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DalSi modely EDFA:
¢ Model s uvazovanim stfedni inverze populace (length averaged inversion population model)
¢ Modelovani pomoci naméfenych Gilesovych parametrt

& Analyticky model pro dvouhladinovy systém (SalehGv model) 1

{3 ==
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Typické parametry EDFA Uzitec¢né definice:

. Gain(dB)=10log 10( POUTJ
koncentrace Er = 100-1000 ppm Zesileni (gain): Pu
délka vlakna = 10-50 m 1dB — x 1.26 (0.1dB — x 1.023)
¢erpani = 50-300 mw 3dB—x2 (-1dB — x 0.79)
zesileni = 20-40 dB 10dB — x 10
saturovany vyst. vykon P, = 10-23 dBm 30 dB — x 1000
kvantova konverzni u€innostn = 100 %
koeficient zesileni = 6-11 dB/mW dBm: P(dBm)=10 log,, P(mMW)

3 dB pasmo zesileni = 10-30 nm 0dBm — 1 mW
Sumové &islo NF =3-8 dB 1dBm — 1.26 mW
hostitelsky material: kfemenné, fluoridové, 10 dBm — 10 mW
aluminosilikatové optické viakno 30dBm—1W
Sumové &islo (Noise figure) F = NP
(SNR)outpul
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Energetické hladiny erbia

Russel-Soundersova konvence

E(em™) pojmenéavani energetickych hladin:
5l4nm ;:’n 2541
n
Ll
20,000 @mm Fp L ... celkovy orbitalni moment
— —_ Hyp hybnosti overall angular momentum
TTom L x5, (celd Sisla, oznacovana pismeny:
B50.0m . L=0,1,2,3,4,5,6 ... SPD,FG,H,I,J
70m PP P Fu s ... celkovy spin (nasobky Y2)
" J ... celkovy moment hybnosti (L+S)
800 nm o
10,000} i je fada zUsobu, jak ziskat sadu Cisel
o 650 " J,L,S u volného atomu, kdy tepeni
am hladin danych centralnim polem, tj.
Iy,  hlavnim kv. ¢islem n, je jen jen diky
. § rezidualnim elektrostatickym
1%0mm {183t omemision interakcim mezi elektrony a
magnetickymi interakcemi (spin-
o ‘T,z orbital coupling) — hladiny jsou

Ground-state absorption GSA Excited-state absorption ESA degenerovany s multiplicitou 2J+1

zarivé prechody jsou mezi energetickymi hladinami ve slupce 4f. Erbium se mlze nachazet ve 14 rliznych energetickych stavech.
Kazdy z téchto stavl je vlastné soubor kvantovych stavu se stejnou energii (u iontu v plynném stavu) — jde o degenerované
stavy/hladiny.

Nezarivé prechody - excitovany iont ztrati energii napf. ve formé tepla pfedaného mfiZce hostitelského materialu (pfechod s

pomoci fonond, tj. kmitt mrizky)

V pevné latce dochazi ke Stépeni (Stark splitting) hladin vlivem lokalniho pole miizky —> z ¢arového spektra hladin se stanou
energetické pasy

Vyznamna je ESA @790 nm. Nelze proto pouzit tuto jinak slibnou vinovou délku pro ¢erpani. 3

Vyznamné hladiny erbia pro EDFA
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s ol € & ! vinova délka, . [nm]
1k g'ﬁ ; absorpéni a emisni spektrum pfechodu 41, <> 41,5, u erbiem dopo-
r E| & wE : vaného, fosfosilikatového optického viakna vyrobeného v UFE
L § § LU v Erbiové ionty v kiemenné matrici mohou byt pfiblizné popsany jako
oL ‘|15,2 tiihladinovy systém. Ale: energetické prechody jsou popsany
. , . , absorpénim a emisnim prafezem, jejichz spektralni pribéh se lisi.
Energetlcke hladlny, resp. pasy, lonty erbia v kfemenné matrici maji energetické hladiny rozstépeny

vvznamné pro zesilovani ickéh diky elektrickému poli mfizky hostitelského materialu (Starklv jev).
yzna e pro zesllova optc eho Mezi Starkovymi podhladinami jsou jen malé energetické rozdily a diky

signalu v pasmu 1,5 um rychlé termalizaci v ramci daného pasu dojde k témé&F konstantnimu
rozdéleni populace Starkovych podhladin v ramci pasu. Proto je
energeticky pas mozné povazovat za jednu energetickou hladinu.
Ovsem energetické prechody z této hladiny jsou popsany rozdilnymi
emisnimi a absorpénimi prirezy.

Doporucené hodnoty koncentraci s ohledem na parové
zha$eni: <900 ppm (Ge/Al EDF), <90 ppm (Ge EDF)
Parové zhaseni je "SkodlivéjSi" nez samotna vzestupna
frekvencni konverze.

ESA @980 nm je slaba diky kratké dobé Zivota 4l,y,. 4



Teoretické modelovani EDFA

Vypocet zesileni EDFA spociva v feSeni vazanych rovnic popisujicich obsazeni
atomovych hladin (rychlostni rovnice) a Sifeni svétla vliaknem (rovnice Sifeni).

Rychlosti prechodu a G¢inné prarezy

spontanni
emise
E2
El
absorpce
2
El

stimulovana emise
E,

S\w

EZ—EI’ ,.C__he dN,
h v E-F dt
A, .. Einsteinlv A koeficient (radiative decay rate),

Tp - dOba Zivota hladiny E,
N, .. po€et excitovanych iont( v jednotkovém objemu (koncentrace iontd)

sp

dopadajici plosna ® 1, (poget fotont prochazejici
hustota fotonového toku: ™ "y jednotkovou plochou za jednotkovy &as)

W, ... rychlost absorpce (dN
1
dt

IV
z E, do E, je Uméma @, *j =WoN, =0, ()@, N, =—0, (") N,

konstanta Umérnosti ¢, se nazyva absorpéni t€inny prifez [m?]
napt. 6,(1480 nm)=3 x10-2> m2

W, ... rychlost stimulované emise dN,
zE,do E, je umérna @, dt
konstanta Umérnosti o, je emisni G€inny prarez [m?], pro izolované
atomy s nedegenerovanymi hladinami plati o, (v)=c,(v) =c (v)
Vztah s Einsteinovymi koef. B: o(v)=B,, g(v)hvn/c, B,,=B,; 6

) —WN, =0, ()N,
stem hV



Rychlostni rovnice

4
|1112
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Rychlosti absorpce a emise pro realny
pfipad erbiem dopovaného vlakna, kdy
spektralni pribéh emise a absorpce je
nenulovy v jistém spektralnim intervalu a
oba prabéhy se lisi.

V optickém vlakné neni intenzita zareni

konst. po prufezu, je funkci i soufadnic (r,o).
Uvazujeme monochromatické Cerpani na A,

I [W/m?], I,[W/(m?nm)]

rychlostni rovnice:

dN, N

=W_N, +W,N, ——2-W.N,,
dt p'V1 alV1 7, e'N2
N, = Ngi = N,.

I(r,p,2,t,4,) A—i

hv, 7,

W, (r,p,2,t)=c,(4)

Wa(i‘,go,z,t)=J-o-a(/1)U(l',(rﬁ]iyvzyt,/l)d/1
0

W, (r,p,2,t) :jae(z)i'*(r"/;’vz't'ﬂ) dA
0

Rovnice Sifeni monochromatického signalu

Rovnice §ifeni signalu I(r,p.z,t,A;) I1ze
odvodit z infinitesimalni zmény
optického vykonu v elementu vlakna o
tloustky dz a prlifezu dS:

V elementu dSdz je pocet iontl
vestavuE;a B, N,dSdz, N,dSdz

... poCet absorpci za jednotku ¢asu:

... a pocet stimulovanych emisi za jednotku €asu:

... a tedy celkova zména energie
za jednotku ¢asu (vykon):

Tento vykon musi byt roven celkovému

vykonu vstupujicimu do elementu dSdz; 1s(2)dS —1,(z+dz)dS :(Is(z)— 1.(D)-

z z+dz

Itz) I(z+dz)

1 o N,dsdz
\"

L 5N, dsdz
hv,

s

v (o.N, —a,N,)dSdzhy, = I (o,N, —o,N, )dSdz

dl
d

s dzjds _ -9 sy
z dz
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Rovnice Sifreni monochromatického signalu,
ASE a cerpani

A
vysledna rovnice Sifeni monochromatického |7
signalu:

diz’5 = Is(o—eNZ _O—aNl)

P¥i Sifeni vlaknem je intenzita signalu
I,(r,¢,2,t,A,) ovlivnéna nejen absorpci a
stimulovanou emisi ale i spontanni emisi

z+d
(ta pfispiva k Sumu EDFA). z Z
Jeji generace a zesilovani je popisovana zvlast: Iz)  Ifz+dz)
ASE (amplified spontaneous emission) d1758 (2, 2) )
v dopfedném sméru (f,(r,¢,2) je norm. intenzita);‘T =(o,N, —=o,N,) 17°5 +2Mhv Av o, N, f,

ASE je Sirokopasmovy signal v intervalu cca 1450-1650 nm
— popisujeme ho pomoci parciélnich vin o Sifce pasma Av.
Napf. ASE 1450-1650 nm : 200 parcialnich vin o Sifce 1 nm.
M je pocet mddu Siticich se viaknem na dané vinové délce.
V dal§im uvazujeme jednomédovy rezim, M=1.

ASE-
obdobné ASE ve zpétném sméru: a= @4 = *(O'eNz *O'aNl) |f55— -2MhvAva,N,f,
dz
a éerpani: dlp(z)__a NI
- a'"1'p
(@980 nm) dz
Intenzita signalu I, populace N, a N, i rychlosti W,, W,, W, jsou stale funkcemi (r,p,z,t) ! 9
- - rw r -~ y
Rovnice Sireni - prekryvovy faktor
ZjednoduSeni modelu: integrace rovnic Sifeni a rychlostnich rovnic v pficném sméru.
Dal$i vyhoda: zesileni signalu v optickém vlakné je nazornéjsi popisovat spiSe opt. vykonem nez intenzitami.
Vztah pro intenzitu pomoci
pficného rozloZeni pole f,(ro) : | (r,p,2,t) =P, (z,1)- f,(r,¢), ”’ f,(r,p)rdrdp =1
Pokud signal, ASE i ¢erpani se $ifi jen - : g
v zékladnim médu, je pfiéné rozlozZeni jen funkci r ke
Vyjadreni populaci na jednotlivych
hladinach Po’mom n(?rmovaneho 15 Preform Refractive Index Profile
koncentra¢niho profilu: 15
(predpokadame rotaéné symetricky profil dopovani, — §
N, a b jsou ekvivalentni, resp. stfedni koncentrace a 3 10 =z
polomér dopovani, N(r) je zméfeny koncentraéni profil) ; 1.0 =
N(r = 5 £
N1 (rv(przlt):Nl(Zrt) I\E )! % 05 CIC)
Q
t c
0 Yo 00 8
22N q N.zb? concentration
/4 r)yrar=N,z7 + . + + +
.[ (") t -10 05 00 05 1.0
r [mm]
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Rovnice Sireni - prekryvovy faktor

profil index lomu

dl (polomér a)
LD N, —on,) /!ds

normované intenzita
pole cerpani
(980 nmy

koncentraéni profil
dopovani erbiem
(polomér dopovani 5)

normovana intenzita
pole signélu
£(1550 nm)

st HADRAGII® SR 2 (1) rar ~BE
' dz dz L dz

S 1 [um)

( N N
PS: :[Is (N, —o.N, s :27rJr.l=;(z,t)-fs(r)|kc§N2(z,t -0, Nl(z,t)T(tr)err -
=R (2,t) (g N, (z,t) o, N, (2,t) ) I
prekryvovy integral, faktor

. v . ¥ . overlap factor) nezavisi na z
Rovnice Sifeni s pfekryvovym faktorem: ¢ P )

dPS(Z) :Psrs(O-eNzio-aNl) .
dz Dalsi fyzikalni vyznam I":
de(Z) s jeho pomoci Ize vyjadiit efektivni pramérnou
dz =-P,o,N,I, intenzitu v oblasti dopované erbiem takto:
P(z)r
dP S (z, 4 . 1(2) =—21-
A dz( ) =+P/*®T, (0,N, —o,N,) +2hv Av e, N,T, @ b2
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Zesilena spontanni emise

Amplified Spontaneous Emission (ASE)

Excitované ionty Er3* mohou emitovat fotony spontanné, ) )
pri€emz tyto fotony nejsou koherentni se zesilovanym signalem. | AQ
Prispivaji k Sumu zesilovace. Mohou byt dale zesilovany. d H

Pocet fotond dn (s ndhodnou polarizaci)
emitovanych spontanné mezi va v+év
v objemu dV a vedenych vlaknem:

pravdépodobnost
spontanni emisg

dn(v) : Q.(l N, (r, ) f.(r, @)rdrd) —

dP; =hvdn(v)

¢ast fotont SE

vedenych vlaknem pfekryv pole s aktivhim

prostfedim
tvar ¢ary: e . 22 .
vyjadreni prostoroveho A=~ dV =zw’dz  n...index lomu
") 8m’s,(v) Ghlu AQ pomoci médu n°z w w ... stopa pole
V)= M - > . 2 2
g AT V}Izarovaneho cernym AQ=27(-cosy= 2Z0_ T2
¥ télesem [Kogelnick64]: 2 z'whn

NA=0.4 - 6=23°—>AQ/ 47 = 4%
ASEx
Rovnice $ifeni ASE: w =+P/*T,(6,N, —o,N,) + 2hv Av o, N,T,
z

H. Kogelnick and A. Yariv, "Considerations of noise and schemes for its reduction in laser amplifiers", Proc. IEEE. February 1964, p. 165. 12
E. Desurvire, Erbium-doped fiber amplifiers, principles and applications. John Wiley & Sons, New York, 1994.



Rychlostni rovnice s prekryvovym faktorem

dN, :WleJ'—WaNl_&_WeNZ J.dS
dt 7, !
27 4o
LS: g I INZ(Z,I)MI’dI’dgo :ﬂ'bzw protoZe:27r.|.N(I’)rdr:NI7rb2
dt{5 3 N, dt g

A 2 P (2,1)f(r) N(r)

PS: }[{Wle(z,r,(/;,t)rdrd(er...:J; .([Up P v, N,(z,t) ) rdrdp +...=
P,(z,1)

o, hy I'N,(z,t)+...

P
Rychlostni rovnice maji (po vydéleni nb2) formalné stejny tvar, ale rychlosti prechodd W
mezi hladinami jsou nyni: P(z,t)T
Wp(Z,t) :app(i)z’“,
hvzb

)

Wa(z,t):_[oa(ﬂ)%di, W,(2,) =

Bylo ukazano, Ze Ize pro b<a lze s vybornou presnosti zjednodusit pficné i podélné

prostorové rozli§eny model pomoci pfekryvového faktoru I' na pouze podélné prostorové
rozliSeny model. LT 9:271, 1991
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Teoreticky model EDFA

pump at 1550 nm

amplified
980 nm signal signal out
I EDFA (Er conc.: 120 ppm) +

backward ASE »——-
~—~ forward ASE

rychlostni rovnice: rovnice $ifeni signalu, ASE a &erpani:

dN N dr, _
i :Wle+WaN1—T—22—WeN2, 5 = (Neoo =Ny IR,
N, =NE—N dpAsEs ASE+
1= N =Ny, 5 =+(N,o, —N,o, )T P £2hv Av N, o,
O_PFPPD W W :
pzzi’ a:“., e:..., dP
7Zb th C;);mp — _Nlo.apumpr Ppump

14



Teoreticky model EDFA

pumpat  1550nm bl Optical power evolution along the fibre
nd == EDFA (Er conc.: 120 ppm) » 10 ) ! ! ! ! ! ! !
backward ASE »— ump
‘—ﬂ forward ASE _ oF 4
% signal
parametry Er-dopovaného vlakna: = -10F
g forward ASE
a=b=1,64 um g -20} ]
NA=0,21 (An=15 x 103) E
t=12 ms 8 -30} E
N=6,8 x 102 m-3 (~120 ppm) O backward ASE
As=1550 nm, P;,=20 uW -40 L
Apump=980 nM, P,,=5 mW 0 1 2 3 4 5 6 7 8 9
Distance [m]
15
Teoreticky model EDFA
gE e Saralon o /o,=N,/N,=1.32
nd == EDFA (Er conc.: 120 ppm) » 1’0 ! ! ! ! I’el. ! !
BACSRBIEAtS ‘—ﬁ forward ASE 0,8 - Signal -
%]
()
=
parametry Er-dopovaného vlakna: € 06 Tl NN, 1
'8 pump 1 Ttot
a=b=1,64 um % 04t |
NA=0,21 (An=15 x 103) £
1=12 ms % 02l N,/Nig, ]
N,=6,8 x 102 m'3 (~120 ppm) ’
As=1550 nm, P,,=20 pW 0.0 T~
Apump=980 Nm, P ;=5 mW "0 1 2 3 4 5 6 7 8 9

Distance [m]
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Optical Power [dBm]

Signal Gain [dB]

EDFA - optimalni délka vlakna

Gain evolution along the fibre

T T T T T T T T 10
2l P =10 MW | E gl
e
2
c 6f
5 mw n
10} - a a}
3mw g
E 2r
5
0 1 1 1 1 I I I 0 }f 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 0 2 4 6 8 10 12 14 16 18 20
Distance [m] Input Pump Power [mW]
17
EDFA - saturace zesileni
— — — — T 30 T T T T T
20 1
5m
// @ 20} 0 1
10} 3m i k=X 10 mW
£
IS
]
ol ] g 10} 5mw |
2
%)
LEDF=7m
-10 I L L L L L L L L 0 N N N N
0 2 4 6 8 10 12 14 16 18 20 40 -30 -20 -10 0 10 20

Input Pump Power [mW]

Saturace zesileni kvdli erpani.

Jak roste Cerpaci vykon, vice a vice iontll Er je
excitovano na vys$i hladinu az pro vysoké Cerpani je
témér celé vlakno invertovano. ProtozZe inverze
populace jiz dale neroste, neroste ani zisk.

Input Signal Level [dBm]

Saturace zesileni signalem.

Vysoka uroven vstupniho signalu, resp. vysoké
zesileni, vede k snizeni inverzni populace a tedy k
saturaci zesileni.

Silna BASE na zacatku 7 m vlakna zpUsobuie pfi stejném cerpani mensi zisk nez maji kratsi viakna.

Prahovy Eerpaci vykon (threshold pump power, G=0) roste diky BASE s délkou vlakna

18



Signal Gain [dB]

EDFA - saturace zesileni

o
T

-10

-
o
w
3

Signal Gain [dB]

Input Pump Power [mW]

Saturace zesileni kvUli Eerpani.
Jak roste Cerpaci vykon, vice a vice iontll Er je

excitovano na vyssi hladinu az pro vysoké Cerpani je

témér celé vlakno invertovano. ProtoZe inverze
populace jiz dale neroste, neroste ani zisk.

0 2 4 6 8 10 12 14 16 18 20

30 T T T

N
o

=
o

L_=7m

EDF

0 1
-20 -10 0 10 20
Output Signal Level [dBm]

Saturace zesileni signalem.

Vysoka uroven vstupniho signalu, resp. vysoké
zesileni, vede k snizeni inverzni populace a tedy k
saturaci zesileni. PFi saturacnim vystupnim vykonu
zesilovace poklesne malosignalové zesileni o 3 dB.

19
EDFA - srovnani ¢erpani na riznych A
:F“,;o; Dependence dB/mW
W on input pump 2.0
ter corresponding to
g different pump
& . The largest
4in coefficient of 11
£ W comesponds to a 1.3
%ﬂm pump. [After
Desurvire (1994).1 hp{nm}
980
: 1480
664
532
827
I
15
Inpul pump power (mW)
The largest value of the ratio of gain to pump power is referred Lo as
the gain coefficient and is measured in dB/mW, This is one of the figures
of merit of an amplifier and depends on the pump laser wavelength. Fig-
ure 14.20 shows the variation of gain with pump power corresponding to dif-
ferent pump laser wavelengths and shows that the maximum gain efficiency of
11 dB/mW has been achieved with a 980-nm pump laser. The maximization
of gain cocfficient can be achieved through proper optimization of the fiber
parameters (core radius and NA) and confinement of Er ions within the fiber
core,
E. Desurvire, Erbium-doped fiber amplifiers, principles and applications. John Wiley & Sons, New York, 1994. 20
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Optimalizace vinovodnych parametru

Jiz z oboru pevnolatkovych laserud je znamo, Ze pro jejich efektivni ¢innost velmi zavisi na prekryvu
efektivniho objemu pole ¢erpani a signalu s oblasti obsahujici aktivni médium.

40
= £
E 30 E
£ g
5 g
v &
H H
7 104

g
o 0 T T T 1 T
o 600 800 100 1200 1400
Core rading (jim) Cutoff wavelength (nm)
- Numericka apertura
Polomér jadra

Cerpaci Ucinnost zesileni (pump gain efficiency) [dB/mW]:
maximalni pomér zesileni vs. ¢erpani pro urcitou urovern
¢erpani. Délka vlakna je optimalizovana pro tuto Uroveri
Cerpani.

Cerpaci Uginnost roste s rostouci NA, diky moZnosti piné
inverze je erpaci Ucinnost lepsi pro ¢erpani @980 nm.
Vyssiho malosignalového zesileni Ize dosahnout u vlidken s velkou NA a malym jadrem.

VIdkno s NA=0.4, a=1.3 um ma 3x vétsi malosignalové zesileni nez vlakno s NA=0.1, a=4.5 um (~SSMF).

Pro Siroka jadra klesa intenzita v jadfe — klesa i
zesileni Pro mala jadra zase zna¢na ¢ast Cerpani
zasahuje do plasté — klesaT a tim i zisk.

s $ir§im jadrem a mensi NA (vétsi akumulace energie, mensi nelinearni jevy, mensi parové zhaseni). 21

Optimalizace parametrii dopovani

Inverze populace Ize dosahnout nejsnaze v oblasti s vysokou intenzitou v ose jadra viakna pro zakladni
mod LPO1. Aktivni médium Er3* je mozné Cerpat efektivnéji, pokud ve vnéjsich oblastech jadra nebude.
Lepsiho malosignalového zesileni Ize dosahnout v EDF kde b<a. Pfi vysokém ¢erpani jsou vybuzeny i
erbiové ionty dale od osy vldkna, neni tfeba soustiedit Er3* k ose.

normovana intenzita

pole &erpani
10 . £(980 nm)
30 profil index lomu v
confined fiber (polomér a)

25 | e -8
g Y ncontined fves E o
= 20 s -
= -ed (polomér dopovani b)
- B B
3 8 normovana intenzita
2 15+ pole signalu
a X (S | (g' f,(1550 nm)
3 104 ,.' . confinement =

/ -.__A.‘-advantage L, & 5 abo 5
5 N r [um]
o é 111 zlﬂ 3'0 4|n T 0 Postupna optimalizace navrhu G¢inného EDF: od zuZeni
Pump power W) 50 pole ¢erpani (stfedni obr.) k soustfedéni erbia k ose jadra

= v w re l‘ﬂm!in .

Vliv soustiedéni Er3* na R —
g kT

malosignalové zesileni EDFA VN
Cerpani @980 nm, g
plna ¢ara: a=2 um, b=1 um, délka vlakna 37 m A0 10 £ i N »

I T
Radial distanee tyum)

= i 5
Radial distance (um)

EREN 5
Eadial distance fpm)

preruSovana ¢ara: a=b=2 pm, délka vliakna 12 m
22
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EDFA - spektrum zesileni vs. inverze populace

Rovnice §ifeni signalu v pfiblizeni rovnomérné excitovanych iontl erbia podél vlidkna:

dR.(z) _ i
- =PT,(o,N,-0o,N,), /{dz

L
N,L=[N,(2)dz,  N,=N-N,.
0
P N, N N,
=t =T,(0.N, -0, (NE - N,) )L :FSNE{((ae +<fa)Nér—craJL
0 tot
Badani rsN‘Em'[(UﬁUa)%—aa]L ] N
ReSeni: p =pe W) G(1)=4.34-TNE| (o, +O—a)Niér_o—a L
tot

Spektralni prabéh zesileni je linearni kombinaci absorpéniho a emisniho prafezu.

Jediny parametr (relativni obsazeni metastabilni hladiny: N,/N,,") ur€uje tvar spektra zesileni !

23

EDFA - spektrum zesileni vs. inverze populace

GdB =434 'rsNti[(GeWz_Gan)L =4'34'rsNt§{[(o-e +o_a)’\':|52r_aa]l-

tot

Spektralni prabéh zesileni je linearni kombinaci absorpéniho a emisniho prafezu.
Jediny parametr (relativni obsazeni metastabilni hladiny: N,/N,,") uréuje tvar spektra zesileni !

absorpce
rrrrrrr emise

40x10% |

20010%

aginny prifez, o [m’]

1400 1450 1500 1550 1600 1650

vinova délka, A [nm]

gain coefficient, dB/m

Typicky absorpéni a emisni U¢inny prufez iontu
erbia v hlinito-fosfatové kompozici skla & vysledné
spektrum zesileni resp. absorpce pro rizna
relativni obsazeni metastabilni hladiny. wavelength, nm

Pro rel. obsazeni excitované hladiny =35% je dosazeno az 50nm pasma zesileni v L-pasmu (1560-1610nm).
Aby bylo dosaZeno rozumného zesileni, je nutné pouzit dlouhé viakno L>150 m. Cerpaci vykon, konfigurace
Cerpani a jeho vykon, délka vliakna musi byt peclivé vybrana.

T T T T T T
1475 1500 1525 1550 1575 1600

24
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Gilesiv model - effective parameter modeling

Modelovani EDFA pomoci efektivnich parametrt

Modelovani zesileni s uvazovanim ASE Ize i bez znalosti u¢innych prdfezl (nékdy je byva
obtizné presné urcit) a fluorescenéni doby Zivota t, pouze z méfeni malosignalového Gtlumu a
zesileni, tzv. Gilesovych parametrG:

|a" = O-MFAN“ g,= O-MF/1 Nt Koefl_(:leptz.esne[n se méfi na
velmi kratkém vlakné, aby byla
zaji$téna plna inverze N,=N,,"

Dale utlumu pozadi ¢y(1) a tzv. saturaéniho parametru viakna ¢ : " z
P st ... absorbovany vykon, pfi kterém se transmise (na dané vinové délce) se zvétsi e-krat. 4 ANt — PA (ax + gz)
Podrobnéji viz Salehtv model. P (Z)al T hy

Rychlostni rovnice: & Z hvg A=T1b? ... erbium doped area
N[ P (Z) ai + g/L
1+ 2 [ ]

7 hv¢

Rovnice §ifeni: ddP; _ J_r(ai . 94)% P+ 94 N, thAv+(aA +al )P;

z t
Model s uvazovanim stfedni inverze populace (Iength averaged inversion
population model) upraveny pomoci Gilesovych parametrf]:

N_ zisk pokud uvazujeme
J'— 4. 34((% +0; ) NE' a;]L i Gtlum pozadi:

tot

Gy =4.34-T, Nm[

ml

N Er
tot
C. R. Giles, et al., "Characterization of erbium-doped fibers and application to modelling

980-nm and 1480-nm pumped amplifiers", IEEE Phot. Tech. Lett., 3(4):363-365, 1991. 25

Gilesliv model - Gloha

Vypoctéte spektralni zavislost koeficientu zesileni [dB/m] pro rGizné hodnoty relativni obsazeni
metastabilni hladiny: N,/N& =0.1, 0.2, ... 0.9 pro zadané Gilesovy parametry (v souboru v
adresafi http://www.ufe.cz/cs/pavel-peterka-pro-studenty)

Vypoctéte, jaka musi délka erbiem dopovaného vlakna, aby malosignalové zesileni @1600
nm bylo 20 dB pfi inverzi populace N,/N =0.35. Jaky musi byt vykon erpani @980nm, aby
se dosahlo pravé této inverze populace? Spoctéte tento vykon také pro vinovou délku éerpani
1480 nm. Pouzijte model s uvazovanim stfedni inverze populace upraveny pomoci Gilesovych
parametrll. VIakno povazujte za dostate¢né dlouhé, takze neabsorbovany vykon muzete
zanedbat (kazdy Eerpaci foton vede k excitaci iontu erbia jako v Salehové modelu). Pfi
vypoctu N, zanedbejte ASE a signal.

gain coefficient, dB/m

1475 1500 1525 1550 1575 1600

wavelength, nm
C. R. Giles, et al., "Characterization of erbium-doped fibers and application to modelling

980-nm and 1480-nm pumped amplifiers", IEEE Phot. Tech. Lett., 3(4):363-365, 1991. 26

GdB = 4.34((05/1 +0, ) ’\T _(aﬂ +alo)]l‘
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http://www.ufe.cz/cs/pavel-peterka-pro-studenty

Gilesiv model — poznamky k uloze

Pozor na jednotky koeficientu zesileni a absorpce [dB/m] a [m-], napf. pro zesileni:
Pou=Pin €9 — Gyg=1010;0(Po/Pin ) — Gyg=10 10g;0(e%" ) — Gyg=g-L-1010go(e ) — Gyg=4.34:g'L

out

Vypoctéte, jaka musi délka erbiem dopovaného vlakna, aby malosignalové zesileni @1600
nm bylo 20 dB pfi inverzi populace N,/N =0.35. Jaky musi byt vykon erpani @980nm, aby
se dosahlo pravé této inverze populace? Pouzijte model s uvazovanim stfedni inverze
populace upraveny pomoci Gilesovych parametra. VIakno povaZujte za dostate¢né dlouhé,
takze neabsorbovany vykon muizete zanedbat (kazdy ¢erpaci foton vede k excitaci iontu erbia
jako v Salehové modelu). Pfi vypoctu N, zanedbejte ASE a signal.

_ T dPy
Rychlostni rovnice pro Saleh(iv model v ustaleném stavu: Nz == 2/1 A dz

Rovnici vydélime N, a zanedbame ASE a signal, zlstava jen ¢erpani, tedy zistava jen index i=p

Np —__© &hp_ 1 db
L L Ntot hVvA N¢or dz hv{ dz
Po integraci dostavame: mf Nydz = —%f dp,
sz:Z_i _ _zniv [P,,(L) _ PP(O)] Veskeré Cerpani se absorbuje, tedy Py(L)=0
Vysledek: ~ P,(0) = - 27

Salehtv model

Analytické feSeni pro dvouhladinovy systém, bez ASE

Modelovani zesileni bez uvazovanim ASE, ESA, nezafivych prechodli. Kazda zména
fotonového toku vede ke zméné populace: oN,(z,1) N, 1 oP,
ot Z“hwrbz oz

i

Pfi ustaleném stavu plati: N, (z)=——— 1.dp,
% “~hy dz

dP, 1 «dP
—£=PI,(e,N,-o,N )=—[a ) —‘JPL
dZ AT A 2 1 A PA t = dZ 2

malosignalovy Gtlum: |4

2
o2, N| - viastni saturagni vykon: | psat = _ hvab®
T,(o;+0)r

Rovnice Sifeni Ize integrovat, vysledek:

out _ ping—a;L(Ra-RIt)/ P
kde P,," je celkovy vstupni vykon il LI

Transcedentalni rovnice pro vystupni vykon P %, pokud zname vstupni vykony, «, a P %
Fyzikalni vyznam P s

pokud je celkovy abs. vykon P, jn-P 2t roven P st zvySi se (transmise) Pt e-krat.
Model Ize snadno upravit i pro protismérné se Sifici viny €erpani a signalu.

A. A. M. Saleh et al., "Modelling of gain in erbium-doped fiber amplifiers", 28
IEEE Phot. Tech. Lett. 2(10):714-717,1990.



Salehliv model - Gloha

Vypoctéte zavislost zesileni signalu @1550 nm na €erpacim vykonu v rozmezi -40 ... 10 dBm
pro rdzné urovné urovneé vstupniho signalu: -30, -20, ... 10 dBm
a pro srovnani rovnéz -26.7 dBm a 0 dBm.

Parametry vlakna: T T
Ol1450=0.792 M, 01,55,=0.876 ML wiol |
P.4a0™=0.549 MW, P,c5=0.272 mW
L=3.87 m 3 b
0 —— o - 4
€ T or o dm
= -
& 4 g :-—s_—m—x—x—-n’""(x B
:
g -0} B
H P = -26.7 dBm
E -12 - i
-16+ i h=1550 nm
20 I S I S SO B S |
Ty T30 "o ~ T -30 -20 -10 0 +10
INPUT POWER (dBm) PUMP POWER (dBm)

Fig. 1. Small-signal and partially bleached absorption of the 387-cm-long  Fig. 2. Gain at 1550 nm of an erbium-doped fiber amplifier pumped at

erbium-doped fiber at wavelengths of 1480 nm (circles) and 1550 nm - N . -
(crosses). The solid lincs show the fit used to obiain ag and P, for each 1480 nm for two levels of input signal power: —26.7 dBm (circles) and

wavelength using (5). 0.0 dBm (crosses). The solid lines show the predicted gain using (5) and
parameters obtained from the absorption data shown in Fig. 1.

A. A. M. Saleh et al., "Modelling of gain in erbium-doped fiber amplifiers", 29
IEEE Phot. Tech. Lett. 2(10):714-717,1990.

Salehiv model — poznamky k uloze

Opét pozor na jednotky koeficientll zesileni a absorpce [dB/m] a [m™1], Gyg=4.34-g'L
P maze byt v jednotkach W nebo také jako fotonovy tok, pocet fotond za sekundu.

out _ ping—a;L . (Ri-R) /PR
Pl —Ple e

hvzb? " AN,
P;at S =" @, =0, I;N| | g7 =0ealaN; {=—
r, (o +O_/1)T T

hv _¢ hv
(NtotGealn + NeotogaTn) 7 (g7 + )

P =¢

30
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EDFA — gain spectra vs. population inversion

Gy =434 TNE (0, N, -, N, )L = 4.34- rNg{[(a +a)’L\'Er—aa]|_

tot

Spectral shape of the EDFA gain is given by linear combination of absorption and emission cross sections. The
shape of the spectral gain is given by only one parameter(relative population of the metastable level> N,/N,,)!

absorpce ]

40x10% |

L]
N

20010%

o

aginny prifez, o [m’]

o
h

00 L L
1400 1450 1500 1550 1600 1650

vinova délka, A [nm]

gain coefficient, dB/m

A
1

Typical absorption and emission cross sections of
Er ion in alumino-phospho silicate glass
composition & gain/loss spectra for different
relative population of the metastable level.

For relative population of the excited level =35%, the 50 nm wide gain can be achieved in so-called v L-band
(1560-1610nm). In order to get reasonable overall gain, rather long fiber has to be used, L>150 m. Apart from
fiber length, also the pump configuration and power have to be carefully optimized.

T T T T T T
1475 1500 1525 1550 1575 1600
wavelength, nm

31

Giles model

EDFA modelling using effective parameters

EDFA gain modelling can be done even without knowledge of the cross sections (that are sometimes difficult
to determine) and fluorescence lifetime t of the metastable level. The gain modelling can be done using so
called Giles parameters that are determined form small-signal loss and gain measurements:

o, =0, ,,N,, g’f =0o. ., N gain coefficient is measured on
| 2 S & z £l very short fiber so that the fiber
The model use also background loss a,(4) and so called fiber saturation is fully inverted N,=N,
parameter ( : pos =
P,sa ... absorbed pump power, that allows increase of transmission at given A by factor e. 4 _ ANt _ PA (ag + gg)
Iso Saleh’ del. - -
see also Saleh’s model ZP . (2)ax, T hy
. N ~ hv
Rate equations: —2Z= g 3 A=Tib? ... erbium doped area
N gy P @)
7 hvg
Propagation
pagatic P’ AN, N, _ 6
equations: q =i(az+94)WP1 igANthVAVJr(% +az)Pz
z

t t

Length averaged inversion population model written using Giles’ parameters:

]L gain when background losses

_ Er N72 _ * E
Gue —4-34'FsNtm[(0e+Ua),\lg‘Ua L=434 (@, +0,) e~ a(4) are not neglected:

tot
" N,
Gy =4.34 (@, +9,) NET —(ay+ay) |L
tot
C. R. Giles, et al., "Characterization of erbium-doped fibers and application to modelling 32
980-nm and 1480-nm pumped amplifiers", IEEE Phot. Tech. Lett., 3(4):363-365, 1991.



Giles model — student task

Calculate spectral gain of the gain coefficient [dB/m] for various values of relative population of
the metastable level: N,/N,, =0.1, 0.2, ... 0.9 and for given Giles’ parameters (they are in
corresponding files here: http://www.ufe.cz/cs/pavel-peterka-pro-studenty)

Create a graph similar to that shown below.

Calculate the length of erbium doped fiber so that the small signal gain @1600 nm is 20 dB
for relative population of the metastable level N,/N,F" =0.35. What is the pump power
@980nm, to reach this relative population of the metastable level ? Calculate the respective
pump power also for the pump wavelength of 1480 nm. Use the length averaged inversion
population model written using Giles’ parameters. The erbium-doped fiber is so long that you
can neglect the unabsorbed pump, i.e., every pump photon excite an erbium ion like in the
Saleh’s model. For calculation of N, , the ASE
and signal power can be neglected.

gain coefficient, dB/m

1475 1500 1525 1550 1575 1600

wavelength, nm
C. R. Giles, et al., "Characterization of erbium-doped fibers and application to modelling

980-nm and 1480-nm pumped amplifiers", IEEE Phot. Tech. Lett., 3(4):363-365, 1991. 33

Saleh’s model

Analytic solution of rate and propagation equations for two-level system
Modelling of the EDFA gain without amplified spontaneous emission, excited state absoprtion
and non-radiateve decay. In such a case every change in the photon flux lead to change of
population inversion (i.e., one absorbed photon leads to one excited erbium ion):

oN,(z,t N 1 0P
For steady state: N,(z) - idi 26"(t : N _72_; hvzb? aizl
y state: T W2 Shy dz
dp 1 «dP
T; =Pr, (UeNz _O'aN1)= _[al + P;al AZT;JPA
small signal gain: 0.1 N intrinsic saturation | pset = _ hvb®
power: (o5 +03)r

The equation we can integrate, the result
is: :
where P,/"is the total input power

pout _ ping=a:Lo(Ra-Ra")/P
A A

It is transcedental equation for output power P °, if we know input powers, ¢, and P %t
Physical meaning of Pat: If total absorbed power P,/"-P° is equal to P then the P (the
transmission) is increased by factor e

A. A. M. Saleh et al., "Modelling of gain in erbium-doped fiber amplifiers",

IEEE Phot. Tech. Lett. 2(10):714-717,1990. 34
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Saleh’s model — student task definition

Calculate the dependence of the gain of the signal @1550 nm on the pump power in the range

of -40 ... 10 dBm for the following input signal levels: -30, -20, -10, 0, 10 dBm
and for comparison with the Saleh’s paper also for input signal of -26.7 dBm.

Fiber parameters: T T
0Ol4450=0.792 M2, 01455,=0.876 m-! 10k o
P.4a0™=0.549 MW, P,c5=0.272 mW
L=3.87 m 3 1
0 —— @ ol . -
- z > P =0 dBm
& z
s _a / g :_s_d_,_x—«d”(x B
: ~
8 - o .
H P = -26.7 dBm
E -12 - i
-16+ i h=1550 nm
20 I S I S SO B S |
Ty T30 "o ~ T -30 -20 -10 0 +10
INPUT POWER: (dBm) PUMP POWER (dBm)

Fig. 1. Small-signal and partially bleached absorption of the 387cm-long  Fig. 2. Gain at 1550 nm of an erbium-doped fiber amplifier pumped at
1480 nm for two levels of input signal power: —26.7 dBm (circles) and
wavelength using (5). 0.0 dBm (crosses). The solid lines show the predicted gain using (5) and

erbium-doped fiber at wavelengths of 1480 nm (circles) and 1550 nm
(crosses). The solid lines show the fit used to obtain w, and P,/* for each

parameters obtained from the absorption data shown in Fig. 1.

A. A. M. Saleh et al., "Modelling of gain in erbium-doped fiber amplifiers", 35
IEEE Phot. Tech. Lett. 2(10):714-717,1990.

EDFA Il

erbiem dopované vidkno

vlaknova opticky vystupni

vstupni signal opticky V ’
odboénice filtr  izolator signal

(~1550 nm) izolator
—

vinové selektivni
vazebni ¢len

& vlaknové svary 2

monitorovani

Cerpaci 3 Lt
urovné signalu

laserova
dioda

monitorovani
arovné cerpani

fidici obvod

Dal$i moznosti navrhu EDFA (obousmérné ¢erpani, gain-flattened EDFA)
Méreni spektralniho prabéhu zesileni, saturace zesileni a Sumového &isla
Erbiem a yterbiem dopovany vlaknovy zesilovad

Thuliem dopovany vlaknovy zesilovaé (TDFA)

Priklad aplikace EDFA v komunikacnich systémech

® 6 6 6 0+ o o

Prace s numerickym modelem EDFA

36
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Konfigurace €erpani jednostupriovych EDFA

Er-doped fiber
isolator
signal in signal out
pump in
Copropagating pump
signal in signal out
pump in
Counterpropagating pump
signal in signal out
pump in pump in
Bidirectional pump

Figure 8.10: Pump configurations for a single-stage erbium-doped fiber amplifier.
37

Konfigurace €erpani jednostupriovych EDFA

kratky EDFA= obousmérné Cerpani
nizka ASE, vysoka poskytuje vyssi zesileni velky vstupni signal = mensi ASE =
inverze = pro v8echny délky EDFA témér nezalezi na konfiguraci ¢erpani
nezalezi na
konfiguraci ¢erpani, jen pfi velmi dlouhém viakné a zpétném
nizky Sum \ Cerpani se projevi vliv FASE
07 l bidirectianal 30 bidirectional
IR 28 e iy, S0
g 15 - caurter ’ E 26 i-"f A e
g S 2 .
2 10+ E 22 | counter
A g2
= 54 signal 1350 nm # 13 || signal 1350 om
L =20 dBm launched ’ 'll 0 dBm launched
pump 30 ;W at 950 nm : 16-/ Pumg 30 mW at 98t nm
D_V_ g T T T T T ‘I T T T H
5 10 15 20 25 30 35 5 10 15 20 25 30 35
Length {m} Length (m}

Figure 8.11: Signal output power (mW) at 1550 nm as a function of length, for erbium-
doped fiber A of Chapter 6 pumped at 980 nm with 5¢ mW of pump power in either
bidirectional, copropagating, or counterpropagating directions, from numerical simu-
Iations. Thelinput signal power is —20 dBm (left) and O dBm (right). 38
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Dvoustupriovy EDFA

1. stuperi optimalizovan s ohledem na malé NF.
2. stupen optimalizovan s ohledem na vysokou vykonovou konverzni u¢innost.
Mezi stupné mozné vlozit spektralni filtr, aby se dosahlo ploché spektralni charakteristiky

zesileni (gain flattening)

EDE
WDM  BSOLATOR  FILTER Q
y 1 o %
g \, ES]——:
980 SMF
e 4

950 nm PUMP DIODES

X -- Fusion Fiber Splices (FS)

—1 -— Fiber Cormectors (EC)

Figure 3.1: Typical two-stage erbium-doped fiber amplifier. The various components
needed are pump lasers, isolators, wavelength division multiplexers (WDM), filters,

connectors, and various types of transmission fiber. 39

Méfeni zesileni EDFA .™] =~

Optical spectrum analyzer method -30-|

o Psignamn

Optical Power (dBm)

out
Gain[dB] =10log m[%inj

S

T f T T
1.53 1.54 155 156 157 1.58

Jak odlisit ASE od zesileného signalu?
P B . s Wavelength (#m)
« spektralni filtraci, napf. pomoci OSA
* méfenim zesileného modulovaného 204 Pt ot

signalu, napf. na osciloskopu

30 JV_A,PNmse Out

40 [T

Optical Power (dBm)

out out _ Uq[

Gain — 10 |0g 10[ (Ps +4Pnoii;e) anseJ
PS

8.04 LW —0.76 LW ) 7

0.27 W 153 154 155 156 157 158

Wavelength (m)

Gain =10log 10(

=14.34dB

Figure 8.1: Amplifier input (top) and output (bottom) spectra, measured with an opti-
cal spectrum analyzer with a 0.5 nm spectral bandpass.

Proise?"(A)= Pase(4s)= urdime prolozenim kfivky ASE v okoli méfené vinové
délky A vhodnou analytickou funkci 40
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EDFA - Sumové cCislo

Cast spontanni emise je navazana do

R g . 0 T T T T
maédu LPO1, Sifi se spolu se signalem,
je s nim zesilovana (ASE) a interferuje L.,=5.5m
se signalem na fotodetektoru = -10r PP =20 uW 1
zhor$uje $umové vlastnosti EDFA. o P =5 mW
S 20+ pump” i
— (SNR)inpul %
(SNR) gugpue 9 30
Pro EDFA s velkym zesilenim plati: f/i)’ 20
F= 27N2 Fo—Pae 1
(N, —N,) AvGhy G 50 ) ) ) )
o 1500 1520 1540 1560 1580 1600
g o \\k Wavelength [nm]
e s °
z 3 Yl o Pfi Eerpani pfimo na metastabilni hladinu
2 2 gmmh:w = (2,=1480 nm) nelze dosahnout piné inverze
S — (N2= Nig,), proto EDFA Eerpana na 980 nm ma
Pump power (W) lepSi Sumové vlastnosti.

Pase(4s) uréime prolozenim kfivky ASE v okoli méfené vinové délky A vhodnou analytickou funkci
Av vypoéteme z FWHM zesileného signalu

41

Er/Yb dopovany vlaknovy zesilova¢

Schéma energetickych hladin iontti Er a Yb

Vyhody kodopovani Yb: 1. R o o
vys$i a SirSi absorpéni .
v . o v v o .ko prenos energie mezi
acinny prfez, mensi rizik Yb* a Er*
shlukovani Er iontd vyssi

dopovani, krat$i zesilovag.

. Nezariva relaxace
Yb™ spojena s
rezonanéni excitaci
hladiny ‘F,, Er*

zelené svitici up-converse

42
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Uginné prarezy Er a Yb v okoli 980 nm

Cross section spectra of ytterbium and erbium in silica glass
scanned spectra from Lester et al., J. Lightwave Technol., 13:740, 1995

T T T T T T T T T T
— Yb absorption

3L —— Yb emission ]
e Er absorption
3 | ]
o
s
S 2r .
©
J0
(2
[}
1723
<
O 1t i

0 1 .

850 900 950 1000 1050 1100 1150 1200

Wavelength [nm]
43

Schéma meéreni zesileni a Sumového cisla
EYDFA

pump laser MMF R e e ]
diode
tunable
laser
variable - WissRes IR T seR e e TR sRs R U SuR AR ; -
attenuator optical optical 2%
isolator isolator

pump
> N
~ double-clad fiber of
tailored cross-section
>3 {
signal ' 1

SSMF

P. Peterka, |. Kasik, V. Matéjec, M. Karasek, J. Karka, P. Honzatko, V. Kubecek, "Amplifier Performance ... ",
Optical Fiber Communication conference OFC'07 , paper JWA12, Anaheim, California, USA, March 25-29, 2007.



Méreni zesileni a Sumového Cisla EYDFA
pro slaby (1 pW) a silny (1 mW) vstupni signal
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Forward Pumping Configuration
T T T
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Gain, Noise Figure [dB]
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Backward Pumping Configuration
T T
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Bylo dosazeno maximalni malosignalové zesileni témér 40 dB a vystupni vykon 22.6 dBm

(186 mW) pri relativné nizkém cerpani 1.3 W. Nejlepsi Sumové charakteristiky byly dosazeny
pro malosignalovy rezim se sousmérnym éerpanim. | pro velkosignalovy rezim bylo Sumové

¢islo mensi nez 6 dB.

Zesileni a Sumové ¢Cislo vs. ¢erpaci vykon

Signal Gain Saturation (Pump Power: 1300 mW)
T T T

T
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o
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Gain & Noise vs. Pump Power (Signal Input Power: 1 p\W))
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EYDFA

Demonstration of the amplifier performance in a WDM system
with eight channels separated by 100 GHz.

20 T T T
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Thuliem dopovany vlaknovy zesilova¢ - TDFA
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o
w

loss [dB/km]
o
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S-band: 1460-1530 nm
C-band: 1530-1565 nm
L-band: 1570-1610 nm

Tb/s multi-A
- Data stream
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wavelength [nm]
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erbium thulium ytterbium
68 69 70
)| 167.259(3) [168.93421(2) 173.04(3)

TDFA: znamé radia€ni prechody

1
Two main problems with E D2
the transition 3H,— 3F,: o
o 2
1. The host glass must S 7y £ G4
have low phonon energy g
in order to avoid Q E
multiphonon  transition 4 2 °F,
from 3F, to 3Hs. 3 2 /\ % E
gl/ EI\E £ 4
. . c c =
2. The lifetime of the 2 8'(5 \87 S H
upper amplifying level "* \f_f"/g S 5
(F,) is cca 10 times 1 — T £ 3H4
shorter than the lifetime c c
of the lower level (3H,). § §
0 — A\ 4 -V A\ 4 SH6
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Upconversion pumping schemes

[Komukai95] [Aozasal1] [Roy01] [Cole01]  [Kasamatsu99] [Kasamatsu01]  [Roy01a] [Gomes(02]
1
5 = G,
<
=
= 3
4 L
3 £ a £ glk E Elk E E EAA € AAALE E N E F4
c c < [ c c c c cle c
NE IS g _llgs 2 e 2l |e | 2
2 5 5 y T T < = < < =3 5 H 5
1 v y~ A AR A Al \ A 2l v b AN Jv“ 3
£ £ € £ E| E4 EA £ £ H4
3 = H ~ s|s o s S
o
g 3 S 3 8|2 gl § g \
0 = = = =1 = Hs

[Komukai95] T. Komukai et al., IEEE J. Quantum Electron., 31(11):1880-1888, 1995
[Aozasa01] S. Aozasa et al., El. Lett. 37(19): 1157-8, 2001
[Roy01] F. Roy et al., OFC'01 PD2-1-3 vol.4, 2001
[Cole01] B. Cole and M. L. Dennis, OFC'01, Anaheim, USA, 2001, TuQ3
[Kasamatsu99] T. Kasamatsu et al. Opt. Lett., 24(23):1684-1686, 1999
[Kasamatsu01] T. Kasamatsu, et al., IEEE Photonics Technol. Lett.,13(5):433-435, 2001
[Roy0la] F. Roy and A. Le Sauze and D. Vallart, In Tech. Digest of OAA'01, Stresa, Italy, July 1-4, paper PD4, 2001
[Gomes03] A. S. L. Gomes et al., IEEE Photonics Technol. Lett., 15(2):200-202, 2003
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Suitable & reliable host material

Majority of the TDFA modules is based on fluoride Tm-doped fibres.

It results in difficulties with:

* Fusion splicing to standard telecommunication fibre

+ Fabrication 4o [TPU power :-30dBm
» Robustness (hygroscopicity) and aging w5

1455 - 14850m
(30nm)

Gain and noiss figure (dB)
e
8

noise figure

1420 1440 1460 1480 1500 1520
Wavalength (nm)
f : it . Figure A
Motivation to develop the silica based TDFA: AMP-FL8201: Gain Brofile nd Noise Figure

» Compatibility with standard telecommunication fibre.

» Environmental stability.

» Potentially easy fabrication.

» Gain of 12 dB [Cole01, Ohara02] and 20 dB [Samson00] in silicate fibres were
reported experimentally.

51

Results of aluminum co doping
—

T =50 ps (x 3.6 compared to pure silica)

Lifetime of 3H, level (us)

T =14 ps (pure silica)

4 6 8 10
Alumina concentration (mol%)

B. Faure, W. Blanc, B. Dussardier, G. Monnom and P. Peterka, In Proc Optical Amplifiers and their Application OAA'04, San Francisco
USA, June 27-30, paper OWC2, 2004.
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Gain : numerical simulation

NA=0.4
Dore = 2 M

Forward and Backward
pump:

2 x 500 mW at

1460 1480 1500 1520
Signal wavelength (nm)

Experimentalni TDFA s Tm dopovanym
kfemennym viaknem

OPTICAL PARAMETERS OF Tm-DOPED SILICA-GLASS FIBER 15 L

Core diameter = 3.5 pm
Attenuation = 1.8 dB/m @1064 nm and 0.36 dB/m@1470 nm 104
Index difference = 0.02

Measured cutoff wavelength ~ 950 nm

GeO; concentration ~ 13.6 mole%

Al concentration ~ 21 X 10 ions/m’

Tm concentration ~ 7 X 10% ions/m’

Fluorescence lifetime = 33 s for *Hy and 370 ys for °F,

Gain (dB)

46 148 150
Wavelength (um)

Fig. 2. Measured gain spectrum of Tm-doped silica—glass fiber upon pumping
at 1064 nm at different pump powers. Fiber length was 10 m.

P. R. Watekar and S. Ju and W. T. Hu, "Experimental realization of silica-glass Tm-doped 54
fiber amplifier with 11.3 dB gain”, IEEE Photonics Technol. Lett., 19(19):1478-1480, 2007.
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ESNET AKADEMIE VED
%'L CESKE REPUBLIKY /
‘?’ E\

Maximalizace vzdalenosti prenosu 10 GE
bez linkovych zesilovacli po SSMF

motivace:

e vétsina instalovanych optickych kabelt telekomunikaénich operatort obsahuje standardni
jednomodova vlakna (SSMF, G.652, 1,=1310 nm)

e diky dostupnosti vysokovykonnych EDFA se podstatné zvétSila délka trasy preklenutelna bez
linkovych opakovadu.

e operatofi narodnich vyzkumnych a vzdélavacich siti jsou zavisli na pronajmu "temnych" viaken a
uprednostniuji co nejdel$i prenosové vzdalenosti bez opakovacu.

e S pomoci komeréné dostupnych a relativné levnych komponent byl
demonstrovan prenos 2x10 GE kanalt az 300 km SSMF.

e Byly pouzity pouze standardni, komeréné dostupné komponenty (linkové karty Cisco Catalysts
6503, vykonové a nizkoSumové EDFA, Ramanovsky laser pro ¢erpani SSMF, resp. DCF)

e V/Sechny aktivni komponenty a DCF moduly jsou bud' na vysilaci nebo pfijimaci strané linky.

55

=T 2x10 GE pres 252 km SSMF £ £

blokové schéma

252km nizkoSumové EDEFA
Ak ' G.852 fjfe A DCF, DCF:
\ <

Ramanovsky zesilovac
(rozprostfeny - distributed RFA)A

2 vykonovy EDFA Raman
"booster" 1456 nm

& DCF, predstavuje dva moduly s celkovou GVD -2727,7 ps/nm a DCF, modul ma disperzi -946
ps/nm, Gtlum DCF vlakna je 0,37 dB/km na A=1550 nm.

& Byla zkouSena dvé kompenzaéni schémata: post-kompenzaéni schéma, kde jak DCF, , tak
DCF, jsou umistény na pfijimaci strané (varianta 1), tak pfed a post-kompenzacéni schéma, kde
DCF, je umistén pfed vykonovym zesilovaéem EDFA, (varianta 2).

& PFenosové vldkno bylo ¢erpano protisméru Sifeni signalu zafenim na vinové délce 1455 nm
navazanym WDM vazebnim ¢lenem.

& Do trasy byly vloZzeny dva pieladitelné pasmové filtry s FWHM = 1 nm, aby se zamezilo saturaci
naslednych EDFA zesilenou spontanni emisi (ASE) generovanou v pfedchozich EDFA a
Ramanovském zesilovadi.

56
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YpEsreT SRR I
2x10 GE pies 252 km SSMF "

Opticky vykon na vystupu WDM pro Opticky vykon na vystupu TBPF, pro
post-kompenzacéni schéma: post-kompenzaéni schéma:
Psswr=15.5 dBm, P, =1.1 W 201 Pssmr=15.5 dBm, P, =1.1 W
104
3
. g
%‘ 20 g-
: ;
% 304 B
=]
-40
1544.0 |54'4.5 154‘5.0 15&5.5 154‘-6.0 154‘6.5 1547.0 154‘4.0 1544.5 1545_0 1545.5 154‘6,0 1546,5 15«'47.0
wavelength, nm wavelength, nm
57
AKADEMIE VED
NET CESKE REPUBLIKY .
&"E\
2x10 GE pres 252 km SSMF
Opticky vykon na vystupu DCF; pro / zavislost BER na vystupnim vykonu
post-kompenzacni schéma: . EDFA, pro 10 GE kanal na vinové
Psgur=15.5 dBm, P =1.1 W & .. délce 1545.97 nm, mé&feno zafizenim
LN Acterna ONT-50
g 10 8- IR
] R
s 4 K
% 20 o N ,
5 -10- . '
g g * /
-g' -304 3 : “u !l
=124 “u 2
40 e
1544.0 15-‘:4.5 154‘5.0 15-%5.5 15«{6.0 15-18.5 154'7.0 4 1‘4 1‘5 1‘6 1‘7 1‘8 1‘9 2‘0 2‘1 2‘2
wavelength, nm P dBm
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Kolisani vykonu v kaskadé EDFA pri
paketovém provozu
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Orientac€ni cena optovlaknovych soucastek pro
erbiem dopovany viaknovy zesilovaé (EDFA)

erbiem dopované viakno

vstupni signal  opticky . ivni vinové selektivni opticky ~ vystupni
(~1550 nm) izolator VINOVE selektivni filtr  izolator signal

vazebni &len vazebni ¢len
- — -
8 vlaknové svary bz
Cerpaci monitorovani
laserova monitorovani Grovné signalu
dioda urovné Cerpani
fidici obvod
2007:
levnéjsi varianty:

isolator Thorlabs 7247 Ke isolator Opneti China 2011 Ke

WDM 980/1550 Thorlabs 5672Ke WDM 980/1550 Opneti China 1893 K&

fused fiber coupler (1 % tap) Thorlabs 2979 K&

LD @ 980nm. 200mW, Thorlabs 34775 K&

Liekki Er30 4-125, price of 20 m 12031 K¢

EDFA bez elektroniky a filtru 75623 K&

2012: cena komponent do 1000 $
60
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