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Mepiexopeva

Laser. BaolkEG apxEg
Tutrol Laser
Hulaywyika Laser
— AvaoTtpo@n NAnBuouwy - EKTTOUTTA Z0u@wvng AKTIVOBoAiag - OTITIKA evioxuon
—  XapaktnpioTikn P-I
- EClowoeigc PuBuwyv (Rate equations)
—  Texvikég KAsidwuatog Tpotrwy (Mode Locking)
TuTrol nUIOYWYIKWYV Laser
- Laser karavepnuévng avadpaong, DFB
Laser ATTAAG 2uxvoTnTag
- Laser E¢wTepiknc KoIAOTNTOC
— 2uvrtovi{oueveg Aiodol DBR
- VCSELs

XapaKTnNPIoTIKA Laser
- Neiroupyia CW kai TTaApIK AsiToupyia
Alauépewaon CAPATOG MIKPOU Kal JEYAAOU TTAATOUG
- RIN
- QaopaTikd €Upog YPAUMNAG
Epapuoyéc kal Ao@aAsia
OTITIKOI EVIOXUTEG
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OnTIKEC NETANTWOEIC I

ATTOPOZHZH

AYOOPMHTH EKTTOMTTH E=ZANATKAZMENH EKTTOMTTH

APAXH LASER
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OTITIKEG METATTTWOEIG |

AV NAEKTPOPAYVNTIKM aKTIVOBOAIa pe auxvotnta 1> £//A
TTPOOTIECEl OTO UAIKO ETTIKPATEI O MPNXAVIOMOS TNG
aATTOPPOPNONG.

Av pe oTmikl N nAeKTpIK  OIEpyeon Onuioupynoei
KaTaoTaon avaotpo@ns mAnbuouwy (n, > A,), 0 Pubudg
£CAVAYKAOMEVNG EKTTOMTING VYiveTal PMEYOAUTEPOG ATIO TO
PUOUO TNG aTToPPOPNONG KAl TNG AUBOPUNTNG EKTTOUTIAG.
Ta TTapayopeva @wTovIa TTPOKOAOUV TNV €vapen MIag
OAUCIOWTNAC OEIPAC ETTAVOOUVOEOEWY TIOU EXEl OQV
ATTOTEAECHO TV TTAPAYWYN QWTEIVIIC aKTIVO[OAiag
LMEYAANC 10XUOG TTOU TTPOCTIOETAI OTNV APXIKN DIEyEPON
AuTn €ival ouolaoTIKA pia diadikaaia OTITIKAG gvioxuong
Kal atroteAei TN dpdon LASER

Light Amplification by Stimulated Emission of
Radiation Evioxuon ®wtdc e E€avaykaopévn EkmrouTm)
AKTIVOBOAIQG
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AtToppo@non aKTIivooAiag

e EOTW povoxpwuartikn OEoun yovadlaiag dlaToung Kal
evraong | Trou diEpxeTal atrd 1o UTTOBETIKO UAIKO (E1,E2).

H €vraon ouvapTroel TNG amrooTaong JiveETaAl ATTO TNVv:
I=1,exp(-ax)

e O pubuoc amrwAelag pwToviwyv ava povada OYyKou aTro TN
dEoun otav autn OIEABEI atTd oToIXEIO OYKOU AX KAl
uovadiaiag dlaToung Eivai:

dN
——~=(N,—-N,)pB

dt
e Emeidn | = p cy/n (n 0 0.0. TOU HEOOU) TTPOKUTITEL:
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AvTticTpo®n TTAnUoHWYV

e Emopévwg av emmiteuxOei N,>N, (avtiotpo@r) TTANBUCPWYV)
UE TTPOCPOPA EVEPYEIAC (AVTANGN) TOTE O OUVTEAECTNC
ATTOPPOPNONG YIVETAI APVNTIKOC KAl £XOUME vioxXuaon TnG
0EauNg

I=1,exp(kx) ye k=-a>0

e Q01000 O¢€ £va ouoTNUA OUO ETTITTEOWV TO
KOAUTEPO TTOU Ba PTTOopOUCE Vva ETTITEUXOEI €ival
N4=N,

® 2UVETTWC OTA ATOMIKA CUCTAUATA, AVTIOTPO®N)
TTANOUO WYV ETTITUYXAVETAI XPNOIUOTTOIWVTAG
UAIKG JE 3 N 4 eveEPYEIOKA ETTITTEDQ
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ONTIKEC METANTWOEIC OE NUIaywyouc 11

Conduction band

Valence band

=y

Wave vector
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ONTIKEC PETANTWOEIC O€ NUIaywyouc III

R (V)= [ AGE,E,)F.(E1 - F,(E)VZ,, (v)dE,

3/2
L., = (zm;) 3
27°h

R (V)= B(E E,)F.(E,)[1 - F,(E)]Z.,(V)p(v)dE,

(hv—E,)""> M. N avyuevn paca e-h

R, (v)=| B(E, .E,)F.(E)[1 - F,(E,)IZ,,(v)p(v)dE,

e Otav éxoupe AvaaTpo@r TTANBUCHWV: Ry >Rpe
—) Fo(E)>F,(Eq)

=)
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ZralBuoi oTrnv TeyvoAoyia rou Laser

1916 o Einstein mepiypd@el TNV eEQVAYKAOUEVN EKTTOUTTA

1958 o1 Shawlow kai Townes yia TIC apXéC Asitoupyiag Tou laser

1960 o Maiman KaTaokeUaoe TO TTPWTO TTPAKTIKO laser

1961 1lou laser agpiou He-Ne (A. Javan, W. Bennet, D. Harriott)

1962 n kataokeur] Tou lou di10dikoU laser atd Toug R. Hall

1963 Emideign Tou rpwTou CO2 laser atmo Tov Patel

1970 n mpwTn €mideIEn utrepludoug laser popiakoU udpoydévou atrd R.
Hodgson

1985 kataokeur) Tou lou laser amaAwv akTivwv X amd D. Mathews

1986 karaokeun Tou lou Ti:Sapphire laser a6 Tov Moulton

1994 o Capasso avémTuéav 10 1o quantum cascade laser

1996 10 10 0103IKO laser TTou ekTTéPTTEl 0TO PUTTAE 1T GaN (Nakamura)

2x0N0: H Tpwtn @wTtodiodog avakaAuebnke Tuxaia 1o 1907 (Henry
Joseph Round)
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H npwrn oraraén LASER

H npotn owtaén LASER
OV KOTOGKEVAGTNKE MTAV
éva laser PovBidiov (Ruby

Laser) a6 tov Maiman
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Baoikn apxn AsiToupyiag

e Mia TUTTIKA] cUOKeUR laser atroTeAsiTai:
- aTro TO EVEPYO UEOO,
- TNV TNy avtAnong
- TO OTITIKO AVTNXEIO JECW TOU OTTOIOU ETTITUYXAVETAI N
aAvaTPOPOdOTNAN TWV PWTOVIWV OE OUYKEKPIMEVEG TUXVOTNTEG

Evepyd Méco

]

100% AvVUKACGTIKO Mepik®c AVOKAUGTIKO
mremeend s Avtireio

IInyn Avtanong

> AxTivopoiid
laser
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Baoikn apxn AsiToupyiag

HR

High Reflector
(Totally Reflecting)

oC

Output Coupler
(Partially Reflecting)

Laser Resonator consists of Lasing Medium (gas,
liquid, or solid) between HR and OC Mirrors.

Legend:

@

Ground State
Energy Level 1

L
# Energy Level 2

Spontaneous
Ernizsion

~  Stimulated
Emission

The © are
atoms, ions,
* @ or molecules
* ua depending on

= — lasing medium.
Spontansous Emission, Start of Stimulated Emission 9

s o
s‘ﬂssusﬂ @%ﬂsgsﬂsﬂsusm "

A M N TN L T T
o Stimulated Emission Building Up o | EEET
Beam

i

Full Stimulated Emission, Coherent Laser Beam Generated

Basic Laser Operation
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Evepyo péoco

Q Atopa: 0nw¢ oto laser He-Ne, ota laser HAlov
Kaouiov, oto laser aepiov yaikov (CVL).

a Mopuw: 0nwg oto cvotnua laser CO,, oto excimer
laser cvotuata 6w Tov ArF ko KrF, kot ta
noaipikd N, laser

Q Yypa: ommg sivon 10 evepyo nuéco tov dye laser

O AmAekTpiKa - MoveTES: OTOC £1VOL TO EVEPYO UEGO
ota laser cvotnuata oo NdYAG aArd kot 6T0
cvotnua Nd:glass.

Q Huweyoyog: kpaupato e opaoog II-V Ga, As, In, P
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OnTIKN Evioxuon

»> Av [, n evtaon aktvoPolriag cuyxvotntog v, o€ o Béon x
HEGH GE Eva LAKO 1] axTivoPoiia AOY® amoppOeNoNG Kol
enavekmounng Oa £yel Evroon:

I(x)=1e"

nhv

Ue a= B,.(N,-N,) «xat hv=E,—-E «Kainoo.o.

<

otav N;>N; avaatpo®r) nAnBucpwv

a<0 EE) ONTIKH ENIZXYZH TG npoomintoucag
akTIvoBoAiac

O H opiakn Ty TNS TTUKVOTNTOC TWV POPEWYV OTNV OTToIa CUUPBaivel auTo
eival N, : transparency density -TrukvotnTa dla@aveiag
for N < N, the medium absorbs light and is highly wavelength dependent.
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OnTIKN €vioyxuon - Lasing

o H diadikacia Tng e€avaykaopevng eKnopnne cUPBaiAel
oTnVv evioxuon lasing. a va £Xoupe evioxuon npenel:
0 To npooninTov PWTOVIO EXEI Evepyela ion WeE E,-E,. TOTE:
aTo nagayc')usvo PWTOVIO £XEI TNV i01a GUXVOTNTA HE TO
nNpooninTovV
0 BpiokovTal ev paocel kai exouv TNV idia NOAwWON

0 TeAIka £xoupe OUO PWTOVIA id1AC OUXVOTNTAG: CUNPWVN
EVIOYXUOT) TOU OMTIKOU KUMPATOC

E; ?—
|
|
| Stimulated FaVa N o
PaVaWe . s
: emission NS
1
E, ' —i-

Q MNa Tnv digyepon aTtopwyv anod Tnv Baoikn {wvn, avTioTpodr NAnBUCcuwY, anaitTeital
NPOOPOPA EVEPYEIAC ano EWTEPIKA NNYN PEUKATOC: NNYR AGvTANONG
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e OI napanavw pnxaviouoi dgv evepyonolouvTal o€ Bepuokpaacia
dWHATIOU KAl ENOMEVWC Eival anapaiTnTn N Xpnon EWTEPIKNG NNYNG
EVEPYEIAC apou:

® AUTO EMITUYXAVETAI JUE TNV EPAPUOYN OE HIa OPoIoENAPn p-n,
dlapopac duvapikou kaTta Tnv opln gopd, dnAadn o BeTIKOC
akpodEKTNG OUVOEETAI OTNV NEPIOXN TUNOU p KAl O ApvNTIKOG OTNV
MEPIOXN TUMOU N

e KaBwc peyaloc apiBuoc eAelBepwV NAEKTPOVIWV KIVEITAl UNO TNV
£nidpaon Tou eEWTEPIKOU NAEKTPIKOU NedioU, ENAvacuvOEsTal P

eANEUBEPEC OMEC Kal N €nagn akTIVOBOAEi
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AsiToupyia Laser. Avadpaon

O H npooOnkn KaronTpwv AEITOUPYEI WG avadpacn NPooPEPOVTAC TA

avaykaia npooninTovra (pwTovid, EVM TO EVEPYO UAIKO, NPOCPEPEI TO
KEPOOG TOU avanAnpwvovTag Ta SIEYEPHEVA NAEKTPOVIA AOY® THG

£EWTEPIKNG NNYNG

Yo

AgixtNz SO dong = n

VRoe 76T ]

[2rg - a)r -j 420L]

VRWo e

-a)L -i 4nnl
~ RO e[fog L -j —Er]

L .

———le 7
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AgiToupyia Laser. Avadpaon

TeANIKA JETA ATTO K AVAKAAOEIG:

Y = (\/E)K\PO exp[xk(I'g —a)L — jl(‘z?l/]

K: 0 0plOuOC TOV avakAdcE®V

I': O mopdyovtog cOUTTLENG (TOGOGTO OTTIKNG 1GYVOG EVTOG TG EVEPYOD TTEPLOYNG
LLE TUTTIKEG TIUEG ~0.4)

g: To k€pdog Tov EvEPYOL LAIKOD

a: Ot anAelec TOv EvePyYoD VAMKOD (aoppdPnoT, oKESNUGT], AVAKANCT) -
JLOTEPAUTOTNTU KATOTTPMV)

2nLn/A : n oTpoPn} PACT ATANC O10OPOUNG
n: O delktng 01dbAaong

2
n—1
R: Yvvtedleotnc avakhoong 1oy00g TV KATOTTPOV: R = ( 1)
n-+
VR: ZuvTeAeaTAC avakAaong TTAGToug nA. Trediou
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AsiToupyia Laser. Avadpaon

H onTIkn 10XUC au&avel yovo PeE TNV au&énon TnG avTAnong
e H IoxUC MIaC oUNPWVNG npooesonq au&avel YE TO TETPAYWVO
TOU aBpoionaToC OAWV TWV ATONIKWV CUVEIGPOPWV.

e To €va €k TwV OUO KATONTPpWV Nou oxnuaTi(ouv TNV KolIAOTNTA
MNOPEI va €ival v JEPEI DIANEPATO.

e To kEPDOG g ava povada PNKoUG Tou evepyou UAIKOU
1000TABUICEl TIC EOWTEPIKEC ANWAEIEC a.

e Ta OTACIJNA KUMATA nou dnMIoupyouvVTal YEGA OTO AVTNXEIO
EXOUV O1aKPITEC ouxvoTNTEC (Tponol diadoonc):

c/n

- =1,2....
S = Ko7 7

e Me anooTaon: 5f_c'/_”

ue rormikes tues o f =200GHz yia L =200 —400um
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ZUvOnNkKn katw@Aiou

H oudtaén «oavaPey petd and molrlomAé otehevselc, Otav:

InR
Rexp[2(I'g—a)L]>21 = FgZa—Izl—L
Kol /IzzLL, n o 0.0. u=12.
7

Kabwng avédvel 1 aviinon, peiovetor o 0giktng otabAacng n 6to
ECMTEPIKO TNG KOAOTNTOS. AVTO UELDMVEL TNV ATOGTUCT] GE UNKOC
KOULOTOC LETAED TV GLVTOVICUMV TNG KOWOTNTOG

H amoAafn) eivar cuvéptnon g cvyvotntog g = g(v)
I'evika: P B Tsze(rg_a)L

out

£, (1 - Me(rg_“ﬂ )2
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H otmrmrikn atroAafn G

H ammoAafn G gival avaloyn tou Ry -R i«

YT1roAoyileTal apiOunTIKA 1) TTEIPAUATIKA

E€aptdral atrd TNV TTUKVOTNTA TWV EYXEOMEVWYV POpPEWV N

Kal yla TN max TIpn Tng g, 1I0XUEL:
9p(N)=04(N-N,) — EpTreller] oxeon

250

150

Optical gain (cm~1)

—N=1. 8 x 1018
cm3

1.2 x 10'3

300 T T T T

InGaAsP
| A=1.3pm

)

o

S
1

i
Peak gain (cm~1)

0.90 0.92
Photon energy (eV) Carrier density (1018 cm-3)

Figure 3.9: (a) Gain spectrum of a 1.3-um InGaAsP laser at several carrier densities N. (b
Variation of peak gain g, with N. The dashed line shows the quality of a linear fit in the high

R

0.94 0.96 1.0 15 20

(a) (b)

gain region. (After Ref. [2]; ©1993 Van Nostrand Reinhold; reprinted with permission.)



ERITOLLILT

Axtivofloholievy
Qurenw loyig

H KaQuTTUANn P - |

b K oQEOWGS Loy o

Power/ uW

PeUpa dvtinong

~ Y

Slope Efficiency:

Nee=(P2-P)/(15-14)
=AP/ Al pW/mA

TNG €€avVayKAOUEVNG EKMOMMNG

I, €ival n TIUN Tou peupaTtog “Katw@Aiou” nepa ano To onoio EXoUpe “evauan

Laser Regime
T
P, AN
Threshold
Current, 1,
J =
/ T P
LED Regime Current / mA

| Nse laser ~100 X Nse LED|

n

Kabwg 10 peupa avrAnong augaverar navw ano I,,, n nepifaAAouca Tou
(PACPATOC TWV YPANHWV YiveTal OA0 Kal OTEVOTEPN

“kaTaoToAnN NAgUpIkwy Tponwyv ” (side-mode suppression)
0 BacikO¢ TpONo¢g peTaTonideTal Npoc PIKPOTEPA MAKN KUPATOC
H whion g xapmding P-I etvon n Ngy; @ EEotepcn kPavrikn anddoon Tou Laser
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® Ta Laser peydAou PUNKouc KUMATOC €EapTwVTdl NEPICTOTEPO ANO TA

E¢dpTnon amrod Tn Oeppokpaacia

Laser JikpoU WNKOUC KUPaToc oTnv Bepuokpaacia

45

30°C
40 |- 40°C
35 |- _‘50°C

30

loy €56d0v (mW)
& 8
1 I

i
L=
1

9
T
&
0

60°C

70°C

o

Pegvpa (mA)

Zysina 5-13. Kopsrodeg P-I, yu SLAQOQEg Tupés g Bequoxgaciag, pag duddov laser
pumrov ®opatog (Evyev, ov-

“UBAVIIRDV-PQEATWV" TTNV TTEQLOXY UEYCAWY

25 50 75 100 125 150

yratdBeom Peter Unger, IBM Research Lab., Zurich).

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



Oo6pufol oTo laser

0opuBoc paong : H onoudaidTepn aitia pn pndevikoUu eUPoUC
YPAMUNC €ival n TuxaidoTnTa TN aong otnv €€odo Tou laser ,
TUXAIOTNTA MOU NPOKAAEITAl KUPIWC and TNV auBopunTn EKMOPNN
OXETIKOG B00puBoc evraong ( Relative Intensity Noise — RIN ):
gival eva €ido¢ Aoyou BopUBou-npoc-onpa ,nou opiletTal wg AOYoG
TWV dIAKUPAVOEWV NAATOUC TNG ONTIKNG €E000U NPOC TN HEON 10XU
Kal JETpATAl O Povadec dB/Hz

Tunikec TIMEC RIN yIa KAAEC OUOKEUEG:
- FP-125 ewc -130 dB/Hz

- Laser DFB exeI TipeC kaTw anod -155 dB/Hz

— TMopdderypa: av laser &yel éva RIN -130dB/Hz kot 1o
cvotnua &yxel evpog Caovne 1 MHz 16te 0 Adyog onjua mpog
0opvPo Tov ontikov onuatog Tov laser Oa givar 70dB .
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PuOuoi —tpoéT1rol TaAAVTWONG

e AcCovIKoi TpOTTOI

- KaBopilovTal atrd Tnv
KOIAOTNTA: KA/2=L,

K=1,2..

— Kai atrd TNV KauTTuAn ® S profie
gvioxuong Tou evepyou Gain]
UAIKOU G=G(V) ] _ Nes

— ['la kGBe K opileTal Kal (b) V
£VOG OEOVIKOG TPOTIOG J\ A A A A A ]L

- -

(c) v N
--Nn _J'\- - -
Vi v
Av
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PU9|JOI —TPOTTol TAAAVTWONG

| I st

e Eykapaoiol puBuoi — TpoTTOI
Eival Ta mitreda KUPATA TTOU

dladidovTtal KAaTa JAKOG TNG
KOIAOTNTAC

H xwpikn katavour) Tou nA. lediou
TOUG €ival:

TEM,; (novogaoinds) TEMO"]

TEM,,

x+y

E(x,y) = E,exp(- )

W

TEM

02
(B

EIK.5.13 () TMoodderynoe wag un aZoviais autoavamaQayOueve axtivas 1 omoia dnuovoyel
eY£AQOLoVS QUBHOUS Tahdvtmamg. () Meowol, yupnhic TdEne, eyrdooior ovbpol TOAAVTOONG EVEC
laser. Ot puOpot Taidvrmong onuarodototvran wg T hMW OOV TCL f AUL P EIVUL CHEQULOL TTOV CVOLPE-

QOVICL OTOV ugtﬁuo Twv ehayiotwv e dEoung laser, dtav avnj oapovetar oplléviie kot #dleta. O
ouluds TEM,, eivou évag ouy dvaouog v pubuny TEMy, #ar TEM . (An6 to fiffhio M.J. Beesley,

«Lasers and their Applications», 1972 pe v Gdeic Tov exdotxon oixov Taylor and Francis Ltd.).
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MovopuOuikf AsiToupyia

e OTtav atraiteital atro 1o laser pacuaTIK
KaBapotnTa

e CW AciToupyia o€ Eva povo dlaunkn Kai eyKapaolo
PUOUO JE:

e Meiwon Tou unkoucg L tn¢ KoIAGTNTOC

e TOTTOBETNON DIAPPAYUATWY OTN KOIAOTNTA

e Xprion QW kai etepodouwyv, @iATpwv DFB - DBR
(nuIaywyika Lasers)



NMaApikn AsiToupyia- EykAgidwon
DUOUWV

e EVKA&idwan pubuwv: TEXVIKA YIA TNV TTAPAYWYN TTEPIODIKWY , UYNANG
I0XU0C, MIKPNG XPOVIKNG dlIapKelag TTaAUwY laser

e 'Eva laser gv yével utropei va utrooTnpicel TToAAoUC puBuoug
TauTOXPOVA

e H £Codb6¢ Tou Ba ecapTaTal atrd Ta TTAATN, TIC CUXVOTNTEC KAl TIC
OXETIKEC ®ATEIC ON TWV PUBUWV

A

Weroas | A NNNNNAAAA
medio VAAVAVALVAVAVAVAVAVAR

ARAANAAAAAAS L
v E(t)= Z explj(ot+0,)]

“Evtaon A

axtvoPoiiog /\/\"‘_/L-—N/\W\,-’\/Lf.f\\__/\._ 1=+ 65+ 63 [ = NEg
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MaApikn AsiIToupyia

® £0TW OTI avaykaloupe Toug dIAPOoPOUC PUBUOUC
va 01aTNPNOOoUV TNV idla OXETIKN @aon OnA. dn=0
e H oAk Evraon TTPOKUTITEI TTPOCBETOVTAC TA

Tediac: o
E(1) = E,exp(jo) ) exp j(w,r) @, =@-ndw pue Sw=zc/L
n=0

A |
HAextound
nedio | I |

| | 2 sin’(Ne/2) /6

; |
[=E _re,
N AVATAVAVAVAAYAVAVAVARS , | " sint(@/2) L

“Evtoon ¥ — 2L/c —

axTvoPoriog
I=(& +&, + (0‘@3)2

Tt

B)
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EykAgidwon pubuwyv

e H egykAcidwaon pubpwyv emiTuyxaveTal:

e Evepyntika: diapop@wvovTtag TNV atroAafn 1ng
KOIAOTNTOC O€ PIa ouxvoTnTa ion JE TNV dlagopa
OUXVOTATAC TWV puBuwyv of=c/2L

e [1aONTIKG: pe TN XPNON XPWOTIKWYV TTOU
ATTOPPOPOUV AKTIVOBOAIO



1016TNTEC TOU PWTOCG laser

e KarteuBuvtikoTnta: 6=A/D

e EUpPOG ypapung oA
® 2UMQWVia dEoNNG (MNKOGC oupwyviacg Le, 1Ty
Laser He — Ne Lc=1km)

e PWTEIVOTNTA

Divergence of a laser beam
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XAPAKTHPIZTIKA ®QTOIMHI2N yia
TNAENIKOIVWVIEC

O1 pWTOTINYEC TTOU XPNOIUOTIOIOUVTdI OTd OTITIKA CUCTHUATA
HETATPETIOUV TO NAEKTPIKO onpa (Tdon h pelpa) oe oTtTIKO KAl
TPETEI va 1KavoTtoloUV TIC dKOAOUBEC amaITATEIC:

QEkmopmn akTivopoAiag aTnv TepIox OTTOU N OTITIKA iva
Tapouaidlel Th HIKpOTEPN amoppépnon Kai diaomopd

OXpnon amAol TpoTTOU O1AUOPPWONG

AT papuikhh MeTatpomh TNC NAEKTPIKAC 10XVUOC 0€ OTITIKO OAKd
Kdl oUCeuln UE TNV OTITIKA iva HE TOV TTIO ATTOTEAEOUATIKO TPOTIO

dMovoxpwpaTikoTnTa

Q'EAeyxoC TOU EKTTEPTTIOHEVOU HAKOUC KUPATOC ThG TTNYAC HE ThV
emIPOAR HIag TAoNG K €VOC pEUNATOC

O XapnAdé kKéaTo¢

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



Ta LED wg 1Tny£g @WTOG

2t1a LED:

H oaopatikn £é€0d0g civon dreupupévny katd ~KT

H ypoviki] omdxkpion mepropiletor amd tnv ovlopuntn ekmoun,
ONA0ON 0O TO YPOVO ETAVAGVVIESTS TOV NAEKTPOVIOV UE TIS OTTES

e 'Etol n ypion tov potodvdéwv LED trepiopileTal
6E  EQUPUOYEC WOV  OTOLTOVUVTIOL  YPOVOL
owrpdppomong ukpotepor o6 1 GHz.

e Kvupimg onrhaon o€ eQUPUOYES OATELKOVIOTS

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



Laser Humoyoyov I

CURRENT
FLOW

CONTACT - | ACTIVE REGION

ROUGHENED
SURFACE

(REAR ALSO)

~ ™ COHERENT

S _ RADIATION
=
CONTACT /
OPTICALLY FLAT AND

PARALLEL FACES

O Atdelc pe eEavayKaoUEVT EKTTOUTT] QMOTOC OC OTOTEAEGLLOL
Eyyvomnc eopEmv o€ pio 61000 p-n.

O Hektpovikég {wveg

Q 'Eyet

opototntec Me 10 LED o0oAld Pooiletar otnv

eCOVAYKOGUEVT]  EKTTOUTT] MOTOG
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e Ta laser gival ouvnBw¢ eTEPOOOUES

The heterostructure confines

carriers -> higher carrier
density and gain

light due to higher refractive
index

Material:

Direct bandgap required (1.e.

not S1)

AlGaAs (A=0.81-0.87 um),
InGaAsP (A=1-1.65 um)

Aopég laser

Light emission in a forward biased heterostructure pn-junction

electrons
A -

Co0000000

cnergy

d\f\_. hv = he/h = Eg

higher bandgap  thin (= 0.1 um)  higher bandgap

material lower bandgap material

material

refractive
_—
index

: mode
profile
distance
>
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Laser Fabry -Perot

Active Region

Mirror

é
\

e O1oouéc avteg Aéyovtan laser F-P :

® Y1mootnpiCovtol GLYKEKPIUEVO UNKN KOUOTOG

® AVTA amoTteEAODV TOVC OLOUNKELS TPOTOVS TOV laser
(longditudinal modes)

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN




Longditudinal modes

Emitperopevol TpoTTOI

Mn Emtpemopevol
__________________________ 1-- TPOTIOI

N = 2L
A,/ n

N=12..

Example: 2=1500nm, L=0.4mm N=533.333 — Not allowed !

Allowed mode: 2=2L/N = 0.8mm/534 =1498.1nm
BUT: 2=0.8mm/533=1500.9nm is also an allowed mode!

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN




AtroAa) UAIKOU Kail TPpOTTOI

Gamn
profile

I
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Mode spacing

Phase condition for lasing:

20L =27mm

Using f=2nn/A and A= c/v:

:>AVC=L WANMMAUU U

| RV

2 L n 1488 1489 1490

1491 1492 1493
wavelength (nm)

AvTiKaBioTwvTac Av/v=AMA Kal C= Av:

2/2

AL =——
2Ln

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN

PaouaTikd UPOC
ypauunc linewidth

1494



Fabry-Perot (FP) Laser - Zuvown

Multiple longitudinal mode (MLM)
spectrum P ooai

“Classic” semiconductor laser

— First fiberoptic links (850 or 1300 nm) /\ /\/\
- Today: short & medium range links 1 A >

Key characteristics o
— Most common for 850 or 1310 nm Threshold
—- Total power up to a few mw
~ Spectral width 3 to 20 nm > |
- Mode spacing 0.7 to 2 nm
— Highly polarized BE%‘.
— Coherence length 1 to 100 mm
- Small NA (— good coupling into fiber)

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



Laser DBR ka1 DFB

® 2 & TTOAAEG TTEPITITWOEIC OTIC TNAETTIKOIVWVIEC
BEAoupe OA—0

e AnAadn AciToupyia Pe Eva HOVO OlAPNKN TPOTTO

e XpelalOuaoTe Pia KOIAOTNTA ( OTTTIKO PIATPO) HE
LEYOAUTEPN ETTIAEKTIKOTNTA

e XPNOIYOTTIOIOUMPE OTITIKA PIATPA TUTTOU:

— Distributed Bragg Reflector (DBR)
— Distributed BraggFeedback (DFB)

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



)TITIKA QIATPpa avakAaong Bragg

Portion of the light is reflected at each interface
Only for one wavelength can a coherent addition be performed
Wavelength satisfying the Bragg Condition,

Mg 2AN =Ag
n. IS the effective index of the waveguide core
Very narrow bandwidths are possible

Refractive
Index

Period = A
Periodic variation of refractive index

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



e To force single-mode lasing one introduces a
wavelength dependent cavity loss

loss profile

gain profile
longitudinal modes
lasing mode

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



Laser DBR

Active region is
terminated by a Bragg ~ Bragg Mirrors Active Region
Reflector

e Can use either a
single ended grating
or have a grating on
both ends.

e Can be made tunable

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN




o....Bragg grating placed in the

grating
active region

—_— 7

Grating

vicinity of the active region

Feedback takes place
throughout the laser cavity @

Bragg condition must .9
satisfied

Narrow linewidth operation

Wavelength tuning is
possible by heating the
grating (¢)
Most communication lasers
are DFB lasers

TMHMA NMAHPO®OPIKHZ &1

DFB Lasers

-10

-20 F

-30 ¢

40 }

-50 F

-60

Wavelength A =2 n_4A

0

1557 1558 1553 1560 1561 1562 1563

Wavelength [nm]

1556

Thermistor

Phote diode

Laser diode

s
T P T
i A T

o e i \ Lens

. ._...;m.,,,, e

Figure 1: Three-dimensional view of a DFB laser




Distributed Feedback (DFB) Laser-
2uvoyn

e Single longitudinal mode (SLM) spectrum

e High performance telecommunication laser

- Most expensive (difficult to manufacture)
— Long-haul links & DWDM systems

e Key characteristics
— Mostly around 1550 nm
— Total power 3 to 50 mw
— Spectral width 10 to 100 MHz (0.08 to 0.8 pm)
- Sidemode suppression ratio (SMSR): > 50 dB
— Coherence length 1 to 100 m
— Small NA (— good coupling into fiber)
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Laser kBavTikou @péaTtog |

e Aoun KBAvTIKOU @PEATOC: TTOAU AETITO OTPWUA
NUIOYWYWYV E5) aUénon TTUKVOTNTAC
KATAOTACEWYV OTO XapNAOTEPO onueio TS (wvng
AYWYIMOTNTAC KAl 0TO YNAOTEPO TS (WvVNG
00€vouc

— EUkoAn avtioTpo®n TTANBUCUWY

— XAMNAG peUupa KaTw@Aiou

— XapnAn Bepuokpaciakn evaicbnaoia

— MIKPOC evepYOC eveEPYOC

— MIKPOG TTEPIOPIOHOG TOU OTITIKOU mode

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



Laser kBavTtikou @péaTtog li

e [10 va avaipeBouvV Ta PJEIOVEKTAMOATA
XpnoigotroiouvTtal OOUEC TTOAAATTAWY KBAVTIKWYV
ppeatwv MQW - MultiQuantum Wells

e MQW: tToAAa QW aAAnAoTtrapaTtifevTal evw
LMETACU TOUC TTaPEUBAAAOVTAI OTPWHATO
ATTOUGVWONG M)

- MeyaAuTepn evepyog TTEPIOXN

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



2uykevTpwvouy Tov optical mode o€
TEPIOXN dlauETPou 3um
(MovoTpoTrn - gykapoia Asitoupyia)

Cugrent \\

Top Muvor Onide Lavers

(99.0% Reflechive )™

Laser Cavity
(Length = 2. !!) Gam Region

Bottom Mirror -~
(99.9%5 Reflechive) ™ y— —_—

e VCSEL: Vertical Cavity Surface Emitting Laser.
- Replaces the traditional edge emitting geometry with a surface emitter
- Gives a VERY short cavity length
- Widely spaced longditudinal modes — well outside the gain bandwidth.
- Single mode operation
— Current injected through a shaped contact
- Small size gives efficient operation and high switching speeds
— Circular output well matched to fibre.
- On-chip testing possible for cheap production.

— Still difficult to obtain long wavelength operation, but rapidly becoming the most

import laser source for datacomms applications.
TMHMA NMAHPO®OPIKHZ & THAENIKOINQNIQN



ertical Cavity Surface Emitting
asers (VCSEL)- 2Uvoyn

e Distributed Bragg Reflector (DBR) Mirrors
- Alternating layers of semiconductor material

- 40 to 60 layers, each A / 4 thick

- Beam matches optical acceptance needs of fibers more

closely

e Key properties

- Wavelength range 780 to 980 nm (gigabit ethernet)
— Spectral width: <1nm

— Total power: >-10 dBm

— threshold current < 1-mA.
— Coherence length:10 cm to10 m
— Numerical aperture: 0.2 to 0.3

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN
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n-DBR



EEL ka1 VCSELs

Edge-emitting laser (EEL). To péyeBog evég EEL civar 2-
um wide and 500-um long (laser chip: 500 x 500 x 10 um).
MeiovékTnua Twv EEL dev TeoTdpovTal péxpl va KOTTouv
o€ MIKPG chips.

e VCSEL: O1 avakhaoTripeg (cavity mirrors) kai n evepyog
TTEPIOXN (gain region) avatrTucooovTal UE ATTAr ETTITALQ O€
éva dlapéTpou 50-75-mm substrate. O1 avakAaoTipeg €ival
ouolaoTikd DBR, kal oxnuartiovral pe avatrtuén A/4 layers

NUIOYWYWV JE eVOANaooouevous 0.8. n1,n2.

e 21a EEL 1O pnKog kKUpartog Asimtoupyiag eAEyXETal QTTO TNV
atroAaBr) UAIKou (gain peak), ota VCSEL eAéyxetal oo 10
ouvToviouo Twv DBR mirrors

e This highly wavelength stability makes VCSELs ideal for
absorption or transmission sensing of certain chemicals

e Compared to EEL, VCSEL has four orders of magnitude shorter gain-path length of
approximately ~10-30-nm. A typical value for the single pass gain in a VCSEL is less than 1
%. When creating a VCSEL the most critical part are still the mirrors, which contains up to 60
pairs of semiconductors with different composition and whose thickness precision is required to
be within a fraction of a percent.

e The VCSEL has testing and packing process comparable with the ones for LED, which makes
it the lowest cost semiconductor ever manufactured and the technology of choice for LANSs.

e Until today’s date there isn’t any single-mode VCSEL structure with high
repeatability and manufacurability
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Long-wavelength VCSELs

For fiber optical communication purposes VCSELs
emitting in the 1.3-1.55 um region (long-wavelength) are
used

It has been difficult to fabricate a monolithic
semiconductor DBR for a long-wavelength VCSEL. The
main reason is that the difference in refractive indexes for
the fabrication materials are very small, about half the
difference of that used for shorter wavelength VCSEL.

There has been two approaches made to overcome this
problem, the use of wafer-fused GaAs/AlAs mirrors and
the use of dielectric mirrors. Both approaches lead to very
promising results

BEBaia gEXPI ONUEPA ACETTEPAOTO TTAPAPEVEI TO
TTPORBANMA TNG XOAMNANG EKTTEUTTIOMEVNG I0XUOG

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



PuOui{opeva lasers

VALLLLLLALASLLLSLLL LSS LSS LA A AL LSS S LS SS,

VA A AL LA AL LTS LSS LSS LA ST AL LSS LSS S s

Tuning range:
40-100nm L ARRRRRRRRRRR R ERRRRERRRRRRRRRRRRRRRRARERA

(b)

(c)

Figure 3.18: Coupled-cavity laser structures: (a) external-cavity laser; (b) cleaved-coupled-
cavity laser; (¢) multisection DBR laser.
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0.026

0.02

0.015

Power in Watt
o
P

KaBuoTtépnon évauong (Turn-on delay): To laser xpeialetal KATTOI0 XPOVO PEXPI VO
UTTAPECEI APKETA PEYAAN TTUKVOTNTA YXEOPEVWYV QOopEWV N(t), WOTE va EeKIVIOEI N

Metopotika ®@arvopevo |

Output power as a function of time

1 2 3 4

Time in nsec

O1adIKACIa EEAVAYKAOUEVNG EKTTOUTING

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN
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Metopotikad ®@avopevo ll

TaAhavTtwoeig atrokardotaong (Relaxation oscillations ):
— A6 TN oTIyun TToU Ba EEKIVAOEL, N EEaVAYKAOTUEVN EKTTOUTTH , “KAEBEI” POPEIC aTTO TN CUVOAIKN
TTUKVOTATA N(1)
— N €vTaon ToU QWTOG PEIWVETA,
— Ol QOPEIGC AUEAVOVTAIl APKETA WOTE VA EEKIVAOEI EAVA I0XUPN EKTTOUTTT QWTOG KOK
-~ H 1aAdvtwon auth TEAIKA EKQUAICETAI KAl TTAOPAPEVEL N TTUKVOTNTA QOPEWV ATTOKATACTNUEVNG
KATaoTaong evw n akTIivoBoAia €xel TRV TAON va EVTOTTIOTEI 0’AUTOV TOV TPOTTO TNG KOIAOTNTAG
TOU OTTOIOU N ouXVOTNTA €ival TTIO KOVTA OTO PEYIOTO TNG ATTOAAPBNS
2riypiaio (peTaBatikd) chirp (Instantaneous chirp):To oTiyuiaio chirp givar pia
AMEDN eKONAWON TWV TOAAVTWOEWV aTToKATAoTAONG. O CUXVOTNTEC TWV TPOTTWV TNG
KOIAOTNTOC Fabry-Perot e¢aptwvral atrd 1o dgiktn d1d0Aaong,0 oTroiog e T o€lpd Tou
eCapTATAl ATTO TNV TTUKVOTNTA QopEwV. H yeTaBoAR TNG ocuxvoTnTag KaTtd Tn didpKela
TWV TOAQVTWOEWYV ATTOKATACTAONG, TTPOCEVEI MIa avTioToixXn OIauOpPwWan oTn
ouxvoTnNTa TNG £€000U TOU laser ewg OTOoU TEAIKA ATTOKTACEI N OUXVOTNTA OTABEP TIUN

AdiaBaTiké chirp (Adiabatic chirp): H teAikry autr) otaBepn Tiuh e€aptdral atrd 10
pevlua AvtAnong . Mg Tnv augnon tng TTUKVOTNTAC POPEWY, UTTAPXEI JIO OUVOAIKA
METATOTTION OUXVOTNTAG AOYW HETAPBOANG Tou deikTn dIABAaonG. AuTo XpNOILOTTOIEITAI
ouxva oav £vag atrAog TPOTTOC YIa va KAVOUUE APEan dIaNOp@Waon ouxvoTnTag | hia
MIKPr] TPOTTOTTOINON TOU CUVTOVIOWOU
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Metofotikd Porvopeva lll

AApa peTagu TpoTTWY TaAdvTwong (Mode hopping): ‘Otav uttapxouv
TTEPICCOTEPOI ATTO €VAG TPOTTOI TAAAVTWONG TNG KOIAOTNTAG JE OUXVOTNTEG
TTOU BpiokovTal TTOAU KOVTA OTAV KOPU®@I) TNG KAUTTUANG aTTOAABNG, TUXAIES
OIOKUPAVOEIG DIaPOpwV €1I0WV NTTOPOUV VA TTPOKAAECOUV T OECEUCN TOU
MEYIOTOU TNC aTTOAABAC aTTO £va TPOTTO YIA £va XPOVIKO dIACTNUA KAl JETA
TNV METATTAONON 0 OEOPEUON ATTO £€vav AAAO TPOTTO.

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



Alapoépowon Tou Laser

Light Pulses « Laser diodes can be modulated

- by switching the current, I.

* Modulation takes place around
the threshold current I, .

* This is called Direct Modulation.

¥

sos|nd
Juaing aauQ

* Most cases modulation is digital.

* Analogue modulation still used in
some cable TV systems.

« How fast can lasers be modulated
using this method 7
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ATTAOTTOINMEVH TTPOCEYYION

Current Pulse Photon escapes

from cavity
K“‘-\.‘ ‘ /\/\/L.

| || |
T pi Tehr Tph

Switching the current above threshold causes a population inversion. (z)

Electron hole pair combine to form a photon. (t_,)

Photon escapes from the laser cavity. (t,,)

v'The photon lifetime, t_,, is the fundamental limit

ph’
v'1,,=0.12ps —Modulation frequency = 8.3THz

v'However in reality the limit is much less than this — why ?
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® TC: O XPpOVOG
auBopuNTNG Kal
un akTivooAou
EKTTOMTING

® TP: O XPOVOC
(wNC TWV
PWTOVIWV OTN
KOIAOTNTO

I/qV

Ry

I/qV
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lIowoeic pubuou — Rate equations

dN J N L: uAKog 1NG
(A) — = — — KOI)\()TI‘]TGQ
dt e L Tc
Carrlers injected \ Rate of stimulated emission
Rate of change of electron density Rate of spontaneous emission
dP P
T _ep =N

| T T~ Photons lost

TC\p

Spontaneous emission in the right direction
Stlmulated emission photons 2UVNBWC apeAnTEOC

Rate of change of Photon Density 0pog
C
n

N, n TTukvoTnTa dlagpaveiag (TAnBuoudg e yia va £Xoupe avaaTpo@n), n o0 3.9.,
a n otaBepd arroAaBng kal [ o TTapaywyv CUPTITUENG
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e N: the number of electrons,
e P: the number of photons, in a single (spatial and longitudinal) mode laser:
e G [1/s]is the modal gain,

The spontaneous emission equals: R, =n,,G ~2G

1
The photon loss equals: 'l:;l = Vg(a— 3 In(R1R>))

which 1s the inverse photon lifetime.
» ATIO TIG £CIOWOEIC PUBUOU TTPOKUTITOUV TOCO N
OTATIKA 000 Kal N QUVAUIKI CUMTTEPIPOPA TNG
dIATACNC

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



XapaKTNPICTIKA PWTOIOXUOG - PEUMATOG

Ortav d/dt=0 (steady-state) (TrapaAcittovrag 1n spontaneous
emission):

It
for small currents: Gt, < 1 P=0,N= ?"
i 1 qNw
at lasing threshold: ¢ =1 P=0,N=No=No+ -~ [=In=
P T,

T
for corrents above threshold: 1 > In P= EP(I - Ith): N = Ny, = const

G!/
| > |
th
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equal facet reflectivities R) p, = %h"v vgp%hl(—)

LIGHT/FACET (mWw)

XapaKTNPICTIKA PWTOIOXUOG - PEUMATOG

e The output power from one facet is (assuming

1

—L £

photon escape rate
Typical I-P characteristic:

A~13um SO 7 .®0
10°C %
- The temperature dependence 1s
o due to
- - enhanced non-radiative
o recombination at higher
- = temperatures, and |
- temperature dependent gain.
130°C
—r — |
0 50 100 150 200

CURRENT (maA)
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ATTOKpION JIANOPPWONG

O H amékpion Tou laser otn dIQUOPPWAON TOU PEUNATOSG 0dYNONG
TTPOKUTITEI KAVOVTAG TIG KATWOI TPOTTOTTOINOEIG:
> H ammoAaBry cupTrepIAQUBAVEl Kal PN YPOUUIKO Opo, £TOI:

G = Gp(N =Np)(1—¢y P)
Otrou g is the nonlinear gain parameter (10-7)
»  2UdTTEPIAaUBAvVETAI KAl Jia oXEon yia TNV ¢Aaon:

dp 1 1
dr Eﬁc(GN(N—NO) . E)

Ortrou B, 0 Tapaywyv evioxuong Tou eupoug ypaung ( linewidth enhancement
factor, TnG TG¢NG TOU 4-8 in semiconductor lasers)

O OswpwvTtag aoBeveég peupa dlapdpewaong:/(t) = I+, exp( jw,t)
N OIAPOPPOUNEVN QWTEIVI) 1I0XUC Kal O apIOUOC Twv QopEwyv Ba civai:
P(t) = Py + puexp( jout)
N(t) = Ny + Nyexp(jot)
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Alapuop@WOon MIKPOU CAMATOG

the power and carrier density variations around the steady-state
values are assumed to be small: [N,,| << Np. |pm| << Py

O [PANMIKOTTOIWVTOC TIC EEICWOEIC PUBPOU BpiokeTal OTI N
OIANOPPOUMEVN PWTEIVH I0XUC £€APTATAI ATTO TN CUXVOTNTA WG:
PbGNIm/q
Qp + 0, — jTR)(QR — 0, + jTR)

Pm (mm) — (

a Otrou Qg kai [ €ival n ouxvoTtnTa Kai 0 puBudg amooPBeong:

Tp—Tn) R
QR:\/GHGPE}_( 5 n : Tp=—p +ex.GP
b
I'y+1T 1
Ip=-21-" L= +GuP

2 T
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ATTOKpPION MIKPOU ORMOTOG

Pm©@) " (f —Qf ~ T3 +4Q3T;
e 210 TTEPICOOTEPA NW/Ka laser: ', < 0.1Qx omTorTE:

— 3dB bandwidth for the laser:
\/ 3Gy (I, — Iy,

MODULATION FREQUENCY (GHZ)

034 ~
q
[ T rrrrrg T | SN S S B B |
12
‘HE fn* 9 -1 Yr " S0HZ : l ' A3
g 3x10% s ; " Ip/Typei62 S Em
S P sxifs 1 308
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! - 18
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§ o :
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C L1 il Ll 0o S 10 13
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ATTOKPIOT MEYAAOU CAMATOG

e For large-signal operation (I, =1, and I, = 1), n
YPAUMIKOTTOINON TwWV rate equations dgv 10X UEI
m===) ETTIAUOVTAI QPIOUNTIKA.

The pulse has limited rise and fall times Calculated response with Im = Im, Ib = I.Hm
*  The pulse has mitial overshoot due to relaxation oscillations Rectangular, 500 ps long pulse

: : = er, - - - - - = chi ithfp =5
The chirp can be found by noting that: (= power, crrp Wit ﬁf-‘ )
1 dp 1 1
() = —— = —B(Gn(N —Ny) — — e 0
(1) = 5= = 5Be(Gn( 0) Tp) -
The frequency at the leading edge of the pulse shifts to the blue. 3r %0
The frequency at the trailing edge of the pulse shifts to the red. [
% 2| 20
The pulse spectrum 1s much broader than in absence of chirp. T X
Wi
10
1.55 um systems using standard fiber and directly modulated, § ! -
single-longitudinal mode lasers will be limited by chirp. .
oF """ 0
The most effective way to reduce the chirp substantially is to i
modulate the light 1n an external optical modulator. L o5 r 1;10
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Laser Agpiov

® cuoTnuo dvo-ctaduwv, two-level system

e OTrmikA avtAnon N,>N,

@
N\~
rwvw,
@

o OTITIKA KATOTITPA VIO avaTPOPOodOTNON

Helical

Elliptical Eoci

(b =
) 75 lamp 1
Foci H
......... A Laser 7
. rod 4
oc I '
‘i ~
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Epappoyég

H K&Be epapuoyr) atTaITEl CUYKEKPIMEVA XapaKTNPIOTIKA atTd éva laser:
—  MNAKOG KUPATOG aKTIVOPBOAIaG

—- loxug déopung
— TlaApikn A ouvexng Acitoupyia

— Aidpkela kal Jop®n TTAAPWYV
E@appoyég otn Puoiki Kail Xnueia
E@apuoyég otn BioAoyia kai latpiki

—  OIayVWOTIKO EPYAAEIO €ITE WG XEIPOUPYIKO £PYOAAEIO €iTE TEAOG yIa va dnNUIOUPYNOEl
Mia Jn avTIoTPETTTA METARBOAR TwV Blopopiwy.

Kartepyaoia YAIKwv

O1rTIKEG ETTIKOIVWVIiEG

OgpupOTTUPNVIKA ZUVTNEN

OAoypagia

MeTpiocig Atrootdoewyv pe Laser

‘EAeyxog Tng M6Auvong Tou MepiBaAAovTog pe laser
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Epappoyég

Tomoc Laser Mnm(gu'::)“ aros Kvpruotepseg gpiosig
A0puQOopIKI LETPNGT HTOGTAGTC,

Ruby 0,694 Totpucés yprioeig,
AloTpnTin
Aapopeg ensepyuoieg HETAAADY,
Zuykoainon, Xopoktki, latpw ypion

Neodymium-YAG 1.064 (yepovpytt), 0pBuioTpii),
ZTpuTIOTIKES ¥pioe; (METpn ol omooTuog),
LIDAR

Carbon Dioxide (CO) 10,6 fggﬁﬁ;’y‘;ﬁ:ﬁ Xﬁiﬁkﬁ‘;’ dﬁrmﬁ;n .

. ‘Epevve, oaopatookomic,
Nitrogen (N) 0,337 Avtinon tov Dye Laser
0,488 -0,514

Argon lon Gas

0.351 & 0,363

Xetpovpy] OoBuipdv, OMTIK YUPUKTIKY,
Laser Shows, Tutpicéc yprioeic, Epevva

Helium Neon

Evbuypapylicelg ce epyaotpla, e

0,632 okodopkeS epyacieg, Oloypuoia,
(HeNe) VideoDisc
Helium Cadmium (HeCd 0,422 Extonotég, O8ovee, Epsvva
GaAs 0.840 Emowvavieg, «Dapory viepubpov,
’ CD-players, Laser Printers
0,476
0,528 Awckéduon, Oroypaoie, AlyveoTik,
Krypton Ion Gas 0.568 0oV
0,847
Dye Lasers Qacnatockonia, Ogbaipoioyia,
(Rhodamine 6G) 0.400-0.600 E16n) @otoypdonon
Excimer — DOotorboypuoia,
Xenon chloride (XeCl) 308 nin Kotepyooio empoveidv,
Krypton fluoride (KrFl) 248 nm Avtinon tov Dye Laser,
Xenon fluoride  (XeFl) 350 nmn Epevva,
Argon fluoride (ArFI) 193 nm AwBAOGTIKY YEPOLPYIKI
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TuTtrol laser Kal 1I0XUG €600V

Tomog Laser Mnkog Kvpatog Ioyvg EE6d0v
Helium Neon (He-Ne) 632.8 nm CW péypt 100 mW
- . 422 nm .
Helium Cadmium (HeCd) 325 om CW péypt 100 mW
+ 488 xat 514 nmm .
Argon Ion (Ar”) plus blue lines CW péyp 20 W
. 647 nm
Asgpiov Krypton Ton (K17) 476 nm CW péypt 10 W
528 nm
- 10,6 um CW 1 moauko, S0kW
Carbon Dioxide (C0,) 9.6 im 200W CW
. CW péypt 10kW
Hydrogen Fluoride (HF) 2,70 ym TTohyi1cd pésgpn MW
Nitrogen (N) 337.1 nm Moo peypr | MW
Excimer —
Xenon chloride (XeCl) 308 nm
Krypton fluoride (KrFl) Xen 248 nm Mokpuco peypr 10 MW
fluoride  (XeF1) Argon 350 nm
fluoride  (ArFI) 193 nm
Ruby 694,3 nm Mokpuco péypr 10 GW
. . oo 1 CW pgypt TW,
Neodymium/YAG (Nd:YA( 1064 ko1 1319 nm 100W pécoc dpoc CW
Lrepedg
KUTAGTUGIS
Neodymium/Glass (Nd:Glas 1064 nm Moo peypr GW
Erbium 1,504
Atdgpopa ARG CW  (kdmowo mohpikd)
Hmayoyov | GaAlAs 750 - 900 nm S0mwW i IL
InGaAsP 100-1600 nm
Xpootkie — [avo oro
G0QOPETIKES 300 -1800 nm
ypwotikeg laser evepyovv| 1100-1600 nm
XpoOGTIKIS evepyd péou laser Mokpucod péypt 100 MW

Rhodamine 6G

570-650 nm




Ac@aAsia

e Otav n HM evépyeia atro éva laser TTpooTTiTITEl O€ EUIO
OTOXO KaI ATTOPPOPATAI, METATPETTETAI AAAN YOPPN
EVEPYEIAC:

— TI.X. EVEPYEIQ XNUIKWV OEOPWYV, BepPOTNTA, UNXAVIKN EVEPYEIQ
(KUpaTa TTiEoNG), evépyela NAEKTPIKOU TTediou | akOun Kal o€
PWTEIVN EVEPYEIQ (POOPIOUOC — PO POPICUOC)

e AvAAoya PE TO uNXAVIONO AUTAC TNG EVEPYEIOKNAC METATPOTING, N
akTIVOBoAia laser TTpOKAAEi OTOUC I0TOUC BEPUIKEC Kal N BEPUIKEC
O1adIKagieg e DUO KUPIOUG TPOTTOUG dpACNG:

O OepuIkEC DIADIKATIEC:

—- TTAEN, ATUOTTOINON

O Mn BgpuIkEC OIOdIKATIEG:

— QwTopNnxavikn dpdon, wTtoxnuikA dpdon
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Tagivopnon Twv laser

Tagn | : TepIAauPAVEI CUOKEUEC TTOU OEV EKTTEUTTOUV ETTICHMIA ETTITTEDQ
QKTIVOBOAIQg, yia paTia, [ eKTTEMTTOMEVN 10XUC< 0,98mW : (CD) player,
eEKTUTTWTEC laser kal Ta CD ROM ]

Tagn Il exméptrouv akTivoBoAia oTnV 0paTn TTEPIOXN KAl EXOUV TN
duvaToTnTa va dnuioupynoouv BAGRN oTa pdaTia YETa atro xpovia €kBean.
[ekTTEPTTIOPEVN I0XUG TNG TAENG TOU TMW Kal TO PAKOG KupaTog 400-700nm
OQPWTEG TWV TAMEIWV TWV UTTEPKATACTNMATWY, TO laser He-Ne].

Tagn llla : Ta laser €ival yevika akivduva 0Tav Ta KOITAZOUNE OTIYUIaia JE
YUUVO pdaTi, aAAG B€Touv peyalo kivOuvo yia Ta gaTia 6Tav koitaxBouv péoa
ATTo OTITIKA OpYaVa OTTWG MIKPOOKOTTIO KAl KUAAIA. [HEYIOTN 10XUG £6000U
omW, o€ xeIpoupyikEC dIATAEEIC Kal o€ OTUAOODEIKTEC (pointer pens)]

Tagn NIB : H akTivoBoAia Twv laser autng TnNG TAgNG MTTOPET VA TTPOKAAECE!
TPOUPATIONS 0€ aTTeuBeiag eTragr Pe To avBpWTTIVO PATI R} ATTO KATOTITPIKN
avakAaon. AvtiBeTa, n eTTaen pe OIAXUTA OVAKAWUEVN O€ QVTIKEIYEVA
akTivoBoAia gival yevIKa ao@aAng, UTro TNV TTPoUTTOBE0N N ATTOOTAON TOU
UaTIOU aTro TNV avakAWPEVN ETTIPAVEIN va gival eyaAuTepn ato 13cm kai n
glg\%ala NG €kBeong va giva pikpdTepn atrd 10s. Ta laser autd divouv 10XU

Tagn IV: H 1agn aut ouptrepiAapBavel 0Aa Ta laser pe 10xU0 TAvw aTro
500mW o€ ouvexn Asitoupyia. @ETouv KIvOUVOUG YIa TPAUUATIONOUG OTA
MATIa KOl 0TO DEPHA KABWG Kal KivOUVO avapAegng eUQAEKTWY UAIKwY. To
KoiTaypa TnG 0éopNng, akOUN Kal UoTEPA ATro OIAXUTN avakAdon, UTTopEi va
TTPOKAAECEI TPAUPATIOPO OTA PATIA Kal oTo dépua. OAa Ta pETPa ao@aAgiag
yia auTtAv TNV TAgN TTPETTEN va TNPouvTal TTOAU auoTnpd.
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YELLOW —y

BLAGK =

+

AUTION

WELLOW

FOSITION1
EOLDELACKLETTERING

WHITE RED — BLACK -]

ELACK SYMEOL

FOSITIONZ
EOLDELACKLETTERING

POSITION >
ELACK LETTERIHNG

DANGER

WHITE
FOSITIONT
EOLDELACK LETTERING
FOSITION Z
EOLDELACKLETTERING
RED SYMEBOL POSITION
ELAGK LETTERING
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EVIOYXUO TOU OTTTIKOU CAMATOG

® 2Td TIPWTA OTITIKA CUGTANATA N €vioxuon Tou
OTITIKOU onparog vivetal ye OE-EO petatpomhi:

eEapeTikd moAvmAokec akpiPéc O1aTAEEIC, TTOU pTopodoay Vol
AEITOLPYNGOVV UOVO Y10, AVOAOYIKE 1 LOVO Y10 YNPLOKE GLGTILATA, VLo
éva ufikog kdpatog kot évo puiud (bitrate), pue avandesvkro to 06pvPo
NG NAEKTPOVIKTC EVIOYVONC - KOl TEPLOPIGTIKES YOl TO GUCTNUA GTNV
nepintomon avaPaduicemv, Kot vYNAO KOGTOC GLVINPMNONG.

O1 advvapiec avtég EemepviovvTal LE TN OLUTNPNOTN TOV GNUOTOG GE OMTIKN
LOPPT] GE OAO TO UNKOG TNG OLOPOUNG KOl EMOUEVMC UE TNV OoeLOeiog
evioyvon tov and Kafopld OTTIKOVS EVICYVTEC, ATOPEVYOVTOS TIG
TOADTAOKEG OTTIKONAEKTPIKES KOl NAEKTPOONTIKES UETATPOTES. O1 OTTIKOL
EVIGYVTEG EVIGYVOVY OTOLOONTOTE GO AVECUPTITMOG CYNLLOTOC
OLLUOPPMOCTG, KOV KOUOTOC Kot puOUOV HETAOOOTC
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[1piv TNV OINTIKH ENI2ZXY2H

Xphon Avayevvntwyv EmavaAnmrwy
(Regenerative Repeaters)

RR:
AEKTNC-NAEKTPIKOC EVIOXUTAC-NAEKTPIKOC OUYXPOVIOHOC-
d1apOPPWTEC TTAAPWV-TTopTtoC Laser

MeiovekTApara:

TToAutAoKOTNTA

KooToc

'H Yneiakn n AvaAoyikn AsiToupyia
AeiToupyia oc éva pAKo¢ KUPaToc Kai bitrate
HAekTpIikOC B6pupoc

TTepiopiopoc avapaBuioswy

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



EEEMEN ZuoTnudTwy Znpeio TTpoc Znpeio (Point to
Point)

MMF

| LED — O/ER }J—f O/ER f— O/E R t— A¢kng |

13|-|m SMF Transmitter O Regenerator O Regeneratar O Receiver

Tx Rx Tx

(a)
1.5um

. SMF ' ifier Amplifier Receiver
SLM Iﬁ béKTn(; Transmitter Amplifie p
LOER |  Agkmg | "o Ko Koo
= [
(b)
A
SLM_— r— Agkmng |
A
A .
SLM =4 OTITIKOG [y
EvioxuTiC

SMF,MMF: Single Mode Fiber, Multi Mode Fiber
MIM,SLM: Multilongitudinal, Single longitudinal LASER
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OnTikh Avayévvnon 3R - 2R - R

Time/Bil pariod

Reshaping

Retiming

-] o.a
Time/Bil period

TimelBil period

Fig. 1. Principle of 3R regeneration as applied to NRF signals: 1) reamplifying, 23 reshaping, and 3) retiming.

Fig. 2. Genearic layout of a 3R regenerator using nonlinear gates.
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to overcome fiber loss

Amplifiers are usec

hey are used in 4 basic applications:

In-line amplifiers for periodic power boosting: "

Power amplifier Q
Power Amplifier to increase the power to greater o

Amplifier Types andApplications

Rx

evels than possible from the source: Fiber

b)

D
(
Q Preamplifier

Pre-amplifier to increase the received power T

Rx

. >
Fiber I/

sensitivity:

(c)

Nodes

Rx

Optical
bus

Distribution loss compensation in local area or cable T T [A\ T
etworks: i l/ l

LAN amplifier
(d)

Fiber Optics Communication Technology-Mynbaev & Scheiner

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN

Rx

l




Apxn AeiToupyiac OmtTikwy Evioxutwy

E¢avaykaopévn
Extropty ®opéwv
\\’ .E,
ATV Favave vAve Wk
AVAVERATAYe
Y Y "'Ef

v H evioxuon tou omTiKoU ORWaro¢ EMITUYXAVETAl LE THYV
eEavayraouEvn EKTIOUTTH POpPEWVY aTro OIEYEPLIEVOUS POPEIC

voir @opeic pmopei va eivar 1ovra i NAEKTpovia Kai
dIgyElpovTal HEOW OTTTIKNS K NAEKTOOVIKHSC AvTANONS
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omparison of Real and Ideal Amplifier

Output
amplitude
Gain
Ideal amplifier Output Phase
Input 7
/
Affo — > T
t t J 0 v Input amplitude
(a)
Output
Gain amplitude
Real amplifier Output ’
Input N - _Pﬁése
1]
“Af= —] > -
t L0 v Input amplitude
’I
(b)

Figure 13.0-2 (a) An ideal amplifier is linear. It increases the amplitude of signals (whose
frequencies lie within its bandwidth) by a constant gain factor, possibly introducing a linear phase .
shift. (b) A real amplifier typically has a gain and phase shift that are functions of frequency, as
shown. For large inputs the output signal saturates; the amplifier exhibits nonlinearity.
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Pump process
with large cross
section

Ideal Amplifier System

Third excited state with very short lifetime,
no fluorescence

Second excited state with very long
lifetime and high cross section for
stimulated emission

Energy gap between first and
second excited states matches
telecommunication frequencies

\ 4

First excited state with very short
lifetime
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TUTTOI OTTTIKWYV EVIOXUTWYV

O1 BaciKoi TUTTOI OTTTIKWYV EVIOXUTWV Eival:
v'Semiconductor amplifiers SOA (lasers that aren’t lasing)
v'Doped fiber amplifiers EDFA
v'Raman and Brillouin Amplifiers

Ta KUPIWTEPA XOPAKTNPIOTIKA TTOPAMETPOI:

v'Gain and gain bandwidth

v'Gain saturation
v'Noise and noise figure
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Ontwcol Evioyvtéc Huaywyoo (SOA)

4] n
Injection current (pump)
S— Active
T ¥ regi
: P G

B A - e (N
- :i * e Uﬂmpnq}n W\Lﬂ core > <‘i _»*\
TTANBuopoU Tow ) asang || (o
signal Transmission fiber Transmission fiber signal
coupling optics

||
II SOA

Tov poAo Twv wopéwv Tov mailovv Ta NAEKTPOVIA Kal 0! OTTEC

H avrAnon yviverar pue thv epapuoyli Tdong oc uia diodo pn

2uviBwc¢ xpnoipormorouvrar eTEpodoléc (heterostructures) yia
KAAUTEDO TTEPIOPITLIO TWV POPEWYV
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Injection current

Bulk
semiconductor T Active region

Optical‘
»
input Optical
signal output
signal
Cleaved Cleaved
facet facet
a)
Injection current
Bulk
semiconductor |
Optical‘ Optical
> output
input signal
signal

b)

Gipamax ——

Gain (any units) —Ggpa(R=0.3)

Gepa (R=0.03)

Gepamin
Gr(R=0)

I —

w, w (any units)

TUtrol Evieyutwyv nuuaymyov — SOA

Fabry-Perot Amplifier
High gain G but non-uniform gain spectrum

Traveling wave amplifier
Broadband but very low facet reflectivities are needed

G=G(f)
Ripples are caused by the cavity modes

The overall gain curve is due to the width of the
atomic transition in the semi-conductor
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Optical
input
signal

Traveling Wave SOA

UTo make a traveling wave Semiconductor Optical Amplifier the Fabry-Perot
cavity resonances must be supressed

The reflectivity must be reduced!

Bulk

Three approaches are commonly used:
semiconductor =5 -

==3 Active region

Optical ; . . .
input >— ot v'Anti-reflection coating
signal signal
AR coating a) AR coating
Optical
o v'Tilted Active Region
Optical
input /
signal S
> . .
- optica ¥ Use of transparent window regions
——")—< > output
signal
/ N
Transparent Transparent
window c) window
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2UYKpion eupoug (wvng SOA

Gain (any units)

A
|
Gepa
BWepa
Gg BWrwa
Wo w (any units)
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Evioyvtéc nuioymyov (Semiconductor
Optical Amplifiers — SOA

Xuvven®mg Or SOA sival koTtaokevooTiKa owatdcelg Laser
(e€avaykaonuévn eKmoum) yOPLS OTTIKN AvaTPOPOOOTN G )

Semiconductor Optical Amplifier

Wavelength

BW =35 - 240nm

MT1ropouv va oAoKANPpwOoUV POVOAIBIKA PE AAAD NAEKTPOVIKA KUKAWUOATO
Eicdyouv B6pufo 0TO OTITIKO Orja KAl €XOUV OXETIKA JEYAAO KOOTOG
MIKPOG XpOVvOog TTapapovhG aTn JIEYEPHEVN KATACTAON

Auckohia GUVSEGNC e OTITIKA iva  IED>
Mikpny oAikry attoAafn) (~15 dB)
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OXUG KOpeoHOU - Saturation Power

a O1 SOA 1Tapoucid{ouv KOPEGHUO OUOIO
ME éva ATOMIKO oUOTNUA 2 OTAONWYV

U The typical saturation output power for
SOAs is around 5-10 mW

Gain (dB)
r'N
30
-3dB
20 +
10 L
0 : i l l >
-35 -25 -15 -5 0 5 Input light power (dBm)
g } } ; i } —
8 10 12 14 Output light power (dBm)
Pga=13 dBm
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vioyvtés Tvac pe Mpoopucién EpPiov (Erbium
ed Fiber Amplifiers - EDFA)

O EDFA: mikpov mjkovg onTiki ive TG omoiag o mupnivas epmriovtileTon
ne £ppro (Er++), éva ontika svepyd ymuiko etovysio.Ta wdvra gpPiov
OLEYEIPOVTOL GE HLOL AVAOTEPT EVEPYELOKT 6TAOUN pHE TNV GTOPPOPN G|
@eotog oo pio iy LASER, cuvvij0og ota 1480 nm 1) ota 980
nm (Laser aviinonc). Ta dieyspuéva 10vro pPiov peroamiztovy otn
Bacikn evepyerokn otdOun cite pe av0opunT €ite pe Cavaykaouévn
gknoun] eotoviov (cartiog Tng alinlenidpacnc ne T GOTOVIA TOV
TPOG EVIGYLOT GNNOTOC)

ZAMa .
1G650U aTToHOVETAE

ZUuZeUKTNg
——
Laser dvtAnong Evicyupévo
[1480 4 980 nm ] ZAMA e£6B0U

*; iva EFF
(Erbium Doped Fiber)

" Erbium-Doped Fiber
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AvTAia
980nm

\

980nm AuBopunTn
(avtAnon) sKTomT
1530nm E€avaykaopévn
evioxuon ExTTOTT
lva EpBiou
/ @ AtropovwTrg 5

DnTikoi EvioxuTtéc ‘Ivac Eppiou (EDFA)

O1 popeic eivor ta 10vio Epfiov

H avtinon yiverar ue LASER
oto. 980nm n ora 1480 nm.

v'980 nm pumping generates
both higher gain and less noise

v'1480 nm pumping generates
higher saturated power and
tolerates a broader range of
pump wavelengths

Level 3 Tsp*“ us

980 nm AN
\, Fast decay

\

A
Level 2 \
1460 nm — " \

1540 nm —

‘\~—' Spontaneous emission
1480 nm /' (1500-1600 nm)

i
"X Stimulated emission
H (1500-1600 nm)

Level 1

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN



Evioyvtéc ‘Ivag pe llpoouaiin Eppiov
(Erbium Doped Fiber Amplifiers — EDFA)

e BW: 35 nm

e O1 EDFAs emifdilovv T Acttovpyio TOV OTTIKOV
Cevéewv povo 610 omTikd apdbvpo tv 1525-

1565nm
e Anmoiapn méve and 40 dB kot péyiot 1oyvg €600V
névo and 27 dBm

e Meydhoc ypdvoc LmNc TV pOTOVI®MV G011 JEYEPUEVT
Katdotaon (rtepimov 10 msec)
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aitoupevo unkog Er-doped fiber

a Gain coefficient per length g depends on population
inversion and cross section for stimulated emission

L
Overall gain G depends on g and length L: G =e®

Kai o¢ decibels: G =10 log e &
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Mapadeiyua

N,=1.8x101" cm-3
N,=4.8x10"" cm-3

0,=7.0x10-2> cm?

g=2.1x10-3 cm"’

[Tolo 1o atraitoupevo unkog fiber yia G = 35 dB?

L=38.4 meters



XapaktnpioTika EDFA

[MAEONEKTHMATA

* ATTAR KATAOKEUN

*ATT000TIKA AvTANnon

‘Mikph euaioBnoia oTh ToOAwonN

*MikpéC ammwAeieg

*YynAn 10x0¢

«XaunAdg Bo6pupoc

‘Mikpn diaomopd kai eAdx1oTh diapwvia

-Aiapavic AsiToupyia wg Tpo¢ To pubuod onparodoaiac,
‘Thv diapéppwoaon kai Ta cuothpara WDM

MEIONEKTHMATA
-EDFA xwpic dvtAnon ££aoBevei To ohpa

*Mn opaAé diaypappa gdopa amoAdPig
- AUoKoANn KaTaokeun o€ 0AOKANpWHEVO KUKAWHA
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Praseodymium-doped Fiber
Amplifier (PDFA

e Praseodymium-doped Fiber Amplifier

(PDFA)

— Similar to EDFAs but 1310 nm optical window

- Deployed in CATV (limited situations)

— Not cost efficient for 1310 telecomm applications
- Fluoride based fiber needed (water soluble)

— Much less efficient (1 W pump @ 1017 nm for 50 m\W
output)
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Evioxutnic Raman

Signal — P E
light
Pump Wavelength £
Wavelength . VAV
Raman
Scattering
Signal E
Wavelength e"'\N\)_(:)_
Erjja Erjpa
EIFOBOU egadiou
Laser opoppoTg |Lasaer avTipomne
dvthnong avTAnong
Raman Amplification

2k€daon Raman (SRS): 2kédaon gwToviou atrd Ta JoOpIa Tou UAIKOU
QR=wp = (L)S
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Evioxutnic Raman

Transmission

Transmit Fiber Circulator Receive

Signal,

e S (()) 1@3

. 1535 nm
- }{ﬁ Q 77 -
: _

Fiber coupler Fiber

e Pumped optically in the forward or backward direction.

e Use stimulated Raman scattering for signal amplification.
e Can work at any wavelength with suitable pumping.

e Can provide large bandwidth using multiple pumps.

e Fiber used for data transmission can itself be used.

e Gain can be made polarization independent using orthogonally
polarized pumps at each wavelength.

TMHMA NMAHPO®OPIKHZ & THAEMIKOINQNIQN
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e Raman amplifiers:

e Use stimulated Raman effect and pump laser
whose frequency is equal to signal frequency
plus frequency of chemical bond in the material

e Because it is a nonlinear process, requires very
high pump powers (watts)

Pump power Amplifier gain
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woxumq Raman AnoAapn & BW
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e Main gain peak shifted by 13.2 THz (about 100 nm) from
pump wavelength. Qg=2m 13.2 Tc/s

e Raman gain spectrum extends over >20 THz.

e Gain coefficient g(®) = gr(®)(P,/a,) depends on
mode area a,, of the pump.

e Can differ by a factor of 5 or more for SMF, DSF, and DCF.
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EvioxuTtnc Raman. Zxediaon

i bbb [Frequeney
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e Multiple pumps can provide wide and flat gain spectrum.

e Noise is smaller for Raman amplifiers (ng, ~ 1).

e Suffer from double Rayleigh scattering and pump-noise transfer.

e Backward pumping provides a better design.
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O 06puU0g OTOUG OTTTIKOUG EVIOXUTEG

® X& &vav OmTIKO EVIOYVTI], M KOpLa tnyn Bopvfov eivon n eviayouévy

avbopuntn exrounn (amplified spontaneous emission — ASE)

@®dopa Tou Evioyxutn

AoBeveég ofjua (xwpic eioodo)

Evioxupevo onua

Bdpufog ASE
X —>

-

m_ (SIN),
(S/N),,
® 2TOUG OTITIKOUC EVIOXUTEC F>= 2

e Eikéva Oopufou F

Poul! = GPS + Q-F,."t'|
R‘\T= F}oBoI
o = npheil — l_,'ll

e XNV mPAEN N 0TOGTUCN TOV UTOPEL VO, TUSIOEWEL TO
ONUO RETUED TMV EVIGYLTOV UTOPEL VO €lvorl u&ypr To
120 km. T'wa anooctdcsic peyoardtepes omdo 600 km £mg

1000 km 10 onpa wpémer va avaysvvnOsi !
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Power and noise outputs

Power out: r amplified power r (ASE) noise
P=GP, +(G-1)n,,,mhvAv,

spon

m=number of transverse modes,
Av=optical filter bandwidth,

Ns,on=Population inversion factor
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