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Synopsis

The phenomenal growth rate of Internet traffic as well as the increasing
demand for high bandwidth services such as video-on-demand (VoD), high
definition TV (HDTV), video-conferencing etc., have created a new networking
environment in which flexibility, scalability and high bandwidth capacity are of
utmost importance. All Optical Networks has emerged as a promising technology

to deliver the high capacity demands of current and envisaged future applications.

DWDM systems are currently being deployed in an attempt to increase the
supply bandwidth of service providers. These systems have resulted in high traffic
volumes (DWDM systems operating in excess of 1Tbps have already been
demonstrated) being transported and network failure could lead to a considerable
loss of data. Network management (NM) has therefore become an essential

feature in these high capacity networks.

Operations, Administration and Maintenance (OAM) is the collection of
processes that support the network management function. OAM incorporates
performance monitoring, fault detection, fault localisation and configuration. The
performance monitoring function monitors the performance parameters of the
network elements and signal. If and when a fault is detected, the OAM procedure

reports the occurrence to the operating system (OS) of the NM system.

IP-based services are becoming the dominant transmission technology and this
trend is expected to continue as the multimedia age comes to the fore. IP traffic is
inherently bursty in nature and the related bandwidth requirement for these
services changes frequently. This could result in new managed objects (MOs)
being added to the network, as lightpaths are set-up and torn-down to
accommodate these changing demands. The NM system (NMS), operating
systems (OSs) and managing elements must be able to cope with these changing

conditions within the network, without overloading its own resources.
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In this study a generic OAM model is proposéd which takes into consideration
these changing conditions. The model proposes that a network be logically
divided into OAM subnetworks, which are further sub-divided into OAM
domains. The performance of the proposed architecture is evaluated in terms of
the notification load which each managing element (referred to as a gateway NE)
or OS has to handle.

In order to do this a good knowledge of the optical networking components as
well as the OAM procedures is required. This study focuses on the performance
monitoring and fault detection functionality associated with OAM. The proposed
architecture is explained with the aid of a point-to-point network. The explanation
of the performance monitoring and fault detection techniques (SDH emulation) is
also done using the same network example. The point-to-point network was then
simulated in the optical network simulation environment and the optical

performance parameters (optical channel power and OSNR) were monitored.

In an attempt evaluate the performance of the proposed OAM architecture, a
simple NM tool which implements the performance monitoring and fault
detection techniques, is developed. The input to the tool is the OptSim
performance data into which periodic failures have been incorporated. The output
is the number of notifications generated and sent to the gateway NEs and OS. The
results are compared for the case where the proposed architecture is implemented
with the case where no sub-division into OAM domains is considered. The
results show that for the proposed scheme, the overall total number of
notifications generated is increased. However, the number of notifications
received by the OS decreases. Furthermore, the notifications generated are divided
amongst the GNE and in so doing it distributes the load that they experience. This
result is important because it means that in a network where demand changes

frequently, OSs will not be overloaded in the event that network failures occur.

This study considered only static NEs and also, it did not take into account all the
OAM procedures. It is recommended that the proposed architecture be evaluated

for configurable NEs as well as the other OAM functions.
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Chapter 1

Introduction

The last decade in the 20" century has brought about an amazing change in
networking technologies and communications as a whole. The phenomenal
growth rate of Internet traffic as well as the increasing demand for high bandwidth
services such as video-on-demand (VoD), high definition TV (HDTV), video-
conferencing etc., have created a new networking environment in which
flexibility, scalability and high bandwidth capacity are of utmost importance. All
Optical Networks (AONs) have all this to offer!

This chapter serves as an introductory overview to optical communications as a
whole and some of the topics introduced here will be re-visited in chapter 2. The
first section begins with a discussion on the background of optical
communications and briefly reviews the physics concepts on which optical
communications is based. Thereafter, the spectrum of optical media and optical
components are introduced. It then discusses the limitations that optical
components impose on the performance of optical networks. A brief review is
given of the three different approaches for implementing multiplexing in an
optical network. Thereafter optical switching methods and challenges relating to
optical buffering are discussed. Section 1.7 serves as an introduction to chapter
three and compares the management of legacy networks to the structure that has
been proposed for AONs. Finally, the thesis objectives are stated and the thesis

outline, provided.



1.1 Background on Optical Communications

Optical communications has its origins back in the 1950s, when the possibility
of transmitting data over optic fiber cable was first realised. The field of lightwave
(optical) communication is based on the concepts of refraction and total internal
reflection in physics. When light travels from one medium to another it
experiences varying degrees of refraction and reflection, which depend on the
angle of the incident light and the refractive indices of the media. The law of
reflection, which states that the angle of incident light equals the angle of the

reflected light and Snell’s law, which is given by:
n, -sin(@, )= n, -sin(6,) (1.1)

govern the phenomenon of refraction. In equation (1.1), mand n,are the
refractive indices of the media and, &, and &, are the angle of incidence and angle

of refraction, respectively. The refractive index of a material (n,,, ) is defined as:
n_ . =-—— (1.2)

where cis the speed of light in a vacuum and v_, is the speed of light in the

mat
material. By using Planck’s law, which is stated in equation (1.3), equation (1.2)

can be re-written as

f= (1.3)

n_ = f -4 (1.4)

from which it is clear that there exists a relationship between the frequency,
wavelength, velocity of light in a given material and the refractive index of the
material. This inter-dependency has inherent advantages and disadvantages. The

advantage is the accessibility of a third dimension, namely the wavelength domain



(in addition to time and space), for the implementation of communication
concepts such as multiplexing, switching and routing. The wavelength-frequency-
velocity inter-dependency has also proved useful in the design of optical
components, for example filters. A disadvantage, however, is that it gives rise to
the phenomenon of dispersion, which imposes a limitation on the performance of
optical networking components and therefore also the performance of the
network. In the next section the spectrum and bandwidth potential of optic fiber is

examined.

1.2 Spectrum of Optical Media

Initially, optic fibers were deployed as “fast electric wires” [7]. Optical fiber
transmission suffers from low attenuation (typically 0.2dB/km or less) and low
noise power, which means that it is more immune to bit errors. Figure 1.1 below

shows a plot of fiber attenuation vs. frequency.

i
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Figure 1. 1 Attenuation vs. Frequency curve for optical fiber

There are three passband windows, at 0.85, 1.3 and 1.55um, which have been or
are being used in optic fiber communication systems. The width of each of these
passbands is approximately 0.2um. The first commercial deployment of fiber
optic systems operated in the first window (i.e. 0.85um), but subsequent
improvements in optic fiber fabrication resulted in systems operating in the

second (i.e. 1.3um), and the third and fourth (i.e. 1.55um) passband windows.



The bandwidth of each of these passband windows can be calculated by taking the

derivative of Planck’s law, from which equation (1.5) is obtained.

:
a—{; s —zc;,_- (1.5)

Then for a small interval A4 around A, the corresponding window Af can be

calculated. Using this result it is found that the bandwidth associated with each of
these passband windows is approximately 25THz. As a result of this huge
bandwidth potential offered, optic fiber transmission has emerged as the dominant
mode of transmission, particularly in long-haul networks. Since transmitters,
which transmit at 25Tbps, are not yet realisable other means had to be devised to
tap into this huge bandwidth potential offered by optic fiber. In the following
section, three multiplexing schemes, which enable more of this potential

bandwidth to be utilised, are presented.

1.3 Multiplexing Techniques for Optical Networks

Three multiplexing techniques have been identified for tapping into the huge
bandwidth potential offered by optic fiber: Optical Time Division Multiplexing
(OTDM), Optical Code Division Multiplexing (OCDM) and Dense Wavelength
Division Multiplexing (DWDM).

OTDM is an extension and expansion of the traditional TDM. A schematic
representation of TDM and OTDM is shown in figure 1.2 (§) and (i), respectively.
In TDM, the multiplexing operation is performed in the electrical domain. Digital
data streams are multiplexed together by interleaving bits from the various data
signals. Each bit is allocated a time slot in a digital frame. This electrically
multiplexed signal then externally modulates a laser source before being
transmitted onto an optic fiber link, as illustrated in figure 1.2(i).

OTDM is similar to TDM in that it also only uses one laser source. A train of
narrow pulses, of width 7, is generated from this laser source (e.g. a mode-locked

laser) and is then distributed to all the transmitters. At the transmitters the data is



encoded onto the optical pulse streams using optical modulators. The data from

each modulator is then multiplexed by allocating a time slot in the bit pened (7'},

using fixed optical delay lincs. So, in the case OTDM, the optical pulses are
allocated to the various time slots. The delay lines cnsure that data (which has
bcen encoded onto the optical pulses) trom a particular transmitter is always
assigned or allocated to the same time slot. This process is illustrated in figure
1.2(i).
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Figure 1.2 Iustration of {{) TDM and {&#) OTDM

OCDM draws from the spread-spectrum-based wireless CDMA protocol. In
OCDM, the signuls are transmitted simultaneously and on the same [requency.
Each signal is optically encoded by an osthogonal code so that they do not
interfere with each other. A block diagram of an OCDM system is shown in figure

L.3 below,
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Figure 1.3 Elock diagram ol an GCDM system



In the transmitter, a laser source is exlernally modulated by a digital data stream fo

form S(t). The encoded signal is formed by the convolution product of S() and
an orthogonal code X{7), which consists of a finite number of discrete elements

{a,.,a,,..,a, ) The process is represented by

fit)=Xiz)&ESir) {1.6)

where f{7)is the encoded signal [41]. The encoded signal is then transmitted over

the optic fiber link. At the receiver, the received signal is convolved with a

correlation function to yield the decoded signal g(7) . The process 18 represented by

gl =1 RC,, () (1.1
where
Ty
Cylt)= IY(I’]K{I‘H]&’I’ {1.8)
[H

is the comrelation function of X(r) and Y(¢). The encoder and decoder pair
operates as an optical phase-matched filter [41]. If X(#) and ¥Y{r)are identical,
then C, (7)is the auto-correlation function and g(z) will have peaks at the “1' bit
positions. Howewer, if X(t)and Y(r) are different, then C,, {f)is the cross-
correlation function and g(¢) will not have peaks at any of the bit positions. The

data signal can then be extracted from g(r) by means of a thresholding procedure.

DWDM differs from the previous two multiplexing techniques in that it uses
multiple wavelengths. Each data signal externally modulates a laser source, which
operates at a specific frequency. The modulated signals are then combined for
tramsmission over an optic fiber link. The schematic representation of the process

13 shown m figure 1.4 below,
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Each of these schemes has inherent advantages and disadvantages, In chapter twao
this toptc will be re-visited and it will be shown that with the current device
technology, DWDM delivers the largest bandwidth, especially for the core

network.

1.4 Opticat Components

The success of commumications technologies depend heavily on the available
device technalogics as well as thewr capabilities and limitations. In this sectton the
fimutattons Lthat optical components impose on Lthe commumcalions sysloms are
discusscd, Thercalter, the basic components that enable optical communications

are revtewed and the device specitic limitations are discusscd.

BEit Crror Rae (BER) and Signal-to-Noise Ratio (SNR) are the parameters Lhat
arc used to cvaluate the performance of a communications system. The 8LR is
detined as the vatio of the number of bit errors received (o the total number of s
transmitted, vsnally expressed as on Lo a nogalive power, It is an indication of
how often a packet or data unil has o be re-transmitted because of crvors. The
SNR is defined as the rato of the signal power level 1o the neise power level,
normally expressed in dB. In general, it is desirable to maintain a low BER, which
can be ensured if the SNR 18 maintained at a4 very high value. Howeyer, it crrors
are nol only cansed by a degrading SNR. but could also result from other factors
such as loss of synchronization. tming jitler elc. The desired BER and SNR are
normally application specific, In the case of loss semsitive {raffic such as
electronic commerce for example, 1L would be desirable to maintain a very low

BER (I0E-11 or lower), whercas [or voice traffic a BER of 10E-5 would be



acceptable. In analog communications, as is the case with optical
communications, SNR is a more meaningful parameter than BER. For these
applications it is desirable to maintain high SNRs (at least 30dB), because in
these systems, noise is additive. This is because signals are not regenerated at

regular intervals.

The major factors that can cause BER degradation are the broadening of
transmitted pulses, loss of optical signal power and crosstalk. These factors can in
turn lead to SNR degradation. In section 1.1 it has been pointed out that there is an
inherent relationship between the frequency, velocity and wavelength of light.
This inter-dependency can give rise to the phenomenon of dispersion, which is the
most significant factor causing pulse broadening in lightwave systems. Three
types of dispersion can be distinguished:

e intermodal dispersion occurs only in multi-mode fibers where each mode
propagates at a different velocity along the fiber. As a result, different rays of
light from the same source arrive at the other end of the fiber at different
times. The effect of this is a pulse that is spread out in the time domain. In this
research only single mode fibers are considered and used for simulations;

e chromatic (or material) dispersion results from the inter-dependency between
the refractive index of a material and wavelength. If the transmitted light
signal consists of more than one wavelength then these different wavelengths
will be refracted at different angles and will thus propagate at different
velocities along the fiber, resulting in pulse broadening at the receiving end;
and

e waveguide dispersion results from the refractive indices as well as other
characteristics of the waveguide (such as the shape of the fiber core and
cladding). This too leads to the propagation of different wavelengths at
different velocities, which in turn leads to pulse broadening.

Significant dispersion can lead to inter-symbol interference which in turn limits

the bit spacing and maximum bit rate in communication systems. Another

phenomenon, which may lead to BER degradation in lightwave systems, is non-

linearities in optic fiber. These fiber non-linearities that occur within a system are



dependent on the optical intensity of the signal propagating through the fiber. The

major non-linearities that occur are:

o self-phase modulation (SPM) and cross-phase modulation (XPM) are the
result of the dependency of the refractive index on the optical intensity of the
signal [9]. SPM is the change in phase of the light at a given frequency caused
by variations in the signal power at the same frequency, whereas XPM is the
change in phase of light caused by a variation in the power of a signal
propagation at a different wavelength;

o stimulated raman scattering (SRS) occurs when incident light reacts with the
molecular vibrations of the fiber material to create scattered light at longer
wavelengths than the incident light. The result is that power is transferred
from shorter to longer wavelengths. This transfer of signal power increases
rapidly as the power of the incident light increases;

s stimulated Brillouin scattering (SBS) occurs when the incident light reacts
with acoustic vibrations in the fiber. SBS differs from SRS in that the wave
that results from the transfer of power from shorter to longer frequencies
propagates in the opposite direction to that of the incident light; and

e four wave mixing (FWM) occurs when two wavelengths propagating at
frequencies f,and f,, mix to cause signals at 2f, — f,and 2f, — f,. These
“new” signals, which are called sidebands, can interfere with signals at other
frequencies at which data is being transmitted.

These fiber non-linearities may limit the per channel optical power, the number of

channels that can be transmitted on a fiber, the maximum bit rate of the system as

well as the spacing between the different channels.

Loss of optical signal power can adversely affect the SNR of a system and
consequently, the BER. Loss of signal power can result from the insertion loss
associated with the optical components, fiber attenuation experienced by the
propagating signal as well as the transfer of optical power between wavelengths
(as in the case of SRS and SBS). Insertion loss varies from one component to
another. The fiber attenuation is normally specified as odB/km, from which it is

clear that signal attenuation increases with increased transmission distance.



Crosstalk is simply the addition of unwanted optical power to a wavelength
channel. In general, two types of crosstalk are identified: linear and non-linear.
Linear crosstalk is further subdivided into [28]:

e inter-band crosstalk, which is the addition of optical power from different
wavelength channels to a wavelength channel. This kind of crosstalk can
easily be reduced by the use of narrow-bandwidth optical filters; and

e intra-band crosstalk, which is the addition of residual optical power from the
same wavelength channels. This kind of crosstalk cannot be removed because
the signal and crosstalk are at the same wavelength.

Both inter- and intra-band crosstalk results from imperfect filtering. Non-linear

crosstalk arises from fiber non-linearities such as FWM, SRS and SBS. The extent

of crosstalk that occurs in a system is dependent on the optical power levels, the
wavelength spacing between optical channels and the transmission distance.

A basic optical communication system comprises of a transmitter, optic fiber,

optical amplifiers and a receiver. Optic fiber has already been discussed in section

1.2; the other components as well as their limitations are discussed hereafter.

Transmitters

The transmitter comprises of a laser and a modulator. In order to transmit data
across an optical fiber the data has to be encoded or modulated onto a laser signal.
The preferred modulation technique for optical communications is binary ASK
(also known as on-off-keying (OOK)) because it is so simple to implement. The
laser can be directly modulated by turning the laser on and off, however, this
could result in variations of the laser amplitude and frequency. In high bit rate
systems, the laser is typically externally modulated, for example by using a Mach-
Zehnder interferometer. The laser light is an important component in lightwave
systems since it is this light onto which signals are encoded and which then
propagates along the fiber. The characteristics of the laser that may affect system
performance are the laser linewidth, frequency stability and the number of
longitudinal modes. The laser linewidth refers to the spectral width of the light
generated by the laser source. The laser linewidth can affect the amount of
dispersion that occurs as the light propagates along a fiber. Ideally a laser with a

narrow linewidth should be used for optic fiber systems. Frequency instabilities
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such as mode hopping, mode shifts and wavelength chirp can result in variations
of the laser center frequency. The number of longitudinal modes refers to the
number of wavelengths that are amplified by the laser. It has already been pointed
out that different modes propagate at different velocities along a fiber, which
results in pulse broadening. It is therefore desirable that the transmitter laser only
amplifies a single longitudinal mode. Frequency instabilities such as mode
hopping, mode shift and wavelength chirp can cause variations in the laser
emission frequency. These frequency instabilities can affect the channel spacing
and therefore the system capacity. This characteristic affects the placement and
spacing of channels, so it affects only WDM systems in which multiple
wavelengths are used. The number of longitudinal modes refers to the number of

wavelengths amplified by the laser.

Receivers

The receiver comprises of a filter and photo detection device such as a PIN
photodiode. In multi-wavelength systems the filter serves to separate out the
multiple channels, which are then converted from the optical to electrical domain
using the photo-detector. Filters can be either of a tunable or fixed type and the
type of device selected is application specific. In a LAN, for example, a tunable
filter is desirable to tune to the different frequencies that may have been
transmitted. Filters are generally characterized by a transfer function, which
determines the shape of the filter in the passband. The performance of filters is
limited by the free spectral range (FSR) and finesse of the filter. The FSR is
defined as the range after which the transfer function begins to repeat itself. FSR
can impose a limitation on the number of channels since all the wavelength
channels must fit within one FSR. The finesse of the filter is a measure of the
width of the transfer function and normally defined as the ratio of the FSR to the
3-dB channel bandwidth. A high finesse indicates a filter with a narrow transfer
function, which means that more channels can fit into one FSR, whereas a low
finesse means a broader transfer function and consequently channels have to be
spaced further apart to avoid crosstalk and hence signal degradation.
Receivers can employ either direct (non-coherent) or coherent detection. Direct
detection is easy to implement. The incoming photonic stream is converted to a

stream of electrons, which is then passed through a threshold device to determine
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whether the bit is a logical “1” or “0”. Coherent detection uses the phase
information of the signal for encoding and detection. It has already been pointed
out that fiber non-linearities cause variations in the phase of a transmitted signal,

thus limiting the performance of these kinds of detection devices.

Optical Amplifiers

In general, the optical amplifier (OA) takes as its input a wavelength
multiplexed signal and increases the optical power level without affecting any of
the other characteristics not related to the signal power level. Optical amplification
is done entirely in the optical domain. It is possible that optical noise is added to
the signal during the amplification process.
There are three types of amplification mechanisms that can be distinguished. The
first type is called “1R (regeneration) or all-optical amplification” [9]; it acts only
to boost the signal power, not to restore the shape and timing of the signal. It
provides total data transparency i.e. the amplification is independent of the
signal’s modulation format, which is ideally what is required in all-optical
networks. Today’s digital networks (SDH) uses either 2R (regeneration and
reshaping) or 3R (regeneration, reshaping and re-clocking). In both 2R and 3R
techniques optical-to-electronic-to-optical conversion occurs, which also means
that in the case of a wavelength multiplexed signal, the signal has to be
demultiplexed and then later re-multiplexed. It therefore follows that 2R and 3R
amplification is less transparent than 1R and thus not suitable for truly all-optical
transmission.
The characteristics of the amplifier, which can impose a limitation on its
performance, are the amplifier gain (efficiency), gain bandwidth, gain saturation
and amplifier noise. The amplifier gain is simply a ratio of the output to input
signal power and sometimes a more useful characteristic is the gain efficiency
which measures the gain as a function of the input power in dB/mW. The gain
bandwidth refers to the frequency range over which the amplifier operates. This is
an important characteristic, particularly in multi-wavelength systems, since it
limits the number of wavelength channels available for a given channel spacing.
The gain saturation point refers to the value at which the output power no longer
increases as the input power increases. It is defined as the output power at which

there is a 3-dB reduction in the ratio of the output to input signal power. This
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parameter too is significant in multi-wavelength systems, since all wavelengths
are not amplified equally. Those wavelength channels that are then amplified
more than others can drive the amplifier into saturation. Finally, the amplifier
noise, which in the case of optical amplification is dominated by amplified
spontaneous emission (ASE). This parameter becomes significant in long-haul
communication systems where 1R amplification is implemented and can lead to

rapid degradation of the BER to unacceptable levels.

The extent to which each of these limitations affect performance varies with
the system that is implemented. In chapter two the performance of OTDM,
OCDM and DWDM systems will be compared in the context of these limitations.

1.5 Optical Switching Methods

The advent of optical communications has made it possible to transmit data in
excess of 1 Tbps with current transmission gear. Electronic switching gear,
however, cannot yet handle these high capacities. Consequently new switching
methods and procedures are being investigated to alleviate the bottlenecks which

are developing at electronic switching nodes.

In general, there are two types of switching paradigms which can be used to
implement optical domain switching: optical circuit switching and optical cell (or
packet) switching. Wavelength routing is a form of optical circuit switching. With
this scheme a lightpath (on a dedicated wavelength) has to be set up on each
physical link between the source and destination node before data can be
transmitted. The lightpath is torn down when the transmission process has been
completed. The drawback of this scheme is that it does not utilise the available
bandwidth efficiently, especially in the case of bursty traffic, which is pre-
dominant in current communications networks. Furthermore, because of the
limited number of bandwidths available it may not always be possible to set up a
lightpath, which could lead to delays in routing of data from the source to the

destination.
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An alternative to circuit switching is packet switching. ATM, IP and Frame
Relay are examples of layer 2 and 3 packet switching protocols. In packet
switching the data payload is divided into packets, to which a header is appended.
Information contained in the header is used to route the packet to its destination.
Multi Protocol Label Switching (MPLS) is a packet switching mechanism that has
been proposed to implement high-speed hardware switching in IP networks.
MPLS is an adaptation and extension of the IP routing protocol. In the MPLS
framework the hop-by-hop routing paradigm is replaced with a label-swapping
paradigm, with a view to simplifying the routing engine [43]. An MPLS network
is made up of Label Edge Routers (LERs), which form the ingress and egress
nodes, and Label Switching Routers (LSRs), which form the core of the network.
The function of the LER at the ingress node is to replace the header with an MPLS
label. The label assignment is based on the forward equivalency class (FEC) to
which the packet is allocated. The packet is then routed towards the egress node
via the core LSRs and a Iabel switched path. The latter is simply a concatenation
of labels that form the path through the MPLS network. The core LSRs route the
packet to the next hop based on the label and FEC to which it belongs. The LER at
the egress node removes the label before forwarding the packet to the destination
address in the access network. The advantage of MPLS is that the forwarding
procedure at each intermediate node is simplified and is replaced by a label-
swapping procedure which requires less processing overhead. Furthermore, MPLS
can also support constraint based label switched paths (LSPs) from edge to edge,
which will in turn enable load balancing, QoS provisioning and Virtual Private
Networks (VPNs).

Optical Burst Switching (OBS) has been proposed as a possible approach for
implementing a switched optical layer. OBS is essentially a packet switching
paradigm, but it differs from traditional packet switching protocols in that the
control packet (header) is de-coupled from the payload in the time domain [45]. In
OBS, the control packet is sent first to set up the connection i.e. to reserve the
appropriate amount of resources and configure the optical cross-connects along
the path. The data packet is launched from the source after some time interval
(referred to as the offset time), without waiting for an acknowledgement of

connection establishment. This means that OBS implements a one-way
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reservation protocol similar to tell-and-go (TAG) and ATM’s fast reservation
protocol (FRP). The major design issue associated with OBS is the calculation of
the offset time. The offset time should be calculated in such a manner so that it is
large enough to allow for the processing of the control packet at the intermediate
optical cross connects (OXCs) with the need for no or minimum buffering. In
[45], Qiao et al. proposes a fixed offset time setting scheme called JET (just-
enough-time). The scheme uses delayed reservation (DR) as a stand-alone feature
or in conjunction with fiber delay line-based buffered burst multiplexers (BBMs)
for efficient bandwidth utilization. Verma et al. [44] argue that the JET protocol is
“not robust in distributed environments due to contention that may arise at
intermediate nodes among bursts from geographically dispersed sources”. As an
alternative, [44] proposes a scheme in which the offset time generation process is
randomised (similar to ATM’s leaky bucket regulator). With this scheme it was
shown that with a target blocking probability of 10 a burst switched DWDM
network can be operated at 60% utilisation if 64 channels are supported. No

buffering was implemented in the model.

Both MPLS as well as OBS are ielatively new methodologies and much

research effort is still required before successful commercial deployment.

1.6 Optical Buffering

In packet switches, the possibility exists that two or more packets may
simultaneously access the same output port of a switch, thus creating a contention.
In electronic switches a contention is resolved by a store-and-forward technique,
in which packets in contention are stored in a queue and then forwarded to the
desired output port one-by-one. Buffering (i.e. storing of packets) is one of the
four fundamental tasks incorporated in electronic switch design; optical switch
design is no exception. However, the implementation of an effective buffering
strategy directly in the optical domain has been hampered, since optical random

access memory (RAM) has not yet been realised.
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A proposed technique for implementing optical buffering is by means of fiber
delay lines (FDLs), which are simply fixed length fibers. The fundamental
difficulty with this approach is that variable length buffers have to be
implemented, but by their very nature FDLs implement fixed delays. Once a
packet has entered an FDL it emerges after a fixed length of time and there is no
means to remove the packet from the FDL before that time. The major limitation
of FDLs is the optical splitting loss that the packet experiences when it is

forwarded to the delay line for buffering.

Various switching architectures have been proposed that incorporate optical
buffering using FDLs [46]. In these studies the focus was on the location of the
buffers (i.e. input or output buffers) and the depth of the optical buffers. The
switching paradigm discussed above i.e. OBS, has added another requirement in
the design of FDL buffers: whether FDLs should implement equally spaced length
delays. In [47], Callegati et al. argues that small spaced delays can lead to poor
buffering capacity with poor time resolution. As an alternative, [47] proposes a
scheme where the dimensioning of the delay is considered as part of the whole

switch-dimensioning problem.

Optical switching and optical buffering are closely related issues and much
research is still required in this area before the implementation of optimal

switching techniques at the optical layer.

1.7 Management of Optical Networks

Optical communications has become the enabling technology to increase data
transmission capacities in excess 1 Tbps. With such high traffic volumes at risk,
NM is becoming an increasingly important feature of these high capacity
networks. In [18], network management (NM) is defined as the process that
“supports the activities of the network operators for the operation, administration,
provisioning and maintenance of their networks”. The NM function traditionally
encompasses five functional areas (fault, configuration, accounting, performance

and security management — also referred to as FCAPS) as specified by the
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International Telecommunications Union — Telecommunications Standardisation
Sector (ITU-T) in [32]. The NM process can only be achieved if it is possible to
measure the validity, integrity and quality of the data being transmitted and if
there is a means for transmitting this information to the network management

system.

OAM is the collection of processes that support the NM function. The overall
OAM actions include measuring the signal and NE performance, reporting on the
degradation or failure of the signals or NEs and altering the configuration of NEs.
In the case of degradation or failure, reporting is done when the event occurs,
whereas the other OAM actions are performed on request. In digital networks,
OAM procedures collect or derive data about the quality of signals and the state of
the network equipment. It then transports this data to the NM system in the form
of OAM-signaling in the transmission overhead. The network management system
(NMS) is itself a software application that resides in the application layer of the
Open Sytems Interconnect (OSI) protocol stack. However, it monitors, controls
and manages the network resources, both software and hardware, that reside at the
4 lower layers of the stack. In the case of optical networks the NMS manages
optical network elements (ONEs) and the optical signal i.e. it manages the optical

layer.

In general, network management systems are based on the manager-agent
model. A manager is defined as an entity that acts in a managing role. The role of
the manager is to collect data from the agent. Data collection can be performed
either synchronously or on request. An agent is defined as an entity that acts in a
managed role. The agent collects and stores data that could be requested by the
managing device, for use by the management system. The agent sends data to the

manager via notifications.

The two network management paradigms that have evolved over the years
were intended mainly for the networks for which they were developed. TMN was
standardized by the ITU-T [31,32] and was intended for the management of
telecom-based networks. In this approach, individual NEs have no knowledge of

the network topology as a whole, their focus is mainly on their own operation. The
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management system is a hierarchy, with the lowest level of managers being the
network element managers (referred to as the element management systems —
EMS). The latter too does not have a global view of the network topology; in fact,
only the NMS has u global view of the entire network. 5o, in TMN, more
emphasis is placed on management, with the extent of the control plane being
minimized as much as possible. This paradigm 15 illustrated in figure L5 (f),
below.
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Figure 1.5 Hustration of ihe difference between the TMN- and Internet-based management

paradigm

Internet-style management and control on the other hand, was standardized by the
EITF [33,34,35] and was intended for the management of TCP/IP-based networks.
This management style also has a hierarchical structure. The difference though, is
that the NEs have a global view of the network topology. This is because euch
node runs a set of topology discovery and routing protocols (e.g. Open Shortest
Path First - OSPF, Border Gateway Protocol — BGP) which discover its
neighbours and the rest of the domain. So, the internet-based network
management and control approach utilises a more extensive control plane, with
less emphasis on management. This management paradigm 15 illustrated n figure
1.5 {if) above.

1.8 Thesis Objectives

[P-based services are becoming the dominant transmission technology and this

wrend 15 expected 0 continue as the multimedia age comes to the fore. The
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bandwidth requirements for these services change frequently and new managed
objects (MOs) will be added to the network as lightpaths are set-up and torn-down
to accommodate these changing demands. The NM system (NMS), operating
systems (OSs) and managing elements must be able to cope with these changing
conditions within the network, without overloading its own resources. The major
objective of this thesis is to propose a generic OAM model for the optical layer,

which takes these changing networking conditions into consideration.

This study therefore investigates the implementation of a hierarchical OAM
model architecture and examines its performance in terms of the notification load
which each managing element dr OS has to handle. The study focuses on the
performance monitoring and fault detection functionality which forms part of the
OAM procedures. It shows by means of simple networking examples how this
model can be applied and then emulates those mechanisms in a simple NM tool.
The study also proposes a framework for a core DWDM-based all optical network

in the South African context.

1.9 Thesis Outline

The study of OAM procedures for the optical network layer requires an in-
depth understanding of the functional architecture of the optical layer and also the
entities that have to be managed. Knowledge of the optical layer and the optical
networking entities will enhance the understanding of how the optical network
elements (ONE) interact with one another and also how the layer networks will
interact with each other. This will also help the understanding as to how, why and

where the identified optical layer performance parameters are to be monitored.

Chapter two presents an overview into optical networking concepts. The
chapter begins with a discussion of the optical multiplexing techniques that were
introduced in chapter one and shows that with the available device technology,
DWDM provides the best solution for tapping into the huge fiber bandwidth of

optic fiber. Thereafter, it re-visits the subject of the spectrum of optic fiber and
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reviews the advances in technology that have resulted in increasing the available
fiber optic bandwidth.

The ITU-T has recommended a protocol layer structure for the implementation of
the DWDM optical layer; the layer structure is reviewed here. Thereafter, some
optical networking components are discussed. The chapter concludes with a

review of networking architectures for the implementation of core networks.

Chapter three presents a discussion on operation, administration and
maintenance in optical networks. It begins with a discussion on the issues relating
to protection and restoration i.e. survivability in optical networks. These issues are
all related to NM and are presented here for the sake of completeness. A generic
OAM model is then proposed and demonstrated with the aid of two simple
network examples. Thereafter, the optical layer performance parameters are
identified. These parameters are then used to demonstrate optical layer

performance monitoring and fault detection.

Chapter four proposes a network structure to implement an AON national
network in South Africa and shows by way of example how the existing network
can be adapted to the proposed structure. It then gives a simple explanation of the
relation between the number of wavelengths and number of nodes and
demonstrates by means of a simple example how wavelength assignment can be
implemented in a four-node ring network. Thereafter, it demonstrates how the

proposed OAM model can be applied to the national network.

Chapter five pfesents the design, implementation and results of simulation of
the network example illustrated in chapter three. It also presents the results of the
OAM model testing. The chapter begins with an introduction to OptSim as well as
a discussion of the simulation methodology used to implement the OptSim
simulation environment and an evaluation of the accuracy of the simulation results
generated by the simulator. It then discusses the design and implementation of the
example network and reviews the simulation results. Thereafter it discusses the
design and implementation of the NM tool, which implements the performance

monitoring and fault detection techniques within the context of the proposed
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OAM framework. The chapter concludes with a discussion and analysis of the

results of this study.

Chapter six presents conclusions of this study as well as recommendations for

future work in this area.
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Chapter 2

All Optical Networking Concepts

All optical communications is emerging as a promising technology for
implementing ultra high-speed networks, which can support a wide variety of high
bandwidth services. In chapter one a broad overview of the fundamental
networking concepts were presented. This chapter takes a closer look at optical
networking concepts and serves as a basis for the investigation of performance
monitoring and fault detection procedures, which will be discussed in chapter
three. The first two sections re-visit subjects that were introduced in chapter one.
Firstly, the advantages and disadvantages of the various optical multiplexing
techniques are discussed with the view to showing that with the available device
technology, DWDM currently presents the best solution to expanding bandwidth
capacity. Thereafter, a more detailed analysis of the optical fiber spectrum

follows.

The optical layer protocol structure, which has been proposed by the ITU-T, is
reviewed hereafter and then some optical networking components and
architectures are discussed. A thorough understanding of the components that
make up the optical network is required in order to identify the performance
parameters that have to be monitored at different points in the network.
Furthermore, an understanding of the networking architectures are required, to
fully understand the concepts of protection and restoration i.e. survivability that

are discussed in chapter three.
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2.1 Optical Multiplexing Techniques

Three optical multiplexing techniques (OTDM, OCDM and DWDM) have
been identified in chapter one as possible candidates for accessing the huge fiber
bandwidth capacity of optical fiber. All of these techniques have inherent

advantages and disadvantages that will be discussed in this section.

OTDM is a method of carrying very high bit-rate data streams across a network
by time interleaving ultra-short optical pulses onto which data is encoded.
Laboratory systems operating at speeds of 100Gbps have already been
demonstrated [52]. The major advantage of these systems is that they only require
a single 1nm-bandwidth wavelength channel to transmit the entire OTDM data
stream. Furthermore, these systems only require a single wavelength source and
therefore do not place stringent requirements on the control of the filter and
transmitter wavelengths. A further advantage is that OTDM also “lends itself
naturally to optical digital processing techniques such as 3R regeneration and

serial processing” [52].

The major disadvantage of OTDM systems is that the transmission of ultra-
short pulses is limited to very short distances. Single-mode step-index fiber is
commonly used and has been widely deployed by operators globally. Optical
transmission centered on the 1.55um band (the region in which EDFAs can be
used) has been the focus of research attention. However, at this wavelength, ultra-
short pulses launched into the step-index fiber suffer relatively large pulse
broadening (as a result of group-velocity dispersion) as they propagate along the
fiber. The effect of this is that the transmission distance of the pulses is severely
limited (e.g. 40Gbps transmission at 1.55pm wavelength is limited to Skm), unless
dispersion compensation techniques are employed [52]. The use of dispersion
compensating fiber [] and soliton pulses [] has been proposed as possible solutions
to this problem. Another disadvantage of OTDM systems is that the fiber delay
lines (FDLs) allocate fixed time slots to transmitters, which means that this
technique can not take advantage of statistical multiplexing gain, which may be
significant in the case of bursty data traffic. Further disadvantages of this scheme

include the stringent synchronization requirements as well as the complexity of
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the active de-multiplexers. The OTDM technique is still very much in the research
phase and many of the components that are required to implement this technology,

is still confined to the research labs.

OCDM is a technique, which uses optical orthogonal codes to access more of
the available fiber capacity. As with OTDM systems, the major advantage of this
approach is that it requires only one wavelength channel and therefore only one
laser source. In [50], the author shows that the auto- and cross-correlation
functions are insensitive to a wavelength change in the light source over a wide
spectral range of 1.5nm. This means that the OCDM system does not place
stringent requirements on the wavelength stability of the laser source. In contrast
to OTDM systems, channels on different codes can share the same timeslot and
therefore the system has no requirements in terms of synchronization. Another
advantage of OCDM systems is that because it does not require dedicated time or

wavelength slots, it can achieve high statistical multiplexing gain.

In order to obtain good auto- and cross- correlation properties, very long
signature sequences are required. This places very strict requirements on the speed
of the encoding and correlation hardware, which is the major disadvantage of
OCDM systems [49]. The transmission capacity of OCDM systems are also
limited by the number of unique signature codes available, which is in turn limited
by the length of the codes. OCDM systems also limit the full transparency of the
optical communication system because of the opto-electronic conversion, which
forms an integral part of the optical conversion code procedure. The best
performance of OCDM systems reported to date is 10Gbps [51], though it should
be noted that most research effort has been on the hybrid approach of
OCDM/DWDM.

DWDM is a technique, which uses multiple wavelengths to access the
available capacity of optic fiber. The major advantage of DWDM is that it offers
network operators the potential to increase the capacity of existing fiber links by
up to three orders of magnitude; DWDM systems operating in excess of 1Tbps are
already available. Furthermore, each wavelength channel acts as a virtual fiber,

which can carry its own individual bit rate and data protocol. This is a very
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important attribute because it means that DWDM can support (simultaneously),
various protocols operating at different bit rates i.e. it is protocol and bit rate
transparent. Another advantage of DWDM systems is that the cost of
manufacturing the optical components are also decreasing because components
can now be monolithically integrated on semi-conductor substrates. DWDM
technology also offers an advantage in terms of network survivability because
multiple wavelengths can be simultaneously protected at the DWDM optical

layer.

The technique however suffers from inherent disadvantages. Firstly, there is a
limitation on the number of wavelength channels that can be employed in the
system. This number is limited by the crosstalk requirements as well as the gain
flatness of the fiber amplifiers. It has already been pointed out in chapter one that
crosstalk limits the spacing between wavelength channels and thus affects the
number of channels in the system. With regards to amplification, the EDFA
(which is most widely used) has a 3dB-gain variation in its passband. This is
acceptable if only one amplifier is used in the network. However, DWDM
technology has mostly been deployed in long-haul communications networks,
which requires the EDFAs to be cascaded. This cascading of amplifiers could
result in a gain filtering effect, which could then reduce the available flat gain

amplifier bandwidth.

The second major disadvantage of DWDM systems is the high power levels in
long-haul systems, which are necessary to achieve longer transmission distances.
Typically, ImW of optical power is injected into the fiber per wavelength channel,
so in a multi-wavelength system it means that several milliwatts are injected into
the same fiber. Such high power levels give rise to diverse fiber non-linear effects
such as SBS, SRS and FWM as have already been pointed out in chapter one.
Other disadvantages of these systems are that it requires complex control schemes
for wavelength stabilization and it places stringent requirements on laser sources.
Though these disadvantages are of concern, DWDM research has already reached
an advanced stage and the components required for implementing Tbps DWDM

systems are already commercially available, which is not the case for OTDM and
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OCDM. So, currently DWDM is the multiplexing technique of choice for

implementing high-speed optical networks.

2.2 Optical Fiber and Spectrum

In the previous section, various multiplexing techniques were discussed that
enable more of the available bandwidth of optic fiber to be utilized. Traditionally,
this “available” bandwidth was found in the low attenuation regions in the 1.3-
and 1.55um band, as pointed out in chapter one. The 1.4um band was
“unavailable” because of the high attenuation (1dB/km or higher) over much of
this spectral window; this is indicated by the peak in figure 1.1. The high
attenuation is the result of the high hydroxyl ion (OH') impurities, i.e. water
molecules that have been retained in the fiber. Recent advances in technology
have resulted in a new optic fiber manufacturing process, which virtually
eliminate water molecules in the glass fiber [56]. The result is a 100nm increase in
the available bandwidth of optic fiber, which is manufactured using this new

process.

2.3 Optical Layer Protocol Structure

It is commonplace for communications networks to be described in terms of a
layered architecture (e.g. OSI or B-ISDN reference models). Optical networks are
therefore also described using this layered approach and the ITU-T has
recommended an architecture for the optical transport network (OTN) in G.872.
This recommendation is only applicable to wavelength division multiplexed
networks. This section reviews the recommended layered architecture, details of

which can be found in [6]; it also includes material from [5].

The OTN comprises three layer networks: the optical channel, optical
multiplex section and optical transmission section, as illustrated in figure 2.1. A
client/server relationship exists between adjacent layers; each layer serves the
layer immediately above it and acts as a client to the layer immediately below it.

There are two classes of functions that occur within each layer network:
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o the adaptation function, represented by the trapezium in figure 2.1, is
responsible for adapting the received client signal (e.g. SDH or ATM signal)
and performing the specific role of that layer network (e.g. amplification,
multiplexing).

o the termination function, represented by the triangle, is responsible for
guarding the “integrity of the signal through the underlying layers by using the
overhead information”[5]. The overhead information is required for network

management and control.

Optical ", OCh -A »°  Timing, modulation, jitter

Channel
Section (OCh) Channel identification, overhead
Optical Multiplexing, wavelength assignment
Multiplex
s Multiplex section ientification,
Section (OMS) overhead
. Amplification, insertion of
Opncal OTS -A supervisory channel

Transmission

Section (OTS) @ Overhead

Figure 2.1 ITU-T recommended optical layer network protocol structure

The Optical Channel (OCh) Layer Network provides for the end-to-end
networking of optical channels for transparently conveying client information of
varying formats (e.g. SDH, PDH and ATM). The characteristics of this layer
network include transparency, maximum number of cascaded optical nodes,
optical cross-connect capability and optical protection. The Optical Multiplex
Section (OMS) Layer Network provides the functionality for networking of a
multi-wavelength signal, which also includes the case for just one wavelength.
The characteristic of this layer network includes the number of available
wavelengths, wavelength conversion and also optical protection. The Optical
Transmission Section (OTS) Layer Network provides the functionality for the

transmission of the optical signals over the optical media of various types. This
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layer network is characterized by the power budget, dispersion budget,

accumulated noise, crosstalk, number of cascaded optical amplifiers.

2.4 Optical Networking Components

The widespread success of DWDM can be attributed directly to the optical
device technologies that have overcome some of the inherent limitations
associated with optics. Three important DWDM networking components, optical
amplifiers, optical cross-connects and optical add-drop multiplexers that have (and
will) impact heavily on the continued success of optical networking, are discussed

in this section.

24.1 Optical Amplifier (OA)

Optical amplification is an optical transmission layer network function. The
optical amplifier is responsible for amplifying the different wavelength channels
simultaneously, as pointed out in chapter one. The most commonly used OA is the
erbium doped fiber amplifier (EDFA), which implements 1R amplification. EDFA
amplification was traditionally most efficient in the C-band (1.53 ~1.57um), but
advances in OA technology has increased the gain bandwidth of EDFAs to the L-
band (1.57-1.62pum) and the S-band (1.45-1.53um) [56].

In chapter one it was also pointed out that there are three amplification
techniques, namely 1R, 2R and 3R, which exist. The performance of 1R and 2R
amplification was investigated in the OptSim simulation environment using a
simple point-to-point network in which a 10Gbps signal was transmitted over five
50km spans of single mode fiber. The objective was to compare that the
performance of a signal, which undergoes these two amplification techniques. A
block diagram of the 1R and 2R network implementations are shown in figure 2.2
(i) and (i), respectively. The difference between the two network implementations
is that in the case of 2R amplification, the signal is converted from the optical to
the electrical domain after each 50km span. The signal is then regenerated and

converted back to the optical domain before transmission over the next span. After
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each span the power level as well as the electrical domain parameters are
measured. It should be noted that the optical-to-electrical-to-optical (O-E-O)
conversion in the 1R network implementation is required for measurement

purposes only.
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Figure 2.2 Block diagram of (i) 1R and (i) 2R amplification techniques

The simulation results obtained indicate that for 1R amplification the signal
degrades rapidly after transmission over 100km. In fact, after transmission over
the entire range the eye is almost completely closed and the BER has degraded
from the order 10E-12 to 10E-2 (see figure 2.3 below). In the case of 2R
amplification, after transmission over 250km, the BER has degraded by only four
orders of magnitude from10E-12 to 10E-7 (see figure 2.4 below).
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Figurc 2.4 Comparative eye diasgrams for 2R amplitication aller 50- and 250km

In the casc of signal power levels as well as OSNR, there 15 no significant
difference between the result obtzined for 1R and 2R amplification. However, the
results obtained for BER performance clearly suggests that 2R amplification

pravide for betler siznal performance over a longer (ransmission range.

2.4.2 Optical Add/Drop Multiplexer ((JADM)
The OADM is a device that implements functions rom all three of the laver

networks, It allows Tor an optical signal at a specific wavelength (A)) to be the

extracted or inserted at an intermediate sitc, without affecting the other
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wavelength channels {referred to as express channels). The basic node architecture
for the OADM node is Hlustrated in ligure 2.5 below. In general, pre- and post-
amplifiers (which are not shown in the fligure) are included as part of the OADM
implementation and EDFAs were typically used for this, Ilowever, recent research
has indicated that Raman pre-amplifiers in combination with EDFA post-
amplifiers can extend the distance that the signal travels by “doing the
amptification where the signal is already lairly wealk, rather than counting on high
amplifier powers Lo carry the signal all the way to the receiver” [56], The result of
this is that the spacing between amplifier stations are increased for a given or
preater hil rate for existing installalions. Furthermore, imparrments are decreased
because the maximum power level along the link can be lower. The (de-}
multiplexer are implemented using arrayed waveguide gratings (AWGs).

Typically the add and drop channels have the sume wavelength.
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Figure 2.5 Tlkystration of pptical add drop mulliplexing

An alternative tmplementation of the QOADM 15 o use filters to drop the requmed
channel(s) and a combiner to add channel(s). The problem with this latter
approach ts the inadequate filtering could result in significant in-hand crosstalk

bhetween the added and dropped chanmels.
The operation of the OADM and the effect of crosstall in OADMs were

myvestigated in the OptSim simulation environment. A fixed (ie nen-

configurable) eightchannel OADM, capable of adding/dropping one wavelength
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channel {channel one in this example) was implemented. Each channel operated at
10Gbps, Na pre- and post-amplificrs were included in the model. The optical
speetra observed at the input and output of the OADM is shown in figure 2.6

Beloyn.

Monte Carlo simulations were run for different values of crosstalk [tom —90
through —0.01dB. The observed signal power level and OSNR of al] the chammels,
cxcluding the added {dropped) channel, remained rclatively constant over the
cntire range. However, for the add (drop) channel, the signal power level at the
output of the OQADM increased by approximately 1dBm over the entlire range the
mast significant change oceurring from around a crosstalk value of —10dB. This
power level increase was accompanied by degradation of the OSNR by
approximately 0.5dB, which suggests that the increascd power was in the form of

noise.
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Figure 2.6 Optical frequency spectra at the input and output of the (FATIM

For the BER, the paltern was farly similar for the express channels. For the add
{drop} channel however, the BER performance waus constant al 1E-4{) lor crosstalk
values of —90 through-20dB. However, below this value the BER performance
degrudes sharply from 1E40 at —19dB to 164E-11 at —14dB. These results
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suggest that there is indeed a correlation between crosstalk and the performance of

the add {drop) channels of the QADM.

2.2.2 Optical Cross-Connect {OXC)

The cross-connect also implements functions from all three of the layer
networks. An OXC 15 nothing mere than a switching element that also has add
{(drop) and multiplexing {de-multiplexing)} capability, as illustrated in figure 2.7
below. As with the OADM, which was discussed above, the OXC node also
typically includes pre- and post-amplifiers (these are not shown in the illustration

below).

Antpat 2 .

e 2 ] o i ' i
Persplfiftoscr : N _._,.._'Emn__,

Figure 2.7 IMustration of optical cross connecting

In this configuration the optical switching elements bave o perform high-isolation
switching in order to limit the amount in-band crosstalk, which could resull in

BER degradation of the added and/or dropped channel [57].

The operation of the OXC and the crosstalk perfermance of the SEs were
investigated in the OptSim simulation environment, The OXC takes at its input
two 4-wavelength channel muoltiplexed signals. which are then de-muluplexed
hefore being routed through the switching fabric. Each channel operates at
10Gbps and the channels are spaced 100 Gllz apart. In this implementation the
multiplex section at inpul port Lwo is attenualed by 3dB. The reason for Lhis is jusl
to be able to distinguish between the switched channels at the output port, when

the spectra of the input and oulput channcls are compared. Afler swilching, the

ad
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signals are multiplexed together before being presented at the outpul port of the

OXC.

The optical spectra observed at the input and output of the OXC arc shown in
{figure 2.11 () and (z), respectively. Note that there 1s a difference in the power
levels of the input and output signuls, This 1s becuuse the power level of the signal
at first input port is attenuated by 3dB, which mukes it easier to differentiate the

signals at the output potts.
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Figure 2.% Spectra at input port 2 and output port 1 of the OXC
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Monte Carlo simulations were run Jor different values of crosstalk [rom S0
through —1dB. It was observed thal the crosstalk value docs indecd affect the
power levels as well as the OSNR. Al the first output poit in some instances the
power level increased by as much as 6dBm with an associated degradation in the
(OSNR of approximately 2dB. At the other output port the maximum change in
power was approximatcly 4dBm, with the OSNR degrading by approximately
1dB. Overall, the power level and OSNR degrades

2.5 Networking Architectures

The efficiency of a communications network depends on the design and
architeclure used Lo implement the network. In general, there are five
architectures, which can be used to implement commutications networks: point-

Lo-point. commaon bus, star, ring and mesh.

The peoint-to-point is commonly used in access networks, LThe point-to-point
Lopology is the stmplest topology to implement. It provides a link between two
nodes, This topology has been largely used recently with the first of DWDM
deployment o upgrade existing fiber links. The common bus topology is largely
used 1o implement LAN networks. In this architecture all nodes are connected to 4
commaon bus structure. The IEEE &012.4 Token Bus, IEEE 5023 Ethemnet and
[EEE 802.6 Distributed Queue Dual Bus {DQDB} all implement this topology.

In the star topology all nodes are connected to a central node. Nodes
communicate with each other through the central node. This architeeture too is
more common in LAN networks, though it was previously widely used in public
switched telephone networks (PSTNs). The major advantage of this architecture 1s
that for a given number of nodes the star lopology requires the least number of
links (when compared to the ning and mesh topologies which are discussed

herealter). For an N-node star network requires

N—1 (2.1)



links. So for cxample, in & 5-node network as depicted in figure 2.10(7), four hinks
are requircd. This means that the star topology minimizes the link installation cost.
The architecturc, however, also has many disadvantages. Firstly, all the nodes
commumcate via the central node, which places a higher capacity demand on this
node 1o handle the transit traffic. Furthermore, if the central node fails then the
whole system is brought down as no communcation can be established. In order
1o provide network resilience a backup central node is required and this 1s
undesirable becausc of the high cost implication. For the implementation of a core

network, this architecture certainly does not provide an adeguate solution.

Tn the ring architecture (1llustrated in figure 2.10(£)) the nodes are connected so
that they form a closed loop. To effect communication in this architecture all
nodes have (0 communicate through thewr adjacent neighbours. Consequently,
there 18 a correlation between the number of nodes in the ring and the link
capacity, The required link capacity increascs as the number of nodes increuse.
Furthermore, the traffic flow on the link increascs as more nodes communicate,
which then also means higher throughput. owever, from guewing theory it is
known that as throughput increases the network utilisation increases, which in tuin
leads to an increase in network delay as the load approaches the total capacity of
the link. Clearly theie is a trade-off between throughput smd network delay. So w
maximise throughput and minimise delay the network designer has o limat the

number of nodes that the ring contains.
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Figure 2.10 [fustration of topolopies available for network implementation

For a given number of nodes, the ring architecture requircs more links that the star
network but less than the mesh (as will be shown later). An N-node ring netwaork

only requires N links. S0 in terms of link installation cost, the ring structure 1%
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more advantageous than the mesh. The IEEE 802.5 Token Ring, FDDI and SDH
use this topology. In fact, the SDH ring structure has become very popular
because of the high network resilience that its self-healing ring structure (SHR)

offers.

In the mesh architecture (illustrated in figure 2.10(iii)) each node is connected
to every other node (a full mesh). The advantage of this topology is that it
provides excellent node-to-node connectivity, which means that nodes have the
option of routing traffic along the shortest path. Furthermore, there are many
alternate routes along which traffic can be forwarded thus providing for good
network resilience without the need for redundant fibers. When compared to the
ring architecture, the capacity required for each link is less for the same network
throughput. Also, because in this architecture the shortest path is chosen, the delay
experienced by the traffic is less, thus increasing the network performance. The
major disadvantage of this architecture is the large number of links that it requires.

A full mesh N-node network requires

NN -1) 22)
2

links. So, for example, for a 5-node network, ten links will be required. This large

link requirement could lead to high network cost a result of the increased cost of

installation of the fiber plant. Another disadvantage of the ring architecture is the

complex routing algorithms that may be required to find the shortest path.

2.6 Discussions and Summary

In this chapter optical networking concepts were discussed. Firstly, the
advantages and disadvantages of the three optical multiplexing techniques
(OTDM, OCDM and DWDM) were compared. The major advantage of OTDM
and OCDM is that they require only one laser source and therefore do not place
stringent requirement on the frequency stability of the source. The major

disadvantage of OTDM is the generation of pico-second pulses, which can
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propagate over longer distances without significant distortion as well as the
complexity of the de-multiplexing devices. The performance of OCDM systems
on the other hand is limited by the electronic processing speed of the encoders and
decoders. DWDM too has many advantages and disadvantages, but systems
operating in excess of 1 Tbps have already been demonstrated. So, with the
available device technology, DWDM currently offers the best solution for the
implementation of high-speed all optical networks.

A short discussion on the spectrum of optical fiber was then presented. It was
pointed out that a new fiber manufacturing process has made available an extra
100nm of the optic fiber spectrum, thus eliminating some of the limitations of
DWDM.

Thereafter, the optical layer protocol structure proposed by the ITU-T was
reviewed. The optical layer is logically divided into three layer networks: the
OCh, OMS and OTS layer networks. Each of these layer networks performs a
specific function and together they are responsible for processing and transmission
the optical signal. This layer structure will be referred to in chapter three when the

performance monitoring and fault detection procedures are discussed.

Three optical networking components were then discussed: the OA, OADM
and OXC. Optical amplification is an OTS layer network function. It is
responsible for amplifying the entire multiplex section simultaneously. The
performance of 1R and 2R amplification was investigated using EDFAs. It was
shown that 2R performs better than 1R over a transmission distance of 250km. For
the OADM and OXC, the effect of crosstalk on the signal quality was
investigated. It was found that the signal quality (measured in terms of BER)
deteriorated significantly.

Finally, the various networking architectures were discussed. The ring and
mesh architectures present the best possible solution for the implementation of the
core network. The advantage of the ring structure is that it minimises the fiber
plant installation cost and offers good survivability features with its self-healing
structure. The disadvantage of this architecture is the network delay introduced as

a result of communications having to be done through the nodes adjacent
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neighbours. The mesh architecture on the other hand offers excellent node-to-node
connectivity and the option of performing shortest path routing. However, this
architecture requires a large number of links thus making it more expensive to

install than the ring structure.

In chapter three, network survivability techniques for these architectures will
be discussed. A generic model for optical layer OAM will also be proposed and
the OAM functions of performance monitoring and fault detection will be

discussed.
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Chapter 3

Operation, Administration and

Maintenance in All Optical Networks

Network management (NM) is becoming increasingly important as the
communications industry is becoming more competitive. Furthermore, the
deployment of dense WDM systems has resulted in high traffic volumes (in
excess of 1Tbps per fiber is currently possible), being transported and network
failure will therefore lead to a considerable loss of data. Network management,
which includes functions to detect failures before they occur as well as functions
that restore the network after a failure has occurred, has therefore become a
desirable and essential feature of these high capacity networks. This chapter takes
a closer look at these and the supporting NM functions. The chapter begins with a
discussion of network survivability. Survivability techniques can be classified into
protection and restoration. Various protection and restoration schemes for the

network architectures discussed in chapter two will be presented.

The major objective of this research is to propose a generic OAM model for
optical networks. In section two, the proposed model is introduced and discussed.
Thereafter, the topics of performance monitoring and fault detection, which are
the support function for survivability, are discussed. Performance monitoring is a
very important OAM function, which assists the network in detecting faults that

could result in network failure. These techniques are demonstrated for the optical
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layer with the aid of two simple network examples. The discussions are done

within the framework of the proposed OAM model.

3.1 Survivability

Survivability refers to the ability of a network to provide continuous service in
the presence of failures i.e. a survivable network can withstand and recover from
failures. The basic types of network failures include link and node failures. Link
failures are failures that occur as a result of a cable break whereas node failures
are those that occur as a result of equipment failures at network nodes.
Survivability techniques are generally classified as pre-designed protection or

dynamic restoration; these mechanisms are discussed in the sections hereunder.

3.1.1 Protection

Protection is a pro-active survivability technique that uses pre-assigned
capacity to ensure network survivability. Resources such as fibers, wavelengths,
switches etc. dedicated to protection purposes are reserved for recovery from
failures either at connection setup time or when the network is being designed.
The major advantage of this approach is that it yields a 100 percent restoration
guarantee, which means that a failed path will be restored when a failure has
occurred. Furthermore, the restoration times for these schemes are very fast
because the protection path already exists when the failure occurs. The major
disadvantage of these techniques is that they make inefficient use of the available
network capacity. The most common pre-designed protection schemes currently
used in first generation optical networks (i.e. SDH) are Automatic Protection
Switching (APS) and Self-Healing Rings (SHRs). The WDM layer protection
schemes are very similar to those used in SDH systems. The reason for this is that
currently WDM is being deployed to upgrade existing SDH networks, which
means that the network topologies have remained relatively unchanged. It
therefore seems reasonable to apply similar protection techniques at the WDM

layer.
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Protection for WDM point-to-point links

WDM technology has been largely deployed as point-to-point networks as
pointed out in chapter two. APS presents a natural protection mechanism for these
kinds of networks. It can however only handle link failures. APS can be
implemented as 1+1, 1:1 or 1:N protection. In 1+1 APS, a protection link is
provided for every working link. At the source node the signal is transmitted onto
both the working and protection links. At the destination node, the receiver
compares the two received signals and chooses the best one. In the case that a link
failure occurs, the operational link carries the signal to the receiver. In 1:1 APS
each working link is also provided with a protection link. The difference in this
case is that at the source node the signal is only transmitted on the working link.
When a fault occurs, the traffic is switched to the protection link. Under normal
conditions, the protection link either remains idle or is used to transmit low
priority traffic. Inl: N APS, N working links are protected by a single protection
link. When one of the working links fail then the traffic from that link is switched
onto the protection link. The traffic is reverted to the failed working link once it
has been restored so that the protection link can offer backup to the other working
links. It should be noted that this scheme only offers a 100 percent restoration
guarantee in the event that only one link fails. If two or more links fail
simultaneously, this metric decreases below the optimum value. The scheme
however, utilises the network resources more efficiently than for 141 and 1:1

APS.

Protection for WDM rings
Self-healing rings are more flexible than APS in that it can handle both link
and node failures. In WDM rings, there are two kinds of protection mechanisms

that can be implemented: OCh-Ring or OMS-Ring protection.

OCh-Ring protection is analogous to SDH path protection discussed in [12]. In
this scheme the protection is implemented at the OCh layer network, as illustrated
in figure 3.1 below. With OCh-Ring protection each wavelength channel is
protected separately. There are two ways in which OCh-Ring protection can be
implemented. Protection can be either shared or dedicated. In the case of shared

protection half of the wavelengths in the fiber are allocated to working traffic and
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the other half to protection traffic. So if for example an S-channel, 2-fiber
implementation is considered then A1y in the first fiber will be for working traffic

and will be protected by A;.q in the second fiber.
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Figure 3.1 Illustration of OCh layer network proteciion

Similarly, As.s n the second fiber will be dedicated to working traffic and will be
protected by Asg in the first fiber. In the case of dedicated protection, however,
one fiber i1 utilized for working traffic and the other (redundant) fiber 15 the
protection fiber. So then, considering the 8-channel example, A,z in the one fiber
will be for working truffic and A1 on the other fiber will serve as the protection
capacity. The implementation of dedicated and shared protection mechanisms for

a 2-fiber 8 channel unidirectional case 1s illustrated in tigure 3.2 below.
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Figure 3.2 Ilustration of n two-fiber {g) dedicated and (#) shared protection ring
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OMS-Ring protection is implemented at the OMS layer network as illustrated
in figure 3.3 below. In this scheme all the wavelength channels are simultaneously
protected. This kind of protection can be quite advantageous because it could
resuit 1n less optical switches being required for protection as compared io the
case for protection at the optical channel layer. However, a disadvantage of this
scheme 15 that it will only protect against signal degradation and cable-cuts, but
not against higher network luyer defects e.g. (de-)multipiexer failure. As was the
case with OCh- Ring protection, OMS-Eing protection can also be implemented

a5 either shared or dedicated as shown in ligure 3.2 above.
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Figure 3.3 llusicailion ol OMS layer nelwork prolection

Pratection for meshes

1t is envisaged that us WDM deployment advances bevond the upgrading of
existing first generation optical networks, mesh topologies using OXCs are likely
to emerge. There are two ways in which pre-designed mesh prolection can be

implemented: link-based or path-based protection.

In link-based protection, a protection path is reserved for each link, Each
working wavelength channel on a link has a protection wavelength path on the
back-up path. When the link fails, traffic is re-routed around the uiled link; the
working part of the path 1s still used. An example of this scheme is iliustrated in
figure 3.4(i) below. Assume that the transmission path is 1-6-5, If a failure occurs

between nodes 5 and O, then the affected traffic can be re-routed either on



proteetion paths 6-3-5 or 6-2-3-4-5 (link 1-6 15 st8il} used). It should be noted that
normalty the shortest back-up path is chosea. In this kind of protection scheme the
cnd nodes of the failed link (i.e. nodes 5 and 6 in this examplc) are responsible for
initiating the rcecovery. Link-based protection may be cither dedicated or shared.
In the casc of dedicated protection, protcction wavetengths operating on
overlapping proteetion paths must be ditferent. This s illustrated in figure 3.4 (i),
In the cxample, the protection paths for links 2-3 and 5-6 arc 2-6-3 and 6-3-5,
respectively. The protection paths overlup on link 6-3. therefore the wavelengths
allocated 10 these protection paths must be different. Lets assume that the
protection paths are operating at Ay and A, as indicated in the diagram. Assume
further that A| is the back-up wavelength for working wavelength A on link 3-6
and Az is the back-up wavelength for 4| on link 2-3 (lhere can be no A, protection
wavelength on this path). Note that if link 2-3 fails that wavelength conversion
(from A; to Az) will be required. Dedicated link-bascd protection can provide a
100 percent restoration guarantee; the scheme however is inefficient and can he
very comptex because of the wavelength assignment constraint, Shared link-based
protection differs from the previous scheme in that it allows wavelengths to be
shared hetween overtapping protection paths, This scheme [s iHustrated 10 figure
3.4 (#i). The protecticn paths for finks 2-3 and 5-6 are the same as for the above
discussion; however, the protection wavelengths in both cases are A, Shared link-
baged protection makes more ellicient use of the wavelength resources and also

provides 100 percent restoration guaranice for single link [ailures [54].
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Figore 3.4 Mustration of link-based protection schemes for mesh networks
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In path-based protection, protection 1s reserved for each path {and hence also
atl the wavelengths on that path). The protection path 1s normalty disjoint {rom the
working path. If a link on a parlicular working path fwils, the source and
destination nodes of that path will initiate the recovery mechanisms, This is
itlustrated in figure 3.5 (/) below, Assume that the working path is 1-6-3, where 1
is the source node and 6, the destination node. Assume {urther that a lailure occurs
on link 6-5. The affected traffic will then be re-routed along the protectiom path 1-
2-3-5 as indicaled in the diagram (note that the two routes are digjoint). As with
link-based proteciion, path-based protection can also be erther dedicated or shared.
Dedicated path-based protection 1s similar to 12 link-based counterpant, Tn the case
of dedicated path-based protection, the backup wavelength on the links of the
protection path is reserved for 4 particular working path. Overlapping protection
paths cannat use the same wavelength even if the working paths do not overlap.
Fhis scheme is illustrated in figure 3.3(4i). Lets assume that there are two working
paihs, 1-6-5 (connection 1) and 2-3-4 (conncction 23, both operating at the same
wavelength, lets say A, The protection path for connection | 18 1-2-3-5, which has
ta be allecated a wavelength other than 2., becanse this is a working wavelength
on connection 2. The protection path for connection 2 is 2-6-3-5-4 and it has to be
assiened a wavelength other than Az (because it has already been allocated to the
ather protection path and the two wavelengths must be different). Note that the

twa protection paths overlap on link 3-5.
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Figure 3.5 llosication of path-based protection for mesh networks
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Clearly, this protection scheme does not make very efficient use of the wavclength
resources. However, it guarantess 100 percent recovery [rom single-hink lalures
and in certain cases also from mula-link failures. Shared-path protection differs
from dedicated path protection because it allows the wavelengths to be re-used on
overlapping paths. This is illustrated in figure 3.5(4if), wherc both protection paths
usc the same wavelength, thus taking advantage of the overlap on hnk 3-5. This
scheme makes cificient use of the wavelength resources (onc wavelength used as

opposed to 2 for the dedicated approach ).

In [55], the authors evaluate the number of [ibers that will be required to
implement link- and path-based protection schemes. A virtual wavelength path
(VWP) network modcl with single link failure 1s used to perform the evaluation.
The suthors show thut path-based restoration schemes reduce the numbcer of fiber
required in the network by between 20 to 25 pereent, when compared to the link-
hased approach. Ramamurthy ct al |58], compare the waveleneth capacity
requircments (the sum of the number of wavelengths required on cach hink) for
dedicated and shared path- as well as shared-link protection that will guarantce
100 percent restoration. Their results suggest that shared path protection provides
significant savings 1n capacity utilizaton owver the other (wo methods, For
example, “in a 15-node mesh network, the results show that 39 wavelength links
suffice if no protection 18 needed for a 25-connechion demand, The number of
wavelength links required for dedicated path, shared path and shuared link
protection schemes in the swne example is 163, 99, 189, respectively” [58]. They
also evaluate and compare the switching fimes [or the various schemes by using a
protcction switching tithe model, which they propose. Their results show that the
switching times are lowest for shared link protection when the cross-connect
confliguration times are low (10us), but when cross-connect configuration times
arc high (500ps), then dedicated path protection performs best and shured path

protection worst

3.1.2 Restoration
Restoration differs from protechion in that the protection paths are not pre-

assigned, but arc determined and allocated dypnamically if and when fajlurcs
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occur. The approaches used for dynamically allocating a restoration path are the
same as those discussed [or pre-designed protection above. What is eritical in this
case is the control protocel and reducing the restoration time, sinec the search for
a hackup path is only initiated afier the {atlure has occurred. In [58] the avthors
propose a distributed conirol protocol that implements a two-way (each request
senl. wails [or an acknowledge message) backup path search scheme. They
evaluate the performance of path- and link-based protection mechanisms using the
propused protocol. The performance metrics used are restoration efficiency
{which 1s defined as the ratio between the number of lightpaths restored to the
number of lightpaths that have failed} and restoration time. Their results show that
the link-based restoration scheme has a shorter restoration time than path-based
protection. They attribute this result to two reasons. Firstly, the link-based scheme
docs not need to signal messages to the end nodes, hence decreasing the
propagation and processing delays for the control messages. Secondly, finding a
back-up path around a link is likely to be shorter than a path-based backup path.
Furthermore, their results also show that the restaration time in both cases are of
the order of milliscconds, The results obtained for the restoration efficiency show
that the path-based schemes perform betrer than the link-based schemes. This
result is logical and can be attributed 1o the [act that {or a path-based scheme, the
backup path can be on any wavelength whereas {or the link-based scheme the
wavelength of the backup link must match the wavelength on the existing path
{else wavelength conversion is required). 1t was also shown that the restoralion
efficiency decreases with increasing load. This can be atiributed to the fact that
there are less free channels at higher load hence more reservation conflicts will

Qo UL,

3.2 Operation, Administration and Maintenanee

In chapter one OAM is defined as the collection of processes that suppot the
NM tfunction. Also, it was stated that OAM actions include measuring the signal
and NE perlormance, reporting on the degradation or failure of the signals or NEs

and altering the configuration of WEs. Tn this scction a generic OAM maodel for
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the optical layer is proposed. Thereafter, performance monitoring and fault
detection, which both form an integral part of the OAM process is discussed.

3.2.1 Proposed Generic OAM model

The praposed OAM model has a hierarchical structure and is based the OMN
model proposed by the ITU-T in [27]. This hierarchical structure will act as a
filter thus iimiting the number of notifications processed and acted on by the
NMS. It is envisaged that certain NM functions are “demoted” from the NMS to
the subnetwork managers thereby implementing a distributed hierarchical control
structure. At the lowest level of the hierarchy are the ONEs, which are either
managers or agenis. The ONEs are grouped together to form OAM-domains,
which are the next higher level in the hierarchy. The OAM-domains are in tum
grouped together to form OAM-subnetworks, which are the next higher level in
the hierarchy. In each OAM-subnetwork or OAM-domain one ONE, which is also
a4 manager, will act a5 a gateway ONE (GNE) to the next higher level of the
hierarchy. For ease of reference, the GNE of the OAM-sunbetwork will be
referred to as an S_GNE and that of the OAM-domain, as the D GNE. Al
communication to an entity outside the OAM-subnetwork or OAM-domain shall
proceed via the GNEs. At the OAM-subnetwork level, the GNE will communicate
with the OSs of the NMS. The propesed structure i3 illustrated in figure 3.6

below.

Figure 3.6 Hivstration of the propesed gpenerie OAM meodel
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The division or sub-division of a network into OAM-domains and OAM-
subnetworks is largely dependent on the network administrator. However, it is
required that each domain has at least end-io-end optical channel functionality. It
therefore follows that a subnetwork will consist of a concatenation of functional

optical channels, the minimum being one.

Each level of the hierarchy is responsible for CAM menitoring and control; an
anomaly shall be reported when it occurs and only if it requires maintenance
attention, Within the OAM-domain all OAM-signaling will be done through the
Embedded Communications Channel (ECC) as specified by the ITU-T in [27].
Within an OAM-subnetwork communication between the GNEs of the OAM-
domains and that of the OAM-subnetwork, will be done through the overhead
supervisory channel (O5C},

Figures 3.7 and 3.8 below illustrate how the scheme can be implemented for
twao simple network implementations. In figure 3.7, a simple point-to-peoint WDM

network with OA functionality is illustrated.
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Figure 3.7 Application of the OAM model to a simple point-to-point network with OA
functionality

This network can be considered to consist of either one OAM-subnetwork or one

OAM-domain, The {de-)multiplexers terminate the optical channels, which makes
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il a valid subnetwork or domain. The example in fipure 3.8 also implements a
point-to-point link, however, in this instance, OXC and OADM functionality are
included, Here, the link 13 considered 1o consist of ane OAM-subnctwork and two
OAM-domains, as indicated in the diagram. This too is a valid implementaton of
the OAM-model becanse the OXC terminates the optical channel. thus giving both

domains end-to-end optical channel functionality.
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Figure 3.8 Applicatinn of the (AM model to a simple point-to-peint network with OXC and
OADM functionality

The reason [or the sub-diviston of the OAM-subnetworks into OAM domains
is 1o alleviate the processing burden at the GNEs and O5s. In today's nelworks,
1P-bascd services we becoming the dominant transmussion fechnology and this
trend is expected to continue as the multimedia age comes o the fore. The
bandwidth requirements for these services change frequently and new managed
abjects (MOs) will be added to the network as lightpaths are set-up and torm-down
to accommodate these changing demands. The NM system (NMS), operaling
systems (O8s) and managing elements must be able to cope with these chunging
conditions within the nctwork, without overloading its own resources. The
objective of the proposed model is 1o distnibote the processing load amongst the

GINEs and t0 decrease then load at OSs.
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3.2.2 Performance Monitoring

Perlormance monitoring 1s an QAM lunction, which supports and enables fault
detection and hence network survivabality. Tn this section, the performance
paramelers associaled with the optical domain are firstly identified. Thereafter, the
performance monitoring procedures, for the optical networking components
chscussed in chapter two, will be presented. It should be noled thar the
performance monitoring and fault detection technigues demonstrated here are not
new, but are currently being used in SDH networks. They are merely adapted here
in an allempl to demonsitate the validity of the proposed OAM maodel, The weuson
for adopting this approach is hecause of the similar layering structure of the SIDH

and optical layer.

Performance paramelers

In chapter one, BER and SNR were identilied as the parameters used 1o
evaluate the performance ol the commumcations systems. The BER 15 an
electncal domain parameter and measurement thereol wall require that the signal
be converled ftom the opucal to clectrical domain. This 1s undesirable because it
will limit the signal format transparency, which 15 one of the objectives of the
AON. 3&R on the other hand can he measured in the optical domwn and is
therefore considered as an optical domain performance parameter for the purpose
of CAM. Oprical sighal power has ulso been identified as a performance
parameter because it influences the operation of ONEs at all three of the layer
networks. Wavelength wander (which is determined from the channel frequency)
and jirrer are the other parameters that have been identified (or use as performance
parameters. The discussion presented hereafter demonstrates how  these
performance parameters are utilized to perform performance monitoring and faukt

detection lechnigues,

Performance monfioring

This procedure incorporates functions dealing with measwrement, supervision
and analyzing of performance parameters of hoth the signal (i.e. at the netwoark
level) and the network equipment (ie. at the NE level) For the signal, the

measured petrformance parameters are the signal powcer level, OSNR as well as the



channel frequency. The power level has to be measured at all the layer netwaorks,
the OSNR only needs to be nieasured at the GTS and OCh layer networks whercas
the channel frequency only necds to be measured at the OCh layer network. Sigpal
performance is normally deternuned by measuring the paranieters at the mput and
output of the NEs. This also scrves to confirm the integrity of the NEs in certain
cases {e.g. CAs). The discussion hercafter considers the physical implementation
of the optical networking componenets. The physical implementations of these
devices are lustraled and 1115 also explained how, where and why the parameters

are measured. Only static (1.e. non-configurable NEs are considered).

The first case o be considered 15 thal of the wavelength (de-)multiplexer.
Recall that the function of the rultiplexer is o combine wavelenglh channels onto
a single fiber whereas (he de-mulhiplexer separates out the ipdividual wavelenglhs,
The most widely used physical implementation of the (de-)multiplexer device, is
the arrayed waveguide grating (AWG). The channels are combined or separated
out by the varying diffractive indices of the grating device. The wavelength
(de-Jmultipleser is a passive device, so measuring the power supply vollage is
optional. Al the input of the mulliplexing device, the channel frequency  (Ax-fin),
inpul power {A;-Pio) and OSNR (A-O5NR;;,) have to be monitored. The channel
frequency checks the intcgrity of the transmitter laser and is also required for
channel identification. The wnput channel power checks the integrity of the lascr
(if the multiplexer is preceded by a laser) or the integrity of the preceding fiber as
well as the integrity of the signal entering the OMS layer network. The OSNR
checks the integrity of the input signal. The combined signal power at the output
of the multplexer also has 1o be monitored as this checks the integrity of the
multiplexing device as well as the signal power level being passed to the OTS
layer petwork. The physical implementation of a wavelength multiplexer with
optical layer mapping as well as the performance parameters that have to be

monitored is illustrated in figure 3.9 below,
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Figure 3% Physical implementation of a wavelengih multiplexer Hlustrating the measured
performance pacamelers

The de-multiplexing device 15 just the inverse of the multiplexing device. Tn
this nstance, the combined signal power level at the input of the device {Pyy) has
o be monitored. This parameter checks the inlegnty of the preceding fiber and
also the signat power level thal will be passed ta the OMS layer netwark. For each
of the chamnels, the [requency (Aufou)d signal power (A-Puu) and OSNR (A
OSNR,.1), have to he monitored. The channel frequency is required for channel
identification and to check wavelenglh wander. The channect power at the autput 1s
used to check the power Tevel of the signal thal is passed to the OCh layer netwaork
and topether with the OSNR, is required to check the end-tu-end integrity of the
chatmet, The physical implementation of a wavelength de-multiplexer as well as
the performance parameters that have to he monitored is illustiated in [igure 3.10

below,
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Figure 3.10 Physical implementation of the wavelength de-multiplexer illustrating ihe
measured performance parameters



For the case of the OA, the EDFA implementation will be presented; the reason
far this is that the EDFA is most widely used. Recall that the rale of the OA is to
increase the power level of the optical signal in order to compensate for power
losses experienced along the optical path. In EDFAs, amplification 1s achicved by
passing the signal through a length of fiber that hus been daped with erbium. A
punip laser is used to excite the erbium atoms to higher encrgy levels thus
releasing photons, which increases the power level of the data signal [9]. For the
laser the oulput power (P .g) and current (I;), have L be measured. These
parameters check that the pertormance of the laser is within specification. Another
parameter. which alsa has to be monitored for the punmp laser, is the laser
temperature (T1). The reason is that a change in temperature causes a shift in the
laser center enuission frequency, which will in tum reduce the guin of the OA, For
the OA as a4 whole, other performance paramelers are the amplifier gain (G),
amplified stimulated emission {ASE), supply power and OSNE. The physical
implementation of the EDFA as well us the performance parameters that require

monitoring is illustrated in figure 3.11 below,

Figore 3.11 Physical implementation of the EDFA illustraling Lthe measured performance
pararoelers

In this implementalion only one wavelength channel is vsed to determine the gain
and OSNR, however, this is not compulsory and depends on the vendor. Ideally,
the input and output powers of all the wavelength channels have to be measured,

but because of the cost implication this is not yet feasible. The inpul-signal power
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level (A-Py) is not only used for the gain calculation but it simultaneously checks
the integrity of the preceding fiber, Similarly, the oulput signal power level (A-
Pon) 15 used to ealeulale the gain of the OA as well as to cheek the integrity of the
amplifier wself. Once drawback of this approach is that it must be ensurced that the

channcl being measured is always in use otherwise the resolts will be erroncous.

The OADM implementation, which includes an EDEFA, wavelength
multiplexers and de-multiplexers is considered. Recall that the OADM allows a
certain number of wavelength channcls to be added or dropped at an intermediate
sitc. The performance paraineters assoclated with the OA and (de-)multiplexer
have already been discussed above. In additien 1o those parameters, for the added
channel, the signal power (A,u-Pin) and frequency {Agaa-fin} should be monitored.
These parameters check the integnty of the transmitler; the channel frequency 18
also required for channel identification. Similarly, for the dropped channel the
signal power (AgopPout) frequency (Agopfon) a3 well as the OSNR (Ageop-
(SNR,) has to be monitored. The channel power and OSNR check that the cnd-
t-end channel integrity has becen maintained and the channel frequency is
required for channel identification. The physical implementations of the OADM

as well as the monitored parameters are illustrated in figure 3.12 below.

I-rraa higher
hugrer-

Figore 3.12 Pliysical implementation ot the (QADM illustrating the measured performance
parameiers



It should be noted that though only one chanmel is added or dropped in this
example, 1f more than ope channei is added or dropped then the performance

parameters should be monitored for each of the channels.

Lastly, the OXC. which is implemented using OAs, wavelength (de-)
multplexers and SEs, will be considered. Tn additon to the performance
parameters already mentioned for the OAs and wavelengths (de-)ymultiplexers, the
optical signal power (Ag-Piniu). OSNR (A-OSNRinge) as well as the channel
frequency (A have to be monitored at both the input and cutput 1o the SEs.
At the input of the SEs, the parameter values can be taken from the monitored de-
multiplexer parameters. The signal power level and OSNR checks the integrity of
the wavelength channels received from the OMS layer network, before passing
them to the SE. The channel frequency at both the mput and output 15 required lor
channel iwdentification as well as checking the integrity of the switching operation.
The OSNR and the output power are used to check the signal quality, the integrity
of the 5L as well as the integrity of the signal being passed to the OMS layer
network, The physical impiementation of the OXC as well as the performance

parameters, which require momnilonng, 3s 1lustrated i figure 313 below.

Figore 3.13 Physical implementation of the OXC illostrating the measured perfirnuince
P TEmetETy

The measured performance parameters are summarised in the table below,
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Takble 3.1 Summary of the performance parameters to he measured far the signal and NEs

Perfonmance monitonng can adopt one of two approaches: threshold crossing
alarm (TCA) surveillance and trend anadvsis. The trend analvsis approach looks at
all the performance parametlers continuously. Tt 1s costly o implement and s
normally only applied to high bit rate and premum services. The TCA
surveillance approach on the other hand only considers periods of poor
performance. Typically, all the performunce paramelers have a two threshold
values associated with it; degradation and Tailure threshold, When a parameter
crosses any one of these thresholds an indication or notification is 1ssbed
{normally only afler a period of persistency checking). In this smdy onty the TCA

surveillance gpproach is considered.

3.2.3 Fault Detection

Performance monitoring is a pre-requisite for fault detection. The fault
manager is invoked when it receives a notification from the performance
momtonng process and it is responsible for raising the appropniate alarm signals,
The fault muanager also has to transmil information about the fwlore or
degradation Lo the mantenance staff (which is not considercd in this study) and
the affected NEs, Tn general, there are two kinds of alarms that can be generated:
failure alarm and degradation alarm. One of these alarmy can then be generated

for any of the performance paramelers and at any one of the layer networks, The
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possible alarm signals for each of the luyer networks are tabulated in table3 2

below,
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Tahle 3.2 Failure alarms Lthat can be generated by the NEs

When a loss of optical signal power is detected or when the signal power level
drops below the absolule minimuim the loss of signal (LOS) and loss of signal
supervisory (LOSU) alarms will be raised. A signal degradabon (5D} alarm 1s
raised if the sigzpal power level drops below the degradation threshold value.
Similarly, when the OSNR drops below the failure and degradation threshold
values, the OSNR failure (OSNR_F} or OSNR degradation (OSNR_D) alarms
will be raised. The monitored channel frequency will be used to determine
frsquency alignment as well as to perform chapnel identification and will
stibscquently initate the relevant alarms, The alarm indication signal (AlS} and
remole defect indication (RDT) alarms are used to mnotify upstream and
downstream NEs that a fault has occurred; this wall be demonstrated in the
examples below, Regarding the equipmem specific alarms, these will be imtiated
it or when one of the performance purameters for that equipment crosses a

threshold.
The fault detection mechanism is demonstrated using two examples; only hard

{aults (LOS alarms caused by fiber breakage, in-line OA breakage, OXC breakage
etc.) arc considered. When an LOS 13 detected, AIS and RDT are generated, ALS is
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transmitied opstream on the user payload channel and its purpose is to inform the
client layer thal a serious alarm {faull) condition has occurred. RDI on the other
hand 1% transmitted downstream on the return path and ils purpose is 1o inform the
source that the payload did not reach 11s destination. In general the reception of an
AIS or RDT indicates that the layer network has lost its integrily and normally it
initiaes an autimatic switching protocol (ASP) or network resturation.

In the first example a simple point-to-poinl network with optical amplification
functiopality 18 considered, as illustrated tn figure 3.14 below. The network is
considered to consist of one OAM-domain in accordance with the proposed
OAM-model. A lber breakage occurs between OA1 and QA2 as indicated in the
diagram. The (irst upsiream NE, which m this case is QA2 detects the OTS-LOS.
It then generates the OTS-AIS, which is sent upstream instead of the payload, as
weall as the OTS-RDI, which 18 returned downstream. The OTS-AITS 15 detected
angd repenerated by all the upstream NEs {OA3 and the wavelength de-

multiplexer} that have OTS functionality along the path.
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Figure 3.14 IMustration of the signaling which results from the fault detection mechanism in
u simple point-to-poini felwork with kA functionalicy

At the wavelength de-multipleser, the OMS layer does not receive a payload or

any AIS. Tt therefore has to generate the OMS-AIS and OMS-RDI 1o send

upstream and dewnstream, respectively; similarly for the OCh layer netwoark, The
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RDI signals, which are sent downstream along the retum fiber, travel in the path
overhead until it rcachcé the first logation at which the specific layer network was
mmplemented. When the AIS is received in the OCh it triggers an OAM-
subnetwork alarm, which it forwards via the OAM-Domain G-ONE to the NMS.

In the second example the point-to-point network is extended 1o include both
OADM and OXC functionality as illustratcd m figure 3.15 below. In this instance
the network (s considered to consist of one OAM-domain, which is further sub-
divided into two OAM-subnetworks. The fiber breukage occurs between the
wavelength multiplexer and the OA. As in the first example, the OTS-LOS is
detecied by the OA (it is the first NE it encounters upstream), which then
generates the OTS-AIS and OTS-RDI and sends it upstream and downstream,
respectively. The next NE encountered is the OXC, which implements all (hreg
layer networks. Since it does not receive any OMS or OCh payload, neither the
OMS-AIS nor OCh-AIS, it generates the ALS and RDI for both the OMS and

QCh, which it then sends upstream and downstream, respectively,
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Figure 3.15 Ilustration of the signaling which results from fault detection in a simple point-
to-point network with OXC and OADM functionality

As was the case with the previous cxample, the AIS is detected and regenerated in

each layer network and at each NE along the path. In this example however, the
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OXC (which s the first NE 1o deteet the OCh-ATS), irgeers an alarm which 15
sent vid the OAM-subnctwork G-ONE and OAM-Domain G-ONE o the NMS.

It should be noted that for both of these examples s assumned that only one fiber
breaks and that there 18 4 path available on the retumn path. It should be noted

however. thit in the event of i fiber cable bregk, the RDT will be unavailable.

3.3 Discussions and Summary

Tn this chapter the issucs pertaiming to NM and OAM procedures were
discussed, Firstly, survivability techntques for the DWDM optical were reviewed.
In general the lilerature distinguishes between pro-active survivability ie.
protection and re-active survivability i.c. restoration. Various protection schemes
for the different architecturcs discussed in chapter two were presented. The
protection schemes proposed for WDM laver protection cmulate the schemes

implemented in fivst generation optical networks (e.z. SDH) networks.

A generic OAM maodel for the optical laver was then proposed and explained
with the aid of two simple point-to-point network examples. The proposed model
has a hievarchical structure. It sub-divides OAM subneiworks into OAM domains
in an attempt to alleviate the processing overload that could potentially oceur at

0855 as a result of changing network conditions.

Performance moniloring for the optical layer was then discussed. 'The physical
implementation of the optical network components were illustrated together with
the performance parameters that have to be monitored, Finully, oprical layer fault
delection was discussed and demonstraled with the aid of simple point-to-point

nctwork cxamples.

In chapter four a network structure to implement an ACGN national network in
South Aftica is proposed. The application of the proposed OAM medel to the

national metwork is also demonstraled.



Chapter 4

Design Proposal of a DWDM-based
All Optical Network

There are many factors that can inlluence the design and implementation of a
DWDM network. The design approach is dependent on the main focus of the
implemented netwark, for example, if the focus is the design of a2 management
control plang then it is advisable to avoid optimization problems such as
wavelength assignment. However, if the main focus were optimizing the network
design, then it would be adwisable to focus on probiems relating to optimization.
in the case of this research the key objective is to investigate OAM procedures at
the oplical layer and the focus 1s toamplement a reahistic DWDM optical network

for testing the OAM procedures, therefore it will not focus on optimization issues.

The chapter begins with a propasal of a network structure to implement an
AON national network in South Africa. It then expiains the refation between the
number of wavelengths and number of nodes and demonstrates by means of a
simple example how wavelength assignment can be implemented in a four-node
ring network. In sectiom 4.3 1L demonstrates how the OAM model, which was

proposed in chapter three, can be applied to the national network.,



4.1 Network Structure Proposal

In chapter two, the basic network ropologies (1.e, ring and mesh structures)
were introduced. In general, communications networks are complex structures.
Their major aim is to support the current and fulure traflic demand by using as
few network elements as possible. Many different combinations of these basic
structures are possible, to implement & desired commumications network. This
research proposes a hierarchical interconnected OADM ring structure for the
South African national petwork. Such an implementation is illustrated in figure
4.1 below. The rcason for this network proposal is partly because the cxisting
SDH infrastructurc is implemented in this way. Furthermore, a erarchical
structure offers advantages in terms of routing, wavelength re-usability and
manageability. The disadvantage of this structure 15 that signals have to traverse

longer pathy, but this s outweighed by the advantages.
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Figure 4.1 {lierarchical structure for all optical network implementalion

In figure 4.1 a four-level hierarchical structure is depicted. At the highest level
of the hierurchy (level 1) is the national core nerwork, which is in itself, an
OADM ring nctwork., At the next level of the hicrarchy are the zonal OADM
rings. These are optically cross connected to the higher level core ring as well as
o other rings at its own level. The third level of the hierarchy consists of the

metropolitan or local rings, which are similarly cross-conmected to the sccond
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level regional rings as well as to other metropolitan nngs at its level. At the lowest

level of the hierarchy (i.e. level 4) are the access networks.

In the South African (SA — international switching code 27} contlext 1t is
proposed that the core ring be made up of OADM nodes at Cape Town (CPT),
Port Elizabeth (PE), Durban (DBN), Johannesburg (JHB) and Blocmtontein
(BEN), as illustrated in figure 4.2 below. These nodes correspond to the major

switching codes 01, 02, 03, 04, and 05 for JHIB. CPT, DBN, PE and BFN

respectively,

Figure 4.2 Proposed pailional {level 1) core ring for the covisaged AON

Considering now the second level, a possible zonal ring for the Western Cape
rcgion could consist of maybe four OADM nedes at CPT, Bredasdorp (BDDP),
Bemufort West (BFW) and Vredendal (VDL). These nodes correspond to
swilching code 021, 023, 027 and 028 for CPT, BFW, VDL and BDP,

respectively. This zonul ring is illustrated in Mgure 4.3 below.



Figure 4.3 Proposed zonal (level 2) ring structure for the Western Cuape

For the metropolitan (local) ring level an example ring could consist of
OADMSs at CPT, Fish Hoek (FH}, Mitchells Plain (MP) and Goodwood {GWD).
These nodes correspond to switching codes 21-3, 214, 21-5 and 21-7 for MP,
CPT, GWD and FH, respectively, The example metropolilan OADM ring is
illustrated in figures 4.4 below,

Figure 4.4 Proposed local {level 3) ring struciure for the Cape Peninsola
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4.2 Proposed Frequency Assignment
In [ 39] it is stated that the minimum number of non re-usable wavelensths (W)
required [or a ring structure, which will facilitate wavclength routing, can he

calculated from

W=N(N=I) (4.1)

where N is the number of nodes in the ring. [t should be noted that this formula
does not congider the case in which wavelengths between adjacent nodes are re-
used. If a four-node ring, as proposed for the local ring in section | above, is
considered then from equation 4.1 the minimum number of wavelengths required

would be 12, The wavelength assignment table for this case is sewn in Table 4.1

below.
| Nodel mI.\Ia;ch Nodc3 Noded
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Tuble 4.1 Wavelength assignment for a 4-node ring

4.3 Application of Proposed OAM structure to envisaged SA AON

In chapter three an OAM model was proposed for application in an AON. The
model proposed that a network be divided into QAM-subnets and OAM-domains
and that management communication is between the domain and subnet proceeds
via the GNEs. This section examines how this structure may be applied to Lhe

proposed SA AON.
Tt is proposcd here that each QADM ring be managed as an OAM-domain and

that OAM-snbnets be made up of the OADM rings at the different levels, The

reason for this is that there gre many rings at the zonal and local leve]l and these
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should be ageregated to reduce the management communication at these levels. At
the national level then (or example the core rings are also managed as OAM-
domains, with only onc OAM-subnet at the national level. The management
information is then sent via the S-GNEs to the O8s of the NMS. In this case then
the management information is not cscalated up the nctwork hicrarchy, but is
communicated to the management system trom cach of the different levels. The
first advantage of this approach is that within the OAM-subnet isell the
processing load will be distnbuted amongst the different GNEs. This precludes the
aoccuirence of potcatial processing bottlenecks at the OS, which could result where
many defects oecur as the number of MOs changes to accommoaodate the changing
actwork demand. The number of MOs changes as lightpaths are set-up or torn-
down. As per example, lets consider the scenaric in which at the local level there
are 1} local rings in the peninsula region. Consider also that these rings are further
sub-dived to torm three OAM-domains, two domains consisting of three rings and
one of four. 1f one defcet should occur simultaneously in cach of these rings, then
the overall total number of netifications generated in the subnet is ten. Two of the
domuin GNEs would receive and process three notifications, whersas the other
GNE would receive and process four notifications; the load 18 distnbuted amongsi
the domain GNEs. I the scenario is now considered in which the subnet is nol
sub-divided into OAM-domains, then all ten rings would report to one subnet
GNE. As waus considered, if a deflect occurs simultapeously in each nng then the
subnet GNE would receive and process len notifications, This could also resull in
a longer time delay, since notifications cannot be processed simullanecusly by the

GNE and will thus have (o be quened before processing,

4.4 Discussions and Summary

1n this chapter a4 hierarchical interconnecied OADM ring structure is proposed
for the implementation of the South African national network, The advanlages of
this structure are that it provides a simple way of umplementing a complex
network and also, it siroplifies the routng processes and promoeles wavelength re-
usability, The relation between wavelength assignment and the number of nodces is

also briefly considercd, though this is really an optimization problem. Finally, it
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demonstrates how the generic OAM model, which was proposed in chapter 3, can

be implemented in the envisaged AON.

In chapter five we attempt te quantify the advantages to be gained from

implementing the proposed OAM madel,



Chapter 5

Network Implementation, Simulation and

OAM Model Testing

In chapter three a generic OAM maodel for the optical layer was proposed and
demonsirated with the aid of two network examples. In this chapter the
implementation as well as simulation results of the network example from chapter
three is presented. The chapter begins with an introduction to the OptSim simulation
environment and a discussion of the methodology used to implement the software
package. A short discussion about the accuracy of the OptSim performance
calculations is also presented. Thereatter, the design and unplementation of the
point-to-point network example is presented, The OptSim network simulation results

follows.

in an attempt to quantify the advantages to be gained by implementing the
proposed OAM architecture, a simple NM tool was implemented, The design and
implementation of the NM tool, which implements the performance monitoning and
fault detection techniques discussed in chapter three is then discussed. The NM ool
also implements the proposed generic OAM maodel. Finally, the results of the NM

tool are analysed.
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5.1 Introduction to OptSim

OptSin1 is a simulator for implementing optical communications systems. It s
composed of three main parts: a graphical editor in which the system to be simulated
is created, the software engine (hidden from the user) where all the numerical
calculutions are perfonmed and the data post-processing and display system that

allows for the display and manipulation of simulation results.

OptSim provides two different techniques under which simulations can be run.
The Spectral Propagation Technique (SPT) is a spectral domain simulation and 1s
quite useful it only the power spectra and OSNR i3 (0 be evulualed. In this method the
power spectruni 18 propagated and it only simulates the optical components: only the

linear effects are considered.

Alternative]y, there 1s the Variable Bandwidth Sumulation (VBS) technigue, which
simulates all the system components. Tt 1s a time domain simulaton technique, which
implements the TDSS methoed explained hereafter. In this case the [ull vector signal is
propagated along the network as time domain samples and the linear and non-linear
behaviour of both the electnical as well as the optical components are tuken into
account during the simulation process. The VBS lechnigue allows the user to simulate
the entire system bundwidth or only a portion of it, in which case only the channels
included in the specteal slice, is simulated. The maximum VBS bandwidth must be set

Lo a value of at least 205 smaller than the SPT bandwidth.

The OptSim sinwlation 15 based on a Time Domain Split-Step (TDSS) method,
which takes into account all the linear and non-linear effects [39]. TDSS is one of the
most accurate methods available for implementing optical fiber propagation systems.
An altemative method for implementing optical communication system simulators is

Frequency Doemain Split-Step (FDSS); the two methods are compared below.
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TDSS vs. FDSS
The split-step method is the most commoenly used in optical system simulation

tools to perform the integration of the fiber propagation equation (5.1)

i:l«"t{t, :.}
0z

={L+ n}Alt, z) {5.1)

where Alf, z) is the optical field, Lis the linear operator, which takes into account all
the linear effects (such as polarization mode dispersion and self-phase modulation)
and N is the non-linear operator, which takes inte account the non-linear effects
(such as four-wave mixing and stimulated raman scattering). The algorithm

separately applies Land N 10 Alt, z) over small spans of the fiber, Az.

There are two modes in which the split-step algenthm can be implemented: 1ime
Domain Split-Step (TDSS) and Frequency Demain Split-Step (FDSS). The two
methods differ only in the way in which the linear operator Lis calculated; both
methods calculate N in the same way. Lis fully characterized by its impulse

response h(:) and TDSS calculates L in the time domain by computing its effect on
Alt,z) via a time domain convolution product. Equation 5.2 below represents the

TI385 priocess.
TDSS — A dn]= A= #ln] = 3 Ak bln—k] (5.2)

FDSS on the other hand, calculates Lin the frequency domain. Both A{r,z} and
R{t)are sampled in time. The algorithm then multiplies the Fast Fourier transform
(FFL} of Aln] by the FFT of hln| and then converts the result back to the time

domain hy performing an inverse FFT. The FDSS process is represented by
FDSS = Al[n]= Alp]® Hn]= FET ™ (FFT(Al])x FFT(h[n])) (5.3)
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The FDSS algonthm implements a circular convolution product {as indicaled hy the
% symbol), which produces a signal fold-over emror (i.e. aliasing) in the result. The
eltects of this aliasing error can be clearly observed at the output of a dispersive fiber
span, which has as an input a flat envelope continuous wave (CW ) The output signal
will have amplitude ascillations in the envelope, which is the result of the intinsic
errors of FDSS. There are wavs of avoiding this emor, but these constraints in tum
limit the transmission rates of the system being studied to 2.5Ghps and also limit the

number of channels to one. This 1s not realistic for studying curent DWEM syslems.

OptSim, which uses the TDSS methed, does not suffer trom these aliasing errors.
Furthermore, 'TDSS also accurately considers group delays. Tn chapter 1 1t was
pointed owt that dispersion is one of the intrinsic cifects of the frequency-wavelength-
velocity inter-dependency. This eifect causes time shifts among signals of different
wavelengths. Because of the way in which the circular convolution is performed, the
FDSS process introduces unrealistic noisc sample correlation in the result, This is not

the case [or TEXSS.

Accuracy of OptSim performance calfculations
In chapter one it was also pointed out that the most commonly used performance
parameters for measuring performance in digital systems are the BER and Q-factor,

In OptSim the Q-lactor is detined as

_ g
o, + 0,

0 (5.4}

where 1y, (m,,0,) are the mean and standard deviation of the received signal at

the sampling instant when a logical “1” (0"} s transmitled. The BER is evaluated by

BER = éerj’{%] (3.5)



which is only true if the noise at the receiver is Gaussian and inter-symbol
interference (ISI) is negligible. In {39] it is reported that it the total number of bits
simulated is at least 512, then the uncertainty of Q is of the order =1dB. The
uncertainty can further be reduced to approximately £0.77dB if 1024 bits are

simulated.

The OSNR is evaluated by

5
G.SJ'"-'TRI.,'. — ﬁ [56)
Tl i

2

where 5, is the signal power which is calculated from the mean squared amplitudes
of the Fourier transform, N and N, are the absolute minima on either side of the

spectrum of the detected channel,

3.2 Network Design and Implementation

Network example 2 (figure 3.8) implements a simple point-to-point network with
OXC and OADM fungtionality. The simulation design is as follows: the center
wavelength is placed at 193 1THz. The system implements four wavelength channels
spaced 0.1nm apart. The system bit rate is set at 10Gbps.

The 4-to-1 wavelength multiplexer and transmitters are combined into one
component. The component comprises of four NRZ transmitters and an ideal
combiner for multiplexing the four signals together. The transmitter implements a
CW laser source that is externally modulated by a Mach-Zehnder modulator. The
modulator extinction ratio is 30dB and the insertion loss, 3dB. The lasers operate at
center frequencies of 192,95, 193,05, 193.15 and 193.25THz for channels 1 through
4. The laser linewidth and output power is 10MHz and 0dBm, respectively.
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The OA component simulates an EDFA. For a given input power P ([} the

output power of this implementation is evaluated using equation 5.6

P (F)=G(f)-B,(f)+ Py (F) (5.6)

where G( f) is the wavelength dependent amplifier gain and P, (f) is the ASE

noise power spectrum at the output. The amplifier gain was set at 10dB and the noise
figure F was set at 4.5dB. The output ASE power P, (f} is calculated for a

specific bandwidih using equation 5.7 below
P, = F{G-1)vAy (5.7)

where fiis Planck’'s constant and v the optical frequency. The signal is transmitted

over 50km spans of normal dispersion-shifted fiber. The fiber attenuation, PMD and
non-linearity coefficient is set at 02d4B/km, 0.1 ps/+/km and 1.8W k™,

respectively.

The OXC design is similar to the OXC node architecture illustrated in figure 2.7,
The de-multiplexer is implemented vsing a splitter and Raised Cosine optical filters,
The filter exponent, roll-off and bandwidth is set at o=1, 0.2 and 50GHz,
respectively. The 2X2 optical switches have a crosstalk value of —-90dB and an excess
loss of (.5dB. The muliiplexer design is similar to that of the de-multiplexer except a

combiner is used instead of a splitter.

The QOADM uses a multi-stage Lorentzian optical filter to select the drop chamel.
The filter bandwidth is set at S0GHz and the crosstalk is —90dB. Channel 3 is the
selected add/drop channel. At the receiver stage, the de-multiplexer and receiver are
combined into one component. The de-multiplexer design is the same as that used in
the OXC module. The receiver device ts a PIN photodiode with a 5-pole Bessel post-
detection filter, The OptSim design 15 shown in figure 5.1 below.
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The total simulation time is 2048 bits. The optical channel power levels and OSNR
are evaluated for each component. The BER is evaluated at the input and output of
each component. The BER is evaluated at the output of the OXC, OADM and at the
receiver; this is done to check whether the signal integrity is maintained throughout

the simulation process, The measured values can be found in tables in appendix B.
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Figure 5.1 OptSim design «f point-te-point network example

5.3 Simulation Results
The systein was simulated for different randoin seed values. The oniput

performance data for the NEs are tabulated in Appendix B. The optical spectra at the
output of the wavelength multiplexer and the input of the wavelength de-multiplexer
are shown in figure 52 and 53 below. The OSNR is maintained above 40dB

throughout the simulation.
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Figure 5.3 Optical spectra at the input of the wavelength de-multiplexer

Similarly, the eye diagrams at the input o the wavelength muluiplexer and at the

receiver 15 shown below.
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Figure 5.5 Channel 3 eve diagram at the receiver (hefore O-E conversion}

The BER degrades from 10E-40 at the input to 10E-25 at the output for the express
channels. The BER of the add/drop channel degrades from 10E-40 at the imput to
LOE-16 at the output. This excess degradation can be attributed to the crosstalk at the
OADM.
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5.4 NM Tool Implementation

This section describes the implementation of an NM tool. which does performance
monitoring and fault deteclion of networks that are lasically divided inta OAM
domains and subnets as per the proposed OAM model architecture in chapter three.
The NM tool takes as its input, the performance data of the perfarmance parameters
(as identitied in chapter three) for cach af the NEs. It then gencrates notifications and
alarms as per the performance monitoring and fault detection algarithms, which are
discussed hereafler, The owtput of the NM tool will be the number of notifications

reporied o and processed by each (GNE and the NMS.

In [40], two approaches are identilied for implementing the performance
momitoring procedurc:  trend  analysis  and  threshold  crassing  alanm  {TCA)
sirveillance., “The trend analysis approach looks at all the performance parameter
values all the time whereas the TCA surveillance method only considers periods off
exceplionally poor performance™. Tn this siudy, lhe threshold crossing technigue is
used to implement the performance moniloring procedure and thus detcet degraded
perfurmance. Two thresholds are associated with cach performance parameter: a
degradation and failure threshold, A threshold crossing 15 reported when any of the

monilored performance data reaches or cxeceds the threshold values.

There are four stages in the performance moniloring process [40]; only the first
slage will be considered in this study. In the first stage the status and behaviour of the
NEs as well as the signal arc monitored; the NE performs this stage. In real NMSs
performance monitoring is done for 153-minuwe and 24-hour intervals. A threshold
crossing alert is genermted {or each of these intervals if a threshold is reached or
exceeded. Tt 1s also typical in NMSs to examine performance data over a period of
time to ensure that the degraded performance persists, before alerting the next stage
of the process. If the persistency check determines that an anomaly docs not persist

then the TCA is cleared,



‘The performance-monitoring algorithm that was implemented in this NM toel is

Ulustrated in figures 5.6 and 5.7 below.
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Figure 5.6 Algorithm for checking whether a threshold crossing has occurred

The algorithm illustrated in figure 5.6 warks as follows (based on the TCA
approach explained above): Each NE compares the current performance data with the
threshold value o determine whether a thresheld has been teached or exceeded. If a
threshold crossing 15 detected, a flag is set which will be used in successive runs to

check whether the threshold crossing condition persists, For serious alarm conditions
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{e.g. LOS), [40] recommends that notifications and alarms be generated within 3
seconds of the accurrence of the event. In this implementation, a scrious alurm
condition 1s signaled it a failure threshold is crossed on three consceutive ¢ycles. In
this ¢asc. a4 notification is sent Lo the NM&S via the GNE i.e no intermediate
persistency checking 1s performed at the subnet GNE. 11 a degradation threshold
ciossing occurs for five consecutive cycles, then a notilicaton s sent to the GNE and
an alarm 15 raised. In this case though, the GNE will first check whether the
degradalion persists before notitying the NMS, If the condition docs not persist, the
alarm 1y cleared and no notification is sent to the NMS, otherwise @ notification is

scnt to the NMS.

{nce the performance data has been checked for threshold crossings, the GNE will
check whether it has received any notitications from NEs in its domain or subnet; this
1% illustrated by the flow-chart in figure 5.7 below, The algonitbm is expluined as
lollows: the GNE checks whether it has rcecived any notilications. 1T a notihcation
had been received by the GNE, then it fustly determines the cause of the notilication.
If the notification is as the result of a scrious alanm condition, then a notification will
be sent immediately to the NMS via the subnet GNE. The GNE ulso checks whether
there are any persisting alarms conditions; non-persistent alarms will be cleared
whereas persistent alarm conditions will resull in further notifications being sent to
the subnet GINE. A similar procedure is followed by the subnet GNE, however, in this

cuse noti fcations are sent to the NMMS.
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Figure 5.7 Algorithm for checking whelher any nolilications have been sent by 1he NEs

The NM tool was implemented in C++, A code listing can be found in appendix C.

5.5 Analyvsis of Results

The performance data from the point-to-point nelwork was used as the input to the
NM tool in an atlempt Lo guantily the vsefulness (i.e. advantages to be gained by) of
the proposcd OAM model The reason for this 15 that it 15 envisaged lhal a nng
network be managed as an OAM domain. So, a companson of the results using the
proposed OAM scheme and the [TU-T recommendation will show no difference. This
is because in both cases the ring network will be considered us ome domuin or

subnetwork, However, in the case point-to-point example, the network can be



logically divided into two OAM domains, which then form an OAM subnetwork as

illustrated in figure 5.8 beliw_ Each domuin containg three NEs,
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Figore 5.8 Application of the (2AM modcl to a simple point-{o-point network with OXC and
A DM fonctionality

The perfonmnance data was obtained from the OptSim simulations. Periodic
degradations and failures were inscrted into the data, which was then input to the NM
tool. The resuits were compared for the cuse where the point-to-point network is
considered as one domain or subnetwork (which will be relferred to as the TTU-T
approach) and alternatively where 1t i sub-divided into \wo domains (which wil] be
referred to as the proposed OAM model approach). Three different scenarios were
tested, Firstly, the scenario where no serious or persistent alarm conditions oceyr are
considered. An example of a scrious alarm condition is detection of an LOS alarm.
For the purpose of this study an alarm will be considered Lo be persistent if the current
vilue read exceeds the threshold in more than seven consecutive cyeles in the case of
the proposed OAM model. For the ITU-T case. an alarm is persistent after six
comsecutive cyeles. The reason for this is that the subnetwork GMNE performs an
intermediate persistency check before notitying the OS. In the ITU-T case the

intermediary persistency checking is performed by the OS itsell.

B3



Scenariol - Test 1: Two domalins one vubnetwork
Overull, seven degradations occurred in the netwaork: four in domain one and three
in domain two. Each of these degradations generated 4 notification to the GNE in its

domain. The results are plotted in figurcs 5.9 below.
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Figure 5.9 Number of GNE notifications generated a5 a resull of degradation threshald ¢rossings
{proposed OAM model)

The results supgest that if only non-persistent degradations are considered then there
is a hnear relationship between the number of degradations that occur and the number

af notifications that are sent to the GNE. No notifications were sent to the OS5,

Scenariol - Test 2: One domain or subnetwork
In thig case the number of degradations and number ol notifications gencrated by
thec NEs is just the sum as for test case 1 above. The results oblained are plotted in

figure 5. 10 below.
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Fipure 5.1 Number of GNE notilications generated as a result of degradation threshold

crossings (I'TU-T Approach)

The results of test 2 also suguest a linear relatdonship between the number of
degradations and the number of notifications to the GNE. The difference between the
two approaches is that in this casc all the notilications are sent 10 one GNE, whereas
with the proposed model the load is split almost cvenly between the two domain-
GNEs. It should be noted that this resull 15 only obtained becauss the periodic
degradations occumred in both domans. T all the degradations occurred in one
domain, then there is no advanlage 1o be gained from sub-dividing the subnetwork

into domains.

Scenaric 2 considercd the casc in which persistent as well as non-persistent
degradations occurred. It should be noted that the degradations that occurred are the
samc, in some cases the periods were merely extended to make them persistent. 5o,
the overall lotal aumber of degradations that occumred is suill seven: Jour in domain |

and three in domain 2.

Scenario 2 - Test 1: Two domains and one subnetwork
The results obtained tor the case in which persistent and non-persisient conditions

are considered within the proposed OAM tramework is plotied in figure 5.11 below.



As noted abowe, the number of degradation crossings in both domains remain
vnchanged from the first case. The praphs show that there 15 no longer a linear
relationship between the number of degradations thar occur and the number of

notifications generated.
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Figure 5.11 Number of notifications generated as a result ol degradation threshold crossings

(proposed OAM maodel Approach)

In figure 5.12 below, the results obtained for the two different scenarios are compared
for both domains. In both wmstances the number of notifications generated as a result

of including persistent degrading conditions, 18 increased.
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Figure 5.12 Comparisan of the member of notifications generated for scenarios 1 and 2

In this scenano, two notiications were seat to the OX.



Scenario 2 - Test I: One domain or subnetwork

The resulis oblained lor this scenario is plotted in figure 5,13 below. As was the
case with scenario 1, when persistent conditions are included in the test data the
number of notificattons generated in the netwerk increases, Furthermore, there s no
longer a linear relaltonship between the number of degradations that cccur and the
number of notilications generaled. The number ol notifications sent to the OS in this

case is three.
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Figure 5.13 Comparison of the number of notifications generated for scenarios 1 and 2

In figure 3.14 below, the overall total number of notifications generated for the twao
different schemes {ITU-T vs. proposed OAM model approach} are compared. Case |
refers to the ITU-T approach and case 2, to the proposed medel architecture, It is
noted that the averall total number of notifications generated in the proposed maodel 18
higher than that for the ITU-T case. This can he attributed to the fact that for cach
persistent alarm condition, an cxtra notification is sent from the domam GNE o the
subnetwork GNE i.c. three notifications per perststenl alarm condition for the
proposed model case. For the ITU-T case, however, enly twe notifications are
generated as a result of the persistent alyrm condition. Tt should be remembered
though that in the proposed scheme, the notifications are processed by two GNEs,

whereas in the ITU-T case, only one GNE handles all the notificatrons. Also, the



number of notifications sent to the OS 15 less for the proposed scheme than for the

ITU-T scheme.
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Figure 5.14 Comparison of the nverall total number of notifications generated for the two
schemes

Scenurio 3 considercd the case in which persistent, non-persistent as well as serious
alarm condhtions occurred. The total number of alarms generated in this cuse

increased to ten.

Scenario 3 - Test 1: Two domains and one subnetwork

In this test two serious, two persistent and two non-persistent alarm conditions
occurred w domain 1, whereas in domain 2 there was one serious, two persistent and
one non-persistent alarms. The test results [or the two domains are plotted n [igure
5.15 below. As was the case with scenario 2, the relationship between the number of
degradations and the nanber of notifications generated is not linear. This is becuuse
in the case of persistent and serious alurm conditions, three noti[ications are generated
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Figure 5.15 Number of notifications generated in domains 1 and 2

Seenarie 2 - Test 1; One domain or subnetwork
In this test there were also ten alarms conditions reported. The test resulls are
plotted in figure 5.16 below, The results are compared with the overall total number

of notifications. which occur in the two cases.
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Figure 5.16 Comparison of the numbcr of notifications sent for case 1 and 2

Again, it is clear that the total number of notifications sent in the case of the proposed
model exceeds the number sent for the case of the TTU-T approach. However, as

pointed out before, in the casc of the proposed architecture the notifications are
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processed by two GNEs. The number of notifications sent to the OS in the case of the

proposed scheme is less that for the ITU-T approach.

5.6 Discussions and Summary

In this chapter the design and implementation of the network examples were
discussed. Firstly, some background information was given about the optical network
simulation environment that was used to simulate the networks namely, OptSim.
Thereafter, the network design and implementations was discussed and the simulation

resulis demonstrated.

In an attemnpt to quantify the advantage to be gained from implementing the OAM
model architecture that was proposed in chapter three, a simple NM tool was
implemented and three different scenarios were tested. The results were compared for
the proposed scheme and the ITU-T approach. It was found that the total number of
notifications generated in the proposed scheme exceed the number of notifications
generated in the ITU-T scheme. However, in the ITU-T scheme all notifications are
processed by one GNE, whereas for the proposed scheme the load is divided between
the GNESs. Furthermore, it was found that the number of notifications sent to the OS

in the ITU-T scheme exceeds the number of OS-notifications in the proposed scheme.

As was pointed out in chapter three, the number of managed objects in current
communication networks are constantly changing as a result of the bursty nature of IP
traffic, which has become the dominant source of communication. Therefore, there is
some advantage to be gained by implementing an OAM scheme, which relieves or
distributes the processing load at the OS and GNEs that results from network failure

or degradation conditions.
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Chapter 6

Conclusions and Recommendations

The main objective of this thesis was to propose a generic model for operations,
administration and maintenance (OAM) at the optical layer. Furthermore, it had to
quantify the advantages to be gained by implementing the proposed architecture. OAM is
a collection of processes that support the Network Management (NM) function. The
overall OAM actions include measuring the signal and NE performance, reporting on the
degradation or failure of the signals or NEs and altering the configuration of NEs. In this

study only performance monitoring and fault detection was considered.

A point-to-point optical network with OXC and OADM functionality was designed
and implemented in the OptSim simulation environment. Only static network
components were implemented, the reason being that OptSim does not support re-
configurable components and networks. The design and implementation ensures that the
signal integrity is maintained throughout the simulation process: the OSNR is maintained
above 40dB and the BER below 10E-16. The performance parameters were measured as
specified in chapter three.

A generic OAM model, which implements a hierarchical structure and sub-divides

OAM subnetworks into OAM domains was proposed. To test the validity of this

approach and to quantify the advantages to be gained from implementing the proposed
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model architecture, a NM tool was implemented. The performance data from the OptSim
simulations were used as input to the NM tool. Periodic failures are inserted in the test
data before it is input to the NM tool. The results are compared for a network, which is
logically sub-divided into two domains (as per the proposed model), and a network that
considers the network as one domain or subnetwork (as per the ITU-T

recommendations).

Three different scenarios were tested: firstly, the case where only non-persisting
degradations occurred. Secondly, the case in which persisting and non-persisting
degradations occurred. Finally, all failure and degradation conditions were included. It
was found that in the case that no persisting and serious alarm conditions occurs in the
network, the number of notifications generated in both cases are the same. However, in
the case of the proposed architecture the number of notifications is processed by two
GNEs, whereas in the ITU-T case, only one GNE processes the entire load. When
persisting. When persisting and serious alarm condition are included in the test data, the
number of notifications generated by the proposed scheme exceeds that for the ITU-T
case. The advantage of this scheme though is that the notifications are processed by more
than GNE thus decreasing the processing load experience GNEs. Furthermore, in the case
of the proposed scheme the number of notifications sent to the OS is less than that for the
ITU-T case. This is a very important result especially in view of the fact that todays
network traffic is very bursty in nature, thus resulting in the number of managed objects
constantly changing. The OSs must be able to cope with these changing network

conditions without overloading its resources.

Therefore, there is some advantage to be gained by implementing the proposed OAM
scheme, which relieves or distributes the processing load at the OS and GNEs that results
from network failure or degradation conditions

In this study only static network elements were considered. Also, only the functions

relating to performance monitoring and fault detection were considered and implemented.

During the course of this research several areas of interest have surfaced that could not be
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included in the scope of this thesis. The following list outlines possible further work

based on this study:

e investigate signaling protocols that can be implemented in the proposed OAM

framework;

e investigate the performance of other OAM functions (e.g. configuration) within the

proposed framework;

e identify the performance parameters associated with configurable NEs;

o investigate the performance monitoring and fault detection procedures associated

with networks implementing re-configurable devices;

o implement a robust NM tool for optical layer management.
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Appendix A

Wavelength (De-) Multiplexing

Demonstration

The objective is to demonstrate the wavelength (de-ymultiplexing functionality. An
cight-channet muttiplexer was implemented using ideal combiners, which combine
ihe wavelength channels onto a single fiber. The OptSim design 18 shown in figure

ALl below.,
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Figure A.1 OptSim design of a wavelength multiplexer

The VBS bandwidth for the test is set to 1.25THz and the 5PT bandwidth, to 1'THz.

The center trequency of the multiplexer is at 193.1THz and the channels are spaced at
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O.lnm {r.e. 100GHz) Each channel 15 de-multipiexed by means of a first order Ramsed
Cosine filter. The filter bandwidth is 50Ttz and the roll-off factor (R} is 0.2, The

OptSim destgn of the wavelength de-multiplexer is shown in figure A 2 helow,
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Figure A.2 OplSim design of a wavelength de-mmlfiplexer

The input to the multiplexer is eight NRZ signals, The transmitter is implemented
using a continuous wave laser, which 1s externally modulated by a Mach Zehnder
modulator; the bil rate 1¢ 10Gbps. AL the ontput of the de-multiplexer the signal is
detecied using a PIN photodiode, which is then low pass fiitered nsing a 6-pole Bessel
filier, The wavelength multiplexer and de-multiplexer are connected in a back-to-back
configuration. The reason for this is that the functionalily of the muliiplexing and de-
multiplexing operation i to e examined without the added cffect of transmission
over [iber. The opticai power spectrum and OSNR is evalvated at the input and output
of the moitiplexer. At the output of the de-mulliplexer, the channel performance is
cvaluated using the opucal spectra, eye diagrams and the measured BER and (-factor.

The OptSim test model that was ased 1s shown i figure A.3 below.
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Figore A3 Back-to-back wavelength multiplexing/de-multiplexing

Firstly, to demenstratc the multiplexing operation the opticul spectra at the input and
output of the multiplexer as well as the spectra at the output of the de-multiplexer was

measured. The speetral diagrams are shown in fipures A4-13 below.
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Figure A.5 Wavelength multiplexer input: Channels 3 and 4
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Appendix B

Simulation Results for Point-to-Point

Network

Performance data for the wavelength multiplexer (¥WM1)
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Appendix C

Code Listing for NM Tool

Implementation

#The class structure for the NE class. It's the parent class, which has all the common
Harributes and functions, Compiled by Carel Baker on 25 June 2001,

#ifndef NE h
#define _NE_h
#inchide <iostream.hi>

#include <siring h>

{fglobal variables

int FailAlarms[3];

int DegAlarms[3];

int DGNE_Notifications[5];
int SGNE_Notifications[5];
int NMS _Notifications:

HFailure and depradation thresholds

consi flpal ChPowerBegThreshold = -25.0;
const float ChPowerFailThreshold = -30.0;
comst float ChOSNRDepThreshold = 25.0,
const float ChOSNRFailThreshold = 20.0;
conat float CombPowerDegThreshold = 0.0;
const float CombPowerFail Threshold = <2.(0;
const int WAVELENGTHS =8,
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class NE
{

public:

NE (char *n, char *d, char *s);
void Initialize();

void ReadData();

void ChPowerPerfTest();
void ChOSNRPerfTest();
void ChFreqPerfTest();

void CombPowerPerfTest();
void Print();

void SetChFreq();

void UpdateAlarms();

char* ShowDomainName();
char* ShowSubnetName();

char* ShowName();

protected:

char Name[6}]; //holds the name of the NE

char DomainName[8];  //holds the domain name of the NE

char SubnetName[8]; //holds the subnet name of the NE

int DGNE_Flag; /o indicate which NE is the domain GNE
int SGNE_Flag; /o indicate which NE is the subnet GNE

double ChPower[ WAVELENGTHS];

double ChOSNR[{WAVELENGTHS];

double ChFreq{ WAVELENGTHS];

double CurrentChFreq{ WAVELENGTHS];

float CombPower;

/to indicate that an SD alarm has been raised

bool SD_Flag{ WAVELENGTHS];

/1to indicate that an LOS alarm has been raised
bool LOS_Flag[WAVELENGTHS];

f/to indicate that an OSNR_D alarm has been raised
bool OSNRD_Flag{WAVELENGTHS];

/fto indicate that an OSNR_F alarm has been raised
bool OSNRF_Flag[WAVELENGTHS];

//to indicate that an SD alarm has been raised

bool FAD_FlaglWAVELENGTHS];

/fto indicate that an LOS alarm has been raised
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bool FAF_Flag{ WAVELENGTHS];

/to indicate that an SD alarm has been raised

bool C_SD_Flag;

/fto indicate that an LOS alarm has been raise

bool C_LOS_Flag;

/fwill be used for persistency analysis checking at the domain level
bool PPersist_Flagl [WAVELENGTHS];

/iwill be used for persistency analysis checking at the subnet level
bool PPersist_Flag2{WAVELENGTHS};

/fwill be used for persistency analysis checking at the domain level
bool OPersist_Flagl [WAVELENGTHS];

/fwill be used for persistency analysis checking at the subnet level
bool OPersist_Flag2[WAVELENGTHS];

/fwill be used for persistency analysis checking at the domain level
bool FPersist_Flagl[WAVELENGTHS];

/iwill be used for persistency analysis checking at the subnet level
~ bool FPersist_Flag2{WAVELENGTHS],

/fwill be used for persistency analysis checking at the domain level
bool CPersist_Flagl;

/Iwill be used for persistency analysis checking at the subnet level
bool CPersist_Flag2;

/ftracks the number of power failure threshold crossings

int NumChPFailCrossings[WAVELENGTHS];

/ltracks the number of power degradation threshold crossings

int NumChPDegCrossings{WAVELENGTHS];

/ltracks the number of failure threshold crossings

int NumOSNRFailCrossings{ WAVELENGTHS];

/ltracks the number of degradation threshold crossings

int NumOSNRDegCrossings[ WAVELENGTHS],;

/ftracks the number of frequnecy failure threshold crossings

int NumChFFailCrossings{ WAVELENGTHS];

//tracks the number of frequency degradation threshold crossings
int NumChFDegCrossings{ WAVELENGTHS];

/ftracks the number of power failure threshold crossings

int NumPFailCrossings;

/Ntracks the number of power degradation threshold crossings

int NumPDegCrossings;

/fkeeps a count of the number of SD alarms raised
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int SD_Count;
{fkeeps a count of the number of L.OS alarms raised
int LOS_Count;
{fkeeps a count of the number of OSNR_F alarms raised
int OSNRF_Count;
Hkeeps a count of the number of OSNR_D alarms raised
int OSNRD_Count;
//keeps a count of the number of FAD alarms raised
int FAD_Count;
/keeps a count of the number of FAF alarms raised
int FAF_Count;
/fkeeps a count of the number of SD alarms raised
int C_SD_Count;
{lkeeps a count of the number of LOS alarms raised
int C_LOS_Count;
/lint NotSentCounter;
}; #endif
{/This is the definition file for the NE class. Compiled by Carol Baker, last updated 26 June 2001

/i# include <iostream.h>
//# include <string.h>

# include "NE.h"
# include "WMux.h"
# include "DMux.h"

//The class definitions for the parent class

NE::NE(char *n, char *d, char *s)

{
strcpy(Name, n);
strcpy(DomainName, d);
strepy(SubnetName,s);

//This function initializes the channel frequency depending on the number of wavelengths
/fin the system. Channels are spaced 100Ghz apart and are centered at 193.1Thz
void NE::SetChFreq()
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if (WAVELENGTHS == 4)

{
ChPreqf1] = 192.95;
ChFreq[2] = 193.05;
ChFreq[3] = 193.15;
ChFreq[4] = 193.25;

if (WAVELENGTHS == 8)

{
ChFreq{1] = 192.75;
ChFreq[2] = 192.85;
ChFreq[3] = 192.95;
ChFreql4] = 193.05;
ChFreq[5] = 193.15;
ChFreq[6] = 193.25;
ChFreq{7] = 193.35;
ChFreq[8] = 193.45;

if (WAVELENGTHS == 16)

{
double ChFreq| WAVELENGTHS];
ChFreq[1] = 192.35;
ChFreq2] = 192.45;
ChFreq[3] = 192.55;
ChFreq[4] = 192.65;
ChFreq[5] = 192.75;
ChFreq[6] = 192.85;
ChFreq[7] = 192.95;
ChFreq[8] = 193.05;
ChFreq[9] = 193.15;
ChFreq[10] = 193.25;
ChFreqf11} = 193.35;
ChFreq[12]} = 193.45;
ChFreq[13] = 193.55;
ChFreq[14] = 193.65;
ChFreq[15] = 193.75;
ChFreq[16]} = 193.85;
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}

Hlend setting channel frequencies

/fCalculates the total number of failure and degradation alarms that were generated in each
{/domain or subnet
void NE::UpdateAlarms()
{
Hfcalculate number of degradation alarms generated in each domain
int NumDegAlarms = SD_Count + OSNRD_Count + FAD_Count + C_SD_Count;
if (NumDegAlarms t= 0)
{
if (stremp(DomainName, "Domainl") == 0)

DegAlarms[0] = DegAlarms[0] + NumDegAlarms;

if (stremp(DomainName, "Domain2") == 0)
DegAlarms[1] = DegAlarms[1] + NumDegAlarms;

if (stremp(DomainName, "Domain3”) == 0)
DegAlarms[2] = DegAlarms[2] + NumDegAlarms;

if (strcmp(DomainName, "Domaind") == Q)
DegAlarms[3] = DegAlarms{3] + NumDegAlarms;

if (stremp(DomainName, "Domain5") == 0)
Degalarms[4] = DegAlarms[4] + NumDegAlarms;

Hfend calculate degradation alarms

/calculates number of failure alarms generated in each domain
int NumFail Alarms = LOS_Count + OSNRF_Count + FAF_Count + C_LOS_Count;
if (NumFailAlarms != 0)
{
if (stremp(DomainName, "Domainl") == 0)
Fail Alarms[0] = Fail Alarms[0] + NumFail Alarms;

if (stremp(DomainName, "Domain2") == 0)
FailAlarms[ 1} = FailAlarms[1] + NumFail Alarms;
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if (stremp(DomainName, "Domain3") === 0)
FailAlarms[2] = FailAlarms{2] + NumFailAlarms;

if (stremp(DomainName, "Domaing") == 0)
FailAlarms[3] = FailAlarms[3] + NumFail Alarms;

if (stremp(DomainName, "Domain5") == 0)
FailAlarms[4] = Fail Alarms[4] + NumPFailAlarms;

H/end calculate failure alarms

}/end clacluate number of alarms

//Prints the number of alarms generated in each domain as well as the number of

/motifications sent
void NE::Print()

{

endl;

endl;

endl;

endl;

endl;

endl;

cout << "NEs in Domainl generated " << DegAlarms[0] << " degradation alarms.” <<
cout << "NEs in Domain2 generated " << DegAlarms[1] << " degradation alarms." <<
cout << "NEs in Domainl generated " << FailAlarms[0] << " failure alarms." << endl;
cout << "NEs in Domain2 generated " << FailAlarms| 1] << " failure alarms." << endl;
cout << "Domainl GNE received " << DGNE_Notifications[0] << " notifications.” <<
cout << "Domain2 GNE received " << DGNE_Notifications[ 1] << " notifications." <<
cout << "Subnetl GNE received " << SGNE_Notifications[0] << " notifications.” <<

cout << "Subnet2 GNE received " << SGNE_Notifications[1] << " notifications.” <<

cout << "The NMS received” << NMS_Notifications << "notifications.” << endl;

//This functions is just used to identify which domain an NE belongs to
char* NE::ShowDomainName()

{

return DomainName;
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/IThis function is used to identify the subnetwork to which the NE belongs

char* NE::ShowSubnetName()

{

/fThis function identifies the name of the NE

return SubnetName;

char* NE::ShowName()

{

//Just initailizing variables, this is done only once at the beginning of the simulation -

return Name;

void NE::Initialize()

{

NMS_Notifications = 0;
SD_Count = 0;
LOS_Count=0;
OSNRF_Count = 0;
OSNRD_Count = 0;
FAD _Count=0;

FAF _Count=0;
LOS_Count = 0;
C_LOS_Count =0;
C_SD_Count=0;
NumPFailCrossings = 0;
NumPDegCrossings = 0;
C_SD_Flag = false;
C_LOS_Flag = false;
CPersist_Flagl = false;
CPersist_Flag2 = false;
CombPower = 0.0;

for (inti=0; 1< 5; i++)

{
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DGNE_Notifications[i] = 0;

for (int j= 0; j < 5; j++)
{
SGNE_Notifications[j] = 0;

for (int k = 0; k <« WAVELENGTHS; k++)

{
NumChPFailCrossings{k] = 0;

for (int 1 = 0; 1 « WAVELENGTHS; l++)

{
NumChPDegCrossings[l] = 0;

for (int m = 0; m < WAVELENGTHS; m-++)

{
SD_Flag[m] = false;

for (int n = 0; n < WAVELENGTHS; n++)

{
LOS_Flag[n] = false;

for (int 0 = 0; 0 < WAVELENGTHS; o++)

{
PPersist_Flagl[o] = false;

for (int p = 0; p < WAVELENGTHS; p++)

{
PPersist_Flag2[p] = false;

for (int q = 0; q < WAVELENGTHS; q++)
{
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NumOSNRDegCrossings{q] = 0;

for (int r = 0; r <« WAVELENGTHS; r++)

{
NumOSNRFailCrossings{r] = 0;

for (int s = 0; s < WAVELENGTHS; s++)

{
OSNRF_Flag|s] = false;

for (int t = 0; t < WAVELENGTHS; t++)

{
OSNRD_Flag[t] = false;

for (int u = 0; u < WAVELENGTHS; u++)

{
OPersist_Flagl[u] = false;

for (int v = 0; v < WAVELENGTHS; v++)

{
OPersist_Flag2[v] = false;

for (int w = 0; w <« WAVELENGTHS; w++)

{
NumChFDegCrossings[w] = 0;

for (int x = 0; x <« WAVELENGTHS; x4+)

{
NumChFFailCrossings{x] = 0;

for (int y = 0; y < WAVELENGTHS; y++)
{

129



FAD_Flag[y] = false;

for (int z = 0; 2z < WAVELENGTHS; z++)

{
FAF_Flag[z] = false;

for (int a = 0; a < WAVELENGTHS; a++)

{
FPersist_Flagl[a] = false;

for (int b = 0; b < WAVELENGTHS; b++)

{
FPersist_Flag2[b] = false;

for (intc=0; c < 5; c++)

{
FailAlarms[c] = 0,

for (intd = 0; d < 5; d++)
{

DegAlarms[d] = 0;
}

}//end initialize variables

//Read-in in performance data from the keyboard
void NE::ReadData()

void NE::ReadData(}

cout << "Key in channel power performance data!” << endl;
for (inti = 0; i < WAVELENGTHS; i++)
{

¢in >> ChPower[i];
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cout << "Key in input channel OSNR performance data!” << endl;
for (int j = 0; j < WAVELENGTHS; j++)

{
cin >> ChOSNR[j];

cout << "Input the combined power." << endl;

cin >> CombPower;

/[Tests the power performance for each channel. This is at the input of the multiplexer, but
/111 check later whether they can be used for other NEs.
void NE::ChPowerPerfTest()

{
for(int i = 0; i < WAVELENGTHS; i++)
{
llchecks whether channel power failure or degradation has occurred
if(ChPower[i] < ChPowerFail Threshold)
{
NumChPFailCrossings[i] += 1;
NumChPDegCrossings[i] += 1;
}
if((ChPower[i} > ChPowerFailThreshold) && (ChPower[i] <
ChPowerDegThreshold)) |
{
NumChPFailCrossings{i] = 0;
NumChPDegCrossings[i] += 1,
if (SD_Flag[i] == true)
PPersist_Flagl[i] = true;
if ((PPersist_Flagl[i] == true) && (SD_Flag[i] == false))
PPersist_Flag2[i] = true;
}

if (ChPower{i] > ChPowerDegThreshold)
{
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NumChPFailCrossings{i] = 0;
NumChPDegCrossings(i] = 0;
LOS_Flagfi] = false;
SD_Flag[i] = false;
PPersist_Flagl[i] = false;
PPersist_Flag2[i] = false;

Mlend check for channel power failure or degradation

//generates alarms and sends notifications
if (NumChPFailCrossings{i] == 3)

{

NumChPFailCrossings{i] = 0;

NumChPDegCrossings[i] = 0;

if (strcmp(DomainName, "Domainl”) == 0)
DGNE_Notifications[0] += 1;

if (stremp(DomainName, "Domain2") == Q)
DGNE_Notifications[1] 4+= 1;

if (stremp(DomainName, "Domain3") == 0)
DGNE_Notifications[2] += 1;

if (stremp(DomainName, "Domaind”) == 0)
DGNE_Notifications[3] += 1,

if (stremp(DomainName, "Domain5") == 0)
DGNE_Notifications[4] +=1;

LOS_Flagli] = true;
LOS_Count += 1,

if (NumChPDegCrossings[i] == 5)

{

NumChPDegCrossings{i] = 0;

if (stremp(DomainName, "Domainl") == 0)
DGNE_Notifications[0] += 1;
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if (stremp(DomainName, "Domain2") == 0)
DGNE_Notifications[1] += 1;

i

{
if (stremp(DomainName, "Domain3”) == 0)

DGNE_Notifications[2] += 1;

if (stremp(DomainName, "Domaind") == 0)
DGNE_Notifications[3] += 1,

if (stremp(DomainName, "Domain5") == 0)
DGNE_Notifications{4] += 1;

SD_Flag[i] = true;
SD _Count+=1;

Wlend generate alarms and send notifications

/Ichecks whether channel power degradation persists
if ((SD_Flag[i] == true) && (PPersist_Flagl{i] == true))

{

if (strcmp(SubnetName, "Subnetl") == 0)
SGNE_Notifications[0] += 1;

if (strcmp(SubnetName, "Subnet2") == 0)
SGNE_Notifications[1] += 1;

if (strcmp(SubnetName, "Subnet3") == 0)
SGNE_Notifications[2] += 1;

if (stremp(SubnetName, "Subnetd") == 0)
SGNE_Notifications[3] += 1;

if (stremp(SubnetName, "Subnet53") == ()
SGNE_Notifications[4] += 1;

SD_Flag[i] = false;
PPersist_Flag2[i] = false;
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if ((SD_Flag[i] == true) && (PPersist_Flag2[i] == true))
{
NMS_Notifications += 1;
SD_Flag[i] = false;
}/end channel power degradation persistence check
Hiend for loop

}fend channel power performance checking

HTests the OSNR performance for each channel. This is at the input of the mult plexer, but
/T check later whether they can be used for other NEs.
void NE::ChOSNRPerfTest()

{
for(int i = 0; i « WAVELENGTHS; i++)
{
//checks whether OSNR failure or degradation has occurred
if(ChOSNR[i] <« ChOSNRFailThreshold)
{
NumOSNRFailCrossings[i] += 1;
NumOSNRDegCrossingsfi] += 1;
}
if((ChOSNR[i] > ChOSNRFailThreshold) && (ChOSNR[i] <
ChOSNRDegThreshold))

{
NumQSNRFailCrossings[i] = 0;
NumOSNRDegCrossings[i] += 1;
if (SD_Flag]i] = true)
OPersist_Flagi[i] = true;

if ((OPersist_Flagl[i] = true) && (SD_Flagli] = false))
QOPersist_Flag2[i] = true;

if (ChOSNR[i] > ChOSNRDegThreshold)
{
NumOSNRFailCrossings[i] = 0;
NumQSNRDegCrossings[i] = 0;
OSNREF_Flag[i] = false;
OSNRD_Flag[i] = false;
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OPersist_Flagl[i] = false;
OPersist_Flag2[i] = false;
}/end check for OSNR failure or degradation

//generates alarms and sends notifications
if (NumOSNRFailCrossings[i] == 3)
{
NumOSNRFailCrossings[i] = 0;
NumOSNRDegCrossings|i] = 0;
if (strcmp(DomainName, "Domainl") == 0)
DGNE_Notifications[0] += 1;

if (stremp{DomainName, "Domain2") == 0)
DGNE _Notifications{1] += 1;

if (stremp(DomainName, "Domain3") == 0)
DGNE_Notifications[2] += 1;

if (strcmp(DomainName, "Domaind") == ()
DGNE_Notifications[3] += 1;

if (stremp(DomainName, "Domain5") == 0)
DGNE_Notifications[4] += 1;

OSNRF _Flag[i} = true;

OSNRF_Count += 1;

if (NumOSNRDegCrossings[i] == 5)

{
NumOSNRDegCrossings{i} = 0;

if (stremp(DomainName, "Domainl") == Q)
DGNE_Notifications[0] += 1;

if (stremp(DomainName, "Domain2") == 0)
DGNE_Notifications[1] += 1;

if (stremp(DomainName, "Domain3") == 0)
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DGNE_Notifications[2] += 1;

if (stremp(DomainName, "Domaind”) == 0)
DGNE_Notifications[3] += 1;

if (stremp(DomainName, "Domain5") == 0)
DGNE_Notifications[4] += 1;

OSNRD_Flag[i] = true;
OSNRD_Count += 1;

Mlend generate alarms and send notifications

flchecks whether OSNR degradation persists
if ((OSNRD_Flagfi] == true) && (OPersist_Flagl[i] == true))
{

if (strcmp(SubnetName, "Subnetl") == 0)
SGNE_Notifications[0] += 1;

if (stremp(SubnetName, "Subnet2") == 0)
SGNE_Notifications[1] += 1;

if (strcmp(SubnetName, "Subnet3") == 0)
SGNE_Notifications{2] += I;

if (stremp(SubnetName, "Subnet4 ") == ()
SGNE_Notifications[3] += 1,

if (stremp(SubnetName, "Subnet3") == ()
SGNE_Notifications[4] += 1;

OPersist_Flagl[i] = false;

if ((OSNRD_Flag[i] == false) && (OPersist_Flag2[i] == true))
{

NMS_Notifications += 1;

OSNRD_Flag[i] = false;

PPersist_Flag2fi] = false;
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Hiend OSNR persistence check
Hlend for loop
Hiend OSNR performance checking

/Tests the frequency performance for each channel. This is at the input of the multiplexer, but
/T check later whether they can be used for other NEs.
void NE::ChFreqPerfTest()

{
for(int i = 0; i < WAVELENGTHS; i++)
{
fichecks whether channel frequency failure or degradation has occurred
if((CurrentChFreq[i] < (ChFreq[i] - 0.01)) || (CurrentChFreq[i] > (ChFreq[i] +
0.0L)))
{
NumChFFailCrossings{i] += 1;
NumChFDegCrossings{i] += 1;
}
if((CurrentChFreq[i] < (ChFreq[i] - 0.005)) || (CurrentChFreq[i] > (ChFreq[i] +
0.005)))
{
NumChFFailCrossings{i] = 0;
NumChFDegCrossings[i] += 1;
if (FAD_Flag[i] == true)
FPersist_Flagl[i] = true;
if (FPersist_Flagl[i] == true) && (FAD_Flagli] == false))
FPersist_Flag2[i] = true;
}
if ((CurrentChFreq[i] > (ChFreqli] - 0.005)) && (CurrentChFreqfi] < (ChFreqfi]
+ 0.005))

NumChFFailCrossings{i] = 0;
NumChFDegCrossingsfi] = 0;
FAF_Flag{i] = false;
FAD_Flag[i] = false;
FPersist_Flagl[i] = false;
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FPersist_Flag2[i] = false;

}/end check for channel frequency failure or degradation

/lgenerates alarms and sends notifications
if (NumChFFailCrossings{i] == 3)
{
NumChFFailCrossings{i] = 0;
NumChFDegCrossings{i] = 0;
if (stremp(DomainName, "Domainl") == 0)
DGNE_Notifications{0] += 1;

if (stremp(DomainName, "Domain2") == ()
DGNE_Notifications{1] += 1;

if (stremp(DomainName, "Domain3”) == ()
DGNE_Notifications[2] += 1;

if (stremp(DomainName, "Domaind”) == 0)
DGNE_Notifications[3] += 1;

if (stremp(DomainName, "Domain5") == 0)
DGNE_Notifications[4] += 1;

FAF_Flag[i] = true;
FAF Count+=1;

if (NumChFDegCrossings{i] == 5)

{
NumChFDegCrossings{i] = 0;

if (strcmp(DomainName, "Domainl") == 0)
DGNE_Notifications{0] += 1;

if (stremp(DomainName, "Domain2") == ()
DGNE_Notifications{1] +=1;

if (stremp(DomainName, “"Domain3") == 0)
DGNE_Notifications{2] += 1;
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if (stremp(DomainName, "Domaind") == 0)
DGNE_Notifications[3] += 1;

if (strcmp(DomainName, "DomainS") == 0)
DGNE_Notifications[4] += 1,

FAD_Flag[i] = true;
FAD_Count +=1;

}lend generate alarms and send notifications

//checks whether channel power degradation persists
if (FAD_Flag[i] == true) && (FPersist_Flagl[i] == true))
{

if (strcmp(SubnetName, "Subnet]”) == ()
SGNE_Notifications[0] += 1;

if (strcmp(SubnetName, "Subnet2") == 0)
SGNE_Notifications[1] += 1;

if (strcmp(SubnetName, "Subnet3") == Q)
SGNE_Notifications[2] += 1;

if (strcemp(SubnetName, "Subnet4") == 0)
SGNE_Notifications{3] += 1;

if (strcemp(SubnetName, "Subnet5") == 0)
SGNE_Notifications[4] += 1;

FAD_Flagl[i] = false;

if (FAD_Flag[i] == false) && (FPersist_Flag2[i] == true))
{

NMS_Notifications += 1;

FAD_Flag{i] = false;

FPersist_Flag2[i] = false;
}end channel frequency degradation persistence check
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Yiend for loop
}//end channel frequency performance checking

//Tests the combined power performance for each fiber. This is at the output of the multiplexer, but

/111 check later whether they can be used for other NEs.
void NE::CombPowerPerfTest()
{
{//checks whether combined channel power failure or degradation has occurred
if(CombPower < CombPowerFailThreshold)
{
NumPFailCrossings += 1;
NumPDegCrossings += 1;

if((CombPower > CombPowerFail Threshold) && (CombPower <
CombPowerDegThreshold))

{
NumPFailCrossings = 0;
NumPDegCrossings += 1;
if (C_SD_Flag == true)
CPersist_Flagl = true;
if ((CPersist_Flagl == true) && (C_SD_Flag == false))
CPersist_Flag2 = true;
}

if (CombPower > CombPowerDegThreshold)
{
NumPFailCrossings = 0;
NumPDegCrossings = 0;
C_LOS_Flag = false;
C_SD_Flag = false;
CPersist_Flagl = false;
CPersist_Flag2 = false;

V/end check for channel power failure or degradation

//generates alarms and sends notifications
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if (NumPFailCrossings == 3)
{
NumPFailCrossings = 0;
NumPDegCrossings = 0;
if (stremp(DomainName, "Domainl") == 0)
DGNE_Notifications[0] +=1;

if (strcmp(DomainName, "Domain2") == 0)
DGNE_Notifications[1] +=1;

if (stremp(DomainName, "Domain3") == 0)
DGNE_Notifications[2] += 1;

if (stremp(DomainName, "Domaind”) == 0)
DGNE_Notifications[3] += 1;

if (stremp(DomainName, "Domain3 ") == 0)
DGNE_Notifications[4] += 1;

C_LOS_Flag = true;

C_LOS_Count +=1;

if (NumPDegCrossings == 5)
{
‘ NumPDegCrossings = 0;

if (stremp(DomainName, "Domainl") == 0)
DGNE_Notifications[0] += 1;

if (stremp(DomainName, "Domain2") == ()
DGNE_Notifications[1] += 1;

if (stremp(DomainName, "Domain3") == ()
DGNE_Notifications[2] += 1;

if (stremp(DomainName, "Domaind") == 0)
DGNE_Notifications[3] += 1,

if (stremp(DomainName, "Domain3") == 0)
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DGNE_Notifications[4] += 1;

C_SD_Flag = true;
C_SD_Count += 1,

H/end generate alarms and send notifications

/ichecks whether channel power degradation persists
if ((C_SD_Flag == true) && (CPersist_Flagl == true))
{

if (strcmp(SubnetName, "Subnetl”) == ()
SGNE_Notifications[0] += 1;

if (stremp(SubnetName, "Subnet2") == 0)
SGNE_Notifications[1] += 1;

if (stremp(SubnetName, "Subnet3") == 0)
SGNE_Notifications[2] += 1;

if (strcmp(SubnetName, "Subnetd”) == ()
SGNE_Notifications[3] += 1;

if (stremp(SubnetName, "Subnet5") == 0)
SGNE_Notifications[4] += 1;

C_SD_Flag = false;

if ((C_SD_Flag == true) && (CPersist_Flag2 == true})
{

NMS_Notifications += 1;

C_SD_Flag = false;

CPersist_Flag2 = false;
W/end channel power degradation persistence check

}//end channel power performance checking

//the executable program

void main()
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//Creating the NEs that make up the differnet domains and subnets
NE NE1("Mux1", "Domainl", "Subnet1");

NE NE2("OA1", "Domainl", "Subnet1");

NE NE3("OXC1", "Domainl", "Subnetl");

NE NE4("OADM!", "Domain2", "Subnetl");

NE NES("OA2", "Domain2", "Subnet1");

NE NE6("DMux1", "Domain2", "Subnet1");

/£ (stremp(NEL.ShowDomainName(), "Domain2”) == 0)
cout << "In this domain" << endl;

else
cout << "Not in this domain" << endl;

*/

/MInitializing all the varaibles associated with the NEs
NEI1.Initialize();
NE2.Initialize();
NE3.Initialize();
NEA4 Initialize();
NES3.Initialize();
NEG6.Initialize();

/finitializes the channel frequencies
NE1.SetChFreq();
NE2.SetChFreq();
NE3.SetChFreq();
NE4.SetChFreq();
NES5.SetChFreq();
NE6.SetChFreq();

int Runs = 50;

for (inti = 0; i < Runs; i++)
{
{fread the current input data for each NE
NE1.ReadData();
NE2 ReadData();
NE3.ReadData();
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NE4.ReadData();
NES5.ReadData();
NEG6.ReadData();

/icheck for threshold crossings and alarms for each NE
/lchecks for channel power failures or crossings
NE1.ChPowerPerfTest();

NEZ2.ChPowerPerfTest();

NE3.ChPowerPerfTest();

NE4.ChPowerPerfTest();

NES5.ChPowerPerfTest();

NE6.ChPowerPerfTest();

/lchecks for channel OSNR failures or degradations
NE1.ChOSNRPerfTest();
NE2.ChOSNRPerfTest();
NE3.ChOSNRPerfTest();
NE4.ChOSNRPerfTest();
NES.ChOSNRPerfTest();
NE6.ChOSNRPerfTest();

/lchecks for failure or degradation of the multiplex signals
NE1.CombPowerPerfTest();
NE2.CombPowerPerfTest();
NE3.CombPowerPerfTest();
NE4.CombPowerPerfTest();
NES.CombPowerPerfTest();
NE6.CombPowerPerfTest();

/freads the current output data
NE1.ReadData();
NEZ2.ReadData();
NE3.ReadData();
NE4.ReadData();
NE3 ReadData();
NEG6.ReadData();
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{/check for threshold crossings and alarms for each NE
{ichecks for channel power failures or crossings
NE1.ChPowerPerfTest();

NE2.ChPowerPerfTest();

NE3.ChPowerPerfTest();

NE4.ChPowerPerfTest();

NES.ChPowerPerfTest();

NE6.ChPowerPerfTest();

/lchecks for channel OSNR failures or degradations
NE1.ChOSNRPerfTest();
NE2.ChOSNRPerfTest();

NE3.ChOSNRPerfTest();
NE4.ChOSNRPerfTest();
NES.ChOSNRPerfTest();
NEG6.ChOSNRPerfTest();

/ichecks for failure or degradation of the multiplex signals
NE1.CombPowerPerfTest();
NE2.CombPowerPerfTest();
NE3.CombPowerPerfTest();
NE4.CombPowerPerfTest();
NES.CombPowerPerfTest();
NE6.CombPowerPerfTest();

/fapdating the number of alarms generated
NEI1.UpdateAlarms();
NE2.Update Alarms();
NE3.Update Alarms();
NE4.Update Alarms();
NES.UpdateAlarms();
NEG6.UpdateAlarms();

/fprinting the number of alarms generated in each domain and also the number
//of notifications sent
NE1.Print();
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NE2 Print();
NE3 Print();
NEA4.Print();
NES.Print();
NES6.Print();

cout << "The end.” << endl;

}

/lend of executable program
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