFA, it is essential to briefly illustrate

the related EDFA basics.

2.2 Erbium-doped fibre amplifier basics

In this section, the fundamentals required to model gain in erbium-doped fibre (EDF) am-
plifiers are reviewed. The dynamics of the gain and amplification process are modelled by
a system of coupled atomic populations and light flux propagation equations. The simplest
EDFA configuration, shown in Figure 1.11 in chapter 1, consists of an erbium-doped fibre
spliced into the signal transmission link of an optical network and a source of pumped light.
Different pump configurations provide EDFAs with different specifications as shown in Fig-

ure 2.10, explained in the following sections in this chapter.

Aston University

lllustration removed for copyright restrictions

Figure 2.1: The three-level system used for the amplifier mddes transition rates between
levels 1 and 3 are proportional to the populations in those levels and to the product of the
pump flux@, and pump cross-sectiasy,. The transition rates between levels 1 and 2 are
proportional to the populations in those levels and to the product of the signapsflamd

signal cross-sectioas. The spontaneous transition rates of the ion (including radiative and
non-radiative contributions) are given by, andl »; [6, 8, 9].

The amplification mechanism in EDFAs is stimulated emission, but in this case the pop-
ulation inversion is achieved by optical pumping. During this process, pump photons raise

electrons to excited states which exist at higher energy levels. This configuration is known
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as the three-level atomic system [6, 8, 9, 34, 78] as showrigar& 2.1 that provides the

EDFA with the ideal characteristics for optical network$isSf'scheme consists of a ground
state denoted by 1, an intermediate state labeled 3 and?st&tace state 2 often has a long
lifetime in the case of a good amplifier, it is sometimes neférto as the metastable level.
As shown in Figure 2.1, the pump supplies energy to the erimasin the ground state, and
then the ions are excited either to metastable level 2 if thregpwavelength is 1480 nm or

to intermediate level 3 if the pump wavelength is 980 nm. Titiéuen ions in the latter case

decay non-radiatively and quickly to the metastable lavéime of the order of [is.

Apart from the wavelength of 980 nm, other wavelengths ddiagt adequate energy to
pump ions to intermediate level 3 [77]. The erbium ions inrnietastable level decay to the
ground level either spontaneously within a time of the oafetO ms, or through stimulated
emission by an incoming signal. The radiated energy due éadh decay between the
metastable level and ground level corresponds to the phatbwavelengths between 1520
nm - 1570 nm. Light signals with wavelengths in this spectglon that traverse through the
EDFA induce stimulated emission from the excited ions amxth tight signal amplification

occurs due to this process. The rate equations for the pigruigariation are written as [6,8]:

dNs

T —I3oN3+ (N1 — N3)@p 0p (2.1)
d
d_'\t'z = —T21Np + T3N3 — (N2 — Ny )@ O (2.2)
dN
d—tl =T 21N> — (N]_ — Ng)(pp Op+ (NZ - Nl)(Ps Os (2.3)

WhereNz, N2, N3 are the population of ions, number of ions/volume, at enézggls
E1, E2, E3 respectively. We denote the emission cross-sectionsyel Eto 1 transition by
Os in units of area. We denote the absorption cross-sectianievyel 1 to 3 transition by
Op in units of area. Transition rate from level 2 to level 1 is ol byl'>; and is mostly
due to radiative transitions. Transition rate from leveb3dvel 2 is denoted by 3, and
it is mostly due to non-radiative transitions. The incidpaomp light intensity flux at the
frequency corresponding to the level 1 to level 3 transitodenoted byp, corresponds to
the pump. Theyp, is in number of photons/time/area. The incident light isignflux at the
frequency corresponding to the level 1 to level 2 transitsoteenoted byps and corresponds

to the signal fieldgs is the number of photons/time/area. In a steady-statetisitydhe time
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derivatives of the ion population in each level will be zessshown below [6]:

dNg  dNp  dNp
dt ~dt dt ° 24)

The total population of erbium ions in the fibre core is dedditg N and given by:

N = N;+ N>+ N3 (2.5)
From Equation (2.1), the population of level 3 can be wridgien
1

h= N
1"‘ rgz/(pp Op
WhenT 3z is large (corresponding to a speedy transition from levell8vel 2) compared

(2.6)

to the effective pump rate into level 3, then the valugpgd, andNs is very close to zero.
Thus, the population of erbium ions is mostly in levels 1 and=Bom Equation (2.6), the

population of level 2 can be written as:

(@pOp/T32) + @s0s)
[M21 4 2005

Then, from Equation (2.5), the populatioNs, N2 and population inversio(N, — Nj)

Ny = (2.7)

can be derived as:

PpOp— 21
21+ 20505+ @pOp
The principle of operation of an EDFA is summarized in theaegraphs. The three

N, — N; = (2.8)

energy levels of erbium ions in silica are shown in Figure ard are labele&;, E2, and
E3 in order of increasing energy. Each energy level in the figeighown as a single line
in an isolated ion of erbium, but each energy level is spre@d a continuous energy band
when these ions are doped or inserted into silica glass. Tdmegs of splitting is known
as Stark splitting. The difference between the energy $egallenoted by the wavelength in
nm of the photon corresponding to it. The process of sprgaafienergy levels is a useful
characteristic of optical amplifiers because it increasedrequency or wavelength range of
the signals that can be amplified. Moreover, an amplifier gabke of amplifying several

wavelengths simultaneously. The erbium ions are diseibum the various levels within
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each energy band in a non-uniform manner according to the Boltzmann distribution by a

process known as thermalisation.

Aston University

llustration rem oved for copyright restrictions

Figure 2.2: Three energy levels, Ep, and E3z of erbium ions in silica glass used in the
amplification process. The fourth energy levé&l, is present in fluoride glass not in silica
glass. The difference between the energy levels is denoted by the wavelength in nm of the
photon corresponding to it. The upward arrows indicate wavelengths at which the amplifier
can be pumped to excite the ions into the higher energy level. The 980 nm transition corre-
sponds to the band gap between BheandE; levels. The 1480 nm transition corresponds

to the band gap between the bottom of theto the top of theE, levels. The downward
arrows indicate the wavelength of the photons emitted owing to stimulated and spontaneous
emission [1, 6, 8].

We explained that the three energy level atomic system can be reduced into a two energy
level atomic system. In the two energy level system, an optical signal at freqéigreould
be amplified only ifhfy, is equal to the energy differencey(E E;). Here, h is Planck’s
constant (6.63 x 10?4 J s). As we noted, these energy levels are spread into bands, thus all
frequencies that correspond to the energy difference betweenHgwald levelE; can be
amplified. As a result, in the case of erbium ions in silica glass, all wavelengths in the range
1525 nm to 1570 nm can be amplified by stimulated emission fronktHeand to thek;.

The band of wavelengths is 50 nm wide with a peak around 1532 nm. This is in the low
attenuation region of SMF that is applied in optical WDM networks.

In thermal equilibrium conditionN; > N, > N3. The condition for stimulated emission
from E to E; is that theN, > Nj, this can be achieved both by absorption and spontaneous
emission. When the amplifier is pumped by an optical signal at wavelength 980 nm, it will
cause transitions of ions frofy to Ez, becausé&; > N3. The ions that have been moved to
level E3 by the pumping process will rapidly transit to le¥el by the spontaneous emission.

As we mentioned earlier, the lifetime for this process, is about lus. The ions that have

68



CHAPTER 2. GAIN DYNAMIC MODEL OF THE EDFA

moved to leveE; by spontaneous emission will transit to le¥al by spontaneous process.
The lifetime for this procesgy;, is about 10 ms.

The erbium has pump bands at 514.5, 532, 670, 800, 980, arftdri¥8 These wave-
lengths correspond to the energy differences betvKe(f‘I15/2) and the first six excited
states of the erbium ion. When an amplifier is injected at arthede wavelengths, absorp-
tion of pump photon raises erbium ions to an excited stateeatorresponding energy. The
erbium ion decays non-radiatively to the energy I@Le(“llg/z), metastable state. However,
the pump efficiency is one of the factors that decides whichede wavelengths of the pump
band could be used for pumping an EDFA. Pump efficiency isatbgt by Excited State Ab-
sorption (ESA) transitions, the erbium ions in lelcan be raised to a higher excited state
by absorbing pump light photons. It has been demonstratgdite ESA aE, does not take
place at the wavelengths 980 and 1480 nm. Thus, the pumpowe$s is more efficient,
and the EDFA uses less pump power for a given gain at 980 nmdtiem wavelengths.
However, higher power pump lasers exist at 1480 nm, in cospato 980 nm, and so 1480
nm pumps are applied in amplifiers developed to provide highu powers.

Chemical compound, length and ion populations are the ptiegewhich affect the
EDFA gain at each wavelength. These also form the basis ofiélsegn of the different
types of EDFA, such as L-band or L+C band EDFAs [55, 81].

To develop a model for the EDFA, it is necessary to realizé ¢ian in a simple one-
dimensional model of the fibre amplifier, the transverse slaghe optical mode and its
overlap with the transverse erbium ion distribution proéite important, this is parameter-
ized by a term denoted by the overlap factor [82]. Only that p&the optical mode that
overlaps with the erbium ion distribution will stimulatesaivption or emission from ther3*
transitions. The whole mode, however, will experience gaiattenuation as an outcome of
this interaction. For instance, for a step index fibre, if énleium is doped only in the fibre
core, since a portion of the optical mode extends into theéditey, only that portion of the
optical mode that is in the core will experience the effedtthe Er3* present. This can
be used advantageously. By doping the erbium only in the vemyre of the fibre core, the
erbium ions will only face the very high intensity part of thytical mode and the pump will
more easily invert the maximum numberBf** ions [83]. In general, the erbium density is

not necessarily constant and can vary significantly acres8lire core and cladding regions.
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By considering the light fields in EDFAs to be confined in a core of very small dimensions,
it is assumed the pump and the signal intensities as well as the erbium ion distribution are
constant in transverse dimension and the situation simplifies to a one dimensional problem
which is easier to solve.

The energy levels of rare earth ions consist of relatively well separated groups of closely
spaced energy levels. The pumping wavelength required for transition to energy level 3 is
different than that of energy level 2, and the assumption is made that rapid relaxation occurs
from level 3 to level 2. For all practical purposes, the population in level 3 is then effectively
zero, and the three level system reduces to a two level system. The whole behaviour of the
EDFA can be predicted from the absorption and emission cross-sections which are shown in
Figure 2.3. The thermal distribution of energy within the closely spaced energy levels causes

the difference in spectral shape between the emission and absorption spectra [6, 84, 85].

Aston University

lustration rem oved for copyright restrictions

Figure 2.3: Experimentally obtained emission and absamptiess-sections of an erbium
doped Ge/Al/P silica fibre [10-12].

Due to the reduction of the three-level system to a two-level system, the rate equation
can be written in terms of the total population densities of level 1 and 2 as shown in more
detail in Appendix B.2. The two level rate equation illustrated in Appendix B.2 was ana-
lytically investigated by Saleh et al [75]. The ASE power effect on the EDFA saturation

was ignored, this was an essential assumption for the derivation of the model. Then, another
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model was developed including the ASE power effect on saturdy the same research

group as illustrated in [86].

2.3 Gain dynamics model of single EDFA

In this thesis, the gain dynamics behaviour of EDFAs arerdeteed using a model, which
is a single Ordinary Differential Equation (ODE), develdggy Sun and Zyskind [74] in-
corporating time variation effects in the EDFA. The extensof Sun’s model to include the
ASE power is also used to investigate the OSNR performanbetim the circuit-switched
and ATM-IP networks. A different method was used to includ&&fand other losses in the
extension model and this was compared with those developte iliterature [87, 88].

The rate equation for the proportion of atoms in the first extstateN,(z t), is shown
in Equation (2.9), and the photon equation for ¥fechannel is shown in Equation 2.10.
Both these equations are used to derive the gain dynamicslnmofigt, 75, 86]. In the
developed model, it is assumed that there is no excited-atagorption; the gain spectrum
is homogeneously broadened, and the amplifier is not selfstad by its own amplified
ASE. These conditions are satisfied when the gain is less2Ba&B [75] or when the input
powers are sufficiently high as is commonly the case in WDMesyist Note that with these
values of gain and input signal power, the EDFA entered wh&nbwn as the saturation
regime (the phenomenon that the gain of an amplifier is reditarehigh input signal powers
is called gain saturation, an amplifier device such as EDFhoamaintain a fixed gain for
arbitrarily high input powers, because this would requadiag arbitrary amounts of power
to the amplified signal [6]). This is the definition of EDFA gasaturation throughout this
thesis. Under these conditions the rate equation for tletidrmof atoms in the first excited

stateNy(z t) is shown in Equation (2.9):

ONz(z1) N2(zt) 1 M aR(zt)

a1 NALY oz 29)
P _ Ny (0f+ otNo(zt) — o2 Azt (2.10)

0z
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Where N is the density of the active erbium ions in the fibre obFoss-section A, and
is the spontaneous lifetime of the upper level. There are titalchannels)y is wavelength
of thek!" channel, and(z t) is the optical power at locatianand timet of thek!" channel,
with overlap factor offx andoy, of are emission and absorption cross-sections okthe
channel respectively. The powers of both pump and signalex@ressed in units of photons
per time. Light beams propagating in the EDF from O to L aredai®d by unit vectouy =
+1, and light beams moving from L to O are indicatedRy= -1. L is the length of the EDF.
The fractional populations of the upper statgz t) and of the lower statdl;(z,t) sum to
unity, No(zt) + N1 (zt) = 1.

The time dependent model of an EDFA based on Equations (R®)Y210) requires
complicated numerical computation. However, this set ofigladifferential equations can
be reduced to a single ODE which fulfills the conditions of masctical EDFAs. With
this model, which is shown in Equation (2.11), the numera@hputation is significantly

simplified. A detailed derivation is shown in Appendix B.2.

d
POGi(t) + POG(t) + RA =

Tt

_ PISG(t) — |GP. + Axj =)+ Ay

%P}n(t){exp[ o) [ al P,SJ] (7 J] 1} 2.11)
=1 j
PISG; (t) = PISGi(t) - [GEJ- +Ak,} exp(_Tt) + A (2.12)
A
IS
Pk - rk (O-(E—FO-E)T (213)
[0

Gi(t) =In F’.‘(”(t)} (2.14)
Ac= okl (2.15)
ok = NI kof (2.16)
Gyj(t) = PSGy(t) — PISGj (t) (2.17)
Ayj = RSA— PSA; (2.18)
Gyj(t) = [Gck)j+Akj] eXp(?) — Axj (2.19)
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Where,
Gy = RS G —PI°G) (2.20)

Equation (2.20) is determined by the initial conditions. \A¢htihe terrrPl'(S is intrinsic
saturation power of thi" channelGy(t) is the overall gain parameter at tim@2!(t) is the
output power of thé!" channel at time, PI"(t) is the input power of th&" channel at time
t, Ax is the absorption coefficient for whole length of doped-fiby&\ is the density of the
active erbium ions in the fibre corey is the absorption coefficient of thé" channeIP}“(t)
is the input power for each channel, aBg(0) = G{ is initial conditions for all channels from
(k =1, 2,..., M). The gain in thg!" channel can be expressed in terms of the gain irkthe
channel using Equation (2.12). In other words, once theigaialculated for th&'" channel
(probe channel) by solving Equation (2.11), the gain of otannels can be obtained from
Equation (2.12). If the EDFA is in a steady state at t = O (beefamy transition occurs) the
term (GEJ- + Axj) is substituted by zero in both Equations (2.11) and (2.12).

Initially, Equation (2.11), which represents the gain dyines behaviour of the EDFA, is
numerically implemented for the critical power transiemalysis. The numerical implemen-

tation techniques are discussed in Section 2.9.

2.4 EDFA dynamics model for OSNR investigation

The dynamic model of the EDFA shown in Section 2.3 and the sad&oduced in [87—
89] are used in this section for developing a model whichudes ASE-power. This gain
dynamics model is developed for analysis of OSNR both inugiswitched and packet-
switched networks.

d
TaPiSGk(t) +PSGy(t) + PPA =

PISG — |GO. . =t .
S Pi”(t){exp! o [ . ;ASKJ] ! T>+Ak]] 1}
i

—Paske(t) (2.21)
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Pasel(t) = 4 / (exPUY — 1) ngpdv (2.22)

o' (v) =0c®(v) +a?(v) (2.23)
[ 0®(v) G(v,t)+A(v))
P {GT(V) G(v,t)

(2.24)

In Equation (2.21), all terms which were described in Sec#, have a similar defi-
nition. Pasg is the statistical average spontaneous emission flux of arAED photons/s.
ASE power is computed assuming a constant inversion asistatg86, 88]. The terms
a®(v), a®(v) are emission and absorption cross-sections respectigély) is the total
cross-sectionsi(v) is the logarithmic gain and\(v) is the loss, all these terms are cal-
culated at frequency. The spontaneous emission factor is denoteddgyand the facto#
in Equation (2.22) indicates that the two different polatians and two different directions
of propagation of the ASE are considered. In case of SNR adion, this factor is halved
because the forward ASE only is used for computation.

To understand each terms in the gain dynamic Equations)(aridL(2.21) it is essential

to review briefly the main properties of EDFASs.

2.5 Properties of EDFAS

From the discussion on principles of operation of EDFgain is the main characteristic
of an amplifier. The EDFA gain is defined as the ratio of the outgnal power to the
input signal power as shown in Equation (2.25). It is caltadaby integrating the gain
coefficientg(A) over the length L of the erbium-doped fibre. The gain coefficgA) is
calculated by summation of both the emission coefficigih) = 's N oe(A), multiplied by
the fractional populations of the ions in the excited stiitg and the absorption coefficient,
a(A) =TsNaa(A) > 0, multiplied by the fractional populations of the ions oé first excited
and ground states of erbiu;, the termgy*(A) anda(A) are shown in Equation (2.26) [77].

G(\) = % - /oLg()\,z) dz (2.25)
L
G = [ (g (M) No(2) ~ a(A) Na(2) 2 (2.26)

Whererl s is the confinement or over-lap factor of the signal mode inEbé core, and

Oe ando, are emission and absorption cross-sections as a functithreafavelength. The
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term g*(A) is inverted gain coefficient and(A) is the small signal absorption coefficient.
The spectra of the emission and absorption coefficients @frlbinm doped Ge/Al/P silica
fibre are shown in Figure 2.3. The gain coefficient can be esgaetin units of dB/m. The
terms mentioned are used in the numerical simulations, wiicused on the analysis of
the dynamic behaviour of cascaded EDFAs in WDM optical nektaiorThese values are

provided by Highwave-Technologies of France [10].

25 T T T T T T T T T
Pp = 100 mW
20 F . .
& 15+ .
J Pp = 65 mW
[=
®
S 10+
Pp = 40 mW
5_
0 1 1 1

-120 -100 -80 -60 -40 -20 0 20 40 60
Input signal power (dBm)

Figure 2.4: EDFA gain performance as a function of the ingrtad powers in dBm, at wave-
length 1549.2 nm, at saturation for pump powers of 40, 65,@0 (Numerical simulation
results of the non-self-saturated EDFA gain dynamic Equa{2.11)).

Some other important specifications of EDFAs arediigout power and saturation power.

The output power is nearly proportional to the pump powermgignal levels are high and
the amplifier is saturated, as shown in Figure 2.4. This isaatteristic feature of the
three-level erbium laser system, illustrated in Figure 2Mhen the amplifier is saturated,
stimulated emission from an excited state induced by theaigs balanced by pump ab-
sorption from the ground state. As the pump power increabessignal power at which
this balance occurs also increases [77]. The signal powehath the gain coefficient is
decreased to half its small signal value is;

hv OasP,
Psat = A (1+ & p) (2.27)

(Oes+ Oas)lsTsp OePH
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pth _ Oas hv pAc

(2.28)

P O'_es (Oap+ Tas)l pTsp

Net Cross section (10 m?)

T T
1500 1550 1600
Wavelength (nm)

Figure 2.5: Net cross-sectioad(N,/N) — aa(N1/N)) of Er3T near wavelength 1500 nm for
different values of the fractional metastable-state pagiah (N2/N), (indicated adjacent to
each curve) for cross-sections given in [6], whBgds metastable-state ion population, and
N is the total ion population [6].

Whereao,s andoes are absorption and emission cross-sections at the signaleveyth
respectively. Ac is the core effective aredsp is the excited state,) lifetime, Py is the
pump powerPItoh is known as the pump threshold power and shown in Equati@)2Pump
power beIOV\P})h results in a negative small signal gain coefficient, andiféssociated with
absorption, pump power abol?g‘ results in a positive small signal gain coefficient, and this
is associated with gairhvp is the pump photon energly,, is the pump overlap factor, and
Oap is the pump absorption cross-section. Equation (2.27) stibat if Py is much higher
thanP})h thenPsg is proportional to%% [77].

Figure 2.5 shows the net cross-section, on a per-ion basid@asction of wavelength,
for different values of inversion. We noted that the peak&=80Lnm suffers relatively more
than 1550 nm as the inversion is decreased. In a range okiowe; we have observed that
longer wavelengths will still be amplified while shorter vegengths are attenuated [6].

Equations (2.27) and (2.28) describe the saturation ctearsiics of the EDFA. The
gain characteristics of the complete amplifier are foundddyisg the rate equation at each

point along the length of the EDF length and integrating thi goefficient as shown in
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Equation (2.25). The saturation is typically obtained ity near the output end of the
amplifier where the signal power is at its highest value, béal description provides a
good qualitative understanding of the saturation behavwba complete amplifier [77].

Thetransmission impairmentscaused by the EDFAs in wavelength routed optical net-

works result from background noise. The amplification of BigFA is associated with a
background of ASE (defined in Appendix B.1.2), which ariseemlight emitted by sponta-
neous decay of excited erbium ions is captured by the ogiimalwaveguide and then ampli-
fied in the amplifier. This ASE background adds noise thatateg amplified signals [77].
The noise figure (NF) is given by the SNR at the output dividgthiat corresponding to the
shot noise of the signal at the input. The NF is a measure ofi¢lgeadation of the signal
by noise added by the EDFA. The important factors for the N& well-designed, high-gain

EDFA are signal-spontaneous beat noise and signal sha,rawid are obtained from [8]

G-1 1

NF 2 2ngp

Wherengp, is the spontaneous emission factor, shows the correspprstiiengths of
the stimulated emission and spontaneous emission praceBse an EDFA with uniform
inversion (denoted biX, — N;) along its lengthnsp is given by Equation (2.30 [77]:

Oed\2

_ este 2.30
Oed\2 — OasN1 ( )

As mentioned earlieN; and N are the fractional ion populations of the ground and
metastable states, respectively. A approaches unity, the better the inversion and the
lower the NF. Because EDFAs can be efficiently inverted ( lbé\jz—'\‘l 2~ 1), the NF can
approach 3 dB, which is the quantum limit for optical ampl8igf7]. Pasgis the ASE power
of one polarization in bandwidti\p), this is one-half the total power in the bandwid#tvy
of the ASE, when there is no polarization hole burning (PHBg,ASE is unpolarised. The

spontaneous emission factor can be calculated from:

_ Pase
Nsp = —hvSAv(G—l) (2.31)

Wherehvs is the photon energy, substitutimg, of Equation (2.31) in Equation (2.29),
we notice that the signal-spontaneous beat noise in the [fFoortional toPasg and can
be shown as resulting from the addition of ASE by the EDFA. Ruthat the spontaneous

emission produced at the EDFA input gets maximum gain of EDNFAen the inversion is
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not uniform along the length of the EDFA, the inversion néarinput of EDFA has greatest
impact on the noise figure [77].

~ (G-1 1 Pase
NF = 205 == b g w208 (2.32)

In the large gain limit the NF is approximatelyig (0 < nsp < 1). Also note that the
ASE power increases with gain.

We now consider the role of the most important component EfBE. A single-mode
fibre is doped with erbium ions. Different techniques, sushvindified Chemical Vapor
Deposition (MCVD), can be used for processing silica-basBédas mentioned in [90,
91]. The EDF with different properties obtained from diffat doping techniques, can be
used for specific applications. In most applications, pumpey is restricted by pump laser
specification. In a number of applications, such as remgietyped preamplifiers and the
in-line amplifiers used in submarine systems, where pumpepaswestricted by reliability
constraints, it is necessary to design EDF to produce theekiggain with the lowest possible
pump power. The pump intensity experienced by all erbiuns,i@hould be maximized
through appropriate design of the EDF. The effective coea ahould be minimized by
increasing the difference between core and cladding méfeaindices, and the pump overlap
factor should be maximized as shown in Equation (2.28).

In some research, pump thresholds of less than 1 mW have I¢gined [92,93]. The
reduction in the pump power causes a decrease of the costpifiars and an increase
of their reliability. The ability of the amplifier to achiew@aximum gain with minimum
pump power is described as gain efficiency. One importamitdor comparing different
EDF designs is the maximum gain efficiency which is calcdate the maximum quotient
of the small-signal gain divided by the pump power. It hasnbslgown by Kashiwada and
Shigmatsu that the maximum gain efficiencies with the sigvaatelength of 1533 nm are
11 dB/mW and 6.3 dB/mW for pump wavelength of 980 nm and 1480 speetively. The
gain can be increased or decreased by the pump power, this shat the gain efficiency at
wavelength 980 nm is higher than at wavelength 1480 nm [92, 93

Figures 2.6, 2.7, and 2.8 demonstrate the effects of the puawplength and power on
the EDFA gain performance. These curves result from numlesiculations of the gain
model described in Appendix B.2, they show good agreemetht tivé curves obtained by

Becker [6]. For example, in Figure 2.6, at signal wavelendgB0Lnm, it is demonstrated
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Figure 2.6: Gain as a function of pump power for fibre length&B8m, for two signal wave-
lengths 1550 nm and 1530 nm, using the pump wavelengths oh®8&8nd 1480 nm. This
gain excludes ASE and background loss (or absorption caeffj¢Numerical simulation
results of the EDFA gain model described in Appendix B.2 [6]).

that the maximum gain efficiency is 4 dB/mW and 2 dB/mW with 988 4480 nm pump
wavelengths respectively, we concluded that the maximumegciency at wavelength 980
nm is better than at wavelength 1480 nm. However, ASE and Rewseattering will limit
the maximum gain obtainable in a single-stage amplifierntuitistage designs can be used
to increase the maximum gain [77].

In some terrestrial applications high output power is resli thus the pump conver-
sion efficiency should be at its maximum value; definedRs: — Pin)/Pp =~ (Pout)/(Pp)-
For three level laser systems, if the pump povigy) (s much higher than the pump threshold
(Pfoh), the saturated output power is nearly proportional to tiagp power as shown in Equa-
tion (2.27) [77]. The pump conversion efficiency is relatpvmdependent of the waveguide
geometry when the pump and signal powers are high and mudlethigan their intrinsic

saturation power which is defined as:

pIS _ hvsAc
S8 15p(Te(N) +0a(N))My

The conversion efficiency is relatively insensitive to thaveguide geometry because

(2.33)
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Figure 2.7: Gain as a function of pump power at signal wawleri550 nm and pump
wavelength 1480 nm for different fibre lengths (5m, 10m, 14mgd 18.8m). This gain
excludes ASE and background loss (or absorption coefficié@dumerical simulation results
of the EDFA gain model described in Appendix B.2 [6]).

of the cancellation of terms, such as effective area, ayerfdctor of signal and pump, as
shown in Equation (2.27). Core co-dopants and erbium coratént are useful determinants
of the amplifier’s saturation specification, if the erbiunmcentration in silica is too high,
the result is an increase in cooperative up-conversioneated non-radiative dissipation of
pump power. In some applications, e.g. terrestrial, highupower is more important than
high gain with minimum pump power. In these applications,ASQvith larger cores and
small core-cladding refractive index differences are usBus arrangement permits lower
erbium concentration and thus avoids absorption of the pphgtons without production
of an additional signal photon. However, there is a propasl relation between the core
size of the EDF and the pump threshold. For example, inargabe core size of the EDF
also increases the pump threshold as shown in Equation)(2E28 power amplifiers the
same specification is used in the design of its EDF, a smdftertre core area and a higher
difference between the core and cladding than for standandmission fibres [77].
Coupling lossis due to the mismatch between the EDF (with small core diantgpi-

cally 2-4 um) and the transmission link fibre (with large core diameyerdally 8-10um).
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Figure 2.8: Gain as a function of EDF length (m), the curvesasthe optimum length
yielding the maximum gain, which increases with the pump gownd simulated with the
input signal power of -40 dBm. (Numerical simulation resutsthe EDFA gain model
described in Appendix B.2 [6]).

To achieve an acceptable amount of coupling loss requiresnsive efforts to resolve the
mismatch problem. The coupling loss can be minimized byguaifusion splice between

the EDF and the transmission link fibre. Consequently, a gieak of work was done to

minimise coupling loss and typical results of a few tentha decibel are achieved. The to-
tal losses of the input and output in the EDFA are each lesstladB. These losses include
the loss of isolators and pump-signal combiners [77].

Polarisation independences one of the useful properties of EDFAs. The gain of EDFAs

is polarization independent because of the circular symyoéthe EDF core, and the erbium
ions in the glass matrix of the core are randomly oriented99## EDFAs show PHB due
to the locations of erbium ions in the glass matrix, whichnigeinally anisotropic. PHB
happens when a strong polarized signal saturates thosain@myed in a straight line with
its polarization. Thus, the light (including the saturgtsignal and ASE) whose polarization
is arranged in a straight line parallel with the polarizatus the saturating signal receives an
amplification slightly less than the light whose polarieatis arranged orthogonally to that

of the saturating signal. The effects of PHB are very smahanfirst amplifier of long haul
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transmission systems, however, the effects get strongbroascaded EDFAs or where the

EDFAs are strongly saturated [77].

4 T L | T L | T L |

35 4

3+ 4

25 1

2+ 4

15 1

Gain Modulation (dB)

1F .

05 4

o L L P | il L soa il L L PR — |
10 100 1000 10000
Modulation Frequency (Hz)

Figure 2.9: Gain modulation or gain cross talk in probe clehwluring sinusoidal signal
amplification in another channel using the EDFA non-seffisdied gain dynamic models of
the gain-shifted C-band (red) and C-band (green) (implemeriguation 2.11).

Slow gain dynamicsof EDFASs is due to the extremely long lifetime of the first égdi

state & 10 ms), it is one of the desirable specifications of EDFAshéf amplifier is in the
saturated regime and the data rate is high enough, the ntimtute the signals does not
produce considerable gain modulation of the EDFAs [77,8@ough the EDFA is strongly
saturated. The corner frequency for the EDFA is inversetpprtional to the metastable
state lifetime ({ = 10 ms) and can be as low as 100 Hz. The corner frequency ses®dth
signal and pump powers [97]. The value of the corner frequéymcally stays less than 10

kHz and is given by:

We 1+Pg
fo=—= 2.34
T o 2mt (2.34)
M Pl?ut
Pe= 3% IS (2.35)
k=1 Tk

Wheret is the metastable state lifetimé; is the corner frequenc)}?l?“t is the EDFA

output power ak channelP,'(S is the intrinsic saturation power computed from geomeltrica
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parameters of EDFA as shown in Equation (2.33). Figure h8ws the characteristic of
EDFA with the cross talk phenomenon, a sinusoidally mo@glahput signal is used in
one of WDM system channels which traverses the EDFA and thesdadk is measured
through a probe channel. The cross talk values are betwerth 8.5 dB for frequencies less
than 10 kHz, and it approaches zero for frequencies higlaer 10 kHz. This result shows
good agreement with the result obtained by Giles [56]. Inltimg haul system the corner
frequency increases with the length of the cascaded EDRAg wath strongly saturated
EDFA with high pump power [77].
Thegain spectrumregion of the EDFA is in the wavelength range of 1525 nm to 1565

nm, The gain spectrum is the result of both the distributibthe Stark split energy bands
and the thermal distribution of their ions (as explainedact®n 2.2). The gain spectrum is
not flat. The shape of the gain spectrum varies with the inwetsvel. It can be shown from

Equation (2.25) that the total gain spectrum for an EDFA atey of cascaded EDFAS is
obtained by the gain coefficient averaged over the lengttodf | the EDFA or system.

9(\2) = g"(\) No(2) — a(A) Ny (2) (2.36)
gA) =g" M) Na—a(\) Ny (2.37)
gA) =[g"(\) +aM)N2—a(r) (2.38)

Whereg*(A) is inverted gain coefficient and the over-bars show the tatiom of the
average over the length of all the EDFs in the EDFA or commatioa link with cascaded
EDFAs. The fact thal; + N> = 1 has been used in Equation (2.38). The inversion changes
with pump power and the gain spectrum for different valuethefpump power is shown in
Figure 2.5. In case the necessary inversion level and tHeeps@avelength are not selected
properly, the gain spectrum can be highly non-uniform. Wlinenaverage inversion level is
properly selected, the gain at the wavelength near 1550 rsigmgficantly flat. The choice
of co-dopants (the composition of the erbium-doped cor®) atrongly affects the flatness
of the gain and the width of the gain spectra [77].

In WDM networks, flat gain amplifiers are required over the viengths range used in

that application. The flatness of the gain can also be endancicluding a gain-flattening

83



CHAPTER 2. GAIN DYNAMIC MODEL OF THE EDFA

filter into the EDFA. For the best performance of the EDFAs iessential to supply the light
at the wavelengths which are specified in the erbium pump $aiith adequate power to

pump the EDFA. The EDFA pump should be efficient, reliablel eampact in size.

2.6 Pump configuration

For the best conversion efficiency, it is essential to sufiyight at the correct wavelength
(the wavelengths which are specified in the erbium pump Hands adequate power to
pump the EDFA. The EDFA pump should be efficient, reliablexpensive, and compact in
size. Availability of suitable diode laser sources withta# above mentioned specifications
at wavelengths 980 and 1480 nm make the use of EDFA in opticahtunications attractive.
There are several advantages in pumping at a wavelengtloair@8ather than 1480 nm, as
discussed in Section 2.2.

We have already seen an EDFA with one type of pump configuratid-igure 1.11.
Three different pump configurations are used in EDFA desigmr®-propagating pump and
signal, a counter-propagating pump and signal, and bittire&l pumping, as shown in Fig-
ure 2.10 (a), (b), and (c) respectively. The pump configarais chosen in accordance with
the amplifier applications as discussed briefly in Secti@nl1.

The power amplifier (booster amplifier) is positioned aftex transmitter to boost the
transmitter signal. The most important parameter for poavaplifiers is maximum satu-
rated output power. The output power of an EDFA can reachra#in conditions while
experiencing strong input signal power. The output powes&urated amplifiers is directly
proportional to the pump power. Thus, the power amplifieisigned for the most efficient
conversion of pump energy into signal energy. In a singlgestmplifier, the length of the
EDF is made sufficient long in order the pump light can be cdnvempletely to signal
energy. Bidirectional pumping is the most suitable configarefor a power amplifier.

As far as small signal gain is concerned co-propagating andter-propagating pumps
produce the same gain but the total amount of pump powerfes€ift. The same gain levelin
both in the co-propagating and counter-propagating cordtguns is due to the similarity of
the ASE profile in both cases. The bidirectional pumping poas high gain at small signal

due to a different ASE profile. The preamplifier is used to iowerthe sensitivity of a direct
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Figure 2.10: Different pump configurations for a singlegst&aDFA, (a) co-propagating
pump and signal, (b) counter-propagating pump and sigoibjdirectional pump. (d) Three
energy level system used in the EDFAs amplification process.

detection receiver. The preamplifier is designed to giveveN& with high small-signal gain,
as shown in Table 2.1 [15-17]. The low NF and small-signat gan be achieved in a single
stage amplifier by using a short length of EDF and countepgugating pumping to decrease
input coupling losses. In-line amplifiers must be designétl moderate gain, high output
power, and NF in the range of 5-7 [17]. These parameters catlheved using a single
stage amplifier design. However, a long EDF is required taialhigh gain. In contrast,
a low NF is obtained by keeping a high inversion at the inpuhe Tow NF is normally
achieved using a short fibre segment [6, 77].

The two stage amplifier is the solution to achieve an effigiefine amplifier. The spec-

ification of the preamplifier is used in the design of the fitsige amplifier and booster
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[ TYPES of EDFAS| Gain (dB)| NF |

preamplifiers 20-30 | 3.5-45
booster amplifiers  5-15 5-7
In-line amplifiers 15-25 5-6.5

Table 2.1: Comparison of preamplifiers, booster amplifie$ iadine amplifiers; C-band
EDFAs produced by RED-C Optical Networking Ltd [15-17].

amplifier in the second stage. Thus, with in-line amplifiensl @n input signal at a low
level, bidirectional and counter-propagating pumps ae¢gored because the effects of ASE
become significant for long fibres. The in-line amplifiers fmng haul systems are often
of short fibre length to achieve a low noise system as merdiabeve, and it requires the
saturated condition for power self-regulation [6, 8]. Whiea signal is strong enough com-
pared to the ASE, the pump configuration is not really an i$suthe in-line amplifier. In
this thesis the single stage in-line amplifier is used foegtigation of the power transient
phenomenon. The lengths of doped-fibre and their geometisesnfluence design consid-

erations for low noise, high output in-line power amplifig@s77].

2.7 Fibre lengths and geometries

In the case of in-line amplifiers, which have been used inttiesis for wavelength routed
WDM optical networks, the required performance charadiessre moderate gain in the
range of 15-25 dB, high output powers (typically 20 dBm for 4@ruiel WDM system) and
operating in saturation condition (saturation power adéd 22 dBm [15]), and the NF in
the range of 5-7 dB [16]. It is mentioned in the literaturettias difficult to optimise all
three parameters (gain, output power and NF) simultangaisshg a single stage design.
For instance, high gain is obtained by using a long segmeatiofim-doped fibre. In com-
parison, the best NF is achieved by maintaining a high imverat the input and is usually
best achieved with a short segment of EDF [77]. A moderate é&tioal Aperture (NA) and
short fibre lengths are suitable for a typical long haul melamplifier application as demon-
strated in [18]. Thus, high NA in-line amplifiers suffer framgher background losses that
affect conversion efficiency. The NF will increase as thekigaound losses increase. The
optical signal-to-noise ratio must be in an acceptabld g6 -13.6 dB) during transmis-

sion [6, 98].
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The numerical aperture, is defined as: Nﬁl(—):\/ngore— ngladdmgwhich is the sine of the
maximum acceptable angle of an incident beam with respeicetfibre axis (considering the
launch from air into the corely is refractive index of air. The NA also quantifies the stréngt
of guidance, typical values are of the order of 0.1 for sirglade fibres, even though actual
values vary over a relatively large range. For example elangde area single mode fibres
can have low values of NA, below 0.05, whereas some raré-eaged fibres have values
of 0.3 and higher to get high gain efficiency. NA values aroQridare typical for multimode
fibres. The sensitivity of a fibre to bend losses strongly disties with increasing NA,

which causes strong confinement of the mode field in the c&r©B].
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Figure 2.11: The output power of C-band (green) and gaineshi€-band (red) EDFAs as
a function of time, the output power differences are sigaiftadue to the differences in the
core radius and overlap factors, the gain-shifted C-bandak&s modelled by the variation
in geometry parameters of the C-band EDFA.

The transient phenomena in multi-wavelength routed WDM nét&/become more ob-
vious and increase the degradation of the signal-to-naise at the receiver, especially as
the number of cascaded EDFAs increase, as discussed inhragptec. Figures 2.7 and 2.8
show the effect of fibre length on the EDFA gain performance EOF length of 20 meters
and ion population of 0.7x®8 ionsi? are used in this research for investigating EDFA per-
formance. In the C-band amplifier, the EDF cross-section anglaoverlap factors of both

signal and pump are 3.46810 12 n?, 0.0926, 0.1204 respectively and in gain-shifted C-
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band amplifiers, the EDF cross-section area and overlapr&alobth of signal and pump are
1.574x 1012 n?, 0.40, 0.64 respectively. The radii of the cores for C-bartigain-shifted
C-band are, respectively, 0.7080 ¢ m, and 3.461x10°® m. The geometry parameters
used as the basis for modelling an EDFA were mentioned wHerrirgg to the gain-shifted
C-band EDFA.

Figure 2.11 shows the output power variations in the satmraegime versus time. The
differences in the output power is due to differences in thengetry parameters of the fibre
which is used for the modelling of C-band and gain-shifted @ebaDFAs.

2.8 EDFA effects on the dynamic phenomena in optical net-
works

The dynamic aspects of wavelength routed WDM optical netwarie related to variations
of the power at each wavelength or in the number of wavelengththe network. The
investigation of the dynamic phenomena is related to the/orét performance analysis. In
optical networks, the EDFAs are operating in gain satunatibhe gain saturation can be
obtained, for constant pump power, by changing the totaltippwer. Thus, when the input
power varies, either by changes in the number of channelg gatations in channel input
power, variation of the output power of all amplified chamsnetcurs until re-balance can
be reached between the absorption and emission procedsesmE between the previous
balance and new balance is specified by a transient periodyaramnic variation in optical
power, and is referred to as an optical power transient. ateeat which the EDFA gain
changes during the transient period is determined by balsplontaneous lifetime of the
metastable state and the total amount of saturated outpugrpolhe transient periods of
gain saturation and recovery were found to be, in the eanpgpef EDFA development,
a few hundredus [56, 100]. The effective transient period of multichanDM optical
networks, which are characterised by high output poweesspecified by tens qfs [101].
One of the major advantages of an EDFA is the absence of chtmmnel crosstalk among
WDM channels by the signal modulation. Thus, the gain of th&&3 not affected by the
signal modulation in high speed data transmission ratesaofev Mbit/s. This is the reason

for using steady state EDFA models to describe high speedidatsmission systems [102].
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Research and development has been concerned with the quiwgal transient effects
since the early stages of EDFA applications in optical net&d103]. In point-to-point
links of the network, the power transient can be as high asdred milliwatts. When the
system has been switched-on (including a pump source) fdnike wf the input signal is
instantaneously applied to the link, then a high transiemtgy occurs which may damage
electrical components in the receiver or optical companentthe link. Transient power also
occurs at system restart after a failure of the link cable.

The power transient phenomena have been characterised Intdrnational Telecom-
munication Union (ITU) Recommendation G.663. This docunsgecifies the minimiza-
tion methods of the optical power transient or surge phemanie the network link using
EDFAs, such as the pump power must be reduced or switchedhafh any signal failure
is observed, and that after the signal channel become bigithe restart of the pump laser
must be performed gradually [104]. Transient phenomenébeavery significant in wide-
area optical networks such as long-haul submarine systenesefore, a lot of research has
been done to mitigate the effect of the transient phenomewavelength routed WDM net-
works using EDFASs, a brief review of protection schemes of Wbdtworks is presented in
Section 1.9.

Regarding the dynamic behaviour of the EDFA in an optical weavgth routed network,
the optical power traversing the cascaded EDFAs in the littkvary according to system
management requirements. For example, in channel recoafiigy, adding a new wave-
length during network expansion or dropping of wavelengtbeng link failure. These
events affect the total power input to the link because, valength routed WDM networks,
the wavelengths from each input link are distributed by OX@d &ADM (as discussed in
Chapter 1) to different output links according to the rouiimgrmation. Power transients in
a network link with cascaded EDFAs will induce transientghia remaining channels in the
link [105]. Analysis shows that the speed of evolution ofplogver transients at the output of
cascaded EDFAs is a multiple of the output of the single EDE&mnputations for an optical
link with cascaded EDFAs showed that for the loss of a largaber of channels, the power
of surviving channels can alter by 1 dB within a time duratdéri00 ns [106].

Moreover, in packet-switched optical networks, if the petdkaffic is directly fed into

the specified wavelengths, then this can result in variatighe total power applied to each
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fibre link. Thus, cross-gain saturation can induce effettshannels similar to the transient
phenomena of circuit switched networks resulted from ckaaddition or dropping [107—
109]. The numerical and statistical analysis of burstyfizag the main research topic of
this thesis. Services of the optical network, such as gidgathiernet local area networks,
multimedia, applications of variable bit rate video haverméound to be associated with
variable traffic behaviour [110]. The investigation hasigadled that the variation increases
substantially with packet interval times [111, 112], andtttihe traffic characteristic is self-
similar in these networks [112]. Increased variability guoes self-similarity, thus longer
intervals of higher or lower input power are more likely tgopan, this gives time for an
EDFA to achieve very different gain values or cause outpwgzaswings [113,114]. The
power swing at the output of each surviving channel, due asssaturation effects in the
amplifiers, deteriorates the quality performance of thenokés through four conditions or
mechanisms when channel loading varies in the network.links

First, dropping of wavelengths during link failure, increases gower in the optical
link. This power increase in the link, introduces problerhegtical nonlinearity. There are
five main optical nonlinear effects that can deterioratepitogagating signals in the optical
networks: SBS, SRS, SPM, XPM and FWM. These five non-linear tsfiee discussed in
more detail in Section 1.7.7. The impact of these five noaliredgfects on the WDM optical
network performance manifest themselves in four diffeveays.

Second network reconfigurations when system expansion is dentamas require the
addition of some channels, the optical power at the receaprbe reduced during the tran-
sient period which results from channel addition, which {dancrease the noise level. If
the signal power at the receiver is lower than the receivesigeity, bit-error rate would
strongly deteriorate [52].

Third , the power swings during the transient period may causeideton of optical
SNR due to the change of inversion level, and also the chamgmin spectrum during
transient phenomena [52].

Fourth, the power swings during the transient period at the recenay require fast
optimization techniques for the receiver threshold powes, might be problematic for par-
ticular receivers [52].

For the analysis of the effects of the EDFA power transient$«bM network perfor-
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mance, it is essential to implement the dynamic models J2atid (2.21) mentioned in Sec-
tions 2.3, and 2.4. The numerical simulation techniques frseaccurate implementation

of the gain dynamic models are discussed in Section 2.9.

2.9 Numerical simulation techniques

We mentioned that the gain dynamics behaviour of an EDFA idethed by a single ODE
which was derived by Sun [74, 75, 86]. There are many numenigdhods for solving
ODEs, such as Euler an'4rder Runge-Kutta schemes [115-117]. The latter is appfied i

this thesis. An ODE with a specified initial value is reprdsern the form,

dG

T f(t,G), (2.39)
o<t <T,
G(tg) = Go (2.40)

Where G(t) is a function of time and f(t,G) is a function depegdn time and gain. The
independent variablievaries fromtg to Teng and the initial value foG att = tg is denoted by
Go. Thus, we are trying to find the approximate solution for Gftgertain values of times
to < t1 <,....< tn = Teng for positive integer N. If we denote by, the approximate solution
to G(t), k=0, 1, 2,..., N, at = t, while theGg is the initial value obtained by Bisection or
Newtonian methods applied to the transcendental nonlemaations obtained at steady state
conditions of the model [118]. The main aim of numerical nogihis to obtain the values
G1, Gz,...GN, Which approximate the exact valu€st;), G(t2),..., andG(ty) respectively.
One method to approximate the derivative dG/dt attg #s by a finite difference Gy 1 -
Gk)/hy, wherehy =ty ;1 - ty is called the grid size, this is because the derivative isifipd

as the limit of difference quotients:

(dG) _ IimhKHOG(tk—‘rl) - G(tk) (241)
=ty

dt hy
Where hy is the grid size, and the smaller the valuéhpthe more accurate the expected

results, providing there is no numerical instability. EGoia (2.39) can be written as:

Gkr1— Gk

dG
— (E)t:tk = f(t, G(ty)) ~ f (ty, Gy) (2.42)
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Equation (2.42) leads to solution by what is called Exglicit Euler method:

Gk+1 = Gk + hy f (tk, Gk) (2.43)

The initial value of G is given a&g at t =tp, thenG; can be obtained from the formula
with k = 0. Then we obtai; usingG; with k = 1. This procedure can be applied iteratively
until Gy is obtained. The equally spaced points are mostly usedrfglgiity, that is,tx = tg
+ k*h, k=0,1,...,N, with grid size h =Tgng - to)/N. The error is obtained by subtraction of the
accurate result which is produced by solving the functioalitally, and the approximate
result which is obtained by solving function numericallyL§l.

There are some other methods that can provide greatenttadich as second-order or

fourth-order Runge-Kutta methods as shown in Equations 24 2.45 respectively;

Gki1=0Cx+ (F1+F2)/2, (2.44)
F1=hef(t,Gx),
F2=hgf(tx 1,6k +F1).

Gui1= G+ (F1+2F2+ 2F3+F4)/6, (2.45)
F1=hyf(t,Gy),
F2 = hf (t+h /2, G +F1/2),
F3 = hf(t+h/2, G +F2/2),
F4 = hyf (i1, G+ F3).

It is shown that the error factor between the analytical tsmtuand the numerical so-
lution from second-order Runge-Kutta (2.44) is proportidnah?, second-order accuracy,
while the error from Equation (2.45) is proportional i, fourth-order accuracy with the
proportionality value depending on higher order deriediwf the analytical solution. In
comparison Euler's method has an accuracy proportiondl fast-order accuracy [116].
The fourth-order Runge-Kutta is preferred for its accurany ia used in the numerical sim-
ulation of the ODE used to model the dynamic behaviour of tb&A An example of this

fourth-order Runge-Kutta scheme is shown in Appendix B.6.
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There are many iterative methods for the implementatiorrariscendental nonlinear
equations such as Newtonian or Bisection algorithms foridnog steady-state values for
the model. This is performed by assigning dG(t)/dt = 0. Thes&isn iteratively obtains
a value oft for nonlinear equation f(t) = 0 in a given interva,[teng). If f is a continuous
function on [y, tengl, and f¢o) and fteng) have values of opposite sign, then the Intermediate
Value Theorem promises that there is at least onerao{tg, tengl such that f(r) = 0. The
aim from this iterative method is to find a sequence of numprissuch thatr, becomes
very close to a root whenn — oo,

The Bisection method assumes that a functiois continuous ontj, teng and fo)f(teng)
< 0. First, in this method, the value of middle potpiq = (to + teng)/2 is computed, then
verify that fto)f(tmig) < 0. If it is true, thenf must have root in the intervalp| tmig]. If it
is false therf must have root in the intervalyfig, tengl. Wherever the root is, that interval
must be renamedy], tengl but the size is reduced by half. Then this procedure is rtepea
until [teng, to] or f(tmig) is small, the value off,,iq is chosen as the approximate root solution
of f. The Bisection method is chosen for implementation in thesithas demonstrated by

the example in Appendix B.7.

2.10 Summary

In this chapter, the amplification process in EDFAs is ex@di The amplification mecha-
nism is stimulated emission, but in this case the populatieersion is achieved by optical
pumping. During this process, pump photons raise electimmexcited states which exist
at higher energy levels. This configuration is known as theetfievel atomic system. It is
the atomic energy level structure that provides the EDFAhie ideal characteristics for
optical networks.

The gain dynamics behaviour of EDFAs are determined using@ehwhich is a sin-
gle ODE, developed by Sun and Zyskind [74]. The extensiomisfrnodel to include the
ASE power is also developed and implemented to investigpat®ENR performance in both
circuit-switched and ATM-IP networks. It is essential forderstanding of each term in the
gain dynamic models, to review briefly properties such ags,gg@ain spectrum, transmis-

sion impairments, etc. For the best conversion efficieriag, @ssential to supply the light
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at the wavelengths which are specified in the erbium pump $aiiith adequate power to
pump the EDFA. The EDFA pump should be reliable, inexpensae compact in size.

Pumping specifications at wavelengths 980 and 1480 nm makesth of EDFAs in optical

communications attractive. Three different pump configars are used in EDFA designs,
a co-propagating pump, a counter-propagating pump, amebichnal pumping. The pump
configuration is chosen in accordance with the amplifieriappbns.

The effects of geometric parameters in developing diffelEFAs by choosing different
EDF lengths, numerical apertures, ion populations andlaydactors for pump or signal
wavelengths have been explained. The geometric parame&esused as the basis for
modelling the gain-shifted EDFA which is referred to as gstifted C-band EDFA. This
gain-shifted C-band EDFA is used in this thesis for studyireggower transients phenomena
in circuit and packet switched networks.

The EDFA effects on the dynamic phenomena in optical netsvar& discussed. Regard-
ing the dynamic behaviour of the EDFA in an optical wavelérrguted network, the optical
power traversing the cascaded EDFA in the link may vary afingrto the system man-
agement requirements. For example, in channel reconfigaratdding a new wavelength
during network expansion or dropping of wavelengths dulimig failure. These events af-
fect the total power input to the link. In a network link witscaded EDFAs, increase or
decrease in input power induces power transients in theinemgachannels in the link.

Finally, in this thesis, a 4th order Runge-Kutta numericathrod is applied for solving
the single ODE for gain dynamics. This numerical technicgieised for developing the

simulators of the self-saturated and non-self-saturaf®eaAs.
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Chapter 3

EDFA power transient phenomena in

circuit-switched networks

3.1 Introduction

EDFAs have appeared as a key enabling component in optivabries because they possess
features (illustrated in Chapters 1 and 2) of high gain overgel range of wavelengths, low
intrinsic losses, and long fluorescence time. Due to thig Ruorescence time high-speed
WDM point to point links do not experience the cross-gain iston typical of networks
employing semiconductor optical amplifiers. Recently, hasvethere has been substantial
research effort into the investigation of the EDFA's tramsiresponse when reconfiguration
adds or drops one or several wavelength channels in WDM tisgutched and packet-
switched networks [56, 74,97,100,101, 105,107, 119].

This chapter reviews the characteristics of EDFAs in theetdomain. Firstly, the be-
haviour of the power transient, corresponds to the gain mhjece of the EDFA, and has
consequences for performance of wavelength routed WDM nkswvé&econdly, issues re-
lated to the amplification of bursty traffic in a form of shorlges when the EDFA is in
the saturated gain regime are discussed in Chapters 4 andebdigdussion of other time
domain effects, which are relevant to different regimesiobgeconds, femtoseconds, and
soliton pulse amplification, which involve fibre dispers@amd nonlinearity, are beyond the

scope of this thesis. The most important characteristicfAS, as mentioned earlier, in
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WDM networks, is slow gain dynamics, i.e. the saturation abgaristic and recovery times
are typically in the range between 1to 1 ms. As a result, EDFAs possess intrinsic im-
munity to the effects of cross talk at high data rates, as shovthis chapter and as shown
in [6,78,79,96]. In this chapter, numerical simulation isgented with critical analysis of

the gain dynamics of EDFAs in circuit switched WDM networks.

3.2 Verification of the model

The following section involves the verification of the dynamrmodel on which this thesis
focuses. The verification of the model has been done throsgh @ numerical simulations
of the model; firstly, the numerical simulation of the sumiy channels power transient for
either the loss or addition of 1 to 7 channels out of 8 WDM chénimea single EDFA and

cascaded EDFAs, secondly computing the time delay and maignof the rate of power
transients for surviving channels to reach 1 dB after dnogpir adding 4 channels out of 8

WDM channels in a single EDFA and a chain of EDFAs.

3.2.1 Numerical simulation parameters

Research by Sun et al [74] produced a dynamic model of the EBBAnentioned earlier,
the single ordinary differential equation of the EDFA dynamodel shown in Chapter 2
is used to simulate the time-dependent EDFA gain and optigiut power. Validation of
the model used in this thesis was performed using extensineerical simulations. There
exists good agreement between the results of these nuingnuaations and the original
model [74], through the implementation of the single sta@d-&, as shown in Figure 3.1
with eight WDM channels, the same configuration as used in iggnal model. The eight
wavelengths of the channels were chosen based on the sagaifgcof the Multi-wavelength
Optical Networking (MONET) project [120], which was apmlién the original model as
well. The wavelengths are shown in Table 3.1. Increasingléareasing) the number of
channels requires only the addition (or subtraction) ofiaten the right hand side (RHS) of
the model. The pump channel is labelled as the first chani@im’s model. The input signal
power to each channel is -2 dBm (0.63 mW), the EDF length is 20me.BHDF has a spon-
taneous lifetime of 10.5 ms, input signal power to the pumgnael is 18.13dBm (65mW),
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the remaining simulation parameters are shown in Table Btie geometrical parameters
are as shown in Table 3.2. The so-called “Giles” parameterssist of absorption and emis-
sion cross-sections. These parameters are used for thgonwf C-band and gain-shifted
C-band EDFAs, and are also shown in the curves of absorptidemssion coefficient ver-
sus wavelength in Figure 2.3. The “Giles” parameters argigea by Highwave Optical

Technologies [10].

EDFA1

Figure 3.1: The EDFA simulation circuit layout.

| Parameters| ChO| Chl | Ch2 | Ch3 | Ch4 | Ch5 | Ch6 | Ch7 | Ch8 |
Ak(nm) 980 | 1549.2| 1550.8| 1552.4| 1554.0| 1555.6| 1557.2| 1558.8| 1560.4
Gk(m_l) 0.26] 0.1582| 0.1510| 0.1445| 0.1394| 0.1335| 0.1277| 0.1212| 0.1134
hUPl'(S(mW) 0.83] 0.3394| 0.3482| 0.3562| 0.3621| 0.3694| 0.3778| 0.3903| 0.4068

Table 3.1: C-band EDFA simulation parameters.

| TYPES | Dm) | A(M) | Tp | Ts [1(ms)|N(ons/m’) [ NA |
C-band 1.42x10° | 1.5742x10%% | 0.1204| 0.0926] 10.5 | 0.7x16°> |0.21
g-s C-band 2.1x10°® | 3.461x10%° | 0.64 | 0.4 10.0 | 0.7x1¢> |0.15

Table 3.2: C-band and gain-shifted (g-s) C-band EDFA simuaparameters, core di-
ameter (D), cross-sectional area (A), pump-overlap fa@tgy, signal-overlap factorfTs),
spontaneous-lifetimea] of the upper or metastable level, total erbium ion popateti(N) in
fibre, and numerical aperture (NA) [6, 18].

3.2.2 Numerical simulation results

Firstly, at the steady state (i.e. prior to power transidr@rmmena), the output powers for
all 8 wavelengths of the C-band EDFA were simulated and glageshown in Figure 3.2.
The saturated gains of all 8 channels as shown in the figureedneeen 10.5dB and 11dB.
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Figure 3.2: The gain of the eight channels in the network fanior to any perturbation
occuring in the WDM network.

Secondly, the saturation powd?s,;, performance was plotted for the EDFA dynamic
model. This is an important performance parameter for chdinnel systems to identify
both the input signal and the pump power which are requiredperation in the saturation
regime, see Figure 2.4. This figure illustrates saturatenmfiopmance for the probe channel
(1549.2 nm) at three different values of the pump power 40 B8\MW, and 100 mW. The
gain saturation performance was determined as the inpugligogwer was varied from -120
dBm to 60 dBm. The input signal power which is required for edwdinoel to operate the
EDFA at saturation regime at the specified pump power was atedp The output power
per channel for M identical input channels is limitedRgy/M [121,122].

The pump power was set to 65 mW at a wavelength of 980 nm. Tleeartiplifier gain
was 13 dB for all small signal input power where the curve igaight line, see Figure 3.3,
in this region which indicates an initial linear relationtywveen input signal power and output
signal power, then the curve starts to decline and the sainnaoint is at -3 dB which occurs
at a gain of 10 dB which results from the input power signaldtBm (0.63 mW). The
simulation steps mentioned above were repeated for pumemaiM0 mMW and 100 mW.
The gain and the saturation points vary for each case as sindwgure 2.4. A fourth order

Runge-Kutta technique was used for numerical simulatioh@bain dynamic model of the
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EDFA, as described in Section 2.3. The simulation run-tinas W00 ms with a time-step of

10 ps.

14 .

12

10

Saturation gain at -3dB poi
8 I input signal = 0.63 mW (-2dBm)

Gain (dB)

0 1 1 1 1 1 1 1
-120 -100 -80 -60 -40 -20 0 20 40 60

Input sighal power (dBm)

Figure 3.3: The EDFA saturated gain performance of the pdtanel of wavelength
1549.2 nm, (numerical simulation result of the non-settisgted gain dynamics model of
the EDFA, described in Section 2.3).

Thirdly, simulations were performed for square-wave psised sinusoidal input signals
to demonstrate the frequency response of the saturatiarcéadcross talk. Square-wave
pulse input signals were initially used to demonstratertdeced cross talk in the Continuous
Wave (CW) simulation. Here the same simulation technique aadlution as mentioned
earlier was used. The system for computing saturation iedlwcoss talk consists of two
signal channels which are multiplexed in the system. Tharated induced cross talk was
deduced during the amplification of the two signal chanrélst, simulation was performed
using one channel at a wavelength of 1549.2 nm operatingav@NV signal and the other
channel at a wavelength of 1550.8 nm also operating with arsgwave signal. When
the square-wave pulses at channel 2 were amplified, thenlg&dige of the output square
pulses will experience overshoot due to gain saturatiomviebr of the EDFA as shown in
Figure 3.4 (a).

The pulse decay power depends on the input pulse peak povedioas in Figure 3.4

(b) [56]. The population inversion of ions related to theh@a@hannel decreased at time 40
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ms to 40.1 ms due to the amplification of square-wave sigrdiatnel 2. This is illustrated
as the exponential decay of the probe channel output powletéevel lower than steady
state level.

Figure 3.4 (a) shows the output power of the probe channeldgaed by 21 mW (due
to existence of the square-wave pulse), this was definedeastio of the leading edge to
the trailing edge of the square-wave pulse output power.tlt@®probe channel, the decay
(transient) time is 10Qus, then recovery time is 48(s, the output power exponentially
increases in this interval by 21 mW. This gain recovery timefithe order of the reciprocal
of the pumping rate as shown in Equation (3.1). The recovengd are the same even
though the peak input power or the pulse duration are vamedulse the parameters in the
Equation (3.1) are the same [56,122,123], this will be dised in more detail in Chapter
5.

Where r is the fibre core radiuBp is pump powergp, is the absorption cross-section of the

pump, [ is the pump overlap factoryh is the photon energy of the pump [56].
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Figure 3.4: EDFA behaviour during amplification of the paded traffic which induces

cross-gain saturation in the adjacent system channelghéadputput power transients of
channel 1, CW, while the packetized traffic is amplified in ater®, (b) the output power

transients of channel 2 using the packetized traffic of ckffi€ input peak powers, 0.63, 1,
and 2 mW.

The second simulation was performed using identical patenmiand the procedure de-

scribed above while the saturating square-wave signal iispsubstituted by a sinusoidal
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signal. Amplification of the sinusoidal signal causes denaie output power of the probe
channel. The dynamics of the population inversion and ewmln of the cross talk can be
deduced from the transient response of the EDFA. The sidaksignal was used to com-
pute the frequency response of the saturated induced al&ss the amplified probe signal.

Figure 3.5 shows the peak-to-peak modulation of the prajreasinormalised to the probe’s
average power. The corner frequency at which the resporggeshi® decrease is 1500 Hz
(gain-shifted C-band (red line)). At frequencies greatanthO kHz, steady-state gain com-
pression occurred, as the slow response of the EDFAs ptipalaversion removed any

high-frequency modulation of the EDFA's gain.

4 T T T
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Figure 3.5: The EDFA gain modulation response during sildagsignal amplification as a
function of the modulation frequency, numerical simulatiesult of the EDFA self-saturated
gain dynamic model of the gain-shifted C-band (red) and C-lfgreen) (described in Sec-
tion 2.4).

We simulated the transient response of the C-band EDFA cdnyseatiation of the input
power of the EDFA due to dropping or adding of input channélditferent wavelength.
The transient response refers to power transient magné@ondehe duration of the power
transient and its recovery time. If the output power at tleady state is denoted by p(0)
and the transient output power is denoted by p(t), then gt} is the transient power and
the time required for variation from p(0) to p(t) is the povikansient time, while the time

required for the output power to restore its original valueeturn to steady state level (i.e.

101



CHAPTER 3. TRANSIENT PHENOMENA IN CIRCUIFSWITCHED NETWORKS

from p(t) to p(0)) is denoted by the power transient recodene. The output power, p(t),
varies from max(p(t)) to min(p(t)) depending on the loss @digon of input power to the
EDFA. Figure 3.6 shows the power transient in the probe cblasfrwavelength 1549.2 nm
after 1 to 7 channels are dropped at 60 ms and then 1 to 7 clseameehdded at 80 ms. The
terms which are used to study and compare the power transrentesponse of the EDFA,
firstly, the 1 dB rise- or increase-time in the power transie@sponse refers to the time it
takes for the power transient of the surviving channels tmbeeased by 1 dB after at least
one channel has been dropped. Similarly, the term 1 dB falitegrease-time refers to the
time it takes for the power transient of the surviving chdsre be reduced by 1 dB from
the peak value after at least one channel has been addedexistiag channels. Secondly,
the rate of the transient power or gain refers to the ratiovbeh the transient power or gain

magnitude of 1 dB and the 1 dB increase- or decrease-time.

_...Seven-channel-dropped/added

Six-channel-dropped/added =

Five-channel-dropped/added

Power transient (dB)

- Four-channel-dropped/added .

N W H (3] o ~ oo} ©
T

................ Three-channel-dropped/added

Two-channel-dropped/added
One-channel-dropped/added

0 1 1 1
0.06 0.065 0.07 0.075 0.08

Time (s)

—h
T

Figure 3.6: The power transients while 1 to 7 channels arppd at 60 ms and 1 to 7
channels are added at 80 ms of the simulation run-time.

The term input power ratio is used in this thesis. This terfareeto the ratio between the
input power of the lost or added channels and the total inpwigp of the EDFA before the
power transient occurs. In Figure 3.7, when one channel wagspéd the total output power
transient was 1.132 dB corresponding to an input power cdtid25, the time required by

the power transient to reach 1 dB was 12fs] and the rate of power transient was 0.0082
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dB/us. When six channels were dropped the total power transiergspnnding to an input
power ratio of 0.75 was 5.51 dB, the time needed by the powesigat to reach 1 dB was
17.3ps, and the rate of power transient was 0.0578.4B/

The power transient is small and the rate is slow when a smagigstion of total input

power is lost, the power transient and the rate increasen wharger value of the total input

power is lost.
ONE channel dropped ———
12 - TWO channels dropped - g
THREE channels dropped -
10 - FOUR channels dropped - |
) FIVE channels dropped ------
) SIX channels dropped ------
= g [SEVEN channels dropped «—: . ...coommmmm]
2 _
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Figure 3.7: The power transients of the surviving channeéstd the loss of 1 to 7 channels
out of 8 WDM channels in a single EDFA, this figure shows thequewhen channels are
dropped at 60 ms, see Figure 3.6.

Another example is shown in Figure 3.8, we incrementallyealdcthannels to the link, up
to the full target of 8 channels which were originally in thystem. The power transient was
4.42 dB corresponding to a total input power ratio of 0.2%l @re time needed by the power
transient to decrease 1 dB was <2 the rate of the power transient at the input power ratio
of 0.25 was 0.1219 dB&. When the power transient was 7.7 dB corresponding to a total
input power ratio of 0.75, and the time required by the powaangient to fall 1 dB was 2.26
ps, and the rate of the power transient at the input power o&tlo75 was 0.4424 digs. The
simulation results in Table 3.3 show that there is a goodeagest with the original model’s
simulation results reported in [119]. The small differebeédween our numerical simulation
results and the results reported in the literature is sinoplg to the values of parameters

used in the simulation model, such as Giles parameters andejac parameters shown in
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Figure 3.8: The power transients of surviving channels duke addition of 1 to 7 channels
to 8 WDM channels in a single EDFA, this figure shows the peribeémvchannels are added
at 80 ms, see Figure 3.6.

Table 3.2.

In pUtr%(t)ivc\)l 1d rii%ee A— Ptrrizsiﬁsient 1d Btf%”e A— Ptfrg::sient Ch-no
Ratio HS dB s dB Num.

0.125 NA NA NA NA 1

0.25 122.1 1.132 8.2 4.42 2

0.375 50.1 1.86 6.02 5.57 3

0.5 32.6 2.72 4.71 6.46 4

0.625 25.9 3.89 3.6 7.16 5

0.75 17.3 5.51 2.26 7.7 6

0.88 13.8 8.2 1.12 8.3 7

Table 3.3: Simulation results of C-band EDFA.

The results plotted in Figures 3.6 to 3.8 indicate that wiess than half of the channels
are dropped, the power transients are less than 2 dB. Thes p@msients are identical
with the power transients obtained in the numerical sinmiaand the analytical results of
the original model [119].

For further verification of the model, the power transienthia probe channel and the
related saturation-factors are plotted from our simutatiesults after 1 to 7 channels out

of 8 WDM channels were dropped, as shown in Figure 3.9. ThergHarare dropped in
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order of descending wavelength in the optical network. Tmmtila used for computing the
saturation factor in the numerical simulation is given inugtion (3.2) and these results show

a good agreement when compared with the saturation fadttie original model [119].

N pin N pout
y=-— ;PI_'S exp(Giol) = ;ﬁ (3.2)
PP (t) = R exp(Gi(t)L) (3.3)

WhereP" andP°! are the input and the output power in the WDM network system re-
spectively.F’i'S andG;g are the intrinsic saturation power and the gain at steaatg-s¢spec-
tively, where L is the length of EDF of the EDFA. It is also pitds to define the saturation
factor in terms of the spontaneous lifetime of the upperlleyeand effective upper level
lifetime, Te, as shown in Equation 3.4. The effective upper level lifetimg, is the effective

decay time of the upper level averaged over the EDF lengt®][11

T
RV
Where the saturation factoy, or alternatively the effective upper level lifetime,, is

Te (3.4)

used as a fitting parameter to obtain best fit with experinieéatalts as mentioned in the
original model [119].

Verification of the original model results was also achiewdgbn saturation factor was
plotted against the number of channels dropped. Figurel®@sthe saturation factor cal-
culated using Equation (3.2) when less than a quarter ottaerels were dropped. The total
power transient of the surviving channels is small and ttieraton factor is large, whilst
the total power transient is high and saturation factor ialswhen more than three quarters
of the channels are dropped. In other words, if more systeanredls are dropped simulta-
neously, the total input power decreases as does the satufattor. Then the total power
transient of the survived channels increases. These cderesnstrate agreement with the
original model [119].

Figure 3.10 (a) shows that the profile of the power transientee networks link with
EDFAs is similar to the profile of intrinsic saturation povaéithe EDFA which is calculated

using Equation (2.33). Figures 3.9 and 3.10 (b) show thaptbiles of the power transients
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Figure 3.9: The saturation factor and the power transientiseoEDFA total output power
after the loss of 1 to 7 channels out of 8 WDM channels.
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Figure 3.10: (a) The intrinsic saturation power and the pdreasients after the loss of 1 to 7
channels out of 8 WDM channels. (b) The saturation factor hadhtrinsic saturation power
after the loss of 1 to 7 channels out of 8 WDM channels. Thesanpeters are obtained for
EDFA total output power.

and the intrinsic saturation power in the networks link vEIDFAS are the inverse of the pro-
file of saturation power factor of the EDFA calculated by Boa(3.2), since the intrinsic

saturation power is a term in the denominator of the Equd8az).
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3.2.3 Analysis of numerical simulation results

From the simulation results mentioned in Section 3.2.2ait be concluded which of the
tested parameter variations; input power (lost or addedrutia), and/or wavelengths, af-
fect the speed of the EDFA response. The simulation rest@ilEsgures 3.7 and 3.8 are
used for computing the effect of the input power on a 1 dB iasee or decrease-time in
addition to the effect of input power on the total output powansient of the surviving
channels. The increase-time, decrease-time and totalrgoavesient performances versus
the dropped/added channels wavelength are shown in Figlifiea®d the increase-time,
decrease-time and total power transient versus the tqiat power ratio are shown in Fig-
ure 3.12. As mentioned earlier, there is good matching wiéhdriginal model [119] used
in this thesis for studying the transient response of the A& Qe slope or rate in ds of
the power transient is proportional to the value of the poless or addition. Thus, the 1
dB increase-time or decrease-time becomes smaller astihefthe input power increases,
as shown in Figure 3.12, this indicates that both the rateoafep transient and the magni-
tude of the power transient increase as the ratios of thet jppwer increase, as shown in

Figure 3.12.
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Figure 3.11: 1 dB increase-time, 1 dB decrease-time of tted pmwer transients and the
total power transients versus the dropped and added ingndlsivavelengths.

Figure 3.11 shows the 1 dB increase-time and decrease-firtiee surviving channel
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Figure 3.12: 1 dB increase-time, decrease-time of the pmwaler transients, and the total
power transient versus different ratios of the total inpawer.

versus the various surviving channel wavelengths as @tuifrom the numerical simula-
tion results. For example, it is seen that the 1 dB incremse-for a wavelength of 1557.2
nm is 50.1us, whilst the 1 dB increase time for a wavelength of 1550.8&8i8us. There-
fore, the increase/decrease-time in the channel with aleagth of 1550.8 nm is more than
three times faster than for the channel with a wavelengttbb¥712 nm. In another example,
it is seen that the 1 dB decrease-time for a wavelength of .25%m is 6.02us, whilst the
1 dB decrease-time for a wavelength of 1550.8 nm is 142 Therefore, the channel of
wavelength 1550.8 nm is more than five times faster than aiarfinvavelength 1557.2 nm.
It can be seen by differentiating the equation of the sedewel population inversion
(N2), shown in Chapter 2, that the power transient depends ondhdysstate inversion and
the sum of the absorption and emission constants. The vélsteady state inversion is of
the order of a few percent for different surviving channdlsus, the sum of the absorption
and emission constants, is more than two hundred percemerhig the 1550.8 nm domain
than itis in the 1557.2 nm and this is the reason for the oleskr@sponses. In other words,
as the channel wavelengths are dropped in descending dngeamplification of EDFA
is wavelength dependent. Thus, the 1 dB increase-time oedse-time increases as the

wavelength of the channel dropped increases, as shown uré~Rj11. The total power
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transient decreases as the magnitude of the channel wgtliekbat is dropped increases.

In both Figures 3.12 and 3.11, the 1 dB decrease-times arkesitiean 1 dB increase-
times because the gain of EDFA prior to restoration of thaiirghannel is larger than it
is before its subtraction. Adding the input channel at tighar gain creates a larger value
for the difference between the output and the input photanbars, according to the gain
dynamic model equation, the change in the averaged populswersion will be higher. In
other words, the fast dynamics shown in the channel sigrdilpadcess are related to the
time it uses the added channel signal to deplete the exatexl iOne signal photon can
'eat’ many excited ions in the stimulated avalanche prqoa@ess hence it is enough to have a

relatively weaker channel signal to have much faster sysiygmamics.

3.3 Transient phenomenain WDM networks using cascaded

EDFAs

In this section, we use the same simulation parameters amaation techniques for in-
vestigating power transient phenomena as in the netwokkdfra single EDFA, only the
simulation resolution has been modified fromi0to 2us in order to have clear resolution
in the overshoot peak region. The cascaded EDFA diagramhwigsed for studying tran-
sient phenomena in WDM networks is shown in Figure 3.13. Tlenpmena of fast power
transients in cascaded EDFA was investigated by Sun et &) [0®&]. Figure 3.14 shows the
effect of dropped channels on the surviving channel powardascaded EDFA. When 4 out
of 8 WDM channels are dropped, the output of each EDFA in thedimps from 64 mW
to 34 mW, a power drop of 30 mW. The power in the surviving clerthen increases to
almost twice the original channel power to conserve theratad EDFA output power. The
consequence of the effect of the collective performancehains of EDFAs is fast power
transients at the output of the link.

The output of the first EDFA is used as an input to the secondAE=after it has been
attenuated by a span loss of 11 dB, due to using SMF fibre ofhes@km and attenuation
coefficient of 0.22 dB/km [13, 14]. Both the output power of thetfEDFA and the output
power of the second EDFA increases with time. The output pafvthe second EDFA has

a higher rate of increase than the first EDFA. The increaseeamumber of EDFASs in the
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Figure 3.13: Cascaded EDFA model for simulation. Span lersgB0 km which causes the
span loss of 11 dB by using SMF fibre of attenuation coeffidle®? dB/km [13, 14]

chain results in faster transients. To avoid performanteraeation in a large-scale WDM
optical network, power transient of the surviving chanmeisst be limited to certain values

depending on the system receiver threshold.
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Figure 3.14: The total output power transients at the oudptlte second to twentieth EDFAs
after 4 channels dropped out of 8 WDM channels at simulatiorime of 50 ms.

The power transient response of a chain of the EDFAs can ldedivnto three regions.
The first region is called the initial transient and recovegion, the second region known
as the intermediate oscillation region, and the third teady-state region, see Figure 3.14.
In the initial transient and recovery region, the gain of E2FA increases linearly with
time and the output power increases at a rate proportionddemumber of EDFAs. The
time of the power transient after the loss of 4 out of 8 WDM chasrior the surviving

channels to reach 1 dB is as shown in Figure 3.15. The grathemtershoot peak power
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Figure 3.15: 1 dB increase-time and the rate of 1 dB incréiase-of the power transients
for surviving channels after the loss of 4 channels out of 8 Wehdnnels.

and rate of a 1 dB power transient in the initial transientaeg@tfter dropping 4 of 8 WDM
channels is as shown in Figure 3.16. We make the assumpataltiEDFAs are operating
in identical conditions, and the rate of change of the gaimaah EDFA is the same, and it
is proportional to the total input power dropped. The rat@aiver transient is plotted in
Figure 3.16, it shows that both the rate and the reciproctihed-delay to peak overshoot
power increase linearly with the number of EDFAs in the links

In the intermediate region or second region, an overshdke s@an be detected in the
second EDFA in the link as clearly shown in Figures 3.14. Tist Gvershoot peak is the
maximum power transient, since the oscillation peaks thpear subsequently are smaller
than the first peak. From the numerical simulation result&/bM networks with M EDFAs,
the time to reach the peak is shown to be inversely propatitmM, and the rate to the
peak is proportional to (M-1). This indicates that the olierst peaks are controlled by two
main parameters, the operating condition of the EDFAs aaditbpped signal power. The
specifications in the initial transient and oscillationicets can be used to predict the power
transients in large scale optical networks. The same dismuss applied to the case of 4
channels added to the existing system channels to reaclarthiet of 8 channels in a link

with a chain of EDFAs.
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Figure 3.16: The gradient to overshoot peak power and tleeofet dB increase-time of the
power transients after dropping 4 out of 8 WDM channels.

3.4 Assumptions and limits of the adopted EDFA model

The model which is used for our simulation and shows agre&weith the original model
of Sun et al [74], is valid under a number of assumptions:

First, the three Stark split energy bands shown in Figure &4 responsible for the
amplification process using pump wavelengths of 980 nm a&@ t4n. For 1480 nm two
energy levels are related with the amplification processethree energy levels are involved
with the 980 nm pumping wavelength. The 1480 nm pumping vesngth behaves as two
levels due to the fast thermalisation process that takee pléhin each energy band. Using
two energy levels is a good assumption, since the pumpiedgg#éss than 1 W in the EDFA.
This is due to the small life time of approximately4 of the energy level 3 [78].

Second, the excited state absorption is neglected. Théedxsiate absorption affects
the pump absorption along the fibre. The effect of erbium iaim-imduced quenching is
also neglected since the effect is not powerful in the comation levels ofEr3* that are
used in the EDFA [124]. The fibre background impurity lossapproximately 5 dB/km, is
also neglected, because the EDFA fibre length is less than [B@]nThe fibre background

impurity loss assumption is not applicable for L-band affiigais, which is specified for fibre
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of length more than 100 m [125]. The polarisation dependait (°PDG) is also neglected.
This phenomenon is due to the spatial asymmetry of the speats emission and absorp-
tion cross-sections of the erbium ion in its glass host. Th& Rffect is significant when the
polarisation of the pump and signal fields are orthogonalaradhigh power. In the single
EDFA in the link in the networks, PDG can produce measureragot of few tenths of a
dB. In cascaded EDFAs link, PDG can produce time dependenalsilyictuations, which
deteriorates the network performance [126].

Third, the rapid thermalisation process mentioned in tis¢ dissumption, produces a ho-
mogeneously broadened gain spectrum of the EDFA, and treerate of such broadening
is in the order of picoseconds. This time is faster than arigalprocess performed during
light amplification in the EDFA. This assumption is a verysgaapproximation for most of
the glass materials applied in available EDFA models [8, A}esult of a residual inho-
mogeneity of the EDFA gain is Spectral Hole Burning (SHB) whiglexplained in more
detail in Appendix B.1.5. The effect of SHB has been repontececent studies and could
range from few tenth of a dB in the range 1536-1565 nm to alhai in the 1525-1535
nm band. Generally, the SHB effect depends on the degreeimfcganpression and the
region of the EDFA spectrum. The SHB sets a limit to the abiit both the steady state
and dynamic models to properly estimate the EDFA gain cheriatic. These models are
mostly dependent on the homogeneous gain approximatioa.SHB effect in the L-band
is more obvious than in C-band EDFAs if the length of EDF in tHednd is longer than the
one in C-band [127].

Fourth, the ASE induced gain saturation is neglected. Thisue in WDM systems
in which the total input power of the channels is largelQ dBm). This is a very good
approximation [74]. The amount of ASE generated in L-band=E®is much larger than
the amount generated for the C-band EDFAs and significarfibctafthe saturation of the
amplifier if the length of EDF in L-band longer than the one i&xd [128].

Fifth, the optical powers of the signal and pump vary slowbynpared to the transit
time of light along the EDF [129]. It is taken that the speedigift in the fibre is about
(2.98810°%) /n m/s where n is the refractive index of fibre core, the tramsietfor a 20 m
EDF is about 100 ns. The evolution speed of the tested poaesignts usually complies

with this requirement.
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Finally, the confinement or over-lap factors are assumedtaahand independent of the
signal or pump optical powers [78]. This is because the esestional area of the Erbium-
doped active region is small compared to the optical modalfagignals and pump wave-
lengths. The condition of a well confined erbium ion concatiin allows the use of the

Giles parameters for modelling purposes, and the matheah&irmulation of the model.

3.5 Power transient phenomenon in self-saturated C-band

EDFAs

The six assumptions, listed in Section 3.4, have been usgeMEop a dynamic model with
which to study the power transients in the WDM networks [74].tHis model, the pump
photons that are converted to ASE photons are neglecteliislon of the ASE power into
the dynamic model is necessary if the EDFA does not operatieeirsaturated-conditions
defined in Chapters 1 and 2 [75, 87]. However, the number of AB&gmns and their
impact in computing the average population inversion camdgdigible in cases when a small
number of the input channels is being dropped or added. Thandi behaviour of EDFAS
possesses a large influence over the performance of muitiehaptical communication
systems and networks with wavelength routing. A model dfsaiurated EDFAS is required
to analyse the power transient behavior in WDM networks.

In this section, the self-saturated EDFA model is used feritivestigation of power
transient phenomena as a single EDFA and cascaded EDFAs WM circuit switched
networks. The 1 dB increase-time, decrease-time and ratevedr transient due to dropping
and adding channels to the network are compared with sirtélses obtained for the non-
self-saturated EDFAs for single and cascaded EDFAs in the WiglWorks. The effects
of the power transients in both cases (self-saturated andelf-saturated) on the network

performance are analysed.

3.5.1 Computation of the ASE power

The ASE model is added into the non-self-saturated EDFA inad®der to be used in the

investigation of the power transient phenomena in the s#lirated EDFA networks. The
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ASE power model is derived using the model introduced in §]—This ASE model pro-
vides a way of computing the rate at which photons of the pumpganverted into ASE pho-
tons. Pase is equivalent in physical significance to the tefRau: — Pn). Equation (3.7) [87]
is accurate for uniform population inversion along the tangf the fibre. When the EDFA
is saturated, Equation (3.7) underestimates the total abudthe generated ASE. When the
population inversion decreases from the input to the outjet forward propagating ASE
is less than half the value of Equation (3.7) and the backwaopagating ASE is more.
The sum of backward and forward ASE is in general smaller tharactual total value of
the ASE as the error in the computation of backward propagaiSE is greater than the
error in the computation of the forward propagating ASE. &tthweless, Equation (3.7) sug-
gests a useful amount of pump photons that are convertedo &&l the remaining amount
of pump photons are known as capture photons which are ceajpytEquation (3.6). The
non-self-saturated dynamic model, ASE power model, anthcag-photon model give what

is known as a self-saturated dynamic model shown by Equédi&i).

SO = (G0 + A
1 X PISGK(t) — |GR: + Axj| exp(=h) + Axj
Ly “){ex"[ e |-
1 1
_% (PASE(t)) - % (Pcpn(t)) . (35)

Gk(t) +a
0%se (Gase+ Aase)
Pase(t :4/ exAsE — 1 { ASE d 3.7
OAsE= Ofse+ OAse (3.8)
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e — 028E<GASE+AASE)} (3.9)
7 lofse  Gase '
PISGK(t) — | GR; + A | exp(3h) + A
Gase = 515 (3.10)
J
AS (o
dAASE:—( )E’B)U (3.11)
ASE

Where, all terms in the equations above with the subscript AfeEcalculated at ASE
wavelengtho8sg 04se are emission and absorption cross-sect®jy is the total cross-
sectionsGasgis the log-gain, and\asg is the absorption loss,is light speed, and the ASE
spectrum starts from 1494 nm to 1573 nm, divided into 200 Witis spacing of 0.4 nm and
denoted by(ASEg), nsp is the spontaneous emission factor, and the fagtiorthe Equa-
tion (3.7) accounts for two different polarisations and tlifferent directions of propagation
of the ASE. In case of SNR calculation, this factor is halvedduse it only represents the
forward ASE. All these terms are calculated after calcngagain and absorption loss of the
probe channel or probe wavelengthusing Equations (3.12) to (3.22). The valuedgf, is
calculated using Equation (3.11) [1] because it is requiodae converted to the frequency
domain forPasg calculation in Equation (3.7). This frequency conversismdquired for

numerical simulation.

- PISG(t) — [Gﬁj +Akj} exp(3) + Axj

Gj(t) = pIS (3.12)
j
IS A

T Relog o) =)

Gi(t) = In ﬁ’?‘(:t((tt)q (3.14)
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Ac=ayl (3.15)
Ex = wL (3.16)
ok = NIrgo? (3.17)
Yk = NIMcog (3.18)
Gij(t) = RSGk(t) — P3G (t) (3.19)
Aj = PCA— PISA; (3.20)

—t
Gj(t) = [G(k)j —I—Akj] exp(T> — Ayj (3.21)

Where

Gp; =R G- P°G) (3.22)

In Equation (3.5) for ASE modelling, M represents the nundi&/DM channels, chan-
nel 1 represents the punmpis the EDFA fluorescence life-tim@&", PO, P are the input,
output, and intrinsic saturation fluxes (photons/s) at WemgthAy, Gy = In(%;—t) is the log-
arithmic gain Ax = ayL is the loss parameter, L is the length of the EREjs the absorption
constant at waveleng#y, andPasg(t) is the statistical average spontaneous emission flux of
the amplifier in photons/s. ASE power is computed assumingnatant inversion as stated
in [86, 88].

Equation (3.22) is determined by the initial conditions. \iéhine terrrPl'(S is the intrin-
sic saturation power of thé" channel Gy(t) is over-all gain parameter at a tiriePP!!(t) is
the output power of th&" channel at a time, PI"(t) is the input power of th&" channel
at a timet, Ay is the absorption coefficient for the whole length of dopddefj L, N is the
population of the erbium ions in the fibre comg is the absorption coefficient of tHé"
channeIP}”(t) is the input power for each channel, &B0) =G is the initial condition for
all channels k =1, 2,..., M. The gain in ti&€ channel of the ASE-spectrum can be expressed
in terms of the gain in th&" channel using Equation (3.12). In other words, once the gain
is calculated fok!" channel by solving Equation (3.5), the gain of other chamceah be
obtained from Equation (3.12). If the EDFA is originally imet steady state at 0, the term
G +Aj = 0.

The fourth term on the right side of the Equation (3.5) isuded to model and simulate

the power transient phenomena of self-saturated EDFAsticadVDM networks, and is
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described as the captured photons. The physical intetjaretaf this term is related to the
1st, 2nd and 3rd terms in Equation (3.5). The total outputghd@ux which is represented
by the first three terms is less than the total input photon fllixe captured-photon term
represents the number of photons emitted spontaneousig tiection of one of the guided
modes, being coupled to the mode. Those photons althougttednsipontaneously and
couple to the guided modes are measured as part of the tdfaitquower, this term is

introduced and used for the population inversion calcoifain [89]. In our simulation, to

the best of our knowledge, this term is being used for the tiilms¢ for computation of the

power transient.

Earlier in this section, we described how the effect of th&eA@n be included in Sun’s
model [74] by the addition of the generated ASE photons. Utiteeassumption of uniform
population inversion along the fibre length, the ASE powgien by Equation (3.7). It was
also mentioned that this ASE model provides an overestimatf the forward propagating
ASE and underestimation of the backward propagating ASEhlynaqual amount when the
population inversion along the length of the fibre is not amif. The forward propagating
ASE is needed to study the evolution of the OSNR during dynama@nnel configuration in
the optical links and WDM networks.

A more accurate computation of the total and forward propaga®SE is possible only
if the distribution of the inversion along the fibre is availa In fact, such information is
possible by dividing the EDF in small sections of about 0.1emgkh, this results in more
comprehensive but much slower numerical models [130]. fer@htive method, which min-
imises the error in the computation of the forward propagpASE, can be achieved when
the input signal power is in the limit of non-self-saturamzhditions which is defined in
Chapter 2. In these conditions, the saturation along theilgenerated mainly by the input
channel signals and the effect of the backward propagattig i small [75, 87]. It is pos-
sible to simulate short pieces of EDF using the dynamic mddstribed by Equation (3.5)
and it is safe when population inversion is uniform. For gaielce of EDF the average popu-
lation inversion or gain can be computed and provide forveautshckward propagating ASE
power in bandwidth ofAv, centered at frequenay, can be achieved using Equation (3.7).
The forward propagating ASE power is computed and used a gignal to the next fibre

piece. This method requires simulation of the dynamic maedemany times as there are
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EDF subdivision for a single EDFA. This method results inrgéaincrease of the simulation
time. For instance, for an EDF of length 20 m, the dynamic rhaaeild have to be run
200 times for a single EDFA if a fibre piece length of 0.1 m wassen, which is sufficient
for achieving accurate results for a forward propagatinge AEhis method is not reasonable

when the link or network contains more than about ten EDFAs.

3.5.2 Numerical simulation parameters

The same simulation parameters for a non-self-saturatdeAEDe used. The difference in
this case was that the number of channels was 200, inputl slgaanels was 8, one channel
for pump signal, and 191 channels for ASE signal from a wangtle of 1494 nm to 1573
nm, provide forward or backward propagating ASE power indvadth of Av, which is
equivalent to 50 GHz (0.4 nm). The ASE spectrum includingg®ai channels is shown in

Figure 3.17.
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Figure 3.17: The EDFA ASE spectrum with 8 input signal chdsne

3.5.3 Numerical simulation results and analysis

In self-saturated (with ASE) EDFAs system, the effect ofedlént input power ratios on the

power transients of the surviving channels was examineitth, tharing the loss of channels
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and the addition of channels as shown in Figure 3.18 (a, b@. Slihulation results of both

the self-saturated and non-self-saturated (ASE is natdedd) EDFA systems are compared

as shown in Figure 3.19 (a, b).
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Figure 3.18: The power transients of the surviving chanindise self-saturated EDFA when
1 to 7 channels out of 8 WDM channels in a single EDFA, (a) drdpf® added.
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Figure 3.19: Comparison of the power transients of the simygichannels in the self-
saturated (with ASE) and non-self-saturated (without ABBJFAs when 2, 4 and 7 channels
out of 8 WDM channels in a single EDFA, (a) dropped, (b) added.

The difference in the power transient between the selfratgd and non-self-saturated
EDFAs is negligible when less than four channels are drogpedided. However, the dif-
ference increases when the number of dropped or added dhdmmo®mes more than four.

Even though the highest magnitude may be around 0.5 dB thysito@e may be within the
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receiver threshold and so will not affect the performanaleietworks [131-133]. For ex-
ample, when two or four or seven of the channels are droppeistadgnt to the input power

ratios of 0.25, 0.5, 0.875 respectively, the power tranngéthe non-self-saturated EDFA is
greater than the self-saturated EDFA cases for 2, 4, 7 chkeadrngpped or added by 0.05,
0.1 and 0.5 dB respectively. This proves that when EDFA i©iendaturation regime, there
is no significant effect for ASE on the transient phenomertal2fA. As we have seen, ASE
has been neglected by Sun et al in their first model [74] bectnesnetwork they considered

operated in the saturation regime.
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Figure 3.20: (a) 1 dB increase-time or decrease-time féermdiht ratios of the input powers
caused by dropped or added channels, (b) 1 dB increase-tidecoease-time for different
number of dropped or added channels.

From the simulation results for self-saturated EDFA showifrigure 3.18 (a, b), it is
observed that the power loss/addition affects the EDFAaesp. The 1 dB increase-time
or 1 dB decrease-time are also used in this section for asalysimulation results. The
effect of the input power ratios as well as the number of aditddst channels on the 1 dB
increase-time/decrease-time and the rate of the powesi¢rats of the surviving channels
is demonstrated in Figure 3.20 (a, b). The rate (}dB/are also plotted to analyse the
effect of the input power ratios on the response of the EDAshawn in Figure 3.21 (a, b).
The decrease-time is smaller than the increase-time betaagain of the EDFA before the
addition of the input channel is larger than it is beforeotssl. Adding the input channel at the
higher gain creates a larger value for the difference batilee output and the input photon

number, according to the model shown in Equation (3.5) tteeachange of the averaged
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Figure 3.21: (a) Comparison between 1 dB increase-time aiddlope (rate) when different
numbers of channels are lost. (b) Comparison between 1 dRassttime and their rate
when different numbers of channels are added.

population inversion will be higher. This is obvious in thiglire 3.21 (a, b), for example
the rate when 7 channels are dropped is seen to be 0.Q8 aByilst the rate when seven
channels are added is 0.22 @B/ The behaviour of the power transients and its recovery
times is smaller with channel addition than for channel Esshown in Figure 3.22 (a, b).
However the power transient in both addition and loss aredinee as shown in Figures 3.23
and 3.22 (a).
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Figure 3.22: (a) The power transients at different input @oratios obtained when dropping
or adding of channels. (b) The power transient recoverydifoethe different input power
ratios which are caused by dropping or adding of channelseifesaturated EDFA.
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Figure 3.23: Comparison of 1 dB increase-time, decreasedma total power transients for
different input power ratios which obtained from the losaddition of the system channels.

It has been stated that the transient gain saturation amayesctime constants de-
pend on the metastable level lifetime and also on the totakra@d output power of the
EDFA [56, 97]. This is because at saturation the gain and tieub signal power as well
as the average population inversion goes to higher valueenWhannels are dropped the
difference between the input and output photons becomesegrd his increases the rate of
change of the gain and population inversion. It is shown guFé 3.20 (a, b) that the 1 dB
increase/decrease-time for the simulated EDFA output poare in the region of a few tens
to hundreds of microseconds.

These simulation results of self-saturated (with ASE) EBe compared with non-
self-saturated (without ASE) EDFASs, it is obvious from théB.increase/decrease-time and
the power transient curves shown in Figures 3.24 and 3.2%¢ thre good agreements be-
tween both cases. This illustrates that the effect of ASH®st negligible while the EDFA
operates under non-self-saturated conditions [74]. Tlse e#éhere a channel is dropped
shows better agreement than the case of channels addedsbgaaumentioned earlier, the
decrease-time is smaller than the increase-time becaagmih of the EDFA before the ad-
dition of the input channel is larger than its gain beforeltss. Adding the input channel

at the higher gain creates a larger value for the differemteden the output and the input
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Figure 3.25: Comparison of power transient when differeptitrpower ratios are used for
the self-saturated (with ASE) and non-self-saturatedhuit ASE) gain dynamic models of

the EDFA.

photon numbers, according to the model shown in Equatids) (Be rate of change of the

averaged population inversion will be higher.
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3.6 Power transient in gain-shifted C-band EDFAs

The gain-shifted C-band EDFA is modelled by variation of tkemetric parameters of C-
band EDFA, keeping the EDF length and ion concentration éngesas in the C-band. The
EDF length of 20 meters and ion population of 0.75li@nsi? are used for modelling and
simulating the C-band and gain-shifted C-band EDFAs in thiskw®he C+L-band EDFA

is also modelled and simulated in this work by increasingehgth of EDF and the erbium

ion concentration (to certain extent) [55].

3.6.1 Simulation parameters for gain-shifted C-band EDFAs

The parameters used for simulation of the gain-shifted GiEdDFASs are the same as in the
C-band, the difference is in only three geometrical pararapteerlap factors of signal s)

and pump(lp) and the cross-section of effective aféa+) as shown in Table 3.2 [6]. The
EDF length and ion population are kept the same as in the C-FdredASE spectrum and 8
signal channels are as shown in Figure 3.26. In Figure 3h2g¢ak-power of the spectrum
at wavelength of 1560 nm is 2aW, and the peak power of C-band EDFA spectrum at
wavelength of 1530 nm is J2W as shown in Figure 3.17. The difference in the peak power
value results from the gain of gain-shifted C-band being &ighan the C-band EDFA,
this gain is due to the variation in the mentioned geomdtpeaameters. To the best of
our knowledge this use of the gain-shifted C-band EDFA withgeometry parameters of
Table 3.2 is a first for investigation of power transientsmgraenon. The non-self-saturated
condition [74] is used for modelling and analysis of the powansients in the gain-shifted
C-band EDFAs. The wavelengths for 8 channels are chosenrieasain the C-band EDFA
mentioned in Section 3.2.1. The ASE is neglected in thisystilice the non-self-saturated

condition is applied, this condition is defined in Chapter 1.

3.6.2 Simulation results of gain-shifted C-band EDFAs

Prior to the occurrence of power transient phenomenonidagelg-state gain performance for
all 8 signal channels of the gain-shifted C-band EDFA aret@tbas a result of simulation of
the non-self-saturated model in Figure 3.27. The satuigaéts of all 8 channels as shown

in the figure are between 7.5 dB and 14dB. The gain in the probangi of wavelength
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Figure 3.26: The ASE spectrum includes 8 input signal chianoiegain-shifted C-band
EDFA, we observed that the peak of the spectrum is at waveiefd 560 nm.

1549.2 nm is around 7.75 dB and in 8th channel of waveleng®®.45nm is around 13.75
dB.
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Figure 3.27: The gain of 8 signal channels as a function of fmor to any power transients
in the gain-shifted C-band EDFA link.
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3.6.3 Analysis of numerical simulation results of gain-shifted C-band

EDFAs

We simulated the transient response of the gain-shiftedn@d-BEdFA caused by variation
in the input power of the EDFA due to dropping or adding of inpbannels of different
wavelengths. Figure 3.28 (a, b) shows the total power teatsiand the power transients in
the probe channel of wavelength 1549.2 nm respectively afte 7 channels are dropped
at 50 ms of simulation run-time. The 1 dB increase-time orease-time (defined in Sec-

tion 3.2.3) is used to study and compare time response ofavetransients of the EDFA.

10 Total power 14 7 probe channel (1549.2 nm) ‘
Seven dropped 12 + Seven dropped
—_ 8 L —_
) o
10 + B
g g Six dropped
c c
2 6r Six dropped - 2 8r 1
£ £ Five dropped
= " = 6 4
5 4t Five dropped 5 Four dropped
% Four d d g
K our droppe: e 4 Three dropped-
2L Three dropped)| ) Two dropped
Two dropped r I
/ One dropped One dropped
0 J/k\ L L L L J 0 L L L L L L
0 100 200 300 400 500 600 (1] 100 200 300 400 500 600
A Time (ps) A Time (us)
(a) (b)

Figure 3.28: The power transients of the surviving chanwlksn 1 to 7 channels are dropped
from the 8 WDM channels in the gain-shifted C-band EDFA, obsérat (a) total output
power, and (b) probe channel (1549.2 nm).

We noticed from Figure 3.28 (a, b) that the total power tramts are 2, 4, and 8.8 dB
and power transients of probe channel are 3.5, 6.5 and 12r8sjigctively when 3, 5, and
7 channels are dropped. This is also the case in the C-band HI2FAhe power transient
in the probe channel is higher than the total output powere fbital power transients of
the C-band are 1.9, 3.95, and 8.5 dB when 3, 5, and 7 channetbayped as shown in
Figure 3.7.

The comparison of C-band and gain-shifted C-band power gatsshows very little
difference, which is because the total gain and individiranmel gain in the gain-shifted
C-band is higher than the C-band due to the gain-shifted C-bab##\ having higher ge-

ometric parameters, such as confinement factors of thelsagiapump as well as higher
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Figure 3.29: The gain-shifted C-band EDFA when (a) the powaarsient and saturation
factor of the total output power plotted versus number oihcleds dropped, (b) the power
transient and intrinsic saturation power plotted verséfemint number of channels dropped.
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Figure 3.30: Comparison between the C-band (solid) and dafted C-band (dashed) ED-
FAs when different number of channels are dropped, (a) atduarfactors, (b) intrinsic sat-
uration powers.

Figure 3.29 (a) shows that the total power transients iser@ehen 1 to 7 channels are
dropped (i.e. the input power to the EDFA decreases). Theeptansient is small when a
small proportion of total input power is lost, but increasdsen a large proportion of total
power is lost as shown in Figure 3.29 (b). The saturatiorofastcalculated using the same

Equation 3.2 used for the C-band EDFA stated in Section 3.Zt value of saturation
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Figure 3.31: Comparison between the C-band (solid) and dafted C-band (dashed) ED-
FAs in the total output power transients versus differembber of channels dropped.

factors are 342.5 and 343.5 when 5 and 7 channels are dropjlee gain-shifted C-band
EDFAs respectively. We noticed from Figures 3.9 and 3.30tfet in the C-band EDFASs,
the saturation factors are 169 and 160 when channels 5 areddf@ped respectively. The
comparison shows that the saturation factor decreases asithber of dropped channels in
the C-band increase but the saturation factor increasestiveemumber of dropped channels
increased in the gain-shifted C-band EDFAs. This differelbbegveen C-band and gain-
shifted C-band EDFAs as shown in Figure 3.30 (a) is due to fference in value of intrinsic
saturation power which in the C-band has twice the value asdrgain-shifted C-band as
shown in Figure 3.30 (b), where the intrinsic saturation @ois in the denominator of the
Equation 3.2.

The power transient for 1 dB increase- or decrease-timegfh@nmansient rate are exam-
ined for different ratios of the input signal powers in thengshifted C-band EDFA at the
probe channel as shown in Figure 3.32. The curve of 1 dB isertine or decrease-time
decreases very sharply when 0.125 or 0.25 of total poweogpdd or added. As the input
power ratios increase, the curve decreases less rapidlg@prdached an asymptotic value
at maximum power loss. The transient rate of 1 dB increase-tr decrease-time rises as

the input power ratios increase as shown in Figure 3.32 aeeaf increase appears constant
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Figure 3.32: 1 dB increase-time or decrease-time (y-axef@tversus different ratios of the

input signal powers when channels are dropped (red) andigdozen) in the gain-shifted C-

band EDFA observed at the probe channel (1549.2 nm). Alsatbeof the power transients
(y-axis at right) versus different ratios of the input sippawers when channels dropped
(blue) and added (pink).

with a gradient of about 0.6 for dropped channels for all inpower ratios. With added

channels there is the same rate of increase for input powies taetween 0.2 and 0.5, but
at 0.5 there is a sudden increase in the rate of increase pbther transients. This strange
increase occurs in the case of channel addition becausaitieig the channels are different
from each other, see Figure 3.33, and the addition of inputepao the EDFA causes the
photons to lose their energy in larger amounts than the case e input signal power is
dropped.

The 1 dB increase-time and decrease-time and their ratbdagdin-shifted C-band are
compared with C-band as shown in Figure 3.33 (a, b). We notitaidthe values for 1 dB
increase-time/decrease-time for gain-shifted C-band #&renithe range of variation of the
increase-time and the decrease-time of C-band EDFAs. Thfgosts network management
use of the same receiver for C-band and gain-shifted C-band\ED¥his is because the

threshold of receiver is applicable for both types of amgii[131-133].
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Figure 3.33: Comparison between the C-band and gain-shiftean@-EDFAs using differ-
ent ratios of the input signal power: (a) 1 dB increase-timdexrrease-time of the power
transients in gain-shifted C-band, when channels dropget) @nd channels added (green),
in C-band when channels dropped (blue) and channels adddd,(fp) the transient rate
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channels dropped (red) and channels added (green), andamdvthen channels dropped
(blue) and channels added (pink).
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3.7 Summary

In this chapter the validation of the EDFA model used for tineuation of power transients
in WDM optical networks is explained. The conditions undeiichihthe model of Sun et
al [74] is valid are explained. Sun’s model is the basis ofdimulated mode which was
constructed by the addition of the terms corresponding @0ABE and captured-photons
which are generated by EDFA.

The extended model has been investigated carefully usimximsive set of numerical
simulations and compared with similar ones in the litemtufhere was a good agreement
between the results of the model in this thesis and thoselfuthe literature. The numerical
simulation results of non-self-saturated (without ASE)AB and self-saturated (with ASE)
EDFAs in WDM networks are compared, based on numerical stioalaesults of a 1 dB
increase-time and decrease-time of the surviving chapusler transient. There was good
agreement between the results which show that the ASE artdredgphoton terms can be
neglected when the EDFAs run in saturated conditions, waiietdefined in Chapter 1.

The gain-shifted C-band EDFA is modelled by variation in getma parameters (ef-
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fective area of fibre core and confinement factors) of C-bané&A;@Dhen the model was
examined through extensive sets of simulations. It wasadtthat the power transients in
the gain-shifted C-band are worse than in the C-band, bechasgain of the gain-shifted
C-band is higher than the gain of the C-band EDFAs for the sam&t isignal and pump
powers. This gain is a result of the higher effective are&effitore core and higher confine-
ment factors of signal and pump than in the C-band EDFA. Siheegtin-shifted C-band
EDFAs have a fibre length and ion concentrations similaréaddkband EDFA, we avoid be-
haviour arising from the fibre length, such as ASE noise actation, and inhomogeneous
characteristics as mentioned in Section 3.4 [6,127]. Ttnesgain-shifted C-band EDFA is
convenient for building network links consisting of both@fand and gain-shifted C-band.
This supports amplification of wide bands of wavelengthsothrer words, the C-band and
gain-shifted C-band EDFAs can be used together in parallalitd two stage EDFAs, these

EDFAs can be applied as an in-line amplifier for long haul camimation systems.
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Chapter 4

Effects of Poisson traffic on EDFA power

transients

4.1 Introduction

Contemporary multimedia applications generate differgpes of traffic, such as voice,
video and data. The voice and real-time video traffic, mewetbin Chapter 1, are very
sensitive to loss, jitter and packet delay in network raatar switches. Video traffic also
requires high-bandwidth. However data traffic, such aswiglemes and web browsing is
less sensitive to delay and loss. Voice traffic is Poissotmnibiiged, whereas video and data
traffic follow a Pareto distribution and are self-similamature. Recent research has shown
that Ethernet traffic is self-similar in nature [111, 1345]Land that variable-bit-rate video
traffic shows long-range dependence [112].

In spite of ATM-IP traffic being self-similar and following Bareto distribution, this
chapter models ATM-IP traffic with a Poisson distributioechuse voice traffic is originally
Poisson traffic - voice and video communications traffic ksas voice over IP [VoIP], and
voice and video over instant messaging) had reached 2 gercalhtraffic by 2011, up from
less than 1 percent in 2010 [136]. Packet error rate anddpteaguirements for a mobile
wireless access system in an IP Network is mentioned in [IB7¢ bit error rate (BER) of
conversational voice ((AMR codec)/ 4.75-12.2 kpbs) andastieaming is 10* [137]. For
acceptable QoS, BER must be better than*][@36,137]. Voice traffic alters the statistics of
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networks. The effect of Poisson traffic on the power trartsiphenomena is worthy of study
in order to show the specification of PDF using non-ParetifidraThe non-self-saturated

(without ASE) dynamic model and the simulator, which arecdesd in Chapter 3, are used.
The output power transients (i.e. output power includesgrdransients) are examined using

numerical and statistical analysis.

4.2 Traffic types and models

Multimedia applications in the WDM packet-switched opticatworks use ATM-IP packets.
There is a rapid fluctuation of the input power when the chienokthe networks are fed
by these ATM-IP packets. In fact, the role of high variakilib inter-arrival and packet
times from the EDFA gain saturation view is that long periadfisnactive traffic (burst-
OFF) or active traffic (burst-ON) give enough time to the ECiBAespond to the variations
of the input power. The resulting variations in the outpuivpg gain and OSNR lead to
deterioration of both the system performance and QoS ofé¢hgarks.

For investigation of the effect of ATM-IP traffic behavioun the power transients of
EDFA traffic of bit-rate 2.5 Gb/s with Poisson distributiaonburst-ON and burst-OFF peri-
ods is used. The burst-OFF period is a sequence of time Batsld not carry packets, the
mean time of empty slots is 50. Similarly, the burst-ON peii®a set of time slots that all
carry packets, the mean time of slots occupied with a pasketin the following section, we
explain the Poisson distributed traffic model and verifyitiput traffic sources accordingly.
Then we perform a numerical and statistical analysis foothtput power transient behaviour
in the WDM links at two different regions of the EDFA gain spech performance: one in

an EDFA saturated gain regime and the other in the small kgga regime.

4.2.1 Poisson distribution traffic model

The Poisson distribution model in a telephony context wagld@ed by Erlang [138]. It is
the oldest known traffic model in use and this model can beesgad [138] as:
B e—)\}\n

P(n) = o (4.2)
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WhereP(n) is Poisson probability density function of The mean and variance of which
are given by:

E(n) =Var(n) = A (4.2)
The equation for the Poisson cumulative distribution fiorcts:

n g\
Fin)= € ; (4.3)
=0

We analyse the traffic and verify the model by plotting the RidEhe burst-ON and
burst-OFF periods for the input traffic sources as shown guieis 4.1 and 4.2. Figure 4.1
is obtained from generating random instances of more thanllbrmpackets. Similarly,
Figure 4.2 is from generating random instances of more thail®n empty slots. As seen
in Figure 4.1 the traffic sources follow a Poisson distribativith an exponentially decaying
function for burst-ON periods, the mean of the histogram@3 Slots per packet. Figure 4.2
shows that the burst-OFF periods traffic also follows a RoigBstribution, the mean of this
histogram is 50.1 empty slots. The means of both burst-ONoanst-OFF indicate a good

agreement with the corresponding analytical model.
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Figure 4.1: PDF of packet slots (burst-ON) of input souredfitt of Poisson distribution.
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Figure 4.2: PDF of empty slots (burst-OFF) of input soureéfitt of Poisson distribution.

4.3 Impact of the Poisson traffic on the power transients of

the EDFA

In this section, we use a non-self-saturated (without AS#t) dynamic model of the EDFA [74]
to analyze the power or gain transients in wavelength diwisnultiplexed (WDM) optical
networks. As mentioned earlier in Section 3.4, this modehigd under certain conditions
which are fulfilled when the input signal power values or tagngpf EDFA are according to

the non-self-saturated conditions defined in Chapters 1 and 2

4.3.1 Simulation parameters

The link in our simulation consists of three signal chanrlslifferent wavelengths and
three cascaded EDFAs. The input to channel 1 is CW at wavél@idb49.2 nm. The input
to channel 2 and channel 3 are ATM-IP traffic sources of Paigggiribution at wavelengths
1550.8 nm and 1552.4 nm respectively. The Poisson disttibAT M-IP traffic source is
shown in Figure 4.3. The input peak power of -2 dBm (¢80) is used in all three signal
channels. The EDFAs are pumped at 980.0 nm, with pump pea&pivi9 dBm as input to
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channel 0. We use a C-band EDFA and all simulation parameterthi@a same as described
in Section 3.2.1. All EDFAs in the link are identical and ogterin the non-self-saturated

conditions for simulation run-time 250 ms.
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Figure 4.3: Poisson distributed traffic of means 5 and 50 egtidDN and burst-OFF respec-
tively, using input traffic sources for channel 2 and char@el

The output power transient of each channel at the outputaf E®FA will be the input
for the next EDFA after a span-loss of -19.36 dB, as the gaimofi&DFA is 19.36 dB. The
span length for such a link is 88 km using a single mode fibrétehaation coefficient 0.22
dB/km [13,14].

4.3.2 Results and analysis

In this section, we numerically analyse the EDFA power tiemts of WDM packet switching
networks in two parts. In the first part, we numerically aselyhe power transients of
ATM packets, where the burst-OFF and burst-ON periods aigoia variables of Poissonian
distribution. The second part deals with the statisticalysis for the output power transients
of each channel in the cascaded EDFAs. This statisticaysisak performed by studying

PDFs of output power transients and their associated GauBsi
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4.3.2.1 Power transient numerical analysis

Any variation of the total input power of WDM signals is echaedthe total number of
excited ions. In some cases the packetized channels aresta®@EF for a certain time, and
the total EDFA input power decreases. From the system pbinew, the decrease of input
fluxes under constant pump power will produce an increaskeridtal number of excited
ions. On the contrary, if some ATM-IP packets based charbeiteme burst-ON for a long
period, the total input power increases and the total nurobeixcited ions falls. EDFA
gain transients are a direct result of these variations][138e burst-ON and burst-OFF
in one or more input channels in the EDFA of WDM systems affbet autput power of
other surviving channels, leading to output power trartsienthe individual channel even
though the input of the individual channel is a continuousev@d 08]. This is known as a

cross-gain-modulation and is shown in Figure 4.4.
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Figure 4.4: The output power transients of channel 1 using @Was channel 2 and channel
3 using Poisson distributed ATM-IP traffic.

The power transients for channel 1, channel 2 and channed 3rewn in Figure 4.4.

When channel 2 and channel 3 are at burst-OFF period, the pavadrannel 1 increases

138



CHAPTER4. EFFECT OFPOISSON TRAFFIC ONEDFA TRANSIENTS

above the average level. In Figure 4.4, for instance, the tinration between 22.34 to
29.18us no packets have arrived in channel 2 and channel 3, so therpevel in channel

1 increases during this 6.8& from 46.6578 mW to 47.3957 mW, the increase in power is
0.7379 mW. This period of time allows the EDFA to achieve angaipower exceeding the
average power. After this, a packet in channel 3 arrivesn(otlb2 receives no packets) and
this causes a reduction in channel 1 power level to 47.1849%atha\time of 29.7858s, the
drop in the power is 0.2108 mW. Then another packet arrivebatnel 3 (channel 2 again
receives no packets) and this causes a further drop in therdewvel of channel 1 to 46.974
mW at a time of 32.199s.

Another example of the power transient in channel 1 occuted®n 56.7369s and
66.7933us, (a longer period than in the first example) when for chareetd 3 the burst-
OFF period is 10.0us. The power transient in channel 1 increases from 45.9725tnW
47.1322 mW, the increase in the power is 1.1597 mW.

As mentioned earlier in this section that the longer the bOFsF period, the more time
for the ions in the EDFA to achieve higher energy to produghéi output gain. For the
second example we have seen in Figure 4.4 the increase i p@sel.1597 mW while in
the first example it was 0.7379 mW for the burst-OFF duratimin$0.05us and 6.843us
respectively. These power increases that we have obsentmath examples are due to the
higher inversion achieved following a long OFF period. Thhe EDFA provides a higher
power than the average output power level.

Likewise, we also analyze channel 1 at the burst-ON periodifterent overlap periods
of packets of channel 2 and channel 3, in the first example we s@en in Figure 4.4 the
packets from channel 2 overlap completely with packets fobannel 3 for a duration of
1.2068us and this causes the output power in channel 1 to drop fro2848.mW at a
time of 55.5301us to a power of 45.9725 mW at a time of 56.73&9 the drop in power
in this case is 1.2651 mW. In the second example, packetsdr@nnel 2 overlap partially
with packets from channel 3 for a duration of 0.G@3and this causes the output power in
channel 1 to drop from 47.8174 mW to 47.0794 mW, the drop ingrag/0.738 mW, then
at the end of packets from channel 3, the output power in aldhdrops to 46.9213 mW,
the drop in power level for duration of 1.1@6 is 0.896 mW. The power drop in the second

example is less than the first because in the first exampleneh@rand 3 are both active for
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the duration of 1.206fs, while in the second example channel 2 and channel 3 ardotily
active for duration of 0.608s. These power drops that we have noticed with both examples
are because of low ion energy. Thus, the EDFA provides lowesep in channel 1 than the

average output power level.

4.3.2.2 Power transient statistical analysis

In order to investigate the output power transient effedhim cascaded EDFAs in packet-
switched networks, we analyse the PDFs of output powerigatssof each channel in the
link at the output of each EDFA in the chain as shown in Fig4r&és 4.6 and 4.8. For the
statistical analysis we make use of the PDF of the output ptrnaasients compared to its
associated Gaussian fit. The mean and the standard-deviétioe output power transients,
and the power-swing of each channel at the output of each Eb&Analysed.

The power-swing is the difference between No-load power ax(p(t)) and full-load
power or min(p(t)) (i.e. max(p(t)) - min(p(t))). The outppbwer-swing is calculated with
probability of 10-93, at which this point is more than three standard deviatiosma the mean
of the PDF. For the normal distribution, this includes 99.8Pthe data. The Gaussian fit of
the output power transients in each of Figures 4.5, 4.6 & plotted using Equation (5.7).
Figures 4.5, 4.6 and 4.8 illustrate the PDFs of the outputgpdvansients of channel 1 of
CW signal, channel 2 and channel 3 of Poisson-distributed APNtaffic.

In Figure 4.5 (a), the profile of the PDF of the output powensiant of channel 1 fits
well with the related Gaussian distribution, where ATM-IBusce traffic of channel 2 is
in the burst-ON period, whilst the traffic in channel 3 is ifdttOFF period, the mean of
the output power transients is 47 mW, and the standard d@wviist 7.5103<10~* mW, the
corresponding values of max(p(t)) is 49.59 mW, and min)j$t%#4.04 mW, thus the power
swing is 5.55 mW. Figure 4.5 (b) shows the PDF of output poveardient of channel 1 when
both channel 2 and 3 are in the burst-OFF period, the meareatutput power transients is
47.1 mW and the standard deviation is Z4® 4 mW, the related max(p(t)) is 49.69 mW,
and min(p(t)) is 44.15 mW, thus the power swing is 5.54 mW.

Figure 4.5 (c) shows the PDF of the output power transienthafnel 1 when channel 2
and 3 are in mixed burst-OFF and burst-ON periods, the meé#regiower transients is 47

mW and the standard deviation is 7:480~* mW, the corresponding of max(p(t)) is 49.67
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Figure 4.5: PDFs of the output power transients and relataas&an fits (denoted by G-
EDFAL1) of channel 1 at the output of the first EDFA, whilst Rois distributed ATM-IP
traffic in (a) channel 2 is in burst-ON periods and channeli Birst-OFF periods, (b) both
channels 2 and 3 are in burst-OFF periods, (c) both chanreaisl 3 are in mixed burst-ON
with burst-OFF periods, (d) both channels 2 and 3 are in DMt

mW, and min(p(t)) is 44.14 mW, thus the power swing is 5.53 ngure 4.5 (d) shows
the PDF of power transients of channel 1 when channel 2 ané Bath in the burst-ON
periods, the mean of the output power is 44.9 mW and the stdmféwiation is 6.9% 10~
mW, corresponding max(p(t)) is 49.59 mw, and min(p(t)) iH44nW, thus the power swing
is 5.55 mW.

If all three channels are active, the input power to the ED&-AG0%, the PDF is shown

in Figure 4.5 (d). If one of the three channels are not achieeinput power to the EDFAs
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Figure 4.7: (a) Mean, (b) standard deviation and (c) powengs of the output power tran-
sients of channel 1 versus number of EDFAs in the chain.

drops by 33%, the PDF is shown in Figure 4.5 (a), and if two oeé&ntraffic are not active
the input power to the EDFA drops by 66%, the PDF is shown infégt.5 (b). The latter

(two channels are not active) gives the EDFA enough time lhiezie gain greatly above the
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average value. As the probability of concurrent occurredfc@multaneous long periods of
burst-OFF in several channels decreases, the gain flumsadiso decrease [108].

Figure 4.6 (a, b) shows that the standard deviation and pewiegs in channel 1 increase
at the output of the first EDFA more significantly than the aitpf the second or third EDFA
or the rest of the EDFAs in the chain. This is clear from th@slof the curves in Figure 4.7
(b, €). The slope of the curve in Figure 4.7 (c) is 0.6 at thepouof the first EDFA in the
chain while the slope is 0.29 at the output of the second ERBAroximately half the slope
at the output of the first EDFA.

These statistics which are discussed are compared in Hgard.abel ch1-OFF repre-
sents the output power transients of channel 1 while ch&hawedl channel 3 are in burst-OFF
periods. Label ch1-ON represents the output power tratss@rchannel 1 while channel 2

and channel 3 are in burst-ON periods.
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Figure 4.8: PDFs of the output power transients and relataas&an fits (denoted by G-
EDFAY*) at the output of the first to third EDFAs in (a) channel @) channel 3, whilst the
Poisson distributed ATM-IP traffic is in burst-ON periods.

The PDFs of the output power transients of channel 2 and e@h8&rare plotted for burst-
ON periods as shown in Figure 4.8 (a, b) respectively. The &fiiite output power transients
have bell-shape or Gaussian profiles in all figures, howdvemean, standard-deviation and
power swings vary as shown in Figures 4.7 and 4.9. Thesststatiparameters vary at the
output of each EDFA in the chain of network links. Thus, we daode that the standard-

deviation and power swings for all three channels increémegathe cascaded EDFAs as
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Figure 4.9: (a) Mean, (b) standard deviation and (c) powengs of the output power tran-
sients of channels 2 and 3 versus number of EDFAs in the chain.

shown in Figures 4.7 (b, ¢c) and 4.9 (b, c) respectively.

Figure 4.9 (a) shows that the mean of channel 2 and channar8ates as the number
of EDFAs increase in the cascaded EDFAs link. Label ch2-OMh&-ON represents the
output power transients of channel 2 or channel 3 while chkBior channel 2 are in burst-
ON period respectively. Figure 4.9 (b, c) shows the standawthtion and the power swings
of the output power transient of channel 2 and 3 increaseeasumber of EDFAs increase.
It is observed from the slope of the curves in Figure 4.9 (bha) the standard deviation and
the power swings increase at the output of the first EDFA muaie the standard deviation
and the power swings at the output of the other EDFAs in thenciide slope of the curve
in Figure 4.9 (c) is 0.26 at the output of the first EDFA, theoslds 0.125 at the output of the
second EDFA, about half the slope at the output of the firstADF

We conclude that in the saturated EDFAs chain, the outpueptransient increases at
the output of each amplifier as the number of EDFAs increaseweder, the increase in
standard deviation and output power swings along the cagddaBFAs at the output of the
first amplifier is twice the increase in the standard-desraaind the output power-swings

at the output of the second or the other EDFASs in the chain. ii¢rease of output power

144



CHAPTER4. EFFECT OFPOISSON TRAFFIC ONEDFA TRANSIENTS

transients take such behaviour (discussed above) alonghtie if the EDFA operates in
a saturation condition while the output power transientthefsmall signal input power at

cascaded EDFAs have different behaviour, as we explainctid®e4.4.

4.4 Power transients at small signal power

In this section, two small input signal powers are used ferRbission distributed ATM-IP

traffic, -16 dBm (25uW) and -26 dBm (2.5W). In previous simulations, EDFAs operated in
saturation regimes using peak input power of -2 dBm (0.63 m\Wg. difects of these three
input powers on the output power transients are investigate first discuss parameters
for the numerical simulation and then in the following sutigm, we analyze the power
transients of each channel in the link. A statistical analgthe power transient also follows

later in this section.

4.4.1 Simulation parameters

These parameters are the same as the ones used with thecalmsienulation of the EDFA
at non-self-saturated conditions except for the input ppwhich is chosen from the linear
region of the EDFA spectrum. We simulate the network linktfeo different values of input
power. One of these small signal values for input power fohezhannel is -16 dBm. The
span loss which is calculated for this case is -31 dB and responds to a span length of
125 km. Another smaller value for an input power is -26 dBm. $pan loss for this case
is -34.7 dB and it corresponds to a span length of 173.5 km. &stioned earlier, the input
power for the saturated EDFA is -2 dBm, the span loss is -19 d8,itanequivalent span

length is 88 km using a single mode fibre of attenuation caefftd.22 dB/km [13, 14].

4.4.2 Results and analysis

In the first set of results, we discuss the power transienysisawhich clearly shows the
effects of output power transients of individual channeld their relationship with the total
input power level, and the number of cascaded amplifierserlittk. In the second set of

results, the statistical analysis of the power transiemaoh individual channel is detailed.
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Figure 4.10: The output power transients of the CW channdleabtitput of the first EDFA
for different input powers -2 dBm, -16 dBm and -26 dBm, are coragan the same scale.

The dependence of mean, standard deviation and power switfteacnumber of cascaded

EDFAs in the link are analyzed.

4.4.2.1 Numerical analysis of the power transients

The response of EDFAs to random variation of the input powehannels due to random-
ized times of packet arrival and variation in packets sizé ime importance in this thesis.
The changes of input power into the EDFA leads to a wide oytputer transient, and be-
cause the gain of an EDFA is wavelength dependent this leedifférent gains in different
WDM channels. Therefore, signals along cascaded amplifisrexperience an increasing
output power spread among individual channels which wipedels on the ON and OFF
periods of the input signal in the specific channels.

Figure 4.11 (a, b, c) highlights the power transients fometeh 1 at the output of the
first amplifier for three different input powers -2 dBm, -16 dBnda26 dBm respectively.
The output power transients for each input power are 0.33, 0.37 mW respectively. This

difference is clearly shown in the Figure 4.10 which has tired different outputs plotted
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Figure 4.11: The output power transients of the CW channdleabtitput of the first EDFA
for different input powers (a) -2 dBm, (b) -16 dBm and (c) -26 dBm.

in one figure. The output power transients of the link de@eesthe input power decreases.
This results from the high sag in the upper part of the packétshigh input power to the
EDFA while the packet sag is low with low input power to the EDRs was previously
explained in Figure 3.4 (b). Figure 4.12 (a) shows the saghemop of packets) clearly with
input power -2 dBm, in Figure 4.12 (b), the sag is less than gufe 4.12 (a) with smaller
input power of -16 dBm, and the sag has almost disappearedumd-#.12 (c).
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Figure 4.12: The output power transients of channel 2 at tlipub of the first EDFA for
ATM-IP traffic for input peak powers of (a) -2 dBm, (b) -16dBm &gl -26dBm.

4.4.2.2 Statistical analysis of power transients

The simulation was performed using a chain of EDFAs. The P@Rbe output power
transients of channel 1 at the output of the first EDFA in arcliar the input powers -16
dBm are shown in Figure 4.13 (a, b) while both channel 2 and $arerst-OFF and burst-
ON periods respectively. Figure 4.13 (c, d) shows the PDRseobutput power transient of
channel 2 and 3 while their traffic is at the burst-ON periods.

The output power transient of each channel along the caddald€As for the input of -
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Figure 4.13: PDFs of the output power transients and rel@gassian fits (denoted by G-
EDFA1/2/3/4) of channel 1 at the output of the first to fourtbFAs when the input signal
power is -16 dBm while the traffic in channels 2 and 3 are in (astbOFF periods. (b)
burst-ON periods. PDFs of the output power transients aladeidk Gaussian fits (denoted
by G-EDFA1/2/3/4) at the output of the first to fourth EDFAsilghthe traffic in burst-ON
periods and using input signal power of -16 dBm in (c) channéichannel 3.

16 dBm increases as shown in Figure 4.13 (a, b, ¢, d). The meha olitput power transient
of channel 1 increases as shown in Figure 4.14 (a) but the ofedrannels 2 and 3 decrease
as shown in Figure 4.15 (a). The standard deviation and pswieigs of all channels along
the cascaded EDFAs increase as shown in Figures 4.14 (bd &). 8% (b, c) respectively.
The simulation was performed using an input power of -26 dBnme PDFs of the

output power transients of channel 1 at the output of the BB A in a chain are shown
in Figure 4.16 (a, b) while both channel 2 and 3 are in bursE@Rd burst-ON periods
respectively. Figure 4.16 (c, d) shows the PDFs of the ouytputer transient of channel 2

and 3 while their traffic is in burst-ON periods.
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transients of channel 1 when the input signal power is -16 dBm.
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Figure 4.15: (a) Mean (b) standard deviations and (c) powangs of the output power
transients of channel 2 and 3 when the input signal poweiGisiBIm.

The output power transient of each channel along the caddald€As increases for the

input -26 dBm as shown in Figure 4.16 (a, b, ¢, d). The mean obtiteut power transient
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Figure 4.16: PDFs of the output power transients and rel@gassian fits (denoted by G-
EDFA1/2/3/4) of channel 1 at the output of the first and folgzFAs when the input signal
power is -26 dBm while the traffic in channels 2 and 3 are in (astbOFF periods. (b)
burst-ON periods. PDFs of the output power transients datkie Gaussian fits (denoted by
G-EDFA1/2/3/4) at the output of the first and fourth EDFAsidgrburst-ON periods using
input signal power of -26 dBm in (c) channel 2, (d) channel 3.

PDFs of channel 1 along the cascaded EDFAs increases as shdvigure 4.17 (a) but
the mean of the output power transient of channel 2 and ch@&ndecreases as shown in
Figure 4.18 (a). The standard deviation and power swingh ofiannels along the cascaded
EDFAs increases as shown in Figures 4.17 (b, c) and 4.18 (bl PDFs of the output
power transients of channel 1 at the output of the first EDFA thain for three different
input powers, -26, -16 and -2 dBm are shown in Figure 4.19 (aylle both channel 2
and 3 are in burst-OFF and burst-ON periods respectivelgurgi4.19 (c, d) shows the
PDFs of the output power transient of channel 2 and 3 at theubvwif the first EDFA for
three different input powers, -26, -16 and -2 dBm while theiffic is in burst-ON periods.

151



CHAPTER4. EFFECT OFPOISSON TRAFFIC ONEDFA TRANSIENTS

(3.) g x 107 (b)
0.015 S 69
<
o
= = 6.8
< 0.014 ©
=t 3
= 2 67
< 0013 o
—+—Chl-ON | & 656 —+— Ch1-ON
- @ =Ch1-OFF| 2 - ® = Ch1-OFF
0.012 8 65
1 2 3 4 1 2 3 4
Number of EDFAs Number of EDFAs
x10™ (C)
14 : Y
—+— Ch1-ON
12| - @ = Ch1-OFF

[ee]
T

Power—swing (W)
o 5

1 15 2 215 3 35 4
Number of EDFAS
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transients of channel 2 and 3 when the input signal poweiGisiEm.

For Figures 4.19, the location of the output power PDFs aB: fr -2 dBm to the right,
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Figure 4.19: PDFs of the output power transients and rel@gassian fits (denoted by G-
EDFAL) for three different input powers, -26, -16 and -2 dBnoif left to right) of channel

1 at the output of the first EDFA in a chain, while both channahd 3 are in (a) burst-OFF
periods, and (b) burst-ON periods. PDFs of the output pom@stents and related Gaussian
fits (denoted by G-EDFAL) of (c) channel 2, and (d) channeloB,tliree different input
powers, -26, -16 and -2 dBm, while the traffic of channels 2 aade3dn burst-ON periods.

PDF for -16 dBm at the middle, PDF for -26 dBm to the left. Anadyand observation
confirm, the narrower the PDFs, the less the output powesitats are. The mean, standard
deviation and power swings of channels 1, 2 and 3 for thrderdifit input powers, -26, -16
and -2 dBm are plotted for comparison as shown in Figures ©8@&1. It is observed that
the mean, standard deviation and power swing of all charnnetsase as the input power
increases.

We conclude from our simulation results that, in the paceetichannels, the mean de-
creases while the standard deviation and the power swirggease versus the number of

EDFAs in both cases of saturated and small signal power. Menvthe power swing’s mag-
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transients of channel 2 and 3 versus different values ofripetipowers.

nitude becomes smaller in the saturated case after the deaoplifier as with the small

input power, the power-transient increases with the difiermagnitudes at the output of

each EDFA in the chain.
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4.5 Summary

This chapter examined the effect of Poisson traffic on oupmuter transient phenomena
using non-self-saturated (without ASE) model. The magiatof the output power transients
are examined using numerical and statistical analysis.oldest known traffic model in use
in a telephony context, the Poisson distribution modelsesdu We verified the traffic model
by plotting the non-normalised PDFs of the burst-ON and tbOfsF periods for the input
traffic sources. The traffic sources follow the Poisson ithistion with an exponentially
decaying function for burst-ON and burst-OFF periods. €hedues show good agreement
with the corresponding analytical Poisson distribution.

To analyse the effect of the small signal packetized inpytawer transient phenomenon,
we simulated the network link for two different values of dhs&gnal powers of -16 dBm
and -26 dBm which were chosen from the linear regime of the EBpéctrum, using the
non-self-saturated model.

The response of EDFAs to random variation of the input povi@hannels due to ran-
domized times of packet arrival and variation in packet sizeeffective parameters of the
power transients. The changes of input power in EDFA leadarge output power tran-
sients. Moreover, the gain of an EDFA is wavelength depenaled this leads to different
gains in WDM channels. Therefore, signals along cascadedifaargpwill experience an
increasing output power spread among individual chanmelslzis depends on the ON and
OFF periods of the input signal in the specific channels. Taedard deviation and power
swings are sufficient for clearly indicating the increaséhimoutput power transients.

From our simulation results, we observed that the outputgpar@nsients of each chan-
nel represented by the related PDF broaden. The broadehiR®®© depends on EDFA
parameters, such as the traffic type and the number of the EDF#e chain in the net-
work. The PDFs show a good Gaussian fit. Therefore, the mattieahmanipulation rules
mentioned in Chapter 1, which are applied to Gaussian disioibb data, are also applied
to output power transients in this chapter. If the powerdiamt is high, then the output
power will be outside the limit of the receiver and this proési a bit error rate which is not

acceptable for networks performance (i.e. higher tharf 16r voice traffic).
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Chapter 5

Effect of ATM-IP traffic on EDFA power

transients in optical networks

5.1 Introduction

In this chapter, the dynamic model of the non-self-satar&BFA, described and validated
for the circuit-switched WDM networks in Chapter 3, is usedrweestigate the transient
behaviour in packet-switched WDM optical networks.

Packet sources are modelled as ATM-IP traffic [140], knowhuwasty traffic, which has
burst-ON and burst-OFF periods. The burst-OFF period isjaesece of time slots that do
not carry packets. Similarly, the burst-ON period is a sdiroé slots that all carry packets.

In this study, three scenarios have been examined. In thedesario, a periodic train of
pulse traffic at a bit rate of 4.24 Mb/s is examined. In the sdcsrenario, a train of ATM-
IP packets of different repetition times for each channeixamined. In the final scenario,
ATM-IP traffic of Pareto distribution with variation paratee of 1.2 at burst-ON and burst-
OFF periods is implemented at bit rate of 2.5 Gb/s. The oupouwter of the non-self-
saturated (without ASE) EDFAs chain for three study casesseésl for numerical analysis
of the output power transients (i.e. output power plus painarsients). The Probability

Density Function (PDF) is used for statistical analysishefse output power transients.
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5.2 WDM network traffics

In the context of networks, this research concentrates eelolging traffic models which can
be applied to any communication network, specifically toltiternet. The idea behind such
traffic models is to achieve two objectives. First, trafficdats are used as input sources
in network simulations. These simulations are performedttnly and analyse how traf-
fic behaviour affects the particular network conditiong(econgestion, output power and
SNR swings in circuit- and packet-switched optical netwgoikc.). It is very important that
the applied models behave with the characteristics of #ifédrit is supposed to describe.
Second, a genuine traffic model will provide an insight intbedter understanding of the
network traffic characteristics. In turn, this will lead tdatter QoS. For instance, a model
which has been validated and shows some correlation bettrei@n arrivals, can be used
for better understanding and developing solutions to soeteark problems, or to design
devices and packet handling strategies.

The oldest traffic model, which was initially developed irekephone context, was based
on Poisson processes, and call arrivals could be identiealll independently distributed,
and the call holding times have an exponential distributidth parametei, the mean and
variance are equal tv. Poisson traffic can be characterized by assuming that tbleepa
arrivals are independent or have temporal correlationsdeeay exponentially, i.e traffic
distribution has an exponentially decaying tail. In spiténd@ially being analytically simple
and successful, the Poisson model has been proved insoifftoiesimulate data traffic in
modern LANs and WANSs [112,135, 141].

Data networks are characterized by high variability in B@EF and burst-ON, that is a
self-similar traffic which repeats itself at many time ssalglany traffic measurement studies
in data communication networks such as the Internet havedféang-tailed distributions.
Research proved that Ethernet traffic has a self-similarredfill, 134] and the variable-
bit-rate video traffic has been shown to possess long-raagerdience [112]. This means
that the characteristics of these data clearly diverge ttoeconventional telephone traffic
and its related Markov models with short-range dependerfesh traffic can be described

through long-tailed distributions such as the Pareto arghbanal distributions [135].
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5.3 Packet traffic model

Modelling different classes of WAN traffic generated by sulifierent application proto-
cols as TELNET (Teletype Network), FTP (File Transfer Poolp, SMTP (Simple Mail
Transfer Protocol) and NNTP (Network News Transfer Praceill depend on context.
However, only the TELNET connection and FTP session agif@l short time periods can
be modelled by a Poisson process, independent of the ptgtecerating it. The Pareto dis-
tribution is applied to all WANSs traffic because of the buratyd heavy-tailed nature of the
traffic [142—-144]. In addition, the FTP data bursts and TEIN#&acket inter-arrivals were
modelled with the Pareto distribution because of the traffiicire implied [145]. The Pareto
distributions are especially attractive for their simptalytical form.

The long-tailed distributions suffer from the weakness a@if Imving finite moments of
all orders and this weakness has limited their use in dataragrtation networks. This
weakness in Pareto distribution is overcome by introduaitrgincated version of the Pareto

distribution.

5.3.1 Pareto distribution traffic model

The Pareto distribution is a simple model for positive daiti & power law probability tail.
It is natural to consider an upper bound that truncates tblegility tail, and the truncated
Pareto distribution has a wide range of applications iredét fields of data communication
networks analysis. The truncated Pareto distribution éslder our traffic modelling in this
thesis [146]. In the truncated Pareto distribution, thebpholity of a random variable is

given by [147]:

Kk
P(x) = (%) (5.1)
X = % (5.2)

where P(x) is the probability of variabke The Pareto distribution is specified by two
guantities xm andk. xny, is the minimum possible value of andk is a positive parameter
called the Pareto index and is an indicator of the degreerahidity of the traffic. The value
of P will be given with a uniform distribution from zero to one.

In our simulations, we usex, = 1 in order that the burst-ON and burst-OFF periods of
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the packet can alter between 1 antime-slots. The PDF for the truncated Pareto distribution
¥

k

P(x; K, Xm) = k’)‘(—';g (5.3)

We use the truncated Pareto distribution shown in Equabd) (o produce the random
variable,x. Then, we rounded to the smallest integer which is required to make the burst-
ON or burst-OFF periods of the packets a multiple of the ATMKed size. The expected

mean value of a random variabtdor k > 1 for the truncated Pareto distribution is:

E(X) = — (5.4)

The variance ok for k > 2 is:

3,5
kx, 2xt k3 X2, ) (5.5)

var(x) = - (3—|<Jr k | (k—2)2(1—K)
If k<2, the mean and variance are infinite. It was proved by Taq8d][that simul-
taneously input of ON-OFF traffic sources of degree of valitgbk < 2, with each source
having infinite variance, achieves self-similar traffic.

The total network utilization factou, is achieved by:

U= E(TON) (56)

E(Torr) + E(Ton)

WhereE(Ton) is the mean of the burst-ON period of the pack&Slorg) is the mean

of the burst-OFF period of the empty cellgyy is the Pareto index or variability term for
burst-ON periods, ankpgr is the variability term for burst-OFF periods.

For verification of the Pareto traffic source, the Log-Logmalised PDF for the burst-
ON and burst-OFF traffic, used as input sources of ATM-IFficad channels 2 and 3 in
scenario 3, are plotted in Figure 5.1 (a) and (b). The PDFeftalytical truncated Pareto
traffic is also plotted in Figure 5.1 (a) and (b) for the pumosfitting using Equation (5.3).

Figure 5.1 (a) shows the PDF for normalized burst-ON pena@ualsus cell or packets. It
is obtained by simulating the arrival of more than 28 milljpeckets. Figure 5.1 (b) shows
the PDF for normalized burst-OFF periods. It is achievediutating the arrival of more

than 33 million empty cells.
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Figure 5.1: Log-Log PDF of the normalised ON-OFF period$wiitincated Pareto distribu-
tion of variability degreekorr = kon = 1.2: (a) PDF of the burst-ON periods, and (b) PDF
of the burst-OFF periods. Blue line - simulation of the truredaPareto distribution traffic;
green line - analytical truncated Pareto distribution.

From Figure 5.1 (a) and (b), the slope of the analytical tated Pareto PDF is calculated
as = - (variability degree) = - 1.2, this is equivalenkgy = korr = 1.2, which is used in our
traffic simulations. Although the number of cells used irsthimulation was more than 33
million empty slots for burst-OFF and more than 28 milliorckets for burst-ON, this was
not sufficient to illustrate the heaviest tail of the distition. Thus, the number of cells used

to generate Figure 5.1 (a) and (b) leads to noise in the tailcaamnd 10— 4).

5.4 Cascaded EDFAs for Pareto distribution traffic

This section focuses on numerical and statistical anabfsiBe three case studies, each of
which has different traffic characteristics, such as trdfficate and traffic distribution. The
network configurations and EDFA parameters are identicadlfahree cases.

The network topology considered was the bus type, and a spaythl of 88 km was
used to provide span loss of 19.36 dB using SMF fibre of attemuaoefficient of 0.22
dB/km in C-band EDFAs, and span length of 90 km was used to peaspan loss of 19.94
dB using SMF fibre of attenuation coefficient of 0.22 dB/km ie tain-shifted C-band
EDFAs [13, 14].
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5.4.1 Scenariono.1

We present in this scenario the results of numerical sinalatperformed for 2 signal chan-
nel systems and the output power was observed at the first EDiF#& network link. Chan-
nel 1 was fed with CW and channel 2 with ATM cells or packets. Th signal is a good
indicator of the output power transients. Thus, the CW signaked as an input source to
channel 1 in all our simulation scenarios. The motivatiohihé these numerical simula-
tions is analysis of the effects of the output power trartsien the gain dynamics obtained
from rapid variations of the input power on the output powehea output of the first EDFA.
The discussion of results is done in two parts. In the first,pee present the simulation

parameters. In the second part, the critical analysis optineer transients is presented.

5.4.1.1 Simulation parameters

In our simulation, we use the simulator developed for the @d@nd gain-shifted C-band
EDFAs based on the non-self-saturated model [74]. This inisdéescribed in Chapter
3. The simulation parameters of this scenario which use€thand EDFA are the same
as discussed in Section 3.2.1. The EDFAs operate in the elbsasturated conditions as
defined in Chapter 2.

In this numerical simulation, two channels for the inputnsiband one channel for the
pump are used. The input to channel 1 is CW at wavelength 1548, 2vith signal peak
power of -2 dBm. The input to channel 2 is ATM-IP traffic souragwpeak pulse power of
-2 dBm at a wavelength of 1550.8 nm, using a channel spacingafrh. The system runs
for 100 ms (i.e. the transmission lasts for 100 ms in the linkf) transmission time of 40
ms a packet of duration of 1Q arrives in channel 2, corresponding to an ATM cell of 424
bits at the bit rate 4.24 Mb/s. ATM cell consist of 424 bit (§89. One bit time = 1/(4.24)
=0.235ps. Thus, one packet time =424 x 0.235 = 1680

In the current simulation scenario, the model has been mmgh¢ed using 10 points per
packet, resulting in a simulation time resolution of 49 The sharp edges of the transient
recovery curve in Figure 5.2 is due to this low simulationoteBon. The resolution was
changed in all of the following scenarios to 10 ns, becauskehigher bit-rate of 2.5 Gb/s.
The latter’s fine resolution can capture the output power@8NR transients much less than

0.1 dB [52,113].
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Figure 5.2: Output power transients at the output of the HBA for pump signal, channel
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Figure 5.3: The output power transients of channel 1 at tipubwf the first EDFA while
different input powers and packet durations are used foirpet traffic of channel 2. (a)
output power transient in large time scale (0 - 1 ms), (b) ougower transient in smaller
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5.4.1.2 Results and discussion

In this scenario, we can see from Figure 5.2, the output ptnaesients start with arrival of

a packet in channel 2. The output powers of the pump chanm@hnel 1 and channel 2 all
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decrease. This phenomenon is caused by the fast depletexcioéd ions. In Figures 5.2
and 5.3, with the arrival of a packet in channel 2 of input ppalwer of 0.63 mW and
duration 10Qus at 40 ms the output power of channel 1 drops from 53.9 mW tb032wW
during 100us (packet interval), so the power transients in channel 1i8 thW. Then the
output power in channel 1 after channel 2 goes inactive (lDF¥-), increases to its original
steady state magnitude of 53.9 mW in 480and total time (transient and recovery times) is
580ps as shown in Figure 5.3 (a), the transient recovery timert#pen pump power. The
phenomenon of the power transient in channel 1 due to trgiacket traffic in channel 2 is

known as “cross-gain modulation effect in the packetizedrET)108].

012 Input-signal = 0.63 mW —— 4 0.12 Ch1 CW at ch2/0.63 mW ——
: Input-signal = 1 mW : Ch1 CW at ch2/1 mW
Input-signal =2 mW —— Ch1CW atch22 mW ——
0.1 | 1 0.1 [
% 0.08 | 5; 0.08 |
o o
H H
g g
«= 0.06 1 = 0.06 [ B
3 3
o o
3 3
0.04 - 1 0.04 - Bl
0.02 | 1 0.02 - B
0 . . . . . . 0 . . . . .
39.75 39.8 39.85 399 39.95 40 40.05 40.1 40.15 40 40.1 40.2 40.3 40.4 40.5
Time (ms) Time (ms)
(a) (b)

Figure 5.4: The output power transients at the output of tist EDFA observed at (a)
channel 2, (b) channel 1, while different input powers (0188, 1 mW and 2 mW) are used
for the input traffic of channel 2.

In Figure 5.2 the output power in channel 2 decreases froehBV to 31.0 mW during
the duration of the packet (1Q), so the power transient in the packet is 14.4 mW. This
phenomenon occurs when the first packet arrives at channkégvit finds a large number
of excited ions, the EDFA operates in a small signal gainnegbecause the pump power is
high, and the input signal exists for the duration of the pa¢kOOus). Because of stimu-
lating emission, the ions start depleting quickly, and viast power transients occur during
the time of the packet, in consequence, the last bits wilerelower amplification than the
initial bits. We can see in Figure 5.4 (a) the output powerisageater the higher the input
power to channel 2.

As we mentioned the gain dynamics can be very fast in high paakets due to the

163



CHAPTERS. EFFECT OFATM-IP TRAFFIC ONEDFA POWER TRANSIENTS

stimulated-emission avalanche depletion of the excited.idrigure 5.4 (a) illustrates the
sag across the output power of the packet for different ipputers. When the packet peak
power of channel 2 is 0.63 mW, 1.0 mW, or 2.0 mW the power teartsn the output power
of the packet is 14.4 mW, 27.4 mW or 62 mW respectively.

Figures 5.3 (a), (b) and 5.4 (b) shows the effect of diffepatket peak powers and dif-
ferent packet durations of channel 2 on the cross-modul&ighaviour of the output power
of channel 1, the individual input power is used at the irglinal simulation. With arrival of
the packets of channel 2 of input peak power of 2 mW, 1 mW, o8 @8V with the same
packet duration of 10Qs for all three inputs, the output power of channel 1 deciefsen
53.9 mW to 17.35 mW, 25.9 mW, 32.1 mW respectively. When theitigeak power of
the packets of channel 2 is 0.63 mW and of different packeatdhns of 100, 50, 20 and
10 us the output power of channel 1 decreases to 32.10, 36.2,a48.417.6 mW respec-
tively, so the power transients in channel 1 are 21.8, 10.5 4nd 6.3 mW respectively. We
concluded from Figure 5.3 that the transient time and povehannel 1 depends on the
input packet duration and peak power of channel 2. Howeemtitput power transient and
recovery times in all cases is 586 as seen in Figure 5.3 (a).

We can also conclude from our simulation that the sag willdlewvhen the input peak
power is doubled, as shown in Figure 5.4 (a). The transierdg tiepends on pulse duration,
while the transient recovery time depends on the pump pdwehe case where the packet
repetition is long, then this will provide enough time foetlons to regain their initial energy.
Thus, the second packet will behave in the same way as theéicet, but if the packet
arrives before restoration of the ions to the initial coiwdhf then the packet will have less
initial gain or less power sag across the output packet aquineless time to become stable.
This means that the initial bits in the packet experiencédigain than the last bits in the
packets and less than the leading packet. This will be se#reinext scenario with ATM
packets at a bit rate 2.5 Gb/s. As the bit rate increases thépslcket or empty cell) time
will decrease. In the current example, we consider the lawabde communication link to
demonstrate the effect of pulse peak power and the pulsdialurar the channel bit rate
on the power transient magnitude and duration in channeld2aafacent channels in the
link [107,148].
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Figure 5.5: (a) Input traffic to all 7 packetized channel$§, issequivalent to 75 ms of simu-
lation run-time, (b) the output power transients of 7 paideset channels at the output of the
first EDFA, t=0 is equivalent to 75 ms of simulation run-tinje), the output power transients
of channel 1, CW, at the output of the first EDFA. These outputgrdransients are observed
prior to the system reaching an equilibrium state.

5.4.2 Scenario no.2

In this section we present the results of numerical simutatiperformed for the 8 channel
system and the output power observed at the first and theER}#eAs in the network link.
Channel 1 was fed with CW and channels 2 to 8 were fed with a pericaln of ATM-IP

cells or packets of different repetition times [107]. Theimia@ea behind these numerical
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simulations is to analyse the effect of rapid variationshefinput power and different burst-
OFF periods on the output power transients of system charaiehe output of the first

EDFA.

5.4.2.1 Simulation parameters

In our simulation, we use a traffic source of ATM-IP speciii@atat the bit rate of 2.5
Gb/s [107]. The simulation parameters are the same as imsoeh In this scenario, eight
signal channels are used and fed with ATM-IP traffic of deferpatterns of the burst-OFF
periods, then amplified with EDFA in the link of the opticatwerk.

5.4.2.2 Results and discussion

The ATM-IP traffic sources provided for channel 2 to channelr8: packet duration is
170 ns and denoted b, corresponding to an ATM-IP cell of 424 bits at a bit rate of
2.5 Gb/s. In this simulation, the burst-OFF periods areteceaanually in each channel
and the overlapping of the packets of different channelgedyl to occur as shown at the
input powers and the output powers prior to the system dxjiuiin, see Figure 5.5 (a) and
Figure 5.5 (b) respectively. We chose the repetition petiebted byf;, for channels 2, 3, 4,
5, 6, 7 and 8 to be 10T, (one packet every 10 slots), X, 13x Ty, 16xTp, 19xTp, 21x T,
and 31x Ty respectively as shown in Figure 5.6 (b) to (h) respectivelfter the system
equilibrium, the burst-OFF periods and the overlappinghefpackets of different channels
is also shown at the input powers and the output powers inr&igr (a) and Figure 5.7 (b)
respectively.

We can derive a relation for system utility factor, denotgcupfrom T,, andT,. Ty is
the full-load period in each channel in the network becahedraffic is in burst-ON periods.
(Tr - Tp) is no-load period in each channel in the network becaustaffe is in burst-OFF
periods. u = full-load/(full-load + no-load). The utility factor of @nnel 2 is 0.1, and of
channel 3 to channel 8 are 0.0909, 0.0769, 0.0625, 0.052476, 0.0323 respectively. This
shows that less than 50% of the link is used because of theblarstr OFF periods which are
created artificially in each channel decreases a3((- Tp) increases.

In the first part of this section, the output power transi@fitsascaded EDFAs resulting

from ATM-IP traffic source, was explained. The packet damaif ATM-IP packets is 170
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ns and the inter-arrival periods are different in each ckhas discussed above. A numer-
ical analysis for the output power transients of each chamnihne cascaded EDFAs was

performed.

5.4.2.3 Transient analysis

As mentioned, channel 1 was fed with CW while channel 2 thraegthannel 8 were fed
with ATM packets of duration 170 ns. The transmission in ftisnario lasts for 100 ms. We
fed a pump and channel 1 with an input power commencing at tim0lation time, while
the other channels were fed after the system stabilized. \iéezhing the pump signal and
channel 1 at t = 0, the equipment following the EDFA in the hiviks protected from damage.
This idea is used in the experimental set-up for the praieadf devices from high peak
signals into the link. This idea is also one of the channetqmtion techniques to mitigate
power transient effects in the packet-switched opticalvodts discussed in Section 1.9. In
contrast, feeding the pump and all eight channels with paiaultaneously at t =0, and
there would be a very high output power in the channels becalishe ions which have
been transferred to the metastable level by pump power wwmeilavailable photons to the
input signal when the signal suddenly arrives at t = 0, arglvlaiuld result in an initial very
high peak power in the amplified signal, the equipment foltmthe EDFA in the link would
be in danger of being subject to a high peak power.

The first packet in all 7 channels arrives at the same time,5 m3, at the input of the
first EDFA. The packet signals of all 7 channels absorb avklphotons of the excited ions.
The excited ions quickly start depleting by stimulated esmois, thus causing a very sharp
power transient across the packets of channel 2 to chanmel 8 aharp decline in the slope
of the CW signal of channel 1. The final bits in the packetizemheciels will experience less
amplification than the initial bits as shown in Figure 5.5 th)s phenomenon is more clear
in Figure 5.7 (b).

Since the first packet from all channels overlap at 75 ms ofisition run-time as shown
in Figure 5.5, the excited ions deplete faster, and the ayipuer curve of channel 1 sharply
declines for a duration of 170 ns. The output power of chadnddcreases from 54.36 to
53.56 mW, the drop in power is 0.80 mW, the output power of ceh2 decreases from
51.66 to 50.99 mW, a drop in power of 0.67 mW, and so on for therathannels. Channel
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Figure 5.6: (a) to (h) illustrate the individual output powansients for channels 1 to 8, (k)
illustrates the output power transients of the 7 packetcehnels together. These output
power transients are observed at the output of the first EDR&wthe system is in equilib-
rium state.
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Figure 5.7: (a) Input traffic to all 7 packetized channel$,tfie output power transients of
all 7 packetized channels, (c) the output power transiefitbannel 1. These output powers
are observed at the output of the first EDFA when the systemasguilibrium state.

2 to channel 8 are in burst-OFF mode for the time interval ofentiban 1500 ns. The slope of
the output power of channel 1 relaxes in this period, and titput power of channel 1 stays

at 53.5607 mW, since the next packet arrives and there ifficisat time for excited ions to
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Figure 5.8: PDFs of the output power transients (full linel aelated Gaussian fit (dashed
line) of channel 1 at the output of the first EDFA while trafiicthe other 7 channels is in (a)
burst-OFF periods, (b) burst-ON periods.

restore their energy, as the next packet of channel 2 artb@@ ns after the initial simulation
start-time, the remaining excited ions are depleted furindact, the excited ions can hardly
restore their initial energy, as shown by the small incredsbe output power of channel 1
in the time between packets. As each packet arrives, itvesdess amplification, until the
power amplification reaches a dynamic equilibrium levelodm simulation, the equilibrium
level is achieved after 3 ms of simulation run-time as shawAigures 5.6 and 5.7, compared
with Figure 5.5 which illustrates the system before eqiiliim.

As seen from Figure 5.5, the first packet of channel 2 has agtootput power sag,
but as the amplified power decreases, the subsequent pazketsence less amplification.
Thus, the sag on the output power amplification decreasdst disappears at the dynamic
equilibrium in the case of short packets. The flat gain atldgium is not always there, and
the duration of the packet is the effective parameter. Whemthation of the packet is 100
K, the power sag at dynamic equilibrium is six times highenttiee power sag when the
packet duration is 1 [107].

In Figure 5.8 (a) and (b), the PDFs of the output power tramsief channel 1 at the
output of the first EDFA and related Gaussian fit are plottedfith burst-OFF and burst-
ON periods respectively. The labels G-ch1-OFF or G-chl-@finds the output power
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Figure 5.9: PDFs of the output power transients (full linedl aelated Gaussian fits (dashed
line) of (a) channel 2, (b) channel 4, (c) channel 6, (d) cleh@respectively, observed at
the output of the first EDFA while the traffic is in burst-ON fuets.

transients and related Gaussian distribution of channehilevehannel 2 to channel 8 are
in burst-OFF period or burst-ON period respectively. Thenmadized associated Gaussian

distribution is plotted using Equation (5.7):

1 (x—X)?
Px= exps ———— 5.7
Wherex is the output power transient which has a mear ahd the standard deviation

of 0. Figure 5.9 (a), (b), (c) and (d) show the PDFs of the outputgrdransients of channel
2,4, 6, and 8 respectively at the output of the first EDFAs enc¢hain. The PDFs do not fit
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the associated Gaussian distribution. These PDFs iltedina long-tail distributions for all
channels in the link. The mean of the output power transienthiannel 1 at burst-ON and
burst-OFF are the same, 0.0387 W. The standard deviatidreafutput power transients of
channel 1 at burst-ON and burst-OFF are the same, 0.0011&\0utput power swings occur
due to power transient phenomenon in the link. The powergsvame difference between the
maximum output power transients, which is defined by ma}(hd the minimum output
power transients, which is defined by min(p(t)). The majjpftchannel 1 at burst-OFF
and burst-ON traffic are 0.053, 0.0544 W respectively. Thgmitade of max(p(t)) related
to burst-OFF periods is smaller than the magnitude relatdaitst-ON periods because the
burst-OFF periods are no-load periods of the system whepyesiots are transmitted in
channels 2 to 8. However, there is an output power transieahannel 1 due to the long
transient recovery time, the magnitude of this output painaarsient is not as in burst-ON
periods, which are the full-load periods of the system. Th&(p(t)) of channel 1 at burst-
OFF and burst-ON traffic are the same, 0.0384 W. As mentioneSlection 5.4.2.2, the
system utility factor is less than 50%, since the number okets transmitted is very small
compared with number of empty slots, thus, the no-load afr®Dé&s has a large deviation
from the mean while the full-load area of PDFs has a smallad®n from the mean. This
discussion applies to all channels in the link.

We can derive a relationship between the packet peak powleaeaetition period of each
channel in the network link. Assume the input peak power efggacket ispin, the average
of pin ( pin) for a given packet duratiofy, with the repetition rate of frequenéy = 1/T; can
be found E (Tp/T;)pin] as can the standard deviation and power swings. At low iepet
rates the sag across the output packet is larger becausecttexlaons have sufficient time
to restore their energy after each packet [107]. The meaheobtitput power transients of
channel 2 and channel 8 are 37.20 and 28.40 mW respectivelythe standard deviation
of channel 2 and channel 8 are 1.00 and 0.67 mW respectiva\yjdcrease in mean and
standard deviation is because the gain of channel 8 is laaghiat of channel 2, because the
gain of EDFA is wavelength dependent.

The power swing (i.e. max(p(t))- min(p(t))) of the outputymEr transients as calculated
from the PDF of channel 2 is 15 mW while the power swing of cleéis 9.5 mW, this

is because the EDFA gain is wavelength dependent and theofaimannel 8 is less than
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the gain of channel 2, the repetition rate of channel 2 is &gtats while repetition rate of
channel 8 is 2 packets/s.

If the repetition rate is varied for each individual channeé will see that the lower
the repetition rate of the channel the higher is the powengwiWe conclude from our
simulation results that the gain dynamics can give largegoaswings across the packets
if EDFA experiences long burst-OFF periods. This gives thated ions enough time to

restore their energy [107].

5.4.3 Scenariono. 3

We present in this section the results of numerical simaatiperformed for the 3 channel
systems with cascaded EDFA links which are fed by Paretalligion traffic described by
the model in Section 5.3.1 and shown in Figure 5.10. The ntEa behind this numerical
simulation is to analyse the effect of the power transiebtaioed from rapid variations of
the input traffic on the output power. The PDFs of power tramsivith associated Gaussian
fits from two different simulation run-times, 250 and 600 rasz compared. It is shown
from the curves of standard deviation and mean of PDF veisigsin the Figures 5.11 (a)
and (b) respectively, that as the numerical-simulationtmne increases the PDFs of power
transient become more stable. The discussion of resultstiga parts. In the first part of
this section, the power transients of cascaded EDFAs cdns@dM-IP traffic sources are
explained. The statistical analysis for the output powangrents of each channel in the
cascaded EDFAs is performed in the second part. The statistnalysis is performed by

plotting PDF of output power transients and their Gausstan fi

5.4.3.1 Simulation parameters

In our simulation, we use the same simulation parametergiomea in scenario number 2
except the number of signal channels are reduced to 3 due torilg simulation run-time.
The output power transients are obtained from numericallsition performed on the chain
of EDFAs for transmission duration or run-time of 600 ms. Tingut traffic fed to this
network link is shown in Figure 5.10. As mentioned earlige tnput traffic bit rate is 2.5
Gb/s. Thus, the bit time of the ATM cell has the duration of 868~ 170 ns. We use 17
points per ATM-cell to implement the non-self-saturateddelalescribed in Chapter 3. The
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Figure 5.10: Sample of the ATM-IP traffic source of truncaBaaeto distribution with vari-
ation parameter k = 1.2 for burst-ON and burst-OFF periods.

simulation resolution was 170 ns/17 points = 10 ns. Thus,Gl01pus time resolution is fine
enough to capture power transient much less than 0.1 dB asshdl dB increase-time or

decrease-time of output power transients in Figure 3.12.

5.4.3.2 Numerical analysis of the power transients

There are many parameters related to the PDF of the outpugrpmansients. These pa-
rameters require clear definition, thus a sample-diagrameisented for this purpose. The
sample-diagram of the output power transients is showngargi5.12. In this figure the
steady-state power is at the middle of the bell-shaped @amdd¢he mean of the output power
transient denoted b§. The values surroundingrepresent the slowly varying ATM-IP traf-
fic. As the durations of the burst-ON and burst-OFF periodssiase the curve broadens. For
this bell shape curve, two limits or conditions are avagabrlhe first limit is presented by
the left-side of the curve and this is the full-load conditid he full-load condition appears
when all channels in the link were transmitting the ATM celtgpackets for a long period of
time or in burst-ON periods. The second limit is presentethlkyright-side of the curve, and
this is the no-load condition. The no-load condition appe@nen all channels in the link

have empty cells or in burst-OFF periods. The latter coodigives time to the EDFA to
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Figure 5.11: (a) Mean of the output power transients of cehfirat the output of the first
EDFA versus the simulation run-time, (b) standard deviatibthe output power transients
of channel 1 at the output of the first EDFA versus the simoitatun-time.

increase the output power to high levels. In other wordsekoged ions gain enough energy
to amplify the next input signal. In terms of channels, thevAgells or packets which were

followed by burst-OFF periods were exposed to extreme decagg. The amount of broad-
ening in no-load or full-load depends on the variability afst-ON and burst-OFF periods
of the burst mode traffic and on the speed of transients [113].

As illustrated in the PDF sample-diagram shown in Figurebthe full-load power
limit is around 0.02 W and the no-load power limit is aroun@@W, and theS output
power is oscillating around 0.04 W which depends on the chlamavelength because EDFA
gain is wavelength dependent. In Figure 5.13, the mean ofsRiDfhe output power and
their related no-load and full-load powers are shown. Tiiddad power limit results from
the output power transients due to the long periods of BDMtin both channel 2 and 3.
The output power transient decreases from 0.04 W to 0.02 Wi@srsin Figure 5.14. In
Figure 5.14 (a), the output power transient was 0.02 W foroperof time that follow the

burst-ON periods in channel 2 while the bursty traffic in aman3 varies between long
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Figure 5.12: Sample diagram of the PDF plot with related patars.

periods of burst-ON and short periods of burst-OFF. Thus,résulted in a power transient
between 0.026 W and 0.014 W in channel 1 as shown in Figure(b)1(@&t left side or full-
load area of PDF) and in channel 2 as shown in Figure 5.16t(e)tsside or full-load area
of PDF), the behaviour of channel 3 is similar to channel 2.

In Figure 5.14, the simulation period is when the burst is @Nhannel 2 and OFF
in channel 3, then the power increased to a certain valueusecthe burst-OFF periods
in channel 3 gave time for the excited ions to gain energyclvie shown as an increase
in power of input signal, this amplification happens durihg preceding 10.87 ms. Then
the power increased to 0.02 W in steps as a result of a traimckgts in channel 3. The
simulation period between 10.834 ms (1.0834' ns) and 10.864 ms (3) in Figure 5.14
explains the peak power of 0.02 W with probability above 1t the full-load area of all
PDFs as shown in Figures 5.13 (a), (b), (c), and (d). This advdity variation above and
below 1071 at the full-load limit around the values of 0.02 W increasad Aecame more
obvious in cascaded EDFAs as shown in Figure 5.16 (a), (b)(@nat left side or full-load
area of PDF). The transient period for sag from 0.022 W to@¥2is from 10.864 ms
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Figure 5.13: PDFs of the output power transients (dashegl #ind associated Gaussian fits
(full line) of channel 1 at the output of the first EDFA whilearinel 2 and 3 at (a) burst-OFF
periods, (b) burst-ON periods. PDFs of the output powersigants and related Gaussian fits
at the output of the first EDFA for (c) channel 2, (d) channel8ile their traffic is in the

burst-ON periods.

(1.0864< 10’ ns) to 10.838 ms (2@s), then to return to the power 0.022 W required a period
from 10.872 ms to 10.864 ms (8).

Regarding the no-load area of the power transient PDFs, tivdWTtraffic is in burst-
OFF for this area. The opposite phenomena was observed cedgathe full-load condi-
tion. A long burst-OFF period transmitted in channel 2 andretel 3, caused an increase
in the output power of channel 1 to 0.055 W at the output of tret EDFA and to 0.065

W at the output of the cascaded EDFAs because the excitechamhgnough time to gain
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Figure 5.14: The output power represents a sample from ptoemsients at full-load area
of the PDFs, (a) channel 1 of CW signal while both (b) channet Razketized traffic at
burst-ON periods, and (c) channel 3 of packetized trafficastbON or burst-OFF periods.
This plot gives the reason for the heavy-tail of the PDFs #natobserved in Figures 5.16
(@), (b) and (c) (at left side or full-load area of PDF), thexis scale can also be read in ms
(10.834 ms = 1.083410 ns).

energy from the pump power while the burst is in the OFF parindhe other two channels
as shown in Figure 5.15. Figure 5.15 also explains the pekle waith probability more
than 101 at no-load area of the PDF of channel 1 for burst-OFF periodsis shown in
Figure 5.13. This oscillation around the probability of 1Git no-load area of the burst-OFF
PDFs of channel 1 was more obvious for cascaded EDFAs as sinokigure 5.16 (a) (at

right side or no-load area of PDF).
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Figure 5.15: The output power transients in channel 1, CWse@duby long burst-OFF peri-
ods at channels 2 and 3. This power transient is shown asghepk&k at the right-side of
the PDF of channel 1 in Figure 5.13 (a). This plot gives thesoedor the long-tail of the
PDFs observed in Figure 5.16 (a), (b), and (c) (at right srdsoeload area of PDF)

5.4.3.3 Statistical analysis of the power transients

The analysis of the transients caused by burst-mode tra#fistzown through information

illustrated in Figure 5.13 (a), (b