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opticalfibersare cylindricaldielectricwaveguides
marmellsequationsforlinearisstramidielectricmediumfreeofassentandcharges
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sinusoidalmagatingin sdirection

sincethewaveguide issymmetricaboutthecentralaxis Caicularsymmetry thefieldcomponents
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II etJE q E F o differentialequationforhesselfunction
exactsameequationcanbederivedforHz
aloneequationmustbesolvedfortworegions
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cutoffcondition thepointatwhicha modeis nolongerboundtotheoneregion BKKs
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reset boundaryconditionsmustbeappliedatinterfaceofcoreandshedding boundary
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therefore asetoffourequationsallequaltozero intermsofthebesselfunctionme
attainedtheseequationsexistonlyifthedeterminantoftheunknowncoefficientsis
zero

evaluationofthedeterminant gildsthefollowingeigenvalueequationforB
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since B isboundedbetweenkaandki thesolutionofthealoneequationwillbediscrete
valueswithintherange

allmodes in a dielectricfiberwaveguideanyhybrid exceptwhen Ko inaloneeigenvalue equation
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normalizedpropagationconstant h is foundfromV
modes arecutoffwhen Bdk na
singlemode HEs is realized at V ni ni s2.005
HalveatwhichthelowestorderbesselfunctionIt 01 isobtained
numberof modes in amultimsdefiber canbeapproximatedwhen
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modes losegradedindexfibers
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fibercomparison

filesmaterialsmusthe
I ductile Canhemadelongthinandflexible
2 mustbetransparentallowingforwiderangeofopticalwavelengthswith
lowlosses

3 materialsforesseandcladdingmustbephysicallycompatible
silicais mostusedforfibers si0
refractiveindexof one orcladding canheworriedwithdopantssuchas

Ge02 B 03 1205



 

2 12 NA ni ni n 281 D If
hi 1.48 A 42 1.46
NA 0.2425 I 0.243

noo man sin Cni na's sin Na offssad

2 18 NA 0.2 Woomodes 850 mm

I v Itini ni s numberofmodest I
Trandength

a In 1000 r VI 44.72 39 0.2 a 38.25m

d 68 bum
h MT 810.66 a 414 modes

C M 300.9 s 30 modes

2.21 8 VE 2.005 forsingle made
a 2 4052 IF NA NA hint 0.099

10man 4.41

as 6.56 um

229 my ÉÉFa union E E
af go nm

ÉtmÉ F V8nonni46as Vi.sum24

My 539modes Mammy214modes

modes forthiscaseinderprofile arehablothatofstepindex



 first 2021

Qi threemaintypesoffibers
1 multimsdestepindexfiles so sosumone Rs to umcladding
lowbandwidth disadvantage

manymodescanhesupported advantagegradedindexcan't
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Qr I modifiedchemicalnapsdeposition
2 outsidewarndeposition

3 Horse axial deposition

silica isthemainmaterialSi02 aspecialplastics
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less attenuation s lessrepeaters required
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morefragile
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SAH us PAH
PAH man sated banks SSHmore ishKOGhar
PAAnotcompatiblewithothersignal
SAH is simplerto implement

Qa TE transverseelectric E field is perpendicularto referencephoneand
Homegationdirection Ez 0
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as I canhedrawnintothinandlongwires flexible
2 transparentlosslowlosses and manywavelengths
3 Are andcladdingmustbephysically compatible
GoOn s increases index Baz decreasesindex blurriness
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 reclinedsignal is notthesameastransmitteddueto
attenuation distortion timedelay a noise 5 ISI 6multipathfading

attenuationdeterminesmaximumseseaterlessdistancebetweenTseandRx
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numberofmodesthatnamedfibercansuspectisfoundfrom
adieu11,111 tiffin No ni ka s

lendingloss stairsduetomoreofthesignaltailtravelinginthecladding
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artist B LChkms a bandwidthdistancemduct BW L MHzkm

BWLis preferred herB L sinceBWisconstant whereasBdependsonmodulationscheme
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og iii Imm IIc ax xÉt
materialdispersion BA 27 Bex isnotlinear
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benefitsofoperatingat1550nm
I minimumfiberboss L erbiumdyedamplifiersoperatingfrequency 3 Lessdispersioncanbeshifted

materialdispersionisfixedbutwaveguidedispersioncanbevariedbychangingthesizeofthecore refractiveindicesetc
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3.2 Poutdbm Pindbm Oldskm Ibm
A Pinat1310 8.239dBm Pinat1550 10dBm
a 1 8km Pout 1310 13.039dBm 49.67mW

A Pout1550 12.0dBm 59.50MW

b L 20km Pant1310 9.46mW APant1550 2512MW

313 T Tat Smut L T t Amatfoundfromgraph
a Amat850575 assumingquenchedSi02 S Tmnt 3.375ns km LED

donut 0.15nskm LD
b Smut1550 20 s Gmat 1.5nmkm

316 D it req or abit
Tsfromnamsnimate expression E I 21.36ns km

enacta Ed MI I E n n n d E TT nits 76.844

Tf 70.97nskm
thesetinsequationsorduresignificantlydifferentresults
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4.3 fr GolseAlicAx Eg 1.424 1.2662 0.2662

a if Ey 1 so er
I 0.0899 bysolving 0.26622 1.266 1.429 Ey20
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quiz practice
characteristicsoflightsources
1 highswitchingspeed 2 longlifetime 3 kwast

Coherentlight isdirectional samefreq samephase sameplorization

Fit 0.809er s terms 1.532 um



Second preparation

required characteristics of optical source
1 drivenby current 2 wavelengthin bowbosswindow

3 beammustbedirectional or sizecompatible
5 smallspectralwidth 6 highswitchingspeed

9 highopticalpower radiance 8 linear with inputissues
9 kinglifetime 10 highefficiency

LED spontaneous emission misherent notdirectional largespectralwidth

LS stimulatedemission coherent directional smallspectralwidth

concentrationoffreeelections inthevalencehand concentrationof
holes intheconductionhand is

n p ni kenafEst K 212th T h Memel

Ey hv ht
LED characteristics required

I highradianceoutput 2 fast emissionresponsetime
3 highquantum efficiency



characteristics canbe achievedby confining one as moreishthe
following I carrier 2 optical 3 current

1 carrier bygivingrecombination regionminimumbandgap
energy

2 Optical refractiveindexof recombinationregion is greater
thanothers

3 current bymakingthedepletionregion narrowersuchthat
thecurrent isforcedthrough a certainarea

typesofLEDs
SLED ELED

I easytofabricate 2 easytomust I difficulttofabricate 2 difficulttomum

3 lesscriticaltolerance f lessreliable 3 needcriticaltolerances t highlyreliable

5 lowperformance 6smallerBW S highperformance GbetterBW

9 lesspowercounted 9 morepower coupled

IncaAdaAdyPi y boo 1900 am

GorseAleAs 800 900 nm

Gaan Gush In As etc fixedwavelength



ternary Eg 1.424 1.266 x 0.26622 eV
quaternary y 2.22 a Eg 1.35 0.92y 0.12g er

ne n e no initialwakeofelectronconcentration

recombinationrate R Ma I noett 1

injectionrate Ia
carrier recombination ft F f Khotansand

equilibrium 41 0 s n Id electrons em

quantumefficiencyisratioof radiativerecombinationto total Cramnomad
internal

quantumefficiency hint Ifan IIIT
totalrecombination rate Rr Ran If electionis

Mmdpsurergenerated Pint Dint Iq her Dint GI W
Dent nikita if interfaceis air not a Dent nite

outputpower Dent Pint RentHint HE W

commonlyused modulationtechniques cannotheusedwithLED

opticalsourcesduetothelargespectralwidth notsinglewavelength but

maybeusedwithcoherentsources like Ldr



LED responsetime depends on
t injected carries lifetime 2 parasitic capacitance

3 dyinglevelof active region

outputpower asfunctionoffrequency P P It cwt

LED advantages
I simple to design andmanufacture

2 low cost 3 highreliability 4 longlifetime
5 lesssensitiveto temperaturethan LD o

LED disadvantages

1 hw couplingefficiency 2 largespectralwidthamateur

3bowswitchingspeed

LED uses
1 shortrangeopticallinks 2 digitalsystemsopts 200Meds

3 multimsdeopticallinks



laser characteristics

spatialandtemporal coherence

smallspectralwidth monochromatic

highdirectivityandintensity
smallbeam crosssection

conditionsforbasing
moreelectronsinconductionbandthanhalence

I activegain 2 carrierpopulationinversion 3 positivefeedback
leadstohighernumberofelectrons
Reducingstation

fabry pent canity twoparallelmirrorspositivefeedback

Bragggratings distributedfeedbackby selectingspacingbetween

gratings forspecificwavelengthgain

Fahy Perotiightintensity antioxidants ahstt.ir

I 8 IG exp Cryer Chu z
gaincoefficient

for a sound
tigiggisttmen

Ig Rpsentries an

R 45 Tommi.tnIgjmmimnthtm

gain numberofphotonsgeneratedfromonephoton's roundtrip
atlosingthreshold I 24 Ia as hair I gar C hr 2h
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It shouldbe minimizedto reduceheatingandpurer
rateequationthat If n p Ry Iman

themdents

stimulated spontaneous

dating

diff Iq Fa CnD
If operatingaloneIth s bothrateequationsequalzero
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r da th H Ja TaRoy
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resonant modesmustsatisfythe phase condition

282 24 m a B It any
Aint 2km

resonant frequencies Um m En DK E
DX E or IE
Atrialgain gas go exp Iggy

mammoth

forlosingmodes get gasem 45
numberofmodes

2

forsinglemode
I L is reduced tomake DVlarge T AK In
2 Yetincreased butrequires morecurrentthusimpractical
3 usingdistributedfeedbacktofilteroutmodes

Braggmandength X
2 i

LI modulation

I direct awkwardestswitching 2 externalcontempitiffinitamthitten

temperatureaffectsLI greatly foracertainoutputpowermorecurrentisneededforhighertemperatures

If Iz e
to minimum
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QT Pat dbm PindBm 0.2 50

3 10 13 dbm 50mW

08 l intermodaldispersion modaldelay

2 intramsdaldispersion chromaticdispersion

3 polarizationMhispersion

typesofsinglemadefibers
1 1300 nmoptimizedsinglemade zerodispersionat1300ambuthighloss

intermdulation

2 Zen dispersionshifted zerodispersionandbebrutes90distortion
burnfourmanemining

3 non zerodispersionshifted zerodispersionshifted from1990 nm

E dispersionflattened Mylow dispersionhersecondandthirdwindows

5 dispersion Compensatingfiles negativedispersionto compensate

1100optimized
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Second 2015

Q1 I lightsourcemustbedrivenbyament

2 wavelengthmustbe in bubswindow

3 beammustbedirectional

E sizeof lightsourcemust becompatiblewithfiber
5 optical carriermusthavesmallspectralwidth

LED light is incoherent whereasLS light is coherent

Q2 GoalAs 800 900 am

In GaAsP 1000 1900 nm

GaAl InAs etc firedwavelength
GeandSi haveindirectbandgap andcannotbeefficiently
used

Qs I carrierpopulation inversion 2 activegain
3 positive feedback
double hetersstructure is usedfor carrierconfinement



Qt y 2.2 x h Eg 1.35 0.124 0.1292
Eg 1.125 er
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photonenergy h E 1.804 10 J

externalanswer Dent Pint Dent Mint É Ey
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numberedexcitedmates 245

ex i egie.ge e
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numberof excitedmates 4 rounddown

forsinglemode DX 24 ko s 24 277
2 50.9 um
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Second 2014

QI LED

advantages simpletodesignandmanufacture lowestlesssensitivetotems

disadvantages howcrushingefficiency largechromaticdispersion

Ldn

advantages lowchromaticdispersion highcastingefficiency highbandwidth

disadvantages hightemperature sensitivity difficultto manufacture

Q2 yy o Thisstructure is usedto
mt
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a elections
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3 I active gain 2 carrierpopulationinversion 3 positivefeedback

confinementmethods I carrier 2 atrial 3 current

Qq Ey 1.35 0.92y 0.12y r y 2.2k s Ey 1.1255ev

Ey an h s X Eiji x 1.102 um

Dint Enter A Pint hint E Ey s Pint 22.51mW

A Dent Einar emittedtoairimplies no 1 beat ta
Pest beatPint 319.6MW

Qs get I at h 1 55.67 an

T 9th B Jth d Ja FEW B 0.02 MIA

It 111.3 MA

ya go e
5 III empty

Xi to 2.32 nm

r DX III n 3s s ex 0.258 nm

numberofmodes 377 17

Qb is NAA



Second 2012
Qi I absorption 2 scattering 3 radiative

extrinsicabsorption causedby impurities intheglass
intrinsic absorption causedby normalfibermaterial

Isn
Yin

window 3rdwindow

1 I
Woo too Iso X RM

Q2 Pat a Pin A L a Pin Put L

Pin 1mW

Qs I intermodal dispersion modaldelay
2 intramsdel chromatic dispersion

3 polarizationmodedispersion
s

y
Indium

designedbydoublecladding andcarefulselection

of refractiveindicesof claddingmaterial
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Second 2012
Qi I absorption 2 scattering 3 radiative

extrinsicabsorption causedby impurities intheglass
intrinsic absorption causedby normalfibermaterial

Hanja'd
window 3rdwindow

i a
1380 too Iso X Rm

Qs Put Pin a t 1.58mW

Qs 1 1300mmoptimized 2 dispersionshifted

3 flatteneddispersion
D Goonanoptimised

Naberopjymersimshibted

Inform F aunt



Qd Schism Dmatedmy Say IT 0.5

Them Schism L E 72ps
Singlemodestep s K 2.405 II nice 22.00

do
2
558 1.59 um

B L Fam 1.38THz km
B for so km 27.8 Goltz

direct indirectQ h Ey

Ythem yXEthentum
GaAlAs Si

In GaAsP Ge

directhandgunmaterial areused

Qe I activegain 2 carrierpopulationinversion 3positivefeedback

I carrier 2 optical 3 current confinement

8 J LEI emitsincoherent light LD coherent

2 LED emits spontaneously 3 LEDlargespectralwidth
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Qq Eg Yen 0.8 ev

Eye 1.35 0.924 0.12y a y 0.898

89 2.22 s x 0.408

Pint Dont E Ey A hint Inter Pint 12.8mW
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Qso Myth a In births s ga 25.99 an

Git Br Th S Ith 1.299A

enye 4511 a as 4.58mn

u At In a nut given canhesolvedwith
assumptions

Re 0.5 Cet I n 5.828

DX 0.124hm a numberofmodes 73



 chapter b
e photsdetector requirements

I highresponsinityandsensitivity inkwtossregion

2 highresponsetimeor bandwidth tohandle requireddatarate

3 lownoise

highlinearityanddynamicrange
5 smallsizebuylifetimebwcost

Typesof detectors
photodiodes compactfast linear quantumefficienthighdynamicrange
metalsemiconductormetalMSM fasterthanphotodiodes

phototransistor similartophotodiodesbutinternallyamplify photocurrent

photoconductive detectors cheaperthanPAs shiverlesssensitivenonlinear

ahtstuhes photoelectriceffect

tinstypesofphotodiodesusedexclusivelyasoptical receivers PINandAP
incident atrial purer absorbed É Time at

for depletionregionoflength w Pat Pin i e I

direct bandgap gives lower transittime a higherbandwidth



quantumefficient iII Ee tf a
numberstimidentphoton

responsinity R If AT CAW

Ip Pin

multiplicationgain M Es
responsinityofAPD responsinityA PINmultipliedbygain

Raps M R M ET LAW

primary photocurrent IE YEEPE
in a Teen

ist M a G art

shot misepower get 241pm FM Be

Fa M s ohne fr PIN 2fIp Be

dorkcurrentpower 55 2qI Ms FM Be a
darksurfacecurrent GB ZAI Be notmultiplied

thermalnoise or that Be a
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EE SSS homework A

6.6 compare wisefromdarkcurrent darksurfacecurrent and
shotwise

Pin 500mW dy 0.95 a Ip 0.593 MA

That 2qIp Be 2.85 10
17 A

I G's LAI Be 4.8 1520 A

a G's
Orassuming 7 300 29C

of HI Be 4.47 15 A

F is thelargestandtherefore dominant

6 12 Tre Rt Ct Rt EI E Er Er
Er given equalto 11.9 Rt Lt 2.54 no

carrier drift Ed Ya
h Vd 44 10 mfs forelection

td 0.45ns

Rctimeconstant isdominant diffusiontimenegligible



9 5 as e ra I erk YET I erbeCEo.tl
PoVtk terfel't 0.0162

a PUFF erk HEE I 0.0339

b Pe E 0.64 Pov 0.35 RW 0.0112

C Pe 0.0125

7.9 Paal in GI no 5
Pin 25mW r a 40 dB s Preceived 2 5NW

receivedenergyin Ins 2.5mW In a 2.5 15185

receivedphotons in Ins 16.35

Pnb 16.35 91 7.72 18
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bustingefficiency D Fiske

radiationpatternof lambertonsource Be nÉÉÉina
ELEDs andIDs donthave alambertion radiation pattern

assists
integersYingThi thelateralandtransversalpowerdistribution
coefficientsoftheradiationpattern IanylargeforLdn

for a SLED tostep indexfiber countedsemen

PED step RE NA Bo
Numericalaperture

anyopticalsourcewith circularemittingsurface anduniform

radiushas atotalemittedamend Ps t.ro Bo

Psusster i INA Ps s y NA forAssa

if 2s it then PsuessterCaffyn
forgradatindere seamencoupled fromSLED for Rosa
RED Faded 242 Rs Bo ni D fiHEE
M2T NA s PsLeo graded NA Ps t Er



it is a Pres graded E NA PstEr
due to differences in refractiveindices ofthe
source andfiber some purerwillbereflected

Pushed I It'sPermitted RILEY
loss 10by fatty lobyK R

lensingschemes smalldenseplacedbetweensourceandfiberto

improvecouplingefficiencyby magnifying
theemittingareatomatchthefiber one

Roundendedfiber small nonimagingglasssphere

largersphericallens cylindricallens taperendedfiber

Systemof sphericalsurfacedLED andspherical endedfiler
fiber to fiberjoints

heededat Tx Rx Repeaters Arms odddrypintsbetweenfibers

types skies permanent betweenbikers connectors demountable

fiber to bikercouplingefficiency be MAIL.IEiiY
fibercouplingloss Lf 18kgRF

mechanical misalignment

I lateral insurerbustedemotionalto common
offset introducesmostlosses



area to filers
A comm 2 a Css da E
Roster TEE ai E Yall G

i handed 1 Eta
2 longitudinal endsseparatedby distances

A attention3 Angular A a 1 Wiggghmann

boss LF 10byDe
t othercourtinglosses

dueto differentonediameter LF a loby Ej
bae
oil am

dueto differentNA LFNA 10logtIfYbmNArsNAe.oitran Na

duetsdifferentrefractiveindices Lf e lobyÉÉÉÉI bner fears

singlemodefibers

anil lateralmisalignment Lsmlat 10by era Hit

wheremind WE g gg 1Gpgp
ta
y 2gggangby

Khanatemale

angular Lenmy loby endFYI



longitudinal Laman e neg YI.IEY
where or Ift k É

Splicingsteps I boring removingcoating keepingoneanddodding

2 cleaningcuttingfilestoproduceflatsurfacemangle

3 polishingsurface

splicingtechniques I fusion 2 V groovemechanical 3 elasticth

returnboss RL obyfaith as197557mm



Chapter 7

opticalreceiver consistsof photodetector preamplifier and

signal assessing circuit

receiverconverts optical EM wane to electricalsignal

modulationschemeconsidered is unisslarConoffkeying
datavoltagesignal electric currentsignal intensitymodulation

aslightsame
opticalpower logic1 lightpulsewithdurationTe duration

Titi cesarean Fft Man
electricimitates transmitter stammer

Ohio
Waterway.mgnfxckeaTftigeTgifdgmmgmf.ggttggsi.ng

the decision circuitcomparesthe amplifiedsignalwithsomevoltage
threshold

intensitymodulationanddirectdetection are mostcommonlyused

TEN
With ÉÉ phsfd.ge

Miniato intimate
datarunner

am
derisiment

nationalsaticalhematin
mugging automating Elsner

receiver connectsopticalsignals to electricalandreesnersdate

photodiodedirectlyconvertssignal tobasebandelectric

no needfor RF section



randomanimalrateofsignalphotons seduces quantum Lashot

noise

APDwillhaveadditional shotasise excessmise causedbythe
statisticalnatureofthemultiplicationinscess
thermal noisegenerated inthephotsdetector'sbadresistanceandthe

inputresistanceofthepreamplifier

primarycurrent is time varying pisson process this is

a propertyof EM radiation

Averagenumberof electronholepairs generated is
DF numberof

N Fi I ees at I 7nF
probabilitythat n electrons aregenerated in T is a poisondistills

givenas Pr n N
n Ef

for an APS with mean gain M theexcessnoisefactoris
dependsonmaterial

FM F M K factorthatrangesbromoto1

front endamplifier amplifiesthe weaksignal generated

bythephotodiode it must be lownoiseandlargebandwidth
Me oftwotypes high impedance transimpedance

ÉÉÉE Em
altage



highimpedanceamplifier requires ahighloadresistance Rc tominimize

thethermalnoise butattheexpenseof bandwidth

Be Free at

negative feedback in thetransimpedance amplifier reduces

effectiveresistance seenbythePSby afactorG whereG is

thegainoftheamplifier

Be If Reb I

f same RL Usedfor transimpedance ashigh impedance thetram
impedancewillhavedoublethethermalnoiseand Gtimesthebandwidth

Transimpedanceamplifier preferable
reclined pulse train P E Eitanhe t nted
outputphotocurrent its thin it II anhp t nte
connectedamplifiedandfilteredvoltage Val EI bnheCt nie t int
hit error instability BER Pe aP ra EEP Va
theprobabilityof error given by o Po Va I ekeftpgT
em functioncomplementary erk 4 I end

only
eben



it logic I was sent P Va L erk III
averagehit errorprobability BET Fe I P Potter

Theoptimumthresholdgivingtheminimum BER
Emtfightingam

Vthat Theggiffjhot a Mft Est

BER atoptimumthreshold BER Pe E ereÉTÉ t eat
d Qut Vasant fifty

receives sensitivity minimummitsuerrequired to achieve a certain

performancemeasure forsomehitrate

the Q number canbe written as III It É

averagereceivedopticalpoweris P MET I
averagephotocurrentfromreceivedpower I Ii Finned

therefore powerto achieveQ Psensitivity I In QEII
sincetheassumedpowerreceivedin opulse is O therewillonlyhethermal

mise To Tt whereasthe 1pulse willhavethermalandshd

mise T IT shot

averagethermalnoisezonesreceived in electricalbandwidthBe

F TiffinEam Be
averageshotnoisegamer in Be

That 2 f Ii M FM Be 29P RM FM Be



Oshst 4 ofPsensitivity R M FM Be

somehow

Psensitivity En E M FM Q Be TIFube

for alow pass nyquistchannel Be By
bitrate

quantum limit minimum received power required

for a specific BER
error occurs if us electronholestairs are generatedwhenlogic I

Pr as Nwww.enyimmaiik.im

Pro E N Pe



chapter8
Tuesopticalfibercomms systems categories point to pint andistributed

paint to point electronicrepeaters in optical amplifiers
electronic repeaters oneresme attenuationanddispersion

otherdisadvantages

butonlyusedin singlewavelengthsystem

opticalamplifiers amplifysignal dispersionandnoise

dispersionsolvedbyusingdispersion
compensatingfilers atdifferentlocations

He inline a post compensation

key design requirements
I transmission distance 2 datasate a bandwidth

3 BER a outputSNR

design choices threecomponents source fiber receives

opticalsource LED CSLED a ELED n LD

opticalfiberchannel singlemodestep multimsdester multimate
graded

opticalreceiver P in an Avalanche photodiodes

considerationsfor source
I emissionwavelength 2 spectral line width 3 outputpower
effectiveradiating area 5 emissionpattern b numberofmodes



F switchingspeed 8 lifetime

considerationsforfiber
stepongraded

1 areandcladdingdiameters 2 Are refractiveindexable
3 bandwidth dissension t attenuation 5 numericalinertia

and

considerationsforreceivers
I responsinity quantumefficiency 2 operatingwavelength

3 responsetime a sensitivity 5 lifetime

powerbudget differencebetween purerfromsourceandpinesrecon

mustbe equalto a greaterthan sum ofalllossesplus
some margin

any

woman

stiff if Tift Mta till sa t marginqq.gg

usually6dB

angst

rise time time inwhich anoutput changesfrom 10k to90 ofits
maximumvaluewhentheinput is astepfunction

rise timebudgetdealswiththe allowedintersymbol interference

thesystemrisetime mustbesmallerthan somefractionofthe
hitperiodThisfractiondepends on thelinecodingschemeused

systemrisetimeis toys ttittimattametrictransmitterrisetime mintimeadhemenin
Timtimedadmerm Mette



the rise times aresquaredbecausepulses areassumedgaussian

for NR2 toys 0.7 Te E
for RZ toys 0 35 Th 031 hall's Enate

receivesrise time BINH tnx na
reclinerandwidth

rise timedueto
intermdddg.EEIIjiFi tmaLnsemanatedistanceminutes

atermenintermaramenin

rise timedueto chromaticdispersion maximumangiograms

tamm D OF L Gmt Dwg T L
maximum linkdistancefor agiver hit rate isfoundfrom

toysafter 48 5 can t tend

E a E
NRZ RZ

intermodaldispersion is zeroforsinglemadefibers Ltm o



 final 2016
Qi mainoptical sources

LES advantage cheap lowsensitivityto temp

disadvantage bowoustingefficiency

LA advantage highcrushingefficiency smallspectralwith

disadvantage highsensitivitytotemp examine

main fibers

singlemodesterindex advantage highbandwidth nointermodal

disadvantage costandcomplexitydifficultto
launch

multimsdestepindex advantage easytolaunchissuessincelargeoneradar

disadvantage Nerysmallbandwidth

multimade gradedunder advantage largerbandwidththanstermulti

disadvantage moreexpensivetofabricate

maindetectors

P in photodiode advantage lowbiasnottage stablewithtemp

disadvantage lowresponsinity

AvalanchePD advantage increased sensitivity higherresponsive

disadvantage highhasnottage



Qr IDE
IEEmemmeite É cnn.tt
In E

Ed
Inline Esten

Wsm coarse wavelengthdivisionmultistening

SWS M dense

E mignonette

I me
absorptionregion

n't p ie pt

t.gg c
in theavalancheregion theprimary current generatedinthe

intrinsicregion is multipliedby a certaingainM this isdueto
impact ionization wherein the generatedcarriersareacceleratedbythehigh
electricfield in theavalancheregionthereby ionizingatomsintheirpath

uponcollision

three materialsused Si O 4 1.1 un Gre0.831.8mm and

InGaAs 1.0 1.7mm



Qd T Ey Sh N a Egs h E as Eg
Xc 1 bum on Xc IIe 1.6mm

unity gain responsinity R 111 1.123

I Pin RM 1.123 50 100 109 5.615MA

shotnoise 2of In n FA Be Got 6 5211510
Lol99dbm

as mÉÉÉ at LtYEima
I highimpedanceAmy 2 transimpedanceAmy

hansignmedance is morecommonlyused asit canachieveGtimesthebandwidth
increase

Ahighimpedanceampswithonlytwicethenoise

Qb Psemitinity In Amrita TIFne

Psensitivity In 5.12410 1.021 15

BER I e 2 6g Psemitnity t 39min

A quantum limit 08 10 EN N 23photos

Emg ZEV a P 47 B

need X



Qe t distance I bandwidth wavelength modes

2 bandwidth data rate 2 Bst refractiveindex
numericalaperture

3 BER 3 Remonsinity sensitivity

Qs risetime tÉt y L
Inglemate

risetime fboxwttfuis 250.0rs f f
rise time 0.3184 no E Tian X

rise timelimited

ftp.L.o.ae s

L 27 x km

9 repeaters needed

Hever budget

3 01 40 If L t Mla Nlm 6

Rules limited

3 01 90 44 27.4 2.2 6



second 2014

a6
misalignment lateral offset

ad

2 longitudinal

3 angular

F

lensing schemes

L taper endedfiles
source

2 non imaging microsshere

O E



3 soundendedfiber

E
QS I busting efficiency

PLED graded NAY Ps 1 E f
Rs a s p 0.25 I I 0.02

r 2 240

A PLEA graded 4 T2 Rn Bo 0.02 6.19mW 0.123
mW

2 singlemode

D E NA 0.04 to

Presstep 2 7 mW

8 threesplicing techniques I fusionsplicing 2 V gronemechanno

splicing 3 elastictalespicing

f
cleaningtool
scoringblade

Mk
likes

tension Mted
tension

9 for a lambertonsource BA 4 Bo as l

I haltomen when bsa L 0 600

heamwidth 120



laser in lateraldirections 8 0

II Iast
B 2 5,0 Bobs 4 s

s cost 2 5 0.5 1 L byasgY.s
r L 729.9 928 integers

10 lateral displacement

Ammon La ai Ea er Er
takesmallerradius a Amm 7554 mm

Dp 0.462 Ly 0.168dB

longitudinal ftp me Df too man oh

1 Dr 0.451

total loser 0.384dB

second 2018
as dat Ying gig

lateral 8 0 s Ba 0 Boosh

0.5 05 0 s 0 5.5 beamwidth 110

transversal 9 900 say go s 0.5 00 0

0 7.97 a heambridth 15.450



Qe Ps Ry Bo 6 169 mW
multimsde D NA ter Pansy 0.247mW
singlemode y Nat Es 0.00 Pounded 2.49mW

Qu totalby lossduetodiameterdifference B lossduetomisaligned

kssduetsdiameters 10kg 62.55 1.938dB

lossduetsmisalignment 10kg E aiEnt f IT
s o 59dB

has 2.528 dB

o man Sin NA



final 2022
Q1 N A

Q2 a 3dB beamwidth a Bca 1 BE A stay 1st to
lateral D O Bla 0 Bo esta

fr BE 0 0.5Bo as 0.5

0 30 as heamwidth 60

transversal s 8 900 Bla 90 Bocast as

for 3dB beamwidth 20 265 0.5 13.50

if 0 3 r 4 6 s Bla D 50.61 W Cornish

b Ps 42AE g.m Ps 29.86 mW

at Pressterfan a E NA Ps Pounded 1.45mW

A PLEDgraded f Ra a NA I Er Eat Ps 0.93mW

C lateral Coffset boss bi E Eal 141 0.43

laterallosses 10by 0.9364 0.286 dB

Angularloss D 1 EÉÉh 0.8611 0.644dB

totalloss 0.435dB



3 a
sr
Mam II aging

data

Autumn

fourtypesofnoisegenerated

1 shot 2dorkhulkcurrent 3 surfaceleakagecurrent 4 thermalnoise

b cutoffwavelength Xc nm EYE 1.653

A E S Ey s s Ey s Xc BE 1.656

Unitygainresponsinity R 14ham 1.197 Aw
generatedcurrent R M Pin 5.98 MA im

in
PIldsa

EEEI.IE eYI
am IÉÉ m FEIGE

high impedance
amplifier

Tansimpedance amplifier

Transimpedance amplifier is more commonlyused since

Gx bandwidthgain can beachievedwithonlydouble

the noised highimpedance amplifiers

b Psensitinity Em MINI safety
BER I e

E
Q 6.75 Psemitinity 5

forBERE15 s 29.33photons asPsensitivity B254T 32.5mW ter9dB



5 a assumingthree characteristicsfor eachtype

sources

LED

widespectralwidth lawousting efficiency

low sensitivitytotemperature

burmodulationbandwidth t ku astandcomplexity

LD

narrow spectralwidth s highcouplingefficiency

highsensitivity to temperature

highmodulationbandwidth t highcostandosmolarity

fibers

singlemadestepindex

small one radius

cansupport highbandwidths

complexsplicing t highest

multimsdegradedindex

largeroneradiusthansinglemile

cansupportmoderatebandwidths lowerthansingle
moderate splicingcomplexity t highcost duetsgrading



solving

multimsdesterindex

largestcoreradios Comparedtoprevioustour

supportslowbandwidths

simpleshinny lowcost

receivers

pin photodiode

law his ullagerequired lessthansoV

lessnariationswithtemperature

simpler lessexpensive

Avalanchephotodiode

highbiasultage usuallyseveralhundredsstastts

sensitiveto temperature

muchhighersensitivity dueto currentmultiplication

b rise time budget singlemade s nomodaldelay intermodaldispersion

tsp fence Tian 0.257ns

Composing toys with tree toys Ensz readers

fortoys trna CEI timKE.at sat

LE 68 S km



Khmerbudget Ps Pr If Lt M la to 6

1 130 2 6 88km

Lrt Lp a risetimelimited system

numberof repeaters F LII sounddown



final2018
Q1 N A

Q2 not sure ifit's included butthere is a hbekdiagrambornWDM

system in chanter8 bandwidth E E 43.351

It
y i

m t
Miaka ÉXuTan Ran

03 N A

Qa Ac IT 1 bum

R 171 1.123 A W

In R M Pin 561.5 nA

That 24 In M Fa Be f35110
15
w

a
ÉÉÉ ÉÉE
highimpedance Transimpedome amplifier

amplifies

noise in photodiode thathlkcurrent surfaceleakagecurrent
noise in amplifier thermal in resistor t amplifiermise



Qb BER 15 It e
E

s a 6 x

I Psensitinity In MEME hatent
Psensitivity 455 5 nW 33.4 dBm

QT key requirements I distance 2 bandwidth 3 performanceBf

source typeLED aLD wavelength spectralwidth numberedmodes

files broandcladdingdiameters refractiveindices refractiveintensifiedare

attenuationanddispersion material

detector respsminity responsetime sensitivity Hype pinnaps

8 rise timebudget

mostlikelyneedsrepeaters so I'll skirtsthenextstep

of ttitotbalteffnet s 2 274 kn

note sincethecalculated L issmallerthanthatgiven ourassumption

is thereforecorrect

Amerbudget

3 01 t go L M da tO e6dB

L 194 km rise timelimited

numberof repeaters
24 I



final 2012
a FAE I y

frontend

b Pin advantages lowtemperaturesensitivity kwbiasrequire
disadvantage nogain lesssensitivetoreceivedpower

APD advantages highsensitivitytoreceivedpower highersessions

disadvantage expensive complexhighbias temperatureinstaller

4 go to Ees 1.693 us canbeusedforallthree

windows however X 1580 nm thirdwindow

In M R Pin M kid Pin 56 1nA

3 as l distance 2 bandwidth 3 performance BER

b source I wavelength 2 spectralwidth 3 outputissues

fiber I bandwidth 2 areandcladdingradii 3 refractionidiotic

detector I sensitivity 2 responsinity 3 wavelength

these characteristics determinethetypeforeach

D D singlemadestepinden LD APD

2 multimodegradedinden LED Pin
note stermulti Lathem a B Loner



Qe as risetimebudget

toys ft CEIL'tcoats CE
s tryst 0 461 na 0.35 ns

doesnt fulfillrisetimebudget

Finerbudget

80dB 30 dB t 3dB t 6dB

fulfills powerbudgets rise time limited

b solution repeaters

shekel 0.35 ten 14 1 t sat t CE
188 1 L't e Da L 0.0819

on yourcalculators 4.8418 L t 6.254156 L 0.0819 0

L 36.225 m

I repeater required at halfwaypoint



Second 2015

Qe As it Mt Bo 6.169 mW

I D NA I Er 24 Pauly 0.123mW

2 D 0.01 to a Paneled 616.9 aw

Qe fm lamberton BE Al Bocos l

s 0.5 As 20 1200

loser B12.5 0 0.5 Bo BoCostas 2 728

air losses different radii different NA lateralandlongitudinal
misalignment

radii soby EG
NA O T NAR NAE

lateral 0.2269

longitudinal



final 2014

Q2 a Pin APD

Et Itt
both can be used inthethirdwindow

materialsused me Si Ge In GaAs
b de Is 1.65 um

R Max 1 123 Arm
In RMP in 112.3 MA

That 24 In M Fat Be 1.8 pA

as a EDmIÉt TFatima
amplifier

futsmatic

goincontest Lt
quint

3t.EEDIIY
antinomian ÉÉEEEE transimpedance



hansempectance mostcommonlyusedbecauseGtimeshand

widthgain can be achievedwithonlydoublethethermal
mix

of high impedance Ama
b Psemitnity In AMENT Kittens

08 BER b e s a 7.08s

Pssemitinity 601 S nW 32.2 Abm

Qe at opticalsource I emissionwavelength 2 spectralwidth

3 bandwidthandswitchingspeed a numbridder

fiber I arounddaddingdiameters 2 bandwidthto besupported

3 material refractiveindices attenuation dispersion

refractiveindexsystoleof ore
receiver I sensitivity 2 lifetime

3 responsinity o wavelength

typesof all
b assuming repeatersneeded

E tie to Goalie It
s L 38 3 km



Miner
3 39 go 0.24 L t 242 tf s E 120

risetime limited s breeders


