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ABSTRACT

Local Optic Adaptative Distribution

Fakher Ayadi

A technique for utilizing optical fiber in a local environment is described. The
unique feature of the technique is that it has the ability to adopt to changing traffic loads

by changing the connectivity between stations.

In order to do this, a general structure, ShuffleNet, serves as the logical overlay on a
physical structure such as the star coupler. The work is predicated on the development of

appropriate devices such as an optical amplifier.

This concept is supported by performance curves which show an optimum logical
configuration for each value of traffic load in the network, and for two different cases. In
the first case there is no restriction on the bandwidth of optical amplifiers, and the second

case with a bandwidth restriction on the optical amplifiers.




-iv-

ACKNOWLEDGEMENT

I would like to express my deep gratitude to my thesis supervisor Dr. J. F. Hayes
for his invaluable assistance and constant guidance throughout this research, and for his

advice and constructive criticism during the preparation of this thesis.

I would also like to express my appreciation to the University Mission of Tunisia for

its support throughout my studies.



Table of Contents

LIST OF PRINCIPAL SYMBOLS .....ccccecommisensmsmsesmasssssassssnsssssssesssssssassassssssssasssssasnes

LIST OF FIGURES .....ciisirennunninmcnssssssassssmsinssssessssssssssssssssssssssssssesssssostssssessesssssssenes

LIST OF TABLES bR s b e sattne

2.1 Fiber-Optic COMPONENLS .....ccevsruruessesssessasssmmsssnsessasssssssssssssssesssssesssssssssessessenssns
2.1.1 OPUCAI FIDETS ...covoierunrirnsnescnnnenmsmsiasessssnmsisssssserssssssssessssssssssssssssesseserssssenss
2.1. 1.1 R2Y TREOTY .cvcrrvrrrerssnensunnssssnssasensesnssisnsssnssssesissssessssssssssssessenssssesassseos
2.1.1.2 Total Internal ReflECtiON ......cocveremrmrrirnrsersrnerrsnsisrsesssssnsssessessssssassanees
2.1.1.3 Principle of Propagation in Optical Fibers ..........ccoceecenerierrvsrenrenecnns
2.1.1.4 Mode in Optical Fiber ......ccocovuvecmmerneeerretnrcercnniessennesesissesesesenaesienns
2.1.1.5 Transmission CharaCteriStiCs v....evvmmmmersnesresrsssesseneressensssssessesensaessonss

2. 116 DISPEION ...ocvvrnriecensannsresnmsssnsseesnssisssssssssssssassssessssessnsssssssssssasessessssnes
2.1.1.7 Dispersion v Bandwidth ............cccemeeveineniunnnsiessesesenmnisnsssessesssecssnsen.
2.1.1.8 Properties and Impact of the optical fiber ...........ccecermrrnervercereeerne.
2.1.2 OPLCAl SOUICES ..cucvurrerarsoncessnarsessassensssesssssssmsssssesssssessassssssnsssssssessessscsssennens

2.1.2.1 Light Emitting Diodes (LED) ......cccouuusreunnisnsmnsssensessmsssssasesesssennnes

2.1.2.2 Lasers teeesaererserbaissasnsebre st baserterestasatosansrtensntens

2.1.2.3 Wavelength Tunable Lasers ........cuveeeereeennniseseecessneeessesseceessenens

2.1.3 Optical Receivers seseasseshsteINe Rt b meetasR At e e s s e anasRsasene e esmRaLEeSAns

20
20
23

26




-vi-

2.1.3.1 Optical Detectors eeesrertsas s sasas R a e s Re b bR s S s e nastaes

2.1.3.1.1 PIN PhOtOGEIECIOTS ...covererrrecrrecessnnsessonaresnmsenessescssnossosesessnssesssons

2.1.3.1.2 Avalanche Photodetectors (APD) ....coceveenecennnreneneeneesssnssnns

2.1.4 Optical AMPHFIETS .....cccovvrnairsasnsasssionsssesesssssssssssssassassassrssssssssssssessssessssssasosses
2.1.5 Wavelength-Tunable Optic Filters ........cucsmnecioninnncmiesscssnens
2.1.6 The Passive Star COUPIET .....cevevcinimieeirirennmsonsinenssnseseniessasesssessssssssssssesssens
2.2 Wavelength and Frequency Division Multiplexing .........ccocveeeerernnierscrensernenns
2.2.1 Time Division MultipleXing ..........covesnineisicsennieseesisenniisssisesensissssosesessssnnns
2.2.2 Code Division MUltipIEXing .......cccsmeecenssscssrnssnssssessssssssesssssessssansssassesasassens
2.3 Detection MEthOAS .....ovccevevernnesnncseseninninenssssssssimisnsensansmissssssssssesssssssessssesoss
2.3.1 Principle of Direct DEteCtON .......ccveeereeieenersesesessesnisiesssassssessasssnssensessanees
2.3.2 Pn'nci'ple Of Coherent DEteCHON ......ccceeveernenrrernrenenserisresesessesssessssssessensennens
CHAPTER THREE: PERFECT SHUFFLENET ........cccoccivuunirnrninsinsennsresssessssssesssses
3.1 The General Perfect ShUffle ......ccccciiinnirciinnnennnionnensssnsinnisnssessesnsesssesesesns
3.2 Physical CONfIBUTALION .......ccccceceerereerininnnnsserssssssnsenstisessesssssssssessssssssssssssssssnesnss
3.2.1 Basic CONfIGUTALION ......cccvvereeueemrrreeenreersesennsressiessesesssresesesesssssessesssseseasess

3.2.1.1 Bus CONfIGUIALION ...cccvceurerecrsnsesersanssessissssssnesssessenssessssssssessesssssessssssens

3.2.1.2 Tree CONfIGUTALION ....cuuivenereenensascrsssssressmmsamnssssensssssssssessesessessesssssesseseanes

3.2.1.3 Star Configuration . cesbessasessasenssanaesssansaransens

3.2.2 Compound Configurations . treeeseassanssnieasse e sbebsssensssraesesreses

3.3 Network ATChiteCture OVEIVIEW .......cciveemneeresnccssnnencsseesssssssssssssssssssassssonsessenss

CHAPTER FOUR: PERFORMANCE CALCULATIONS OF THE
SHUFFLENET WITH NO BANDWIDTH
RESTRICTIONS ....oiiininensissnsenseassesessasssssssesssssaseens



- vii -

4.1 Presentation of the Node in a ShuffleNet ........oninecnninininncncncnirnsnnennene 67
4.2 Traffic Evaluation for the Symmetric Case .....cenmmeniionncseanscenienmin. 69
4.3 QUEUINE DAY ...ccvneniinniricciisasssssesnisassusssonssassissssssasssasssssasssssssessarsssasnsssasssssansens 71
4.3.1 Higher Priority Delay .....ccoconcininnesmsemnisssinnsessssmssmmsnsasssssessisssssisse 71
4.3.1.1 The Higher Priority Generating FUNCHON ......cccecerevnneerennnesnsvesecsnrsenenes 73
4.3.2 LoWer PHOTItY DIZIAY .....cccocrnrrssecssonenssmsscssnsssisnssssnsnsssassinssssssassssssssssssssasnens 75
4.3.2.1 The Lower Priority Generating FUnction .......ocviccniinciinncnninns 76

4.4 Multiplexing and Processing Delay ..o 76
4.4.1 Multiplexing DEIay .......ccoconmrmnnrnencssssninnnsesessnsisnnsesssesmnmasnessssnsssserssasessens 76
4.4.2 Processing DElay .......ccinnmesnissssnimsssiiniissnminmsssisssssesssssisssesens 77
4.5 Total Delay .... OO OPOTO P OTTUS O PRTRRVRON 77
4.6 Numerical RESUMS .......cuoueuvireierecnrneceecescceannnsessaneeisseacesesenaesassssssssassmsssenssrenesens 78
4.6.1 Results Cerestn sttt st R s bR R bR SRR s AR kst 79

CHAPTER FIVE: APPLICATION OF THE SHUFFLENET IDEA WHEN

OPTICAL AMPLIFIERS ARE USED ..., 87

5.1 The Physical TOPOIOBY ....ccocccressermurssarssssnescmmsssasnsnmsiseasssnssessassssssssssssssssssosesecses 87
5.2 Performance Calculation S s s b s st e b s 103
5.2.1 Traffic EValUation .....ccccmnmmmninieniscsninsisminsssmsassesasssassessscssene 103
5.2.2 Delay Components .... eeehnesee et s sttt r e basn st ee 105

5.3 Numerical RESUILS c....ccicmmccsismssimmsssnissecesssssssssssssmsssansssassssarssssssssssssssssssssssessaes 105
CHAPTER SIX: CONCLUSION ...iimecssnsisensssnmmsnsssssnmsssessssessssossssesesssssssens 105
6.1 CONCIUSION .covvrverrernssennnessssssessnsssinsmnssssssssssnesssnsssssnisssensonssessssssssssessssssssesessesssssses 113
6.2 Suggestion for Further ReSCarCh ........cocciinnneneninnennenennnessrsnersrininsesessaenines 114
REFERENCES ... eteninnisnssinssenssissssssassssssmssssssessasmmsssssesssssssesssssstessoosns 116




- viii -

APPENDIX A: THE EXPECTED QUEUE LENGTH FOR THE LOWER
PRIORITY PACKETS .........coviiemrnnnsnninisninesessssissesseesessnes



LiST OF PRINCIPAL SYMBOLS

a :core radius

c : light velocity
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: the expected number of hops

: the number of links in the ShuffleNet
: the multiplexing factor

: the power margin

: the total number of stations

: the number of arcs going out from each station

input power at the input port

: dispertion slope

: slot duration

: frame duration

: group velocity
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: free space optical wavelength
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: the spectral bandwidth

: the traffic generated by one source

: the through traffic
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CHAPTER ONE

INTRODUCTION

Optical fiber has become the preferred transmission medium for telecommunica-
tions. By virtue of its low attenuation properties, single mode optical fiber has emerged
as the technology of choice for point-to-point communication applications. Attention has
begun to shift toward the application of this lightwave technology in Local Area Network
(LAN) and Metropolitan Area Network (MAN) implementation. Here, the appeal of the

technology is its huge bandwidth potential: thousand of GHz are available [2].

Barring an unforesen technological breakthrough we do not expect to see the imple-
mentation of ideal lightwave networks in the near future, so we are forced to deal with
hybrid networks that employ a combination of both optical and electronic technologies as
shown in Figure 1.1. A fundamental constraint on the architecture of a lightwave net-
work is the electro-optic bottleneck, or the inability to electro-optically modulate or
demodulate light over a bandwidth greater than a few GHz, only a tiny fraction of the
optical bandwidth. Thus to tap the bandwidth of the medium, we must consider tech-
niques in which the bandwidth can be split up into channels that are speed compatible
with the digital devices attached to the optical fiber. One such approach, called
Wavelength Division Multiplexing (WDM) could provide a large number of high-speed
(e.g., 1 Gbits) channels on a single optical fiber by independently modulating different

wavelengths of light in the spectrum passed by the fiber.

The multichannel multihop lightwave network or ShuffleNet {3, 11] is one such
architecture, which has been advocated for use as a MAN, supporting thousand of users
spread over a geographical region with a radius of up to 100 kilometers (Km). By using a

large collection high-capacity WDM channels for concurrent message transmission,
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Figure 1.1. Hybrid Lightwave Network.
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ShuffieNet can achieve an aggregate throughput far in excess of that achieved by more
conventional single-channel MANs such as the Fiber-Distributed Data Interface (FDDI)
and Distributed Queue Dual Bus (DQDB) networks [32].

The multihop network consists of a physically distributed optical topology, and
traffic generating and terminating nodes, each of which has been allocated some small
number of transmitters and receivers. Wavelengths are assigned to these transmitters and
receivers, creating several independent channels all of which are wavelength multiplexed
onto the optical medium (Figure 1.1), and define the logical connectivity (ShuffleNet)
among the nodes. For a given source-destination pair a message may have to hop
through several intermediate nodes, or equivalently over different wavelengths, before

reaching the destination.

The logical interconnection pattern originally proposed is consisted of several
stages connected through a perfect Shuffle, the last stage being connected back to the first
stage as if the entire graph were wrapped around a cylinder [3, 11]. For large a number of
users there are a lot of possibilities for arranging N depending on the choice of the
number of stages. So, the ShuffieNet logical pattern is general in that it may assume any

one of a large number of forms.

The key property of the multihop scheme turn out to be the relative independence
between the logical interconnection pattern among nodes and the physical topology or
fiber layout. Among all possible physical topologies, we mention the bus topology, the
tree topology, the star topology, and all combinations of these topologies (example: the

tree star tree topology).

By deploying optical transmitters and receivers that can be slowly tuned to any of
the wavelengths in use, it becomes possible to adapt several logical connectivities among
the nodes to varations in traffic with the same given physical topology. The

reconfiguration is under the control of a single parameter, the connectivity. Besides




using WDM, a second parameter, called the multiplexing factor, specifies the number of

Time Division Multiplexed (TDM) channels that share a single wavelength.

Our work involved a study of performance, in term of message delay, for a range of
connectivity and multiplexing factors, for the ideal case of unlimited bandwidth optical

amplifiers and for the case of optical amplifiers with a bandwidth constraint.



CHAPTER TWO

OPTICAL COMPONENTS

In this chapter we will discuss a number of fiber optic components, and transmission
and detection methods that can be used to implement our network. First, we review the
characteristics of fiber optic components used in the construction of the transmission

medium. Then, we explain the difference between coherent and direct detection.
2.1 Fiber-Optics Components

2.1.1 Optical Fiber

The transmission of optical signals via optical fibers was first proposed by Kao and
Hocklam [18] in 1966. At the beginning, the losses or attenuation in fibers were in excess
of 1000 dB/km. However, after a great deal of research, the current excess loss has been
reduced to 0.2 dB/km [19]. This low loss together with high bandwidth is the basis for the

current interest in fiber as a transmission medium.

2.1.1.1 Ray Theory

The transmission of light in optical fiber can be explained by the ray theory of light
propagation. This theory is based on the approach that considers light as a narrow ray.

These rays obey a few simple rules.

(1) In vacuum, rays travel at a velocity, ¢ = 3x10° m/sec. In any other medium, rays

travel at a speed given by the relation, v = ¢/n.

e T



Where
n: isthe refractive index of the medium

c: is the velocity of light in vacuum.
(2) Rays travel in straight paths unless deflected by some change in the medium.

(3) When a light ray hits a boundary between two media, a ray reflects at angle equal 10
the angle of incidence, ie.,
6, =6,
Where 6, is the angle of incidence and 6, is the angle of refiection.

(4) If a light ray crosses a boundary, the angle of refraction 6, is given by Snell’s law

sinex ny
= — (2.1)
smei n,

where 6, is the angle of transmission, and n, and n, are the refractive indices of the

incident and transmission regions, respectively. This is shown in Figure 2.1.

2.1.1.2 Total Internal Reflection

If a light ray is incident at a boundary in which medium 1 has a higher refractive
index than medium 2, as the angle of incidence ; is increased, a situation is attained in
which the refracted ray points along the surface. The value of refracted angle at which
this occurs is 90°. For angles of incidence larger than this critical angle 6, there is no

refracted ray. This situation gives rise to a phenomenon called total internal reflection.

The critical angle is obtained by substituting 8, = 90° in Snell’s law

n,sin@_ = nzsin900 (2.2)

nlsinec =n, (2.3)
Ry

sinf, = —. (2.4)

ny
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Figure 2.1. Incident, Reflected and Transmitted Rays at Boundary.




Total internal reflection occurs when the angle of incidence is equal to or greater than the
critical angle. This is the primary concept in transmitting light energy in fiber optic

media.
2.1.1.3 Principles of Propagation in Optical Fibers

Various types of fibers are commercially available for different applications. The
optical fiber consist of a core and a cladding as shown in Figure 2.2. This type of fiber is
known as step index fiber. It is constructed in such a way that the refractive index of the
core is larger than the refractive index of the cladding. Figure 2.3 depicts the propagation
mechanism of light energy in the fiber. The optical signal will propagate along the fiber

by multiple internal reflections, provided that the angle of incidence 6, on the - re-

cladding boundary is greater than the critical angle.

2.1.1.4 Modes in Optical Fiber

When an optical signal is launched into the fiber from the source, all rays having
angles between 90° and the critical angle are allowed to propagate. All the other rays
exceeding the critical angle are evanescent waves, i.e., the waves are severely attenuated
as they propagate along the fiber. The allowed direction corresponds to the modes of the
optical waveguide. The mode is a complex mathematical and physical concept describing
the propagation of electromagnetic waves. This concept can be summarized in the fol-

lowing points.

- Each mode corresponds to a specific direction of ray travel and has a unique

transverse field pattern.

- The modes are the resonances of the waveguide for ray directions that are inclined

with respect to the boundary normal.

- The effective refractive index of a given mode can be found from a mode chart.
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Figure 2.2, Fiber Construction.

S

Figure 2.3. Propagation Mechanism of Light Energy within the Fiber.
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The longitudinal propagation factor can also be obtained.

- Two orthogonal polarizations exist, denoted as transverse electric and transverse
magnetic modes.

- The number of allowed modes increases with core thickness and with the difference

in refractive indices between the core and the cladding of the fiber.

- For sufficiently thin core, the optical fiber can support only a single mode. This

corresponds to the single mode fiber.

There are two principal types of fibers that are used in optical fiber communica-
tions, step index fibers and graded index fibers. These fibers are fabricated by varying the
material composition of the core [20]. In the case of step index fiber the refraction index
of the core is uniform throughout the fiber except at the core-cladding boundary, as
shown in Figure 2.4. At the boundary the refractive index undergoes an abrupt change
(or step). Whereas in graded index fiber the core refractive index varies as a function of
the radial distance from the center of the fiber [20], as shown in Figure 2.5. Step index

and graded index fibers can be further classified into single mode and multimode fibers.

In the single mode fiber, only one mode is allowed to propagate. But in multimode
fibers the propagation of optical energy in many modes is allowed as shown in Figure
2.4. The number of modes a fiber can support depends on the physical parameters of the
fiber and frequency of the signal to be transmitted. The relation between the number of

modes in a fiber and physical parameters of the optical wave guide given by [21]

. 21t202 2 2 .
N = = (ny-ny) 2.5)

A

Where

N’ : is the number of modes
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Figure 2.4. Step Index Fibers: (a) Multimode Step Index Fiber;
(b) Single Mode Step Index Fiber.
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a: is the core radius
. 3
A :is the free space wavelength
n: is the refractive index of the core

n,: is the refractive index of the cladding
Two sets of standard fiber dimensions:

1)  For graded-index multimode fibers, a core diameter of 50 m and a cladding diame-
ter of 125 um.
2) For step-index fibers, a core diameter of 200 pm but an unspecified cladding diame-

ter.

3) Forsingle mede fibers, a core diameter of 5 pm.
2.1.1.5 Transmission Characteristics

From a transmission performance point of view, single mode fibers have a clear
advantage over any other transmission media including the multimode fibers, as the dis-

tance becomes large.

First, the single mode fibers present an attenuation characteristics as typically
shown in Figure 2.6, which gives the variation of attenuation with wavelength of the opt-
ical signal. The attenuation in the case of single mode fibers is primary caused by the
intrinsic Rayleigh scattering of the doped fused silica, which is proportional to the
inverse of the 4* power of wavelength. Beyond 1600 nm a rapid increase in the attenua-
tion is due to the intrinsic infrared tail of the material used in the fiber. Other sources of
losses can be mentioned such as the Hydroxyl (OH) absorption losses and excess losses
caused by waveguide imperfection and metallic impurities. These losses are negligible,
and can be eliminated completely in certain cases. For examples, the absorption losses of
the Hydroxyl (OH) ion at 1380 nm are zero [2]. For the multimode fibers the attenuation

characteristics is shown in Figure 2.7.
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Multimode fiber losses have the same fundamental limitations as single mode fibers,
however, they are generally higher than those of the single mode fibers because of higher
dopant concentrations and a higher sensitivity to microbending losses particularly of the

higher-order modes.

2.1.1.6 Dispersion

If a light pulse is launched into an optical fiber, at the receiving end the pulse
appears wider. This is due to the dispersive nature of the fiber material, i.e., the refractive
index profile of the mediuin varies as a function of wavelength. As a result, different
wavelengths in the spectrum of the source travel at different velocities, thus causing the
pulse to spread. The dispersion is usually specified in units of ps/nm-km (pico

second/nanometer-kilometer).

The most important consequence of dispersion is the limitation of the capacity of
the optical channel. As the light travels along the fiber the pulse broading will cause
adjacent pulses to overlap. The resulting interference between symbols is called Inter

Symbol Interference (ISI). An example is shown in Figure 2.8.

For the multimode fiber the bandwidth is limited mainly by modal dispertion which
is due to the variation in group velocities of the different modes [20]. The group velocity

Vg is the speed at which the pulse travels along the fiber. Vg is given by
-1

d
—B] (2.6)
do

Vg=

where o is the angular frequency of the wave, and B is the propagation constant along

the fiber axis which is equal to

B=n,— 2.7
c
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This dispersion can be eliminated for the single mode fiber. Then, the bandwidth for the

single mode fiber is limited only by chromatic dispersion.

The chromatic dispersion consist mainly of material and waveguide dispersion
D.=D,,+D,,, (psinmKm). (2.8)

In standard single mode fibers, the chromatic dispersion is dominated by the material
dispersion, which is primary caused by the fact that the refractive index of the fiber core
depends on the wavelength. This dependence is a function of the core dopants, such as
fused silica, germanium, and is generally fixed by other considerations. Figure 2.9 shows
that for the single mode fiber characterized in Figure 2.6, the chromatic dispersion is
almost equal to zero at some wavelengths in the range of 1300 nm. Since the bandwidth
of single mode fiber is inversely related to the dispersion, in that range of wavelength
(D_4,=0) the intrinsic bandwidth of the transport medium becomes unlimited for all prac-

tical purposes. The only limitation is due to optoelectronics and the electronics.
2.1.1.7 Dispersion vs Bandwidth

An important parameter to be determined is the bandwidth of the optical fiber. Unlike the
multimode bandwidth, the bandwidth of a single mode fiber depends on the input source
spectral width and on the fiber dispersion. As we see above the dispersion can be equal to
zero and then the bandwidth of the single mode fiber would seem to go to infinity at this
value. However, the dispersion slope is the factor that limits the bandwidth to finite
values.

The bandwidth can be given by [1]

1 . 3
BW < :[2(1)1, ALY 24+(SL (AL yH? 05 (2.9)
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Where

S :is the dispersion slope at the wavelength of interest.
D :isthe dispersion.

L  :isthe fiber length.

AL :isthe spectral width of the source.

From this equation, we notice that near zero dispersion wavelength the bandwidth is a
function of the dispersion slope since D=0, but at wavelengths away from A, the

bandwidth is a function of the dispersion since D >> S.

2.1.1.8 Properties and Impact of the Optical Fiber

Single mode fiber has become the preferred transmission medium for telecommuni-
cations, because of its unlimited transmission bandwidth over very long, unrepeatered
distances. The single mode fiber propagation exhibits low dispersion of the transmitted

pulse [21], and this kind of fiber does not suffer from intermodal dispersion.

Furthermore, single mode fiber has two low-loss regions near 1300 nm and 1500
nm, and offers enormous transmission bandwidth: thousands of GHz are available [2] as
shown in Figure 2.10. It is within the realm of possibility that one single mode fiber can
provide one thousand of individual wavelengths, each carrying information over hun-
dreds of kilometers at Gigabit rates. These advantages make the use of single mode fibers

very attractive for Metropolitan Area Network (MAN) implementation.

Multimode fiber is preferred to single mode fiber for low bandwidth and low
transmission distances such local loops and telephony and Local Area Networks (LAN),
which have less need for high performance because of the distance. Multimode fibers and
LEDs have been used in LANs operating at rates < 100 Mbps. Since multimode fibers
have a larger core diameter than single mode fibers, it is easier to launch optic power

from an LED into a multimode fiber than a single mode fiber.
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The single mode fibers are always excited with Laser diodes because of their narrow core

diameter.

At the same time single mode fiber presents certain limitations. The bandwidth of a
single mode fiber can be limited by fundamental energy considerations. Consider the
simple point-to-point optical link shown in Figure 2.11, consisting of a transmitter cou-
pled to a receiver via a lossless fiber. To detect a transmitted bit, the receiver requires a
minimum amount of optical energy, E. In the ideal case, E is independent of bit rate, so
operation of the link at a rate B requires a power level of EB at the receiver. We con-
clude that for a transmitter with output power P, the maximum (power-limited) transmis-
sion rate is P/E. This power problem makes it difficult to translate many high-capacity
networking concepts into practical photonic implementations. For example, the absence
of amplification will place a limit on the splitting that can take place for a given physical

topology due to the power problem.

Although photonic technology is capable of supporting many Tb/s of throughput,
the digital electronic components at the nodes of the lightwave network, which typically
operate at rate of 1 Gb/s or less, can drastically limit total throughput. This situation is the

electronic bottleneck [22], mentioned earlier.

2.1.2 Optical Sources

The principal optical sources used in fiber optic communication systems are Laser
diodes and Light Emitting Diodes (LED). The operation of these two sources are dealt

with in the following sections.

2.1.2.1 Light Emitting Diodes (LED)

The LED consist of a semiconductor pn junction, which emits light when forward

biased. The operation of this device can be explained by band theory. Referring to Fig-
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ure 2.12, the two bands with energy gap E, are the conduction band and the valence
band. In the conduction band, the electrons are loosely bounded to the atoms and are
ready available for conduction. In the valence band, the holes (positively charged) are
free to move. Holes are locations at which an electron is taken away from neutral atom;
as a result, the atom is positively charged. A free electron can recombine with a hole,
returning the atom to its neutral state. Energy is released when this occurs. The amount of

energy radiated is given by [23,24].

Where
Eg : is the difference in energy between conduction band and the valence band.
f: is the frequency of radiation

h: isthe Planck’s constant

A p-type semiconductor has excess holes and n-type semiconductor has excess elec-
trons. When p-type and n-type materials are brought together an energy barrier is formed
as shown in Figure 2.12. Normally, the electrons in the conduction band do not have
sufficient energy to cross the barrier and produce a photon. When the junction is forward
biased, the barrier decreases; consequently, the electrons and holes have sufficient energy
to cross the barrier and recombine to produce a photon. In essence, radiation from an
LED is caused by recombination of holes and electrons under the influence of externally

applied voltage [23,24].

As seen from the equation of the radiated energy, the frequency of radiation varies
with the band gap energy (Eg ), consequently, the material used for fabrication. Table 2.1

lists various types of LEDs that are used in fiber optic communications.
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Table 2.1 Various Types of LEDs Used in Fiber Optic Communications [30].

Material | Wavelength Range | Bandgap Energy
pm ev
GaAs 09 14
AlGaAs 0.8-0.9 1.4-1.55
InGaAs 1.0-1.3 0.95-1.24
InGaAsP 0.9-1.7 0.73-1.35

2.1.2.2 Lasers

Laser is the abbreviation for light amplification by stimulated emission of radiation.
The medium for lasing can be a gas, a liquid, a crystal or a semiconductor [25]. For opti-
cal communications the Laser sources employed are semiconductors. Laser action is the
consequence of three processes [25). These are photon absorption, spontaneous emission,
and stimulated radiation. These are depicted by the energy level diagrams shown in Fig-
ure 2.13. E| is the ground level energy and E, is the excited state energy. In accor! e
with Plank’s law, transition between these two states involves the absorption oren.. 1
of a photon of energy, hf = E,~ E, [25]. Usually the atom is at ground state. When a
photon of energy E, - E, collides with the atom, an electron in state E, can absorb the
photon energy and be excited to state E, as shown in Figure 2.13. Since the electron is in
an unstable state, it will eventually return to ground level emitting a photon of energy
equal to the difference E, — E, [25]. This occurs without any external stimulation and is
called spontaneous emission. It is possible for an electron to make the downward transi-
tion from the state E, (the excited state) to E, (to the ground level) by an external stimu-
lation as shown in Figure 2.13 c. |

In selecting a LED or a Laser diode as a source there are certain advantages and

disadvantages for each type of device. Some of the advantages of a Laser over an LED

are [18,25]:
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a) A faster response time. This implies faster data transmission rates are possible.

b) The spectral width of a Laser is narrow, which implies less distortion due to disper-

sion.

c) The optic power that can be coupled from a Laser is greater, consequently, greater

transmission distance is possible.
Some of the disadvantages of Lasers are:
a) Fabrication of Lasers is more complicated.

b) The optical output is strongly dependent on temperature. As a result, the transmitter

circuitry is more complicated than for the LED transmitter.

c) The Lasers are very expensive compared to LEDs.

The major difference between LEDs and Lasers is that the power emitted from an
LED is incoherent, wheseas that from a Laser is coherent. In a coherent source the opti-
cal power is generated in an optical resonant cavity. The optical power emanated from
this cavity is highly chromatic and the output beam is very directional. In an incoherent
source such as an LED no optical cavity exists for wavelength selectivity, consequently
the output radiation has broad spectral width. The coherent optic power from Laser can
be coupled into single mode or multimode fibers. However, the optical power output

from an LED because of its incoherency can only be coupled into a2 multimode fiber {25].

The choice of a particular optic source depends on many factors. As an aid in
selecting a particular diode for fiber optic communication, the characteristics of optical

sources are summarized in Table 2.2,
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Table 2.2 Typical Characteristics of Diode Light Sources [30])

Property LED Laser Diode | Single Mode
Laser Diode
Spectral width (nm) 20-30 1-5 <0.2
Rise time (ns) 2-250 0.1-1 0.1-1
Modulation bandwidth (MHz) <300 <2000 2000
Coupling efficiency very low moderate moderate
Temperature sensitivity low high high
Circuit complexity simple complex complex

2.1.2.3 Wavelength Tunable Lasers

Having reviewed the case of single-frequency Laser, we will now discuss the case
of wavelength tunable Lasers. Wavelength tuning can be achieved by providing a fre-
quency tunable loss element inside the laser cavity. But the most common method is to

use a diffraction grating in an external cavity.

The tuning range of a grating-loaded external cavity Laser is limited, in principle,
only by the width of the gain spectrum of the semiconductor material employed as the
gain medium in the Laser. For InGaAsP material, a maximum tuning range of 55 nm has
been achieved [26]. While this large tuning range is desirable, tuning must be done
mechanically. Electronically tunable external cavity Lasers using either an Electro-Optic
filter or an Acousto-Optic filter are more attractiv:. However, neither method can pro-

vide continuous wavelength tuning over a useful range.

Table 2.3 presents a comparison of the major wavelength tunable Lasers in term of

relevant system parameters.
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Table 2.3 Wavelength Tunable Semiconductor Lasers [31]

Configuration Tuning Method | Tuning Range
Grating Tuned Mechanical 55nm(d)
External Cavity
Laser
Electro-optically Electronic 7 nm (d)
Tunable Laser
2-Sectioned DBR Laser | Electronic 3.3nm(c)
3-Sectioned DBR Laser | Electronic 2nm (c)

PIN Tunable Laser Electronic 21 nm (c)

Note: (d) discrete tuning, (c) continuous tuning.

2.1.3 Optical Receivers

The building blocks of an optical receiver are shown in Figure 2.14. They consist of
a photodetector, preamplifier, main amplifier, equalizer, and threshold logic. The most

important block shown in Figure 2.14 is the photodetector.

2.1.3.1 Optical Detectors

The purpose of this device is to convert an optical signal to electrical signal. The
signal is then amplified and processed further. If the chosen detector has good charac-
teristics, such as linearity and responsivity, the requirements on the rest of the signal pro-
cessing circuitry are less stringent. The two main photodetectors used in optical fiber
communications are silicon positive-intrinsic-negative (PIN or p-i-n) photodiodes and

Avalanche photodiodes (APD).
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2.1.3.1.1 PIN Photodetectors

PIN photodetectors are the most common type of detectors employed in optical
fiber systems. Its configuration and biasing arrangement is shown in Figure 2.15. The
device structure consists of p and n regions separated by lightly doped n-doped intrinsic
(i) region. For normal operation the device is reverse biased. In the pn junction, the car-
riers drift randomly with relatively low velocities [24]. As a result, the displacement
current produced by a hole-electron pair occurs as a pulse of short duration when the car-
riers are moving through the depletion region [24]. The response due to the optical power
incident on the detector in the depletion region is immediate. However, the electron-hole
pairs generated in diffusion region produce a delayed response [24]. To increase the
speed of the device, it is necessary for the depletion region to enclose the absorption
region [18]. A method to increase the absorption region is to increase the reverse bias

voltage or by decreasing the impurities (doping) in n-type material.

2.1.3.1.2 Avalanche Photodetectors (APD)

In the ideal situation, for PIN diode, if every incident photo produces a hole-
electron pair, then at wavelength of 1um, the responsivity is about 0.8 A/w [24]. Most of
the receivers operate with input power levels as low as few nano waits. Thus, with PIN
detectors, the photocurrent generated would be very small in the order of few nano
amperes. Such small current would be severely corrupted by the amplifier noise. To
increase the number of electron-hole pair generated for each incident photon an

avalanche photodiode is used. The structure is shown in Figure 2.16.

Avalanche photodiode has high electric field region (avalanche region). In the
avalanche region, carriers move randomly and occasionally collide with ions, thereby,
producing new carriers. The newly created carriers gain sufficient velocity, thus produc-

ing some more carriers. This phenomena is called the avalanche effect [20].
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This avalanche effect multiplies the primary photo current by a random gain factor,
thereby increasing the effect responsivity of an APD by a random gain factor G,. As a

result, the receiver sensitivity is also increased.

The carrier multiplication achieved by this method causes noise, since the gain fac-
tor is random [24]. This randomness in the avalanche process produces an effective noise
which limits the receiver sensitivity of the APD devices. However for a certain range of
gain factor, the effective noise of the APD is less than that produced by amplifier noise;
consequently, the APD offers significant benefits over the PIN detector [24]. The typical

characteristics of PIN and APD’s are shown in Table 2.4.

Table 2.4 Typical Characteristics of Junction Photodetector.

Material | Structure | Rise time | Wavelength | Gain
ns nm
Silicon PIN 0.5 300-1100 1
Germanium PIN 0.1 500-1800 1
InGaAs PIN 0.3 1000-1700 1
Silicon APD 0.5 400-1000 150
Germanium APD 1 1000-1600 50

2.1.4 Optical Amplifiers

In future optical networks, optical amplifiers will be required to assure adequate
reception among all users, and to increase the total number of users in the network.
When the number of users gets large, the dividing losses in the star couplers or splitters,
tap, filter and line losses severely limit the power margin. These losses can be made up
by optical amplifiers. One of the most promising candidates is the traveling wave sem-
iconductor amplifier shown in Figure 2.17. As an optical wave propagates through the
structure, it grows because of stimulated emissions from free carriers in the active region.

Each emission event adds coherently to the existing field, so the traveling wave retains
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the phase and polarization characteristics of the original signal, while growing in magni-
tude. The antireflection coating eliminates feedback and, therefore, the possibility of
oscillation. Net gain (fiber in / fiber out) is in the vicinity of 20 dB over a 2,500 GHz (20
nm at A = 1.5 um) band with a saturation output power greater than 1 mW. Other
methods that use an optical fiber doped with erbium ions and pumped by a suitable sem-
iconductor laser, as shown in Figure 2.18, can produce gain within a band (1,520 - 1,550
nm) fixed by the rare-earth ion and the glass used for construction of the fiber [22]. Suit-
able diode laser pumps at 665, 807, or 1,480 nm, with power levels sufficient to provide
gains of 20 dB and saturation output above 1 mW, are expected to be commercially avail-

able very soon.

There are three characteristics of an optical amplifier that limit its usefulness in
LAN application: maximum output power and internal noise generation [22]. The max-
imum power available from an amplifier is limited by the number of free carriers avail-
able for stimulated emission, just as in a Laser. For the usual case of amplifiers based on
the same device structures as typical Lasers, we can expect to get only about the same
peak power from the amplifier as from a Laser based on the same structure would have

given. That is, transmitters and amplifiers deliver roughly equal levels of output power.

In addition to boosting the desired signal, an amplifier adds a background of noise,
whose origin is the inevitable spontaneous emission that accompanies all stimulated
emission processes. Consequently, as the signal propagates through the amplifiers its
signal-to-noise ratio deteriorates, eventually becoming so poor that the desired signal

cannot be detected with an acceptably low bit error rate.

Finally, one of the most difficult problems related to optical amplifiers is the bidirec-
tional nature of the gain provided. Any reflection can cause instabilities. Therefore, a

nonreciprocal device must be incorporated with the amplifier.
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2.1.5 Wavelength-Tunable Optic Filters

Optical systems based on space division, time-division, and wavelength-division
processing have been extensively investigated. In particular, for wavelength (or fre-
quency) division multiplexing techniques the frequency-tunable filters are key com-

ponents to provide more functionality.

Frequency-tunable filters are involved in most systems based on ‘‘broadcast and
select’’ principle. The basic ingredients in systems using this principle are : N laser
transmnitters with different center frequencies, a passive star to broadcast every input sig-
nal to all the output lines, and finally S, tunable filters are required to select the desired

channels at eacth output.

An important parameter for the frequency tunable filter is the tuning range. This is
illustrated in Figure 2.19. This parameter is important because it limit the maximum
number of channels. In particular, the maximum number of channels is given by the ratio
of the total tuning range to the channel spacing necessary for minimum crosstalk degra-
dation. For a given channel bandwidth B, the necessary channel spacing varies between 3
and 10 times B, depending on the filter lineshape. For example, for 1 GHz filter
bandwidth, 5 GHz channel spacing, and 200 GHz tuning range (equivalent to 1.5 nm
around the wavelength of 1.5 pum, and 1.1 nm around 1.3 pm) implies a systen, capacity
of 40 channels. At the receiving point the number of receivers will depend on the avail-
able power budget. When using optical amplifiers this will increase the importance of the

power budget issue, and increase the maximum number of receivers.

The tunable range and the tuning speed of the tunable filter are determined by the
technology used. Table 2.5 [27] presents a comparison of the major frequency tunable
filter technologies, Fabry-Perot, Acousto-Optics, Electro-Optics, and semiconductors in

term of relevant system parameters.
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Except for bulk Fabry-Perot filters and acousto-optic filters, most of the filter technolo-

gies were developed very recently, and further development effort is required to bring

these technologies into the hands of commercial manufacturers and system designers.

Table 2.5 Tunable Filters Characteristics

Toechnology Fabry-Perot Acousto-Optics Electro-Optics Actlve Semiconductors

Tuning Range (nm) 50 400 10 14
Bandwidih (nm) <0.01 1 1 0.05
Number of Channels 100s 100s 10 10s
Loss (dB) 5 5 5 0
Tuning Speed ms s ns ns
Applications Video Broadcasting | Video Broadcasting and | Cross-connect of Few Packet and
Circuijt Switching High-Speed Channels Circuit Switching

2.1.6 The Passive Star Coupler

An NxN passive optical fiber star is illustrated in Figure 2.20. In the ideal case all N
input and N output ports are equivalent. If P..(k) is transmitted by station k, then
P(k)/N will appear at each of the output ports (and none of the input ports) and will be
broadcast to all stations, including k, equally. In practice, of course, the power division
may not be equal and the output distribution may vary with the input port. Several
methods are used to built an NxN star with large N. For the case of N = 2% and Lisan
integer, a 2x2 star can be used as a building block to construct large N-stars. Figure 2.21
shows 16x16 star coupler that is made by cross-connection of 32 2x2 star couplers. For
the general case an NxN star, with N equaling a power of two, requires log,(N) stages,
cach containing (N/2) 2x2 stars, for a total of (N/2) log,(N) 2x2 stars [4]). Since the

excess loss suffered by a signal propagating through the structure is proportional to the

number of stages that is traversed, this lead to a logarithmic behavior of the excess loss.



37

IN ouT
1 aumfyd p— 1
2 =y ptp 2
3 -.-O pdp 3
L]
PASSIVE
NXN
STAR
] )
L o N
T R
T | A
OPTICAL
FIBER STATION ¢

Figure 2.20. The NxN Star with N Optical Input and N Output Ports.

Figure 2.21 A 16x16 Star Made of 32 2x2 Stars.
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A simpler method for fabrication of a star with large N is shown in Figure 2.22. It
utilizes a planar input waveguide array that radiates into a planar ’free-space’ region,
which is sufficiently long that the output array aperture is in the far field [5]. If any input
guide is excited, it couples energy into the adjacent waveguides in such a way that the
far-field is nearly uniform over the N output guides. This structure, shown in Figure
2.22, can support up to 1000 stations (N =1000) for a power margin of 40 dB [6]. The
advantages of this structure over the composite structure are that it has only 3 cm in
length and it does not require the Nlog,(N) fiber splices of the composite structure
(100000 for a 1000x1000 coupler) for an excess loss of the same order [6]. At the same
time we mention that a 19x19 star coupler using this method has been built and the power
transfer between the arrays is accomplished through radiation in the dielectric slab with

theoretical efficiency exceeding 30% under optimized conditions [5].

2.2 Wavelength and Frequency Division Multiplexing

Due to the electronic bottleneck [22] limiting the peak transmission rate to approxi-
mately 1 gigabit per second (Gbps), we can not effectively utilize the enormous
bandwidth potential of the optical systems, which have the ability to carry several tera-
bits of information per second. For this reason, we consider techniques in which the
bandwidth of an optical fiber can be split up into channels that are compatible in speed
with the digital devices attached to the optical fiber. One such approach, called
Wavelength Division Multiplexing (WDM), could provide a large number of high-speed
(e.g., 1-Gbps) channels on a single optic fiber by independently modulating different
wavelengths of light in the spectrum passed by the fiber. The system capacity is limited
by the number of wavelengths that can be used, up to 1000 wavelengths per fiber. When
WDM is used, the available spectral bandwidth A’ is divided into W segments. An opti-
cal carrier at wavelength Ak. is located at the center of each segment and adjacent car-

riers are separated by AW,
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Since optical sources have been traditionally described in terms of wavelength, it is cus-
tomary to speak of WDM. From the engeneering standpoint, however, it is simple to deal
with optical frequencies. Thus with ¢ the velocity of light in vacuum, f k:c/?t,: , and

increments in frequency are given by

df c

— =—— = {180GHz/nm @1.3wm, 125GHz/nm @155pm|  (3.19)

dA A

If the channel spacing frequency f,_ is large compared with the channel bit-rate B
(f.= 15B) we will speak of WDM. A more efficient but more daunting engineering
approach is to reduce f, to the limit set by interchannel interference. We denote this case
Frequency Division Multiplexing (FDM), implying that f_ and B are of the same order
(f.=6B). The comb of optical carriers for the case of FDM is shown in Figure 2.23,
where the carriers are spaced apart by A'/W, or equivalently F/W, with F=c A‘/l‘z. The

spacing F/W might be six times the terminal bitrate, B.

Various other methods are employed to share the transmission medium on a statisti-
cal basis, among these we mention Time Division Multiplexing (TDM), and Code Divi-

sion Multiplexing (CDM).

2.2.1 Time Division Multiplexing

Time Division Multiplexing (TDM) is generally the preferred means for sharing an
optical channel. Hence for MANs a promising approach is let a large number of bursty
users to share a smaller number of wavelengths. When TDM is used, a frame of duration
MT is divided into M time slots of duration T, as illustrated in Figure 2.24. Each intercon-
nection from one station to another is assigned a particular time slot by a central con-
troller. The transmitter sends a pulse in that time slot at the frame rate F=1/MT and the

receiver selects that time slot.
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2.2.2 Code Division Multiplexing

In code division multiplexing CDM, each bit is sub-divided into a number of
*‘chips’’ consisting of 1s and Os. The chip sequence constitutes a code that permits a bit
stream broadcast on a network to be selected by means of a correlation process at the
receiver destination. A large number of chip codes can be assigned to different users;
however, the number of orthogonal codes that can be used simultaneously on the network
is substantially less than the number of chips so that, perhaps, less than a quarter as many

channels are available as for a TDM system with equivalent network bandwidth.

2.3 Detection Methods

The challenge of photonic research today is to exploit the large bandwidth offered
by the single mode fibers by using FDM o1 WDM. Various detection schemes are avail-
able. Among these we mention the Wavelength or Frequency Division Multiplexing

(WDM/FDM) with direct detection, and coherent (heterodyne or homodyne) detection.

2.3.1 Principle of Direct Detection

Direct detection of light pulses implies a photo detection that converts light energy
into electrical signals. The detection mechanism is based upon photon counting. In the
case of binary transmission, a one or zero is translated into the presence or absence of
optical energy. This mechanism is illustrated in Figure 2.25. This single pulse description
can be extended to an entire data wave by assuming that superposition holds for optic
fiber trancmission. When an Avalanche detector is used to gain optical amplification,
fluctuations get larger as the average value gets large; consequently, losses cannot be
neglected. Thus, one of the chief motivations for turning to coherent techniques is to
minimize this loss in detector sensitivity [28]. For FDM with direct detection, we may

consider a simpler scheme for demultiplexing the channels. We can use a narrowband



ELT

43

transmission filter to reject the unwanted channels and employ a direct detection receiver

as shown in Figure 2.26.

2.3.2 Principle of Coherent Detection

Figure 2.27 shows the principle of coherent detection. The optical process is similar
to radio mixing using an average power detector, a weak signal is first combined using a
partially silvered mirror or an optical fiber coupler with a locally generated wave or
Local Oscillator (LO) signal. The combined wave is then detected using a photo-diode,
which can be viewed as an ideal square-law device since its output current is propor-
tional to the optical intensity [17]. The result of this mixing process is a modulation of the
average detector detector photo-current at a frequency equal to the difference between

the frequencies of the signal, A scos (@ t+p,), and the LO, A, cos (@, +p)

I

oo = V2AZ+ 12A2 + A A, cos[(@,~0,)t + (p,~p,, ). @.11)

The new electronic signal is called the Intermediate Frequency (IF) signal. When
the signal and LO frequencies are identical, the process is called homodyne detection and
the information appears directly at baseband frequencies (i.e., near zero frequency), oth-
erwise the process is called heterodyne detection. Figure 2.28 shows the basic elements
of heterodyne and homodyne optical receivers. The term coherent is used in optical

communication literature to refer to any heterodyne or homodyne process.

Since the amplitude of the IF signal is proportional to the product of the input signal
and LO amplitudes, the IF power can be made arbitrarily large compared with amplifier
noise by increasing the LO power. That means that a weak signal, mixed with a strong
local oscillator wave, results in an effective signal gain proportional to the local oscillator
amplitude and can be substantial. This optical gain is extremely valuable since it
increases the signal strength before the signal reaches the detection stage and becomes

subject to the inevitable noise from components after detection [29].
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Compared to direct-detection receivers, the heterodyne receivers are about 10 dB
more sensitive but require the added cost and complexity of high-power, optical LO, as
well as polarization diversity or control of the signal to assure efficient mixing with the

LO.

A coherent FDM network is shown in Figure 2.29. Each terminal is provided both
an input and an output fiber connected to the centrally located coupler. By analogy to the
present telephone system, one can assign fixed wavelengths to the receivers and provide
tunable lasers to the transmitters, thereby making it possible for any transmitter to access
any receiver by tuning to its assigned frequency (i.e., ‘‘phone number’’). Alternately, it
may be desirable to fix the transmitter wavelengths and provide tunable receiver LOs .to
allow for the additional possibility of a broadcast mode in which many receivers simul-

taneously detect the same channel.
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CHAPTER THREE

PERFECT SHUFFLENET

Optical fiber is primary a point-to-point medium. This is how it has been used in
Wide Area Networks (WANs). The optical fiber is now introduced to multiuser Local
and Metropolitan Area Networks where many users share the transmission capabilities of
the optical fiber. In this chapter, a new local network architecture, ShuffleNet, is
presented which appears particularly well-suited for using the optical fiber as a transmis-
sion medium, and to share this transmission medium among many users by using time ,
frequency or wavelength multiplexing. As we will see, a number of physical

configurations may be employed to implement ShuffieNet.

3.1 The General Perfect Shuffle

In this section, we introduce the ShuffleNet connectivity graph in which stations are
arranged in k columns, each consisting of P* stations. Each of the P* stations in a
column has P arcs directed to P different stations in the next column. If the stations in a
column are numbered from 0 to P"-l, station j has arcs directed to stations i, i+1, ..., and
i+P-1 in the adjacent column; where i = (j mod P""l) P. There are a total of P**!
directed arcs to connect 2 successive columns. All the columns are arranged in a fixed
shuffie pattern, with the last column connected to the first to form a cylindrical pattern.

The total number of stations is given by
N=kt* k=12.. P=12... 3.1)

Figure 3.1 shows the connectivity of an 18-station (P=3, k=2) ShuffieNet, where the first

column is repeated on the right to show the cylindrical nature of t"e connectivity graph.
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The total number of links in the ShuffieNet is equal to k times the number required to

connect two consecutive columns.

L=kP**'=PN (3.2)

In our study, we are interested in configurations suitable for Metropolitan Area Net-
works (MAN) where there are approximately 10000 stations. There are a number of
different values of k and P which may be used as shown in Table 3.1. The case of P = 1
corresponds to the connectivity achieved in a ring network, and the case of k = 1
corresponds to the connectivity achieved with a single-channel broadcast bus [3]. As a
result of this, the ShuffleNet topology is general in that it may assume one of a large
range of forms, a ring to a bus by the control of a single parameter, the connectivity

between stations, and offers the possibility of adaptivity with load.

Table 3.1 The Total Number of Stations as Function of P and k

P k N
10000 | 10000
10 | 10240
15309
15625
9604
16384
10125
14738
10000

RIN|nwiNd]—

15
17
10000

=W Wi AWM

Let A be the number of hops, and n(h) be the numbex: of stations h hops from the

source.

For P>1 then

P" 1sh<k-1

pk_pth-k) kSh<2k-1 (33)

n(h)=
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and for P=1

n(h)=1 h=12,.....k-1 (3.4)
Hence the expected number of hops between two randomly selected stations is given by
(3]
kP* (P -1)3k -1)~2k (P*-1)

H=E[hops)= (3.5)
2(P-1)kP*-1)

3.2 Physical Configuration

The ShuffieNet configuration describes the logical connectivity between station.
There are many physical configurations that can be used for the implementation of a pho-
tonic network with large number of stations in the ShuffieNet logical configuration. The
configuration considered here can be grouped into two classes: basic and compound,

based on the topology of their data networks.

3.2.1 Basic Configuration

There are three basic physical configurations that may be used to implement the

logical ShuffieNet, the bus, the tree and the star.

3.2.1.1 Bus Configuration

The first basic configuration we consider is the bus configuration. This
configuration differs from other configurations by the fact that the network is based on a
linear bus topology as shown in Figure 3.2. Each station’s traffic is first injected into the
‘“‘talk side’’ of the bus, via directional couplers, then broadcast to the receivers on the
‘‘listen side’’, via a second set of couplers. The Distributed Queuing Dual Bus (DQDB)
uses logical buses for the media access and interconnection of nodes via point-to-point

optical links [32]. Although attractive for use with coaxial cable, this architecture
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is impractical with fiber because it wastes signal power: In an N-station network only
PIN? useful power is delivered to each receiver (compared to P/N for the star). The poor
power efficiently of the bus topology stems from losses associated with coupling power
into the “‘talk side’’ from the individual transmitters. However, amplifiers could be used
to ameliorate this difficulty, and the bus becomes more viable, where the same power

efficiency as the star can be obtained [22].

3.2.1.2 Tree Configuration

The second basic configuration we consider here is the tree configuration shown in
Figure 3.3. This configuration differs from the star configuration by the fact that the net-
work is based in a minimum-depth binary-tree topology to minimize the number of
couplers between transmitter and receivers. The tree configuration requires that the
number of stations in the network be a power of 2. Furthermore, in order to uniquely
determine the tree when the number of stations N is not a power of 2, we require that the

following procedure be used.

We consider the stations in the network to be indexed from 1 to N, and denote the
transmitter of the station i by T; (see Figure 3.3). We let A denote the funneling point of
the entire network, and we consider A to be located at the top position of the tree. Then,
we divide the transmitters, as evenly as possible, into two groups; the first group consists
of transmitters Ty t0 Ty 5, and the second group vonsist of transmitters T wi2p+p 0Ty
[x ] denotes the largest integer not greater than x. Now we connect the first group and
the second group to the point A and A, respectively as shown in Figure 3.4. Then we
connect the points A, and A, to funneling point A. Finally, each one of the two groups
will rein'csent a minimum-depth-tree configuration which is constructed according to the
recursive procedure described here, with A, and A, as the funneling points for the lef

and right subtrees respectively.
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Figure 3.4. Construction of the Minimum-Depth Binary-Tree.
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An important figure of merit of a fiber-optic LAN architecture with passive taps is
the maximum number of stations that can be connected to it. It is well known that light
detectors use much more signal power than their electronic counterparts (there is no
much thing as a high impedance light sensor). Thus, the number of passive taps that can
be cascaded on a linear bus or on a tree path is fairly limited. As we shall see, the tree
structure offers substantial advantages over the linear bus in this regard. Still even in the
tree, the total number of stations is fairly modest unless intermediate amplification is
used. Here again, the tree permits more cost-cffective amplification strategies than the

bus.

To determine the maximum number of stations that can be supported, we must
require that the signal transmitted by the light source (laser or LED) be properly detected
at the end of the longest network path by the light detector. First some definitions and

assumptions are in order. Let M * bethe power margin (in dB), M * is defined as
M’ =10log (P, /Pp) (3.8)

where Py is the available optical transmitter power and Pp is the minimum receiver
power that provides a tolerable bit-error rate (BER). Typically, M’ is on the order of 40
dB. The power reduction at each level due to the tree coupler is assumed to be 4 dB (3
dB for power splitting, and 1 dB for connector excess loss; a fairly conservative esti-
mare). We also assume another reduction of 3 dB at the receiver of each station (2 dB for
power spilling, and 1 dB for excess loss). The total number of stations in the network is

given by
N=2 (3.7)

where L the number of levels in the tree (see Figure 3.5). If no intermediate amplification
is provided, and if the same assumptions mentioned above hold for the transmitting side
and the receiving side, this case corresponds to a particular case of the general case men-

tioned by Gerla [7], in which several stations in a bus configuration are connected to a
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Figure 3.5. Binary Tree.
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tree. In our particular case, we connect only one station at the end of each branch of the
tree, this gives us the following inequalities.
For the general case, where C is equal to the number of stations in the bus we have

24L+3) <M’ (3.8)

For the special case (C=1)
M 4L
N <EN(—-—). (3.9)
6 3

Noting that the total number of stations N is given by equation (3.7), if we substitute
equation (3.7) into equation (3.9), we will have

M° 4L
N <2 (—-—). (3.10)
6 3

For the case of M =40, equation (3.10) becomes
N <2"(6.66 - 1.33L). 3.11)
the maximum number of tree levels correspond to the case of
L £5.66/1.33 (3.12)

this relation will give us L = 4. From equation (3.11), the number of stations is function
of the number of tree levels. We note that the maximum N = 16 is obtained with L = 4.
For L = 0, i.e. single bus structure, the maximum is N = 6. Thus the tree structure
improves the situation (from 6 to 16), although the maximum number of supported sta-

tions is still too low for metropolitan area applications.

tation connectivity can be greatly improved by introducing an amplification stage
at the root of the tree to amplify the signal that has been degraded at the transmitting
side. In this case, we deal only with the receiving side. Then, the following inequality {7)

must be satisfied:
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AL+3<M". (3.13)

or

M 4L
NEN(—-—) (3.14)
3 3
we have by substituting equation (3.7) into equation (3.14), and taking M * =40 we will

have
N <25 (1333 - 1.33L). (3.15)

The maximum number of stations for this case is obtained for L = 9, and 1t is equal to
512. The comparison to the previous result shows that amplification is much more

effective in terms of increasing the maximum number of stations.

3.2.1.3 Star Topology

The first basic configuration to implement a photonic network is the star topology.
In this configuration we use an NxN star coupler (where N is the number of stations), and
a set of fibers through which the transmitters and receivers are connected to the star
coupler as shown in Figure 3.6. There are two kinds of star coupler that can be used in a

photonic network:

- The active star, in which all incoming optical signals are converted to electrical and
then converted back to optical for outgoing signals. Each message can be broadcast

to all stations from the central node with appropriate address headers.

- A passive star has similar topology properties but no active processing or regenera-
tion takes place at the node; an incoming signal from a given station is broadcast to

all N stations of the network.

For the following part we concentrate our study on the passive star which is less

complicated and faster than the active star [1].



59

1
(...1...1) x N
’l

R’

f: *
Star R.

fy .
RN

Figure 3.6. Passive Star Coupler.



60

A single-mode-fiber passive star coupler is a key component in many architectures
of high speed optical-area networks (LAN’s). In the ideal case, for an NxN star coupler,
all N input and N output ports are equivalerit. Then, for any given station i that transmit a
total power P, (i), this power is divided equally among all the N output ports. Then
P,(i)/N will appear at each of the output ports (and none at the input ports), including
port i. In practice, of course the power division may not be equal and the output distribu-
tion may vary with the input port. In addition, there will be some excess power loss due
to absorption and scattering, this is not considered in Figure 3.6. For an excess power

loss, AP, we have [1]

N
2PRG)
ar@ e
PL() P(i)
=] - IB; (316)

where Pp(j,i) is the power received at j due to Pp.(i). For simplicity we may assume
that the star coupler uniformly distributes the input signals across its output ports and
define a constant B such that
PprG i)
Pr(i)

= BIN (3.17)

for all j and i with (1-B) the excess loss factor, and 10 log, ;B the excess loss in dB.

To create a broadcast-type LAN, where a message can be transmitted and received
simultaneous by most or all the stations, the NxN star can serve as the central node in a
N-stations LAN, where each station would be connected by two fibers, one for transmis-
sion to the input side of the star, and the other for reception from the output side of the

star. We attempt to apply any of a number of protocols such as wavelength-division
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multiple access (WDMA) and time-division multiple access (TDMA), to this structure.

Finally, the main advantage of the star architecture over other LAN architectures
such as the bus, where the various stations are coupgin succession to a single fiber, is
its small excess loss. For example the excess loss for an N-station star increases only log-
arithmically with N as shown in the previous paragraph, while that of an N-station bus
increases linearly with N [4]. The difference in loss can be quite significant, especially

for large values of N, which is the case in our problem.

3.2.2 Compound Configurations

The basic configurations which are described in the previous section have some lim-
itation on the total number of stations in the network. The technique of interconnecting
several trees with a passive modular star, as shown in figure 3.7 is an effective way of
improving the total number of stations. Recall that the number of stages in a modular
star is log,S where § is the number of ports[4]. Each stage introduces a 4 dB attenuation.
Using the assumptions in the previous section, a system with a four-stage star (S=16) and
with a three-level tree can support 8.16 = 128 stations without requiring any
amplification. This is a major improvement with respect to the 16 stations in a tree. If
amplification is used, the modular star permits a dramatic increase in the total number of
stations. Assuming that amplifiers are used at the inputs and the outputs of the star, a
configuration with a 10-stage star (1024 inputs and outputs) or the equivalent star that
uses the Free-Space planar guide, and a 3-level tree becomes feasible (from the power
budget standpoint). This configuration supports up to 16384 stations. This number is large

enough to support our network which is designed to accommodate up to 10000 stations

3.3 Network Architecture Overview

One of the novel properties of the physical topologies described in the previous




Figure 3.7. The Tree-Star-Tree Configuration.
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section is that we can map any logical topology onto a given physical topology. This pro-
perty, which is illustrated in Figure 3.8, shows how a ShuffleNet with eight stations (Fig-
ure 3.9) is mapped onto a tree topology for the distribution of optical signals. There are
16 WDM channels in use, and each station has two transceivers, the tuning of which is
represented by the dotted arcs in Figure 3.8, which depicts only the logical connectivity
between stations without regard for their embedding in the plane or the manner in which
they are physically connected. Each station has two optical transmitters, two optical
receivers, and one electronic user port. The 16 WDM channels are labeled A, —4,5. A
packet arrives at the station through the incoming user port or one of the receivers, it is
buffered in fast memory, its header is examined, and the station makes a quick routing
decision to send the packet through a specific ransmitter or the outgoing user port. We
assume that each station has ample packet-buffer space, which effectively eliminates the
chance of buffer overflow, except in overload situations. The idea of relaying messages
from one station to another over different bands is borrowed from radio relay networks
[3]. This network uses multihopping as the method of delivering a message from a sender
to a receiver. In Figure 3.9 for example, station 3 could send a message to station 4 via
the path 3 = 6 — 0 — 4. The routing decision at each station is based on address infor-
mation contained in an arriving packet’s header, possibly using self-routing switching
techniques to minimize source-to-destination delays [10]. Figure 3.10 shows a block
diagram of a station network with two transmitters, two receiver, a 3x3 switch for routing
packets to their appropriate output ports, and buffers for queving multiple packets des-

tined for the same port.

Examing the example of Figure 3.9, we notice that every WDM channel has pre-
cisely one transmitter and one receiver. An alternative to such a dedicated channel
ShuffleNet is the shared channel where several stations can access a WDM channel.

There are several potential motivations for the use of shared channels in our network,
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Figure 3.8. An 8-station ShuffleNet Implemented as a Physical Tree.

Figure 3.9. An 8-station ShuffleNet Connectivity Graph.
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including the possibility of using fewer WDM channels, and reducing the number of
transmitters.

If we assume that the traffic is Time Division Multiplexing (TDM), a parameter
which is called the multiplexing factor M specifies the number of (TDM) channels that
share a single wavelength. Let T, be number of transmitters and R, the number of
receivers in each of the stations; clearly 1<T, <P, and 1<R, SP. W is the total
number of wavelengths that are available, or that can be fabricated on one fiber. The

number of channels available is equal to
T, =MW (3.18)

In order for the system to work the number of physical channels should be greater than or

equal to the number of logical channels. Then the relationship among W, M, and L (the

total number of links) is
MW 2 PN (3.19)
Then, M will be equal to
o+
PN
= |— (3.20)
w

[17 :smallest integer greater than.



CHAPTER FOUR

PERFORMANCE CALCULATIONS

SHUFFLENET WITH NO BANDWIDTH RESTRICTIONS

We turn now to consider the performance of the ShuffieNet as measured by delay as
a function of throughput. The delay of a message is defined as the time interval between
its arrival at the system and its exit from the system. This delay encompasses queuing,
transmission, propagation, and processing delay. We shall carry through an analysis of
delay under the assumption that circulating traffic has priority over newly generated
traffic. We also assume that the traffic is Time Division Multiplexing (TDM) and the mes-

sage length is equal to the slot duration.

4.1 Presentation of the Node in a ShuffleNet

The model of the node may be as shown in Figure 4.1, where the P input lines enter
through a processor that distributes the traffic to output lines. The processor is just a com-
mutator since the traffic is TDM on the output lines. The output line queues are where
congestion would occur. The model used for each output line is shown in Figure 4.2. A
discrete time statistical multiplexer is used for modeling our output line. Several assump-
tions are used :

1) Arrivals are governed by a Binomial process.

2) A priority discipline is used.
In this section, we will study multiplexer operation in a two state Markovian environment
where the states indicate server availability and nonavailability, respectively. Each state

is characterized by its Binomial arrival process.




Output lines

-

. MULTIPLEXER

)

Local Traffic

£}
[-

Figure 4.1. The Node Model.

Output

Local traffic

Figure 4.2. The Output Line.

€8



69

A multiplexer divides time into fixed size intervals called slots. Data arrive into the
multiplexer in fixed size units which we shall refer to as packets. Exactly one packet can
be transmitted during one slot. The breakdown model can be used analyze a multiplexer
with a head of the line fixed priority preemptive jueuing discipline. For simplicity
assume there are two classes ¢ =1,2 of packets with class ¢ =1 having the higher priority,

and class ¢ =2 having the lower priority.

4.2 Traffic Evaluation for the Symmetric Case

The traffic generated by one source can be represented as:

%1
A= 3 Ah)n(h) 4.1)
h=1

where A(h) is the amount of traffic that is destined for each station at distance & and n(#)
is the number of stations at distance . In the the purely symmetric case the amount of
traffic destined to all N-1 other stations in the system is the same. Then we will have A(h)
is a constant equal to A, for all h. From Hluchyj and Karol [3], if we assume that P > 1,

then n (h), the number of stations at distance A, is given by

ph 1<h<SK-1
"= |pr _ oty k< h < 2k-1 (42)
and for P=1
n(h)=1 h=12 k=1 4.3)

Now, we wish to calculate the usage of network resources by each source. Clearly,
traffic which travels over more hops uses more system bandwidth. If each link traversed
uses one unit of bandwidth, the bandwidth used by a source transmitting to a destination
h hops distant is A(h). Sumining over all such receiving stations and over all hops, the

total network bandwidth used by a single source will be equal to:
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2%k-1
B = Y hA(h)n(h) (4.4)
h=1
In the symmetric case, we have
2k-1
B=AY hn(h)
h=1
2'-1
=AY n(h) = MN-1) = AkP*-1)
h=1
k-1 2k-1
=AY kP 4L 3 h(P*-P*H) 4.5)
h.—.l h=k
Let! = h—k soh =1+k
k-1 k-1
B=AY hP" + AX (+k)(P*-P')
h=1 =0
k-1 k-1 k-1
=AY P + AT kP — AT kP!
1=0 1=0 1=0

k(k~-1 P¥-1
_apt D) p g
2 P-1

_ AP (k2—k )P -1)+2k 2P (P -1) - 2k (P*-1)]
2(P-1)

_ APY(P-1)k Bk ~1) - 2k (P*-1)]

4.6)
2(P-1)
Notice that in the symmetric case E[hops] = H is equal to:
_ B
H=z———— @.7
AkP*-1)
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The total bandwidth used by all sources is kP* B bits/sec.

k+1

Now there are a total of kP~ links in the network. Since the traffic pattern is sym-

metric each link must carry

kP*B B
= — messages/sec.
kpk+l P

A=

_ APX (P -1)k (Bk-1)-2k (P*-1)]
- 2P (P-1)

_ AN P-1)3k=1)-2(N k)]
- 2P (P-1)

(4.8)

Notice that, if N and A are held constant, the total traffic on a link is approximately
inversely proportional to the connectivity, P. This is the total amount of traffic on each
link in the symmetric case. Of this A”/P is newly generated. If we go by the usual prior-

ity the locally generated traffic A(N~1) is split P ways for each output trunk so:

AkP*-1) _AN-1)

Mpcat = . ; (4.9)
An:’ the through traffic on a line is:
Ap=A-d, (4.10)

4.3 Queuing Delay

In this section, we derive the average queue length for the first class packets and
second class packets, and by using Little’s Formula we can find the average delay for

each class of packets.

4.3.1 Higher Priority Delay

A priority discipline is used in modeling our communication system, where 2 types
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of traffic contend for an output line. Because of the priority discipline the class with
lower priority has no effect on the first class [9]. If there is a class one message in the
buffer at a slot interval, it is transmitted. Then the calculation of the higher priority delay
is reduced to the calculation of the delay over a buffer with P inputs which are multi-
plexed in the same line. We assume that M TDM channels share the same wavelength. In
this case, a link has a single slot which carries a single data unit in a frame.

The queueing model is as shown in Figure 4.3. Through traffic from P incoming
links has priority over locally generated traffic. The expected queue length is found to be
[9]:

_U-pATLTE) AT

= + 4.11)
1-A°(T)  2(1-A°(LTR)]

Where

A"(\Tp)=dA(zTp)dz |, 4.12)

A" Tp)=d’A(2 Tp)d2? 1 _, (4.13)
and p is the system load and is given by:
p=ATpm (4.14)
where /7 is the average number of data units in a message, A, is the aggregate arrival
process to the multiplexer from all sources, and T is the frame duration.

Let us assume that G(c () is the generating function for the distribution of the
number of class ¢ packets arriving in a frame, c=1,2. Then A(z ,T,,):G(1 )(z ), and given
that each slot contains exactly one message , ir=1 and equation (4.11) becomes:
_ (l-p)G(l)'(l) G(l)”(l)
fip= oy T .

4.15)

Finally the average delay is given by [9]
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PTp

(I'P)G(l)'(l) G(l)”(l) pTF
= + -
(-G, (1)  2(1-G ")) 2

4.16)

4.3.1.1 The Higher Priority Generaiing Function

First, the multiplexing on the output line is shown in Figure 4.3. The through traffic looks

as it comes from P inputs, with each input generating A./P messages/sec.

The arrival process for the high priority traffic should be P-Bernoulli processes. The

generating function for the high priority traffic will have a binomial distribution, and it is

given by
G gy(2) = (1-g+q2)" @.17)
Where
ApTp
q= . is the probability the probability of a message being generated in a frame.
P

Notice that the average message arrival rate in a frame is gP = AT, as it should be.

The first and second derivatives of G ;,(z) at z=1 are equal to

Gy (1)=+Pq =PALTIP = ATy
= PAT -AN-1)T, (4.18)
. 2 2 2 2,2
Gy (1) = (Pq)' - Pg* = (Ap.Tp) - AL TpIP

2_ 2MN-DA ANV -1))?
P p?

yT2P*-P)

1
= (PTp A+ ATH2(1-P AN ~1)-A)+ (1-—)AN -1)T;.)* (4.19)
P
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Figure 4.3. The Multiplexing on the Output Line.
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4.3.2 Lower Priority Delay

Now we focus our study on the lower priority packets. The low priority packets see
a system that periodically breaks down (the breakdown is due to servicing of high prior-
ity packets). The time between breakdown periods corresponds to the busy period for the
low priority packets because during this period there are no high priority packets and the
system can serve the low priority packets. The duration of the breakdown period
corresponds to the busy period for the high priority packets because during this period

the system is interrupted to serve high priority packets.

Let us assume that G )(2) is the generating function for the distribution of the
number of class ¢ packets arriving in a frame, ¢ =1,2. The expected queue length of the
low priority packets E[L] as a function of G(l)(z) and G (2)(2) is given by Towsley [8].

All calculation are shown in Appendix A.
The expression is found to be given by

G gy (1)+4G )" (DIG 5, ()’

2[1_6(1)’(1)_6 v)) ’(1)]

E[L]‘_'G(z)'(l)[l—c(l)'(l)]+

Gay (G5
. (4.20)
2[1-G 5, (DI[1=G 1, (1)-G g, (1]

Given that A, is the average arrival rate of the class 2 messages, the average delay for the

second class messages is given by [9]

P T

D2=Tp (EIL ]—P2)+
G 3y (1)+4G ) (DIG , (DI
2A1-G ) (1)=G 5y

=Gy (D[1-G ) (D]+

G 1y ()G )" (1) p,Tr
2[1-G ,, (I[1-G (1) (1)-G ()] 2

+ (4.21)
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4.3.2.1 The Lower Priority Generating Function

For the low priority traffic we assumed to that we have Poisson arrivals, the proba-

bility of having i arrivals is equal to
2T, .
p arrivals) = e =" 0, Tp) it 42)

Where

) AN-1)

tocal = : is the locally generated traffic, and T is the frame duration.

The generating function for the low priority traffic is given by
20,00
G ofZ)=e (4.23)

The first and second derivative of G (2)(2) at z=1 are equal to

O AMN-D
Gy (1) = —T (4.24)
O MN-1)
Gy "(1)=( Te) (4.25)

4.4 Multiplexing and Processing Delay

4.4.1 Multiplexing Delay

We assume that the traffic is Time Division Multiplexing (TDM). This due to an
important parameter, which is called the multiplexing factor M, that specifies the number
of (TDM) channels that share a single wavelength. Let T, be number of transmitters and
R, the number of receivers in each of the stations; clearly 1<7, <P,and1<R, <P. W
is the total number of wavelengths that are available, or that can be fabricated on one

fiber. The number of channels available is equal to

T =MW (4.26)
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In order for the system to work, the number of physical channels should be greater than
or equal to the number of logical channels. Then the relationship among W, M, and L
(the total number of links) is

MW 2 PN 4.27)
Then, M will be equal to
+
PN
= |— (4.28)
w

(1" :smallest integer greater than.
Finally, the multiplexing delay is given by
MmT

D, =
M= 4

(4.29)

This is the average time required for a message to access a slot that has been assigned to

it.
4.4.2 Processing and Propagation Delay

Other sources of delay are the processing at each node and the propagation delay
over the optical links. Both kinds offer the total delay in the same way, increasing

linearly with the number of hops. They are lumped together in a single parameter, D,.

4.5 Total Delay

The sources of delay are queuing delay, multiplexing delay, and processing delay at
the node. For each message we have two kinds of queuing delay as we mentioned before.
The first queuing delay encountered by a message is when it enters the system, this is
equal to D,. At each subsequent hop an additional delay component is encountered

which is equal to D,. For each hop we then add the transmission delay T, the
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multiplexing delay D,, and the processing delay DP. The total delay is given by
Dy=D,+D (H-1)+(T +Dy+D,)H (4.30)

The factor T here is simply the time required to transmit a message in a slot.

4.6 Numerical Results

After finding the expression of the queuing delays D, and D, as a function of the
first and second derivative of Gm(z) and G(z)(z ), then the final expression of D, and D,

is only a matter of substitution. If we substitute equations (4.18) and (4.19) in equation

(4.16) where
AN-1)
A=Ap=A- (4.31)
P
and
AN-1)
p=Ar Ty =ATF-—-—P—TF. (4.32)
Then, the final expression for the high priority delay is given by
ArTp  (ApTR)(1-1/P)
D,= +
2 2(1-A;T})
AN-1) 1
(A= Y(1=-—)T,
AN-1) 1 P P
=[(A- Tpl[—+ ], (4.33)
AN-1)
2(1-A+ )
P

and by substituting equations (4.18), (4.19), (4.24), and (4.25) in equation (4.21) this

gives us the final expression for the queuing delay for the lower priority messages where

AN-1) AMN-1)T
and p,=—. (4.34)
P P

A=



79

Then

AT ) 440, Te [(AL TR (1-1/P))]
2[1-AT;]

D =A,Tp[1-A; T 1+

MTr(Ap TR (1-1P) A Tp
A1-ArTRI-AT, 2

. (4.35)

4.6.1 Results

For our final results we introduce some numerical values that will be used in our

program. C_ is the bit rate per wavelength
C,, =1 Gbit/sec (4.36)

C, is the capacity per link
CW
C, =— 4.37)
Y om

W is the number of wavelengths available

W = 1000 (4.38)

After writing a program that calculates the total delay, we can obtain different
curves which depend on the number N, the configuration used (P, k) which affects H and

M, and the processing delay which includes the propagation delay. As a first part we try

D

p
to vary the processing for a given configuration, using 3 different values of — (.1, 1,
T

10) for two different configurations (N=10240, k=10, P=2, and N=10125, k=3, P=15).

These results are shown in Figure 4.4 and Figure 4.5.
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Figure 4.5. Performance Results as Function of Dp
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For the same configuration there is a linear dependence between the total delay and the
processing delay, because for the same configuration D, D,, H and D,, remain con-

stant.

For the second part the numerical results involve a comparison of the performance,
in terms of message delay, for a range of connectivities and multiplexing factors. Four
different sets of (P, k) are used, P varying from 2 to 15. For each set we get a different
value of M, and for each set the processing delay is constant. The X-axis of Figures 4.6,
4.7, and 4.8 is A\p , Where Ay, is the traffic normalized to the level of traffic produced
by 10000 stations for all 4 configurations. We obtained four different curves, and at each
value of traffic load in the network we take the minimum value of the delay in the four
cases. This gives us the optimum logical configuration. It is observed that as the traffic
load increases we shift from one configuration to another, and the optimum configuration
changes by changing the processing delay. Figure 4.6 shows the results for Dp =.1T, Fig-
ure 4.7 for the case of Dp =T, and finally Figure 4.8 shows the results for Dp =10T.

The transformation from one configuration to another is effected by varying the
connectivity P, which is the number of arcs from a station to the stations in the next
column in the logical configuration (see Figure 3.1 and Table 3.1). The total traffic in the
link is given by equation (4.8). As indicated, if A and N are held constant, this total traffic
decreases as P is increased. We define A, to be the maximum value of A in equation
(4.8). This is the traffic that would result in saturation of the opticai links. Values of Amax

as a function of P are shown in Table 4.1.
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Table 4.1 The Maximum Traffic Load as Function of N, P, k.

N P | Kk l&
10240 2|10} 072
15625 5 51| 146

9604 71 4| 1.87
10125 | 15 31252

When we increase P this will reduce the number of hops H . This is due to equation
(3.5), which shows that to a first approximation, H is directly related to k, then by

decreasing k, H is also decreasing. These results are shown in Table 4.2

Table 4.2 H as function of N, P, k.

—

N P |k H
10240 2] 10 135
15625 5 5 6.8

9604 7 4| 53
10125 | 1S 3 39

At the same time we have an increasing of the multiplexing factor. Due to the equa-
tion (3.20), M is directly related to P. By keeping N around 10,000 M increases as P

increases. The effect of these two factors (H decreasing and M increasing)is an increase

in the total delay.
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CHAPTER FIVE

APPLICATION OF THE SHUFFLENET IDEA

WHEN OPTICAL AMPLIFIERS ARE USED

In this chapter, we are interested in the application of the ShuffleNet idea when opti-
cal amplifiers are used in the physical topology. The ShuffieNet topology and operation
are basically the same; however, there is a restriction on the number of stations that can
be reached after a certain number of hops. The reason for this restriction is the limited
number of users that can be reached through the same optical amplifier. Most the time
this number is less than the logical number of users that can be reached at this given hop.
Due to this limitation on the maximum number of users that can be reached through an

optical amplifier, more hops are needed to cover all the users in the network.

5.1 The Physical Topology

The logical ShuffleNet structure is mapped into a given physical topology that con-
nects several trees with a passive star through optical amplifiers at the input and the out-
put of the passive star as described in chapter 3. When we discussed the case of optical
amplifiers, we found a certain limitation on the bandwidth of the optical amplifiers. This
will include a limitation of the number of wavelengths covered by optical amplifiers.
This maximum number of wavelengths, denoted by A, is determined by the amplifier
technology. In particular, this number is the ratio of the total range of the optical
amplifier to the minimum channel spacing required to guarantee an acceptable crosstalk
degradation. Given a channel bandwidth, B, the required channel spacing varies, practi-
cally, between 3 to 15 times (6 for the case of FDM, 15 for the case of WDM), depending

on the modulation scheme. For example, if B = 1 GHz, a channel spacing of
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6 B = 6 GHz, and a 10 nm optical bandwidth (1800 GHz at A = 1.3 pm, or 1250 atA = 1.5
pm) implies an amplifier capacity of 300 wavelengths at A = 1.3 pum, and 208
wavelengths at A = 1.5 pm. As a result of this study, different optical amplifiers will be
used at different ranges to cover all the 1000 wavelengths used in our network. We may
assume that we use F different amplifiers each of which can cover a certain number of
different wavelengths. We assume all amplifiers have the same bandwidth and cover A

wavelengths.
A=Ay=.. Ap=A .1
Then, the physical topology of the ShuffleNet can be represented as shown in Figure 5.1.

The total number of wavelengths available and used in the network is denoted by
W. Then, the sum of the number of wavelengths covered by each amplifier should be

equal to W.

W=3A (5.2)

Then the number of amplifiers needed to cover the band is

+

w

A

F= (5.3)

One of the fundamental relations of the ShuffieNet structure is the total number of sta-
tions in the network, which is related to the number of columns and the number of links

from each user. This relation is given by
N = kP* (5.4)

The N users are arranged in k columns, each containing P* users. There are a total of PN
logical links in the ShuffieNet. M is the multiplexing factor indicating the splitting of a
wavelength to make up logical links.
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Figure 5.1. The Physical Topology of the ShuffieNet.
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The relation between the total number of links and the multiplexing factor if there is a
total of W wavelengths ased in the network, is given by

k+1

MW 2PN = kP (5.5)

which means that the number of physical channels must be at least as large as the number

of logical links.

We suppose that we have F different groups G ,,G,,....Gp where the members of a
group sharing the same amplifier are based on a physical proximity. We also suppose
that the number of members in each group is equal. Since the number of wavelengths
covered by each group is equal to A, then the total number of physical channels available
per group will be equal to A multiplied by the number of logical channels per wavelength
which is equal t0 M. If every user transmits over P logical channels, then the number of

users sharing the same group will be equal to the total number of logical channels per

AM
group divided by the number of logical channels per user. This is equal to —. If G
P

denotes the maximum number of users that can share the same optical amplifier, by pure

proportionality, we have

G=

AN
— (5.6)
w

If there must be enough bandwidth for each member of the group to have its own

logical connection, then we should have:

AM
Gs— (5.7
P

which from equation (6.6) and equation (6.7) reduces to
PN s MW (5.8)

This is the same requirement as seen in equation (5.5). In addition, we have the require-

ment



91
P
—<A => P<AM => PN <NAM (5.9)
M
: NA
but the number of members of group sharing an amplifier is equal —W— Since
NA
—21 - WSsNA (5.10)
w
we have
W <NA (5.11)
Then, the complete relationship combining equation (5.5) and equation (5.11) is
PN S MW < ANM (5.12)

Since the same topology is used for the transmission side and the receiving side,
then the same number of groups is used, and the bandwidth used for each amplifier is also

the same, then the relations found above still hold. The number of members in the group

is equal to:
NA
G=—— (5.13)
w
and relation 5.12 still holds, which is
P NA
— —<A => PNsSMW (5.14)
M W

Then, we can conclude that there are enough receiving channels as long as (5.14) is

satisfied, but this equation is the same as equation (5.5).

As the next step, we describe how the system will work under the limitation
imposed by a limited bandwidth amplifier. First, recall that G denotes the number of sta-

tions sharing the same amplifier.

G=—"" (5.15)
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The system operates as described in chapter 4, with no limitation provided that
GzP (5.16)

For example, if k=1, P=N (bus configuration) every station in the network transmits to all

other stations and receives from all the others. In this particular case
G 2N (5.17)

This checks; we have only one group.

Now, let suppose that we have N, P, A, and W such that

NA
P <G => Ps— (5.18)
W

Then we choose M such that (5.5) is satisfied, and we make the connections in a straight-
forward fashion. As an example we take the case of a ShuffieNet with N=24 stations
arranged in 3 columns (k =3, and P=2).

For the ideal case given by Hluchyj and Karol [3] the unrestricted growth for a perfect
ShuffieNet found in our previous study is given by

p* 1<h<k -1

h) =
n(h) pk_pt-b) 1k<Sh <2k -1

(5.19)

Then for our special case we have: the first station in group 1 is connected to the first P
stations (P=2) in group 2, these two stations in this group are connected to P?=4 stations
in group 3 as shown in Figure 5.2. In the next step these four stations are connected 1o
(Pk—l)=7 stations in group 4. From this group we are connected to (Pk—P )=6 stations in
group number 5. And finally from this group we are connected to (Pk-P2)=4 stations in
the last group, after this step we cover all stations in the network. This example is shown
in Figure 5.3. We see that from each station in the network we can reach any other sta-
tion after a maximum of 2k-1 hops. This is also equal to the maximum number of groups

needed. These results are obtained with no condition on G, but G should be greater than
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P*-1in the general case and equal to 7 in our particular example since each group can-
not have more than Pk—-l members. Under this condition there is no modification of the

results found by Hluchyj and Karol.

For the case where G is less than Pk—l, the connecticns are made modulo G since
we must stay within the same wavelength group. This adds a significant restriction con-
cerning the number of stations that can be reached after a given number of hops.

As a first step, we examine the effect of the restricted bandwidth on the particular exam-
ple (N=24, P=2, k=3). If G 27, this corresponds to the ideal case where the size of the
group is not more than 7. The connection graph is the same as the one shown in Figure
5.3 because still have the case of a perfect ShuffleNet. The maximum number of haps for

this case is equal to 5.

When G=6, there is a restriction on the number of stations that can be reached.
After the first hop we reach P=2 stations, and at the second hop another P?=4 stations
can be reached. At the third hop we are supposed to reach as many as P3-1=7 stations
but under the condition that G <6 only 6 stations can be reached. At the fourth hop we
still reach P*-P =6 stations, and at the fifth hop we can reach P>-P%=4 stations. If we
make the total of stations reached after all five hops, only 22 stations are covered. since
one station left to be reached, then another hop is needed to reach this station. Thus,
under the condition of G=6, another hop must be added to reach all stations in the net-
work, and the total number of hops has become equal to 6. The connection graph is
shown in Figure 5.4. If the same example is studied for the case of G=5, at the third and
the fourth hop caly 5 stations can be reached at each hop instead of 7 at the third and 6 at
the fourth. This will cause an addition of two hops; one to reach the two station missed at
the third hop, and another one to reach the station missed at the fourth hop. This will
increase the maximum number of hops required to reach all users by two and so that the
hop count becomes equal to 7. The connection graph under this condition is shown in

Figure 5.5. Figure 5.6 shows the connection graph for the case of G=4. The maximum



Figure 5.4. The Connectivity Graph for the Case of G=6
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Figure 5.5. The Connectivity Graph for the Case of G=5
N=24, P=2, k=3.
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number of hops for this case is equal to 7, as in the case of G=5, but the connection graph
is not the same. Figure 5.7 shows the connection graph for the case of G=3, and the max-
imum number of hops required for this case is equal t0 9. Figure 5.8 shows the connec-
tion graph for the case of G=2, and the maximum number of hops required for this case is

equal to 12.

Having seen the effect of the bandwidth restriction on a particular case, we now
present the general case of the spanning tree of the ShuffleNet; for a given G we find the
maximum number of hops required to reach all stations in the network. As we mentioned
before, if G=P* -1 the spanning tree is the same as the one given in Hluchyj and Karol

paper (ideal case) but if G<P* ~1, there is o such that
P®<G < P*-1<pP*-1 (5.20)

where a < k-1. Starting from the first hop to the o hop the growth of the tree is as fol-

lows
P+P P4+ P4 PO (5.21)

If o = k-1, at the K™ hop we can reach only G stations since G < p*- 1, butif ¢ < k-1,
then at the (a+1)™ we can reach only G stations since G < P**', Then for all subse-

quent hops until the k™ hop the spanning tree is as follows
G+G +..+G (5.22)

We note that at the k" hop we return back to the first column to reach another G stations.

Pt-1

2

Butif G > then we must pass through all columns to return back another time to

P*-1 Pt-1
<G <
3 2

pass through all the columns twice to return back to the first column and reach the

the first column to reach all remaining stations. If then we must

remaining stations.
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Figure 5.6. The Connectivity Graph for the Case of G=4.
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Figure 5.8. The Connectivity Graph for the Case of G=2.
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In other words, we must make two tours through the network to return back to the
first column, where a tour means passing through each column exactly one time. Then k

hops are required at each tour before starting the next tour.

We now attempt to generalize these ideas to arbitrary G, P and k. Let Y denote the

number of tours that are required to cover all stations in the first column. Y is given by

[P"-l
Y =
G

where for the first (Y-1) tours we reach G stations in each tour and at the last tour we

<+

(5.23)

reach all of the remaining stations. Let R, denote the number of the remaining stations in

the first column then
R, =P*~1-¥-1)G (5.24)

After finding Y, we can derive the total number of hops required to reach all (N-1) sta-
tions in the network. As a first step, we go through (k-1) hops before starting the first
tour. And as a second step we had to make (Y-1) tours before starting the last Y™ tour.
Since each of the (Y-1) tours needs k hops then a total of (Y-1)k hops are made. Before
starting the last tour, the total number of hops is equal to (Y-1)k+(k-1) =Y k - 1 hops.
For the last step, we will find the total number of hops required for the last tour. This
number is certainly less than k because our calculation of Y is based on a total of (Pk—l)
stations not covered in the first column. Clearly, this is not true for the other column
because we had reached P stations on the first hop, P? at the second hop, and so on until
the o hop where we reached P® stations. The number of the remaining stations per
column will decrease when we go from the first column to the (a+1)'h column. Let R,

denote the number of the remaining stations in the (i +1)'h column where i<
R, =P*~-P'-(¥ -1)G (5.25)

Going from the first column to the (a+l)"' column the number of the remaining stations
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are decreasing until there are no more stations to reach. Let us suppose that at the

(v+ 1)"' column there are no more stations to reach, then the following relation holds

R v+] <0
P P'-(¥-1)G <0 (5.26)
This equation can be reduced to
P> P (¥-1G (5.27)

We can use this relation to find the value of v which will be equal to

log (P*- (¥-1) G)
v>

(5.28)
log (P)
Let v equal to [v]™ then we have
log P*-r-16) ]
7 T ))] 529
log (P)

Given tht v is less than v then at the (v"+1)'h column the number of remaining stations
is more than zero and at the (v'+2)"' column there are no stations left and no more hops
are required. This means that the last tour has only (v +1) hops. Finally the total number

of hops required for all the network is equal to

Ye-1+4Vv +1=Yk +V hops (5.30)

Now, we show that, indeed, we have reached all stations in every column. Starting
from the first column, Y steps are needed to cover all Pk—l stations. The first station is
excluded because it is the transmitting station. In the first (Y-1) steps we cover G stations

.at each step. Finally at the Y™ step we cover all the remaining stations. The number of

the remaining stations is equal to:

R =P*-1-(-1G (5.31)
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For each of the remaining columns, P* stations had to be reached. For the i column
where 2Si Sv + 1, (Y+1) steps are required, at the first step we cover p? stations, for
the following (Y-1) steps we cover G stations at each step, and finally at the last step we

cover all remaining stations where the number is equal to:
R =P*-P"-(¥-1)G (5.32)

for the j”' column where v +2<j Sa + 1, Y steps are needed. At the first step we
cover P'! stations, for the following (Y-2) steps we cover G stations at each step, and

finally at the last step we cover all remaining stations where the number is equal to:
R = Pt -pPI'_(¥y-2)¢G (5.33)
For the I* column where a+ 2<1 < k, we still need Y steps, at the first (Y-1) steps we

cover G stations at each step, and finally for the last step we cover all remaining stations

where the number is equal to:

R =P -@-1)G (5.34)

In general for a (P, k) ShuffieNet, and for a given G, a spanning tree for assigning

fixed routes to packets generated by any given user can be obtained, where:

h Number of users h Hop from Source
1 P

2 p?

o+1 P*

o+2
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(Y-Dk+v~ G
(Y-Dk+v'+1  P*—y-2)6-P**!

(Y-1)k+a Pk y-26-P*
(Y-Dk+a+1 P -r-1)G
Yk-1 Pr—y-1)G
Yk P -(r-1)G-1
Yk+1 P -(y-1)G-P
Yk+v P —(r-1)G-P"

Those expressions can be reduced to the fcllowing equation, which relates the number of

hops A to the number of users 2 hops from source 7 (h)

n(h)=

rPh
G
Pt~y -2)G-pH¢-10)

PE—(r-1)G

pt_(y-16-p*1

11<h Sd

W@+ 1D)ShS(Y =1k +v

oY =Dk +V +1ShS(Y —1)k +0(5.35)
(Y =1k +o+ 1Sh <Yk -1
YkShsYk+v
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This relation is the most important for the remaining part where we find the performance

of the system under the restriction imposed by amplifier bandwidth.
5.2 Performance Calculation

5.2.1 Traffic Evaluation

For this part the traffic evaluation is made under the assumption of symmetric traffic.

Then the traffic generated by one source can be represented as:

Yk+v™
A'=A Y n(h)
h=1

=AN-1) (5.36)

The total network bandwidth used by a single source is equal to:

Yk+v™
B = z hA(h)n(h) (5.37)
h=1

For the symmetric case A(h) is constant for all 4. Then B will be equal to:

a
B =\Y hP"
h=1
(Y-1k+v
+A Y AG
h=a+l
Y-1k+a
+h Y hP*-y-2G-pATDY)
h=(Y-1)k+v +1
1-1

+h Y HE'-@r-16)
h=(Y-1k+a+1
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Yk+v~

+1 ¥ h(P*~y-1)G-p4TH) (5.38)
h=Yk

From this equation we notice that B depends on o,y and Y, but all of them are directly
related to G. This equation can be evaluated numerically. For the expected value of 4,
E[k]=H, this is equal to:

Yk+v
Y, hn(h)
—_ h=1
H = -
h=Yk+v
Y nh)
h=1
B/A B
= = (5.39)
AN AN-1)
The total bandwidth used by all sources is equal to:
NB =kP*B  bits / sec (5.40)
Since there are a total of kP**'links in the network; accordingly, each link must carry
B B
A= =— messages | sec (5.41)
kPlc+l P

This is the total amount of traffic on each link in the symmetric case. Of this A“/P is
newly generated. If we go by the usual priority the locally generated traffic AN ~1) is

split P ways for each output trunk:
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AkPE-1) _ MN-1)

P P
and the through traffic on a line is equal to:

Mgt = (5.42)

Ap=A-Ay (5.43)

5.2.2 Delay Components

As in chapter 5, the sources of delay are queuing delay, multiplexing delay, and
processing delay at the node. For each message we have two kind of queuing delay. The
first queuing delay encountered by a message is when it enters the system,; this is equal to
D,. At each subsequent hop an additional delay component is encountered, which is
equal to D,. For each hop we add the transmission dela s T, the multiplexing delay D,,
and the processing delay Dp. The expressions of D, D,,D,,, and D, are the same as

those found in chapter 4. The total delay is given by

Dy =D,+D(H-1)+ (T +Dy, +D)H (5.44)

§5.2.3 Numerical Results

To begin with, we are interested on the effect of the amplifier bandwidth A on the
total delay. For the same configuration four different values of A are used. These results
are shown in Figure 5.9 for the case when (N=10240, P=2, k=10), and Figure 5.10 for the
case when (N=10125, P=15, k=3). These results show that when we decrease A the total
delay increases. This is due to the increase of H as shown in Table 5.1, which is directly

related to the maximum number of hops that increase by decreasing A.
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Figure 5.9. Performance Results as Function of A

for the Case of N=10240, P=2, k=10.




107

25

N=10125,P=15,K=3,DP=T
3000 ; . : .
".." DELTA =334 Ideal case
2500F »_ " DELTA =200 i
"+" DELTA = 100 ;
" DELTA =75 4 i
2000 ;
&
£ 1500 i
1000 .
500 .
O n Il 1 1
0 0.5 1 1.5 2
LAMDA NOR

Figure 5.10. Performance Results as Function of A
for the Case of N=10125, P=15, k=3.



Table 5.1 H as Function of A.

H = E[hops]

N | A>334 | A=200 | A=100 | A=75
10240 [ 135 | 135 135 | 150
15625 | 6.8 6.8 84 | 102

9504 | 5.3 54 7.6 9.1
10125 | 39 4.1 6.6 8.2
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At the same time we have a decreasing of the maximum traffic load A as shown in Table

5.2, which is due to the restriction on the bandwidth of the optical amplifiers.

Table 5.2 The Maximum Traffic Load as Function of A

I }‘%

N || A>334 | A=200 | A=100 | A=75
10240 || 0.72 0.72 0.72 0.65
15625 1.46 1.46 1.17 0.96

9604 1.87 1.80 1.30 1.08
10125 2.53 2.37 1.51 1.21

Secondly the numerical results involve a comparison of the performance, in term of mes-
sage delay, for a range of connectivity and multiplexing factor. Four diffe-:nt sets of (P,
k) are used. P varies from 2 to 15; for each set we get a different value of M, and for each
set the processing delay and A are the same. The X-axis of Figures 5.11, 5.12,and 5.13 is
Avor» Where Ay,o is the traffic normalized for the traffic produced by 10,000 equally
active sources for all four configurations. We obtain four different curves, and at each
value of traffic load in the network we take the minimum value of the delay in the four
case. This gives us the optimum logical configuration under the same restriction of A. It is
observed that as the traffic load increases we shift from one configuration to another. It

also observed that the optimum configuration changes with changes in A. These results
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are similar to those found in chapter 4, the only difference is when A decreases the effect
of this is not similar for all configurations. For example the configuration with P = 15 is
more affected than the one with P = 2. This is due to the fact that when G is closer to the
total number of stations in each column (Pk), less modification is made compared to the
original configuration. The E{hops] will increase faster and the effect of the bandwidth

constraint is more evident.
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CHAPTER SIX

CONCLUSION

6.1 Conclusion

Following the introductory Chapter, in Chapter 2, the principles of propagation of
optical energy, the transmission characteristics of optical fibers, and several optical com-
ponents such us optical amplifiers and star couplers were discussed. This chapter also
dealt with the principles of WDM, TDM, CDM, coherent and direct detection. In
Chapter 3, a multichannel multihop lightwave network or ShuffleNet [3, 11] was
presented. This topology is general in that it may assume one of a large range of forms,
from a ring to a bus, by the control of a single parameter, the connectivity between sta-
tions. Several physical configurations are proposed for the physical implementation of
this network. In chapter 4, a comparison of the performance in term of message delay, for
a range of connectivities and multiplexing factors is made. In this chapter also an
optimum logical configuration is provided as function of traffic load. Finally in chapter 5,
the same comparison of the performance in term of message delay is made for the case
when optical amplifiers are used. Optical amplifiers, by restricting bandwidth, limit the
connections that can be made on a single hop. The optimum logical configuration is also

provided for this case.

The analysis shows that ShuffleNet architecture insures an independence between
the logical configuration and the physical topology used to support the network. The only
limitation is the maximum number of stations that can be accommodated. The use of
agile transmitters and receivers gives the ability to change the connectivity diagram
among the nodes within the same physical topology. The use of optical amplifiers is the

key component to increase the total number of station in the network. Thousand of
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stations spread over a geographical region with a radius of up to 100 Km can be accom-
modated.

The performance criterion is in terms of message delay, for a range of connectivi-
ties and multiplexing factors. By taking the minimum value of the delay for each value of
traffic load in the network, an optimum logical configuration is derived. As the traffic load
increases we shift from one configuration to another. The increase of traffic load is com-
pensated by an increase of connectivity between stations. The same analysis can be car-
ried out for systems using optical amplifiers, taking into account a certain limitation due
to the bandwidth of the opticai amplifier. The bandwidth limits the number of channels
that can be amplified. This causes an increasing in the total delay, and the optimum

configuration is also modified.

The logical optimum configuration found can be adapted to a physical topology, and
by using all necessary optical components, we can create the local optic adaptive distri-
bution where the connectivity diagram among the nodes can be dynamically «:configured

as a function of the traffic load to insure the minimum delay in the network.

6.2 Suggestion for Further Research

The implementation of this local optic adaptive distribution involves the develop-
ment of several optical components such as optical amplifiers which cause a certain limi-
tation, and the fabrication of a NxN star coupler using a planar input waveguide array
that radiates into a planar ‘free-space’ region where N is large. Only a 19x19 star coupler
has been built using this method and all other suggestion are still theoretical or in the
experimental stage. The direction of further research will involve the incorporation of

these advances in technology into the network.

In our study we have considered pure perfect shuffle logical configurations where

the number of stations is given by N =kP*. Work needs to be done on more flexible archi-
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tectures where the total number of stations is less rigidly defined by the connectivity.

The analysis has been carried out under the assumption of uniform traffic throughout
the system. The effect of nonuniform traffic needs to be explored. We also need to exam-
ine architectures that adapt to nonuniform traffic as well as to a uniform increase in the

traffic level.
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APPENDIX A

THE EXPECTED QUEUE LENGTH

FOR THE LOWER PRIORITY PACKETS

In this part, we focus our study on the lower priority packets. The low priority view
a system which periodically breaks down (the breakdown is due to servicing of high
priority packets). The time between breakdown periods corresponds to the busy period
for the low priority packets because during this period there are no high priority packets
and the system can serve the low priority packets. The duration of the breakdown period
corresponds to the busy period for the high priority packets because during this period

the system is interrupted to serve high priority packets.

Let us assume that G (c)(z) is the generating function for the distribution of the
number of class ¢ packets arriving in a slot, ¢ =1,2. The parameters of the breakdown
model given by the Towsley paper [7] take the following form:

r: the probability of having no class one messages in a slot.

r=G (1)(0)

B (z) is the generating function for the busy period distribution for high priority packets,
and it is given by:
G gy [2(r+(1-r)B(z Nl-r

B(z)= (A.1)
1-r

Finally the expected queue length of the low priority packets is equal to:
GD ll(l)

E[L]=Gp," ()4 ———
r(1-Gp, (1))



rB°(1)

+ ————G(z)'(l)(B”(l)+B'(l))IZB'(l)
147B°(1)
Where
Gp (2)=G (5)(2)Ir +7B (G (2 )]
And
dG, (z)
Gp (D)= o1
¥4

=G(2) ()(r+mB (G (2)(2 )

+6)(2)G ) @)B (G 2D

=G ) (1)(r +7B (1N)+(TG ((1)B (1))

=G(2)'(1)+(m(2)’(1)8 ‘(1)

=G o(D[1+7B°(1)]

BZGD (2)

Gp“(1)= |

z2=]

922
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G m[z (r+7B (2)}-r

B(z)=
1-r

Then
dB (z')

B*(1)= l,

dz

[(r+(1-r)B(2))+z(1-r)B’(2)]G (1)(2 (r+(1-r)B(2)))
= |
1-r

z=]

[1+(1=r)B*(1)]G (4, (1)

1-r

Gaqy'()

1-r

+B"(1)G 4, (1)

___GapM
(1-r)(1-G (1)'(1))

3’B(z)
9z2

B”(1)= I

z=1

1
= {[2(l—r)B’(l)+(l—r)B”(1)]G(l)’(l)]
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(A.5)

(A.6)

(A.7)



+H1+(1-r)B" (DG 3, (1)

If we take all B““(1) to the left side our equation becomes:

23'(1)0(1)'(1) [1+(l—r)B'(1)]2G(1)"(l)
B~ ()= +
(I-G(l)’(l)) (1"’)(1"6(1)’(1))

If we substitute the value of B“(1) in the equation we get

2(G 5, (1)’ Gy (1)
+

B ()= - 3
(1-r)A-G 4, (1))"  (A-r)(1-G,, (1))

The substitution of equation (A.7), (A.10), in equation (A.4), (A.5) gives:

Gy
Gp (=G, (D1 +
=Gy

_Gp®
-Gy’

Gy

Gp (=G " (D)+2(G ., (1)
D @ @ 16 ¢y (D)

G, (1) 2G ;,"(1))?
1) 1)
—————+(G p O ————

+G (1)
@
1-G;,"(1) (1-G 5, (1))

G\ (1)
1)
+G gy (1))

(1-G, (1))’

G "+2G oy Gy (D)
1-G 3y (1)
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(A.8)

(A9)

(A.10)

(A1)
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(G iy (D?2G (1, (1)-2(G 1, (N> +G 1y (V)]
+ ) (1) ) 1) (A.12)

2[1-G 4, (NI'[1-G 3, (1)-G ¢y (V)]

Now let us find the other terms in equation (A.2)

First term:
Gp (1) Gy (D+2G ) (NG 4, (1G5, "(1))
21-Gp (M) 2[1-G) VIG5, (1)~G g, ()]

Gy (12G 1y (1)-2(G 1y () +G 5, (D]
— () ) ) (A13)

2 . .
2(1-G ((DI’[1-G ) (1)-G gy (D]

Second term:

B7(1) Gy B (+B°Q)

1-7B*(1) 2B°(1)

. 11312 . .
Gy WGy M Gy WGy W

- " (A.14)
-G 21-G (V)]

The substitution of the equations (A.11), (A.12), (A.13), (A.14), in equation (A.2) gives
us the expected queue length E{L] as a function of G(l)(z) and G(z)(z ). Finally the

expected queue length of the low priority packets is given by:
G o) (D+4G ) (DIG 4, (D]
21-G ) (-G ) ()]

E[L]=G 5, (D[1-G 4, (1]+

Gqy (DG (D)
. (A.15)
201G 5, (DI[1-G 4, (-G 5, (V)]




