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Opticka vlakna — zakladni typy

mnohamédova : jednomoédova :

se skokovou zménou gradientni
indexu lomu

T

oR ep (¢ F

prameér plasté: 125 um

primeér jadra: typ. 105 um 50 nebo 62,5 um 10 um
3

Numericka apertura vlakna

Nn.:
air - - 1, N
0 N T R n
_\-\\*
Light lost

Paprsky svétla dopadajici na rozhrani pod uhlem vétSim nez je
mezni uhel (90°-6,,,,) jsou vldaknem vedeny.

NA=sin @, =+/n’-n;

typické hodnoty NA: 0.15,0.22 az 0.6
odpovidajici uhel 6., 8.6°,13° az 37°

Cim vétsi NA, tim vice svétla je mozné do vlakna navazat.

u jednomédovych viaken ? TW w 2

N

Jaky fyzikalni vyznam ma NA 0= A @



Opticka vlakna — mody

elektromagnetické pole ve viakné : E= E(r,p) e (P2, H = \/:;Ez»
feSeni Maxwellovych rovnic, resp. Helmholtzovy vinové rovnice pro dané prostredi

(A+ kgn®)E =0,

konecny pocet FeSeni (min. jedno) — mddové (vidové) spektrum
Méd je charakterizovan konstantou Sifeni () a pfi€énym rozloZenim pole E(r, o).
Existuje ve dvou nezavislych polarizagnich stavech.

LP, LP LPy,

01 1

5
Pri¢né rozlozeni pole LP médu
T « , Moo — Nl . .
V pfiblizeni slabé& vedouciho vinovodu 2= <1. je podélna
konstanta Sifeni  feSenim zjednoduSené charakteristické rovnice:
Jn(U) Kwm(W) U = G u? = kgn?, — @,
Udp1(U)  WEKpy (W) _ aw, W = B — k2.
J., - Besselova funkce 1. druhu, m-tého fadu,
K., - modifikovana Besselova funkce 2. druhu, m-tého fadu
A Ize najit pFiblizné analytické FeSeni této rovnice, pfiblizny vztah pro
konstantu $ifeni zakladniho vidu: - 4y1/4
D. Gloge, Appl. Opt. 10(10):2252, 1971] U{V) — {1 T ﬁ) V’,[I —;(4 +V ) ]
kde V je normovana frekvence: \; _ /i 2 2 _ _4m [ 2 2
(jinakpararr{eterInovodu) V =JU"+W* = kO aNA= Z a nl - n2
Detle_f Gloge% deflnoval tz.v. linearné r<a, B _ Adm{ur) sin{mp)
polarizované mody LP cos{mip)
m... azimutalni, | ... radialni index
Z podminky spojitosti sin{mp)
pole na rozhrani plyne: B = AJm(U) r>a Bz = BKn{ur) cos{mp)| g

Kn(W)



Mezni vinova délka
cut-off wavelength

27 NA
405

V=2405= 2, =

b vs. Vforafiber

Normovana
konstanta Sifeni b:

2 2 08
b= Ny — Ny 205
- n? —n? 04
1 2
03l
kde Nt :ﬁ/ kO oz}

b zavisi pouze na VvV
b (i n.) roste s V (vtahovani pole k ose)

Gaussovska aproximace pole LP,; médu

Pfiéné rozlozeni pole LPO1 mddu je AZ
velmi blizké Gaussové funkci

velmi uZite¢né pro fadu vypoctl

Gaussova aproximace: r?

E(r)=Ae ¥

W ... stopa pole pro Gauss. aproximaci
E(w) = 1/e maxima, I(w)=1/e2 maxima
MFD=2w ... primér mdédového pole

Mode Field Diameter

Ay ... efektivni plocha médu (91 % vykonu)

W=a(0.65+$+&679j; 0.8<V <25
V™ V

Marcuse, Bell Syst. Tech. J. 56:703, 1977 8



ATTENUATION — DECIBELS PER KILOMETER

PFicné rozlozeni pole LP médu v EDF

«10" Modal intensity in an EDF

18 a=1.64 um
| NA=021
=14
%
S 12 — 980 nm
£ 10} —— 1480 nm
& or —— 1550 nm
O
= 5
4
I K
00 1 2 3 4 5 3]
r(m) x10°

Cim vétsi NA a uzsi jadro tim je lep$i vzajemny piekryv pole signalu
a Cerpani s dopanty (pole je stahnutéjsi k ose vlakna)

9
Utlum a disperze

optické ztraty chromaticka disperze SSMF
E 20 ]
£ //
£ 1o // ]
[a] g
-
g

) -- e-- phase shift method
e 2 interferometric method
-10 b manufacturer's specifications |

gy 5 G 1200 1300 1400 1500 1600

WAVELENGTH — NANOMETERS

Wavelength [nm]

Rayleightv rozptyl chromaticka disperze:

absorpce na necistotach ] materialova + vinovodna

rozptyl na nerovnostech rozhrani vlakna s posunutou disperzi DSF, NZ-DSF
ohybove ztraty komenzatory disperze (DCF)

10



Ohybové ztraty

ohybové ztraty SSMF (model)

1.0 r T T T
standard single-mode fiber ITU-T G.652,
08k e. g., Corning SMF28
T : core diameter 8.3 um, NA=0.13
=1
a E ]
o 06 ——1310 nm
@ —— 1550 nm
o —— 1950 nm
)
- 04p 1
c
<
[=3]
0.2F k .
0.0 L L . L
0 2 4 6 8 10

Turn Radius [cm]

x \I2 v 2 w3
o (dB/m) =4.343 — — — -7
(aBlm (4«:&) [VK.(W)] wsn“"[ Wt R‘]

Dietrich Marcuse, "Curvature loss formula for
optical fibers," J. Opt. Soc. Am. 66, 216-220 (1976).

Spojovani viaken

Output Power Difference [dB]

ztraty vzniklé ohybem (méfeno pfi
jedné smycce o priméru 4 cm)

T T

+— SM1950
—e— SM2000
—— SSMF

O = N W H o ~N ™

1200 1400 1600 1800 2000 2200
Wavelength [nm]

M. Pisarik, P. Peterka, S. Zvanovec, Y. Baravets,
F. Todorov, I. Kasik, and P. Honzatko, "Fused fiber
components for "eye-safe" spectral region around
2 pm, Opt. Quant. Electron. 46, 603-611 (2014).
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konektory

Body
Knurled Coupling Nut Coupler
Retaining Ring o Sleeve
Crimp Ferrule
High Power Corngctors
: ;g ‘Iﬂlll o .]-u
- MU
Cable Outer Jacket Alignment i — —
Bend Relief Boot Sleeve

Ceramic Ferrule

i MV

Hlavni rozdil mezi konektory je rozdilny zptisob
upevnéni standardni ferule @2,5 mm.

SCPCAPC (

snadna manipulace

E2010 PCA PC’t.;

snadna manipulace + zavérka
(ochrana o¢i obsluhy &
Celni plochy ferule)

12



Spojovani vilaken konektory

FL - flat end (3.5% odraz, ~14 dB)

PC - physical contact, podle kvality lesténi

super (SPC) nebo ultra (UPC)

tainless Steel
Sleeve (Optional)

Ceramic Ferrule /

125 UT‘I
L_H_/l Polished with a

m 25 mm radius

typ konektoru |puvod typ. vlozné [typ. zpétny
ztraty [dB] |odraz [dB]
SMA/PC Amphenol <1.0 -45)
FC/FL NTT <1.0 -14
FC/IPC <0.5 2-27|
FC/SPC <0.5 2-40
FC/UPC <0.5 2-50
FC/APC <0.17 2-67
SCIAPC <0.5 -27..-60
HRL10APC Diamond 0.12 2-32
E2000 EU 0.2] -50..-70

zdroj: P. C. Becker, N. A. Olsson, J. R. Simpson, EDFAs, Academic Press, 1999

APC - angled physical contact

nebo angle-polished connectors

——

\.,.:-E._SD

IRUROE

Spojovani viaken konektory

opravy centrovani vliakna ve feruli

Alignment Key

Fiber alignment
Zone
\

Fiber

Fertule

If parfect, a fiber would be concentric An off-center fiber is positioned (rotated) to be
within the ferrule. inside the sector defined by the alignment key.

Flgure C.13 Closs alignment and pfacement of the fiber for concentric-
ity is important for low return loss. After cementing the fiber, the ferrule is
rotated and keyed so that any noncencentricity is maintained within a
narrow sector for best mating.

pomoci zarovnavaciho
klice na konektoru

Staking Groove
(Fixing oper.)

Nickel Silver (Cu/NIFZ
{Soft center)

{Centered to about
0.2 microns)

Secondary Staking
(Active Centering)

Tungsten Carbide
(Hard Case)

pomoci mékkeé slitiny uprostfed ferule a uderniku

zdroj: D. Derickson, Fiber optic test and
measurements, HP prof. books, 1998

(Pilzferule, Diamond Svycarsko, SQS - Nova Paka)
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Ztraty na spoji dvou viaken (splice losses)

rdzné stopy pole w.=w,

2

Loss(dB) = —20 log ( 2w, )
W2+ W2

pficné vyoseni jader (offset jader) u

—

2
w w Loss(dB) =4.34x (vﬂvj

Uhlové vyoseni jader ©

é Loss(dB) =4.34x (”i\/gj

w w

Chceme-li zvysit toleranci ztrat vaci pficnému offsetu jader, povede to k

mensi toleranci na uhlové zarovnani viaken 15

Ztraty na spoji dvou viaken (splice losses)

Cast vykonu, ktera je navazana do T 2
zékladniho vidu druného vidkna: T = J. IWl‘/’ded

(X, y) = \f S (x,y) = \f Aocwr oyl

. . , o \/_ L
Gaussovy aproximace zakladnich J‘ Il//fdedY=1 J'e,a X +bXdX

4a?
vidd jsou normovany tak aby platilo: —¢
+oo+ 2
2 ¢ 1 1) 2xu 1 1
T= j exp| —X| S+— [+— -V | S5+ |- d d
TWW, =% W W, W, Wy W2 W2
2 .
2W, W, 2u® -
= 3 5 exp B e— - 15f
W+ W, W+ W, g

5 1.0 1.5 2.0
Pomér stop poli w/w,

16



Spojovani optickych vlaken svarenim

o_
"zf

electrode

x and z coe
alignment

electric arc

electrode

wolframové

- nebo grafitové
Principle of thermal splicing vlékng -Vytran

Svarovani obecné spociva v nataveni koncu vlaken a natlaceni na sebe.
(elektricky oblouk, rozzhavené wolframové viakno - Vytran, plamen)

riizné rychlosti difize dopantl (Ge, P, Al, F) = MFD tenkého jadra s vysokou NA
(typické EDF) se zvétSuje rychleji nez u Sir§iho jadra s malou NA (typ. SMF) =
podstatné mensi ztraty svaru nez konektorového spoje. 17

Spojovani optickych vlaken svarenim

elektricky oblouk s fazové posunutym napétim na tfech
elektrodach—=konstantni rozloZeni teploty na relativné
velké plose, asové stabilni, velky rozsah teplot (pfi
Castecném vakuu jiz od 100°C)

www.3sae.com, Furukawa FITEL S184 Fusion Splicer

18


http://www.3sae.com/

Nastaveni optickych vlaken vucéi sobé

o

Fiber 1 \Q/

il

Fusion

% UTEW —— 2 LID trans- _‘I‘
mitter
|
v UIEW |
INDEX CORE %[n:v'r DRM CORE DIAM,
. Micro-
L LDSS: ©.914B W osald

Bend/ coupler

@ Fiber 2

SO
LII:%

receiver

hot image analysis
tato metoda umoziiuje
donastavovani v readlném &ase RXS Siemens
(RTC real time control, Ericsson)

Principle of the LID-System®

- Corning

LID - Light Injection and Detection

pouze obrazova analyza také vede k vynikajicim vysledkdm - Furukawa, Vytran

19
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Svareni vlaken

21

Dvoujadrové optické viakno
Twin-Core Fiber (TCF)

opticky vykon v 1. a 2. jadfe :
ﬁ/h// Pl(z)=1—Fzsin2(Ez)
ll/ < x F
7

Pz(z):Fzsinz[%zj

vazebni koeficient:
270

C =k, [ [(n(r,0) = ny((r, @) -y (1, 0) -y, (1, )rdlrdgp

vazebni Uc¢innost
F? 1

L _”F =1+(ﬂ1_ﬂ2]2

vazebni délka

°”2C 2C
22

11



Teorie vazanach vidu pro TCF
Coupled-Mode Theory CMT
CMT: rozvoj pole slozeného systému do Uplné sady znamych vidu jednodussich

podsystému. Tyto znamé vidy samy o sobé nesplriuji okrajové podminky sloZzeného
systému a dochazi tak mezi nimi k vzdjemné vazbé.

Ey(r,¢,2) = (B1U1(r,) + BaTa(r,p))e 772,

dosazenim do Helmholtzovy rovnice (A + kﬁnﬂ)E = (), dostaneme soustavu dvou
vazanych rovnic. Jejich feSenim ziskame koeficienty médového rozvoje a konstanty
Sifeni B. V pfipadé TCF zakladni médy jsou:

aymetrick§vid ¥, antisymetricky vid W_

= = ﬂ — ﬂl + ﬁZ + E
3 = s
T
g Z Pokud na po¢atku TCF
budime jen jedno jadro =
oba médu jsou stejné
‘ ~ vybuzeny = zaznéje =

‘ \/ prelévani vykonu

23

Prelévani vykonu v TCF

prostoroveé:

e . e
L=1.037m ]|

spektralni:

T, [dB]
b & & N o
T

(a)

T
L=0.787 m

T

1450 1475 1500 1525 1550 1575 1600

A [nm] 24

(b)

T, [dB]
b & & L o

12



Nelinearni dvoujadrovy vazebni ¢len

a)  slaby vstupni signil, nepropusiny refim

R
I |

b} silny vstupni signél, propustny refim

jednojidrove  vetupnd visiupni  Jednojcové
jednovidové sar dvoujidravé svar Jednovidave
vldkmo vlikno vlakno

Aplikace TCF

» smérové vazebni ¢leny, polarizani délice
« vlaknovy atenuator, senzor teploty, tlaku
* nelinearni prepinace vykonu pro pIné optické zpracovani signalu
(+Fidici vykonny pulz)
* vinovy demultiplexer
* Er dopované TCF pro vyrovnani vykonu WDM kanalu zesilovanych v EDFA
» spektralni filtry pro vyhlazeni zisku EDFA

nelinearni pfepinac pro pasivni vidovou synchronizaci viaknového laseru

vyuZziti mezividové disperze symetrického a antisymetrického vidu TCF
pro vidovou synchronizaci vidknového laseru

ErTCF uzkopasmovy sledovaci (tracking) filtr zalozeny na saturaci absorpce;
vyuziti pro stabilizaci pracovni vinové délky a zuzeni Sifky ary laseru

25

26
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Spektralni filtry - dvoujadrova vlakna

‘f’p » JP " . 125 um
[ rmj - = rd =
» r Pl ‘pa /_.__-
- » 3
Sl | -+
NN N N
-x..:f/ &8 (3r e s 5 O-/
] I
a b c ol d

Postup pfipravy doujadrového viakna:

(a) fez typickou preformou jednovidového vlakna, jeji primér je cca 10 mm,
(b) po jedné strané zbrousena preforma do tvaru pismene D,

(c) dvoujadrova preforma v preplastovaci trubce,

(d) fez vytazenym vlaknem (prdmeér 125 pum).

27
Spektralni filtry - dvoujadrova vlakna
Preparation of TCF for easy splicing with standard fibres
Preform cross sections:
(a) ) /, (©) /\)
Microphotograph of the drawn
fibre cross section:
Ref: P. Peterka, |. Kasik, J. Kanka, P. Honzatko, V. Matejec,
and M. Hayer. "Twin-core fibre design and preparation for easy
splicing". IEEE Photonics Technology Lett., vol. 12, no. 12,
pp. 1656-1658, 2000.
28
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Fig.

Normalised Transmission

Spektralni filtry - dvoujadrova vlakna

o
«

=4
o

Measured bandpass filter response (dots) with the theoretical pre-
dlctmn(sohdlmc) The filter used a TC fiber 1.8 cm long. The FWHM

bandwidth is 17.7 nm.

Velmi rozdilna jadra = ucinna vazba jen

v Uzkém pasmu vinovych délek.
Dolad'ovani je mozné protahovanim.

Transmission (dB)

20 i i i
1180 1200 1220 1240

filter responses.

1260 1280 1300 1320 134D 1360
‘Wavelength (nm)

Fig. 4. A loss filter consisting of three separate filters. The solid line
represents the response of the combined device. Dashed lines are the original

PFiklad syntézy zadaného spektralniho profilu ze

tfi TCF raznych délek.

pro pasmo 1550 nm by

musela byt navrzena silna vazba pro A~1600 nm.

B. Ortega and L. Dong, "Characteristics of mismatched twin-core fiber spectral filters",
|IEEE Photonics Technology Letters, 10 (7), 991-993, 1998.

Dalsi filtry pro vyhlazeni zesileni EDFA jsou kromé LPG a TCF mnohovrstevnaté interf. filtry.

Dielectric-fibre surface waveguides for

optical frequencies
K.C. Kao and G.A. Hockham
Inkesip s Ot o, Wi

At . dcic S i ckie s Wi G s samsding o i 3 focm of dilecis

o o of Ty wrtple oo o oo et et e
ol 4f pmpegation [0 e s v bt ot puroncs = gotred by comniion of

o nmmy depomion s et banilin ars e =15 v o normate cpey Pt

frafraiy

Paper SO33E was originally published in the Proceedings JEE, July 1966. I was first
received 24th Novernber 1965 and in revised form 15th February 1966.

The authors were formerly with Standard Telecommunication Laboratories Lid.,
Harlow, Essex. Prof. Kao is now with ITT and Dr. Hockham is with Plessey Com-
pany Ltd, 241 Station Road, Addiestone, Surrey, United Kingdom

IEE PROCEEDINGS, Vol. 133, Pi.J, No. 3, IUNE 1986

for the second fibre; by offsetting the second fibre, different
mode patterns from the one carried by the first fibre could

Fig. 16 Photographs of light patterns produced by modes

be observed, if the second fibre was not a single-mode
structure.

7 Conclusions

‘Theoretical and experimental studies indicate that a fibre
of glassy material constructed in a cladded structure with a
core diameter of about 100 J, represents a possible practi-
cal optical waveguide with important potential as a new
form of communication medium. The refractive index of

29

Nobelova cena za fyziku 2009: Kuen Charles Kao

the core needs to be about 1% higher than that of the
cladding. This form of waveguide operates in a single
HE, . Eq or Hy mode and has an information capacity in
excess of 1 GHz. It is completely flexible and calls for
mechanical tolerance of around 10%, which can be readily
met in practice. Thus, compared with existing coaxial-
cable and radio systems, this form of waveguide has a
larger information capacity and possible advantages in
basic material cost. The realisation of o successful fibre
waveguide depends, at present, on the availability of suit-
able low-loss dielectric material. The crucial material
problem appears o be one which is difficult but not
impossible. Certainly, the required loss figure of around
20 dB/km is much higher than the lower limit of loss figure
imposed by fundamental mechanisms

8 Acknowledgment

The authors wish to acknowledge the contribution of Mr.
R.W. Lomax in carrying out the fibre-mode experiment
and diclectric-loss measurements, and to thank Standard
Telecommunication Laboratories Ltd. for permission to
publish the paper.
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erbiem dopované vidkno

. TE BT
Komponenty EDFA: B B
Xi i oo o,
WDM, vl. odboénice = R ’
Metody vyroby vazebnich ¢lent a WDM
svafovane vazebni Cleny minaturni tenkovrstvé interferenéni filtry
fused couplers filter type WDM
Filter
M+ §
12 —» \ /\ Fiber <—A,1
GRIN
stranové zbrousené Lenses
vazebni ¢leny - drahé,
mechanicky preladitelné
side-polished fiber coupler planarni délice vyhodné pro
_— velky pocet vystupl, 1x2N
Photonic Lightwave Circuits, PLC
N o
= e '
N 3 p— . : ‘
e —E s TR
31

erbiem dopované vidkno

vstupni signdl  optick

svarované smeérové - “Er_E
vazebni ¢leny, WDM =

ey T

monitorovani
monitorovani Grovnd signalu

Grovné Gerpani

Coupler cross-section

Before fusion

/ \
\
\l 125 pm + 125 pm

[ ° | °
B
o g A

E. Pone et al, 12, 1036 (2004)

Mikroskopické fotografie fez(i vazebniho

Schéma vyroby vazebniho ¢lenu. n ) ”
¢lenu v riznych mistech.

32
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Zarizeni na vyrobu svarovanych vazebnich
¢lent a vlaknovych tapert v UFE

33

Zarizeni na vyrobu svarovanych vazebnich
¢lenu a vlaknovych tapert v UFE

34
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Svarované vazebni €leny, délice vykonu

roRrl = IS, )~ PORTT

PuinG ﬁ,, = e
i~ [T} &= rome
REE)
FLAME
1o
r. , f I
RIR | ‘
LA™ ‘H
- \ ‘ | M ‘“‘
: \
3 \ ‘ ‘
£ ‘
2 ‘ |
£ | n “
g
2
TRl |
0.0 L
; :
® o )
— cmngins o)
. o e 0
5o
3
oo
£
2 o4
Ve
o
: % i m
(b) —— drawn length (me)

vystupni vykon v zavislosti na protaZeni
vlaken

(a) vystup z jednoho vlakna

(b) jiny coupler, vystup z obou vlaken

tharsny 19 oty 2004
3 dB coupler Gould
Catalog No.: 50-10335-50-21201, SN: 12952396, Fiber Type: Corning SMF 9/125
T T T T T T T
Input sds: orange (branch No 1), natursl or clear {2)

10

Output side: blue (3), natural or clear (4)

09
08|

center: 1430-1450 nr
center: 1310-1550 nm

07 |
—— Trar
08 _ _ _Trans. 1=>4
05 Trans. 2=>3
~~~~ Trans. 2=>4
04 g s

Transmission

03 | -
02 h 1

4 1
01 iy V] 4

00 Lk L . " )
400 600 800 1000 1200 1400 1600

Wavelength [nm]

Transmise déli¢e vykonu/vazebniho ¢lenu
v poméru 50:50 (3 dB coupler/splitter) pro
Siroky spektralni interval.
Dostupné rGzné poméry 30:70 ...

. 1:99, 5:95 (fiber tap - vldknova
odbocnice) 35

Transmise WDM

common signal ~1550 nm
TR T —
typ. rozméry: @ 3 mm, délka 25-60 mm pump
~980 nm

thursday 19 fatruary 2004

WDM Gould 980/1550 nm
Catalog No.: 40-22798-55-11601, SN: 6010971, Fiber Type: Corning Flexcor 7/125

T T T T T T T
peak at
10 ~15550m . =~
Ny N peak at o \
)f v N ~975 nm +'90% at h
08 y )/ 1470 nm
\ /
5 a<700Am: 94.7% at i
S . 1064 nm
3 multimode regime \ '
L 06 \ i
£ 321630 nm ¢
§ all light leaks out
F oa}

—— clear
----blue

02

D 1 1
400 600 800 1000 1200 1400 1600
Wavelength [nm]

Transmise WDM pro spojeni ¢erpani 980
nm a signalu 1550 nm, vS§imnéte si cutoff
na ~1650 nm

9 October 2007

WDM 976/1064 nm, Opto-Link China, S N 01044680
[30laton: 27 84309 58, inseton 635 0.0SID05 03, PDL: 0.01 48, fabrcated 30812007
OSA ANDO AG-8315 UFE Suchdel, ez 10 rm

T T T

T T T

Transmission

L L
600 00 1000 1200 1400 1600
Wavelength [nm]

Transmise WDM pro spojeni ¢erpani 976
nm a signalu 1060 nm

36
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Parametry vlaknovych komponent -
ztraty v dB

Component

PEI
—
—

P2

Insertion loss  «, [dB] =-101log (P,/P,)

Return loss ag [dB] =-10log (P,/P,)
3dB loss <«— 50% loss

10 dB loss <=— 90% loss
30 dB loss <= 99.9 % loss

Return loss / Back-reflection (zpétny odraz)

Parametry vazebnich ¢len

Fused region

. Port 1 I Port 2
nput — | ¥ L —

Port 4 Port 3

Coupler package

CR(percent) =100P, (P, + P,)  CR: coupling ratio (c.g., 70/30)
EL(dB)=-10log((R+ P)/F) EL: excess loss (e.g., 0.2 dB)
IL,(dB)=-10log(P, / F) IL2: insertion loss from port 1 to port 2
IL,(dB)=-10log(F~,/ F) IL3: insertion loss from port 1 to port 3

Pn: optical power at nth port

37

PFiklad: P,=10.5 mW, P,=3 mW, P,=7 mW (CR=70%, EL=0.2 dB, IL2=5.44 dB, IL3=1.78 dB)

38
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Srovnani WDM

50

Svarovana vlakna tenkovrstvy interferencni filtr
Filter
M+ o « 1 "
A > — Fiber X

GRIN

Lenses
WDM 98011550 nm, 0pto Link Ghina, 5 N 01285883 9 0ctaer 2007 \WDM 1480/1550nm & June 2007
A ANDO A BHS DFE Sichdp res s et Aries Model: ISO-WDM-1480/1550-2SN Spec.- 51174

T T T T T T T

e

&0

Output power [dBm]

transmission

-0

.
1200 1400 1600 L . . n
Wavelength [nm] B00 800 1000 1200 1400 1600
Wavelength [nm]

L
600 800 1000

Omezeny max. vykon pro WDM s tenkovrstvym interferenénim filtrem! VVétSi viozné ztraty,

s plochou transmisi, vét§i odstup (izolace) pasem, mensi polarizacné zavislé ztraty.

39
Srovnani WDM
Svarfovana vlakna tenkovrstvy interferencni filtr
Filter
. AN .
= e e
— PORT-C \ /
GRIN
Lenses
Srovnani WDM pro kombinovani ¢erpani 980 nm a signalu 1550 nm
svarovana vlakna | interferenéni filtr
Isolation (dB) 20 60 (pump)
Max. insertion Loss (dB) 0,4 0.4
Back-reflection (dB) -55 -68
Polarization dependent Loss (dB) <0.1 0.015
Thermal stability (dB/°C) <0.002 <0.005
Passband (nm) 20 30 (980) 60 (1550)

Omezeny max. vykon pro WDM s tenkovrstvym interferencnim filtrem! VétSi viozné ztraty,

s plochou transmisi, vétSi odstup (izolace) pasem, mensi polarizaéné zavislé ztraty. 40
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Opt|cky In case of polarizing isolator (polarisation

. , sensitive isolator) the two SWP are
|Zo|ator replaced by simple polarizers.

erbiem dopované vidkno

vystupai

dioda tirovné cerpan

) Proila

vina
Dapadajiei Jﬂ L’k

b - v Faradayiiv rotdter ;,.

=l

x
Polarizitor A T

(el o

¥ Faradayliv rotator

fidici obvod

45%

OdraZens
wiave

Polarizdtor B*

Polarizater B

Polarizator A

’ _obfézek 6.6-5 Opticky izolator pankivajic! polarizaini rotator zalofeny na Faradayove
¥vu propoudti svétlo v jednom smérn [a) a v opafnén sméru svitlo nepropouiti {5).

B. E. A. Saleh and M. C. Teich. "Zaklady fotoniky", MATFYZPRESS, Praha, 1994-96. 41

M2 plate
O ptl CKy Faraday Plotator | TEC Fiber
iZOIétOI’ TEC Fiber X

erbiem dopované vidkno

vstupni signal

\ SWP: Spatial Walk-off
\ Polarizer

monitBMani
irovné signalu a:

tirovné cerpan

) \

fidici obvod

!

TEC - thermally expanded core
SWP - spatial walk-off plate, e.g. birefringent rutile
(TiO, - oxid titanicity, rutil) wedge
Farady rotator - e.g. Yttrium Iron Garnet (YIG)
crystal + permanent magnet

spectral&temp dependence due to F.rot.material | . —CE- Q |-D |~
insertion&return loss - AR coatings&alignement  Tcwe]- (B |~ 1O |- @ (-S|~ | =[S

FORWARD (end view )

_-| - == | TEC fiber
=

TEC fiber ‘—D-:- 7
: ‘2;_£_—_;

typical parameters: isolation>75 dB (1460-

1570nm) Elele s o 1w
insertion loss 0.5 dB, return loss 65 dB - . - <« [Teomer
TEC foer P 0] %) _6_-_ @
) . ‘
BACKWARD (end view )

42
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Opticky cirkulator

Circulateur optique 1
P

FIBER 3 OPTICALLY FIBER 3— OPTICALLY
ACTIVE ROTATOR
Verais : fEk A ACTIVE ROTATOR
BEAM 1 BEAM 4
BP 3 I RP 2 BP 3 AP 2
LENS 1 I PBS 2 LENS 1 / PES 2
LENS 2 LENS 2
= FIBER 2 FIBER
FIBER 1 § W= FIBER 1 y
8p"1 8Pt
pad 1 ; ol =T PBS 1 BF:2
RP 1 / I—BP 4 RP 1 / —BP-4
: .~ FARADAY FARADAY
”’I 7 ROTATOR LENS 4 ‘T—‘, ROTAYOR LENS 4
% BEAM 2 | _rimen 4 ¥ BEAM 3 | riBeR 4
8P : BIREFRINGENT PLATE 8P : BIREFAINGENT PLATE
PBS _ POLARIZING BEAM SPLITTER PBS : POLARIZING BEAM SPLITTER
AP RECTANGULAR PRISM RP RECTANGULAR PRISM

birefringent plate - krystal kalcitu, uhli¢itanu vapenatého CaCO;, islandsky vapenec
Faraday rotator - krystal GBIG (Bismuth-substituted Gadolinium Iron Garnet)+ Sm-Co magnet,
opticky aktivni prostfedi - krystal SiO2.  Spolu otoéi svazek o: =90°, «<0°

typické parametry cirkulatoru (mezi porty): viozné ztraty 0.9 dB, izolace >50 dB,

citlivost na polarizaci 0.05 dB, polariza¢ni disperze 0,07 ps 43

Opticky cirkulator - aplikace

Cq A G
a i
Tnmkfnlalh_c@ [11] @ Trunk Qut ha by
RN
Drop T i\dd
ra 2

Add/drop multiplexer pro vinovou délku %, sestaveny ze dvou cirkulatord
a Braggovské vlaknové mfizky.

dal$i vyuziti: kompenzatory disperze (cirkulator+&erpovana FBG, funguje jen ve zpétném sméru!)

44
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Spektralni filtry -

standardni mrizka s vrypy

modra
rozlozené

dopadajici spektrum

bilé svétlo

y-

Servena

FBG Fabrication:
Holographic Side-Exposure Technique

oo dal$i metody zapisu: 5
- fazova maska — 104
< - pfi taZeni (single shot) ) -
- pfimy/postupny zapis g i ! reflection
204 '
hloubka modulace n: 251
10+ az 103, pii syceni vodikem -30

A=

interakci s plastovymi vidy Ize:
potlacit apodizaci nebo zvyraznit

zeSikmeni (tilted FBG)

ALJ\I
2 sin (0/2) (hydrogen loading) az 102

vlaknové mrizky

vlaknova Braggovska mrizka
Fiber Bragg Grating (FBG)

— —

—

k =k +0 = A=2n4A

T l" - . T o |‘ L T
1555.5 1556.0 1556.5 1557.0 1557.5
Wavelength (nm)

uzkopasmova FBG pro DWDM

s odstupem signali 50 GHz 45

Cerpované FBG pro kompenzaci disperze

1-FEA-GFig. 2

Reflectivity (48}

o
1586.3 1567.3 1568.3
Wawelength (nm)

10 FEME Fig. 2

46
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from Martin Becker, “Fiber Bragg gratings for fiber lasers”, Int. Training School of Fiber Lasers
and Optical Fiber Technology, August 30 - September 1, Prague, Czech Republic, organized by UFE

Chapter 2: Grating Inscription Methods

From a myriad of inscription methods the
“‘ following will be targeted:
" 1) Internal Writing
‘j‘ 2) Point by point (pbp)/direct writing
- 3) Phase mask inscription

4) Phase mask interferometer

5) FBG- inscription during fiber drawing

47
Internal Writing .
Standing wave of an Ar+-laser at 488nm forms a permanent -'é
grating in a single mode fiber.
0 7] x 3 osscnve '
(L
K. O. Hill et al., “Photosensitivity in optical fiber waveguides: Application to reflection filter méf"@,;
fabrication,” Appl. Phys. Lett. 32, p. 647649, 1978. c-vé

from Martin Becker, “Fiber Bragg gratings for fiber lasers”, Int. Training School of Fiber Lasers
and Optical Fiber Technology, August 30 - September 1, Prague, Czech Republic, organized by ‘L‘JSFE
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Point by Point Inscription

Each grating fringe is engraved invidually
» Method straight
forward
» Great wavelength
and design freedom
+ Suitable for IR-
femtosecond-lasers
S. Antipoy, et al.: “Direct infrared femtosecond laser inscription of chirped fiber Bragg gratings,” @
Opt Express 24(1), p. 30, 2016.

from Martin Becker, “Fiber Bragg gratings for fiber lasers”, Int. Training School of Fiber Lasers

and Optical Fiber Technology, August 30 - September 1, Prague, Czech Republic, organized by UFE

49

Plane-by-plane method: A. Theodosiou, J. Aubrecht, P. Peterka, |. Kasik, F. Todorov, O. Moravec, P.

Honzatko, and K. Kalli, "Er/Yb double-clad fiber laser with fs-laser inscribed plane-by-plane chirped FBG
laser mirrors," IEEE Photonics Technology Letters, vol. 31, pp. 409-412, 2019.

Point by Point Inscription

- Sensitive to stitching errors
- Blurred spectra and high losses
- Solution: scanning techniques

(@) top view: ‘u.‘lﬁ_fm:u"

fiber

. €— 93% Reflectivity

7

K1% Transmission

translation
stage

—— ’ S| JRE s,
ferule Sage = 1546 1548 1550 1552 1554
side view: transfation Wavelength (nm)
fiber . Williams, R. J. et al., Optimizing the net reflectivity of point-
st , '
VieptiEe ’
ferrule °
(b)

by-point fiber Bragg gratings: the role of scattering loss,
Opt. Express, 2012, 20, 13451-13456

_ Williams, R. J., Femtosecond direct-writing of low-loss
(a) NMlustration of the core-scanning FBG-inscription
technique. (b) Differential interference contrast (DIC) micro-

fiber Bragg gratings using a continuous core-scanning
graph of a core-scanned FBG in SMF-28e fiber. The FBG has  t€CNNIGUE, Opt. Lett,, 2013, 38, 1918-1920 Z )
first-order resonance at 1543 nm with period A = 533 nm. u ..:c.,.._.,,..é
from Martin Becker, “Fiber Bragg gratings for fiber lasers”, Int. Training School of Fiber Lasers

and Optical Fiber Technology, August 30 - September 1, Prague, Czech Republic, organized by UFE

Fig 1.

50
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Phase Mask Inscription

Fiber is placed in close proximity to a phase mask optimized

for first order scattering

uv
laser beam

Phase nask
o TETE L = S ——
7
L. N
Order 0
Order-1 (<5%) Order +1
(>35%) (>35%) T

M. Melo and P. V. S. Marques, “Fabrication of tailored Bragg gratings by the phase mask -Zﬁ@m’
dithering/moving technique,” Photon. Sensors 3(1), p. 8196, 2013. é

from Martin Becker, “Fiber Bragg gratings for fiber lasers”, Int. Training School of Fiber Lasers
and Optical Fiber Technology, August 30 - September 1, Prague, Czech Republic, organized by UFE
51

iphtiena

Phase Mask Inscription

Mostly used and attractive, due to simplified manufacturing
process \ u
© Easy alignment 4:*6 : % g
© Reduced stability requirement g g g

© Uncritical coherence requirements = %

® No wavelength versatility ;

® FBG design bound to phase mask

® FBG close to phase mask *zﬁ#-»-

from Martin Becker, “Fiber Bragg gratings for fiber lasers”, Int. Training School of Fiber Lasers
and Optical Fiber Technology, August 30 - September 1, Prague, Czech Republic, organized by UFE
52
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Phase Mask Interferometer

The fiber is placed into two crossing beams, which form a
standing wave pattern along the fiber axis. If fiber is
photosensitive, the pattern is imprinted into the fiber and
forms a fiber Bragg grating.

HHET
v
- m
mmgga
g 3% 3 8
R NSNS

w

=

=

®

=

from Martin Becker, “Fiber Bragg gratings for fiber lasers”, Int. Training School of Fiber Lasers

and Optical Fiber Technology, August 30 - September 1, Prague, Czech Republic, organized by UFE

Phase-Mask Interferometer

53

« Two Beam Interference — wavelength versatility (460nm-2100nm)

« Filtering of first orders leads to clean fringes.
» Setup works contact-free

« Inscription during fiber drawing

» DUV femtosecond laser compatible

mask ~ —IRL Eim’ pHase _ MIRROR  FIBER

MASK -2 B POS

+1

from Martin Becker, “Fiber Bragg gratings for fiber lasers”, Int. Training School of Fiber Lasers

and Optical Fiber Technology, August 30 - September 1, Prague, Czech Republic, organized by UFE

54
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~——— preform infeed D raW Towe r *‘;‘
= ) E
."‘:, L_,———'—"— preform G ratl n g S E‘
;EJ‘/— - Single Pulse Gratings
; measurement of o i
facsmm W s 8|[==-  ®am« - Mechanically resistant |
B | € - e On the fly
mm 2 ——— mmmeaing - Dense grating arrays
O sommn [+ 8[==——==-—"" mmemns  Preform and inscription
M /—drylngoruv—cunng technology delevoped ot
tensile force
L measurement I P HT
Pl
—— O Zﬁ
capstan = FBG marking fiber winding — Lot Orabiecuty

from Martin Becker, “Fiber Bragg gratings for fiber lasers”, Int. Training School of Fiber Lasers
and Optical Fiber Technology, August 30 - September 1, Prague, Czech Republic, organized by UFE
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Viaknové mrizky s dlouhou periodou
Fiber Long Period Gratings (LPG)

1449 < SMF-28 telecom fiber

"%  Resonance ]

Ly,
e
SN

1 L w s
140 145 150 155 160 165 170 — Sth odd cladding mode
Wavelength, pm Core, ~9 um Cladding, 125 pm

=

IS

i

©
T

1.447

1.446

1.445

1.444

Effective refractive index, abs.

PP
NN
X B
[T
T

v _1L .~ core clad
ki=k;+q = ;{’:A(neff —Neg )

R. Slavik, M. Kulishov, Y. Park, J. Azafia, and R. Morandotti, Temporal differentiation of sub-picosecond optical
pulses using a single long period fiber grating, CLEO'06, Long Beach, CA, USA, paper CTuBB5, May 2006.
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Vlaknové mrizky s dlouhou periodou

é via rkadle
Sotovka optické viakno o o

OSA+PC opticke viakuo

Laserovy
zviizok
fogovka

0br.7.17. Usporiadanie podPa Grubského metédy: Laserovy zvizok je cylindrickou SoSovkou
stistredeny na vldkna, za ktorym je umiestnené zrkadlo tak, ze odrazové plochy zvierajit spolu

polarizaény 120° a vzdialenost medzi Sofovkou, vliknom azrkadlom je nastavena tak, aby hustota

kontrolér vykonu dopadajiica na vlikno bola po celom obvode vldkna konstantna.
Na rozdiel od Grubského metédy som vo svojom experimente nevyuil cylindrickt §oSovku

ale vyuzival som prejazd vldknom laserovym zvazkom vo vertiklnom smere. Toto

Schéma aparatury s CO, laserem pro zapis
LPG vlaknovych mfizek v UFE Kobylisy.

nastavenie nam umoznilo zépis mriezok tak, Ze sa vlakno osvetli laserovym zvézkom nielen

7 prednej strany ale rovnomerne po celom povrchu.

mozné vysvétleni vzniku LPG - v misté osviceném CO2 laserem se uvolni mechanické pnuti
"zamrzlé" pfi tazeni optického vlakna. Osviceni jen z jedné strany = polarizaéni zavislost LPG.

Miro Hospodar, VIaknové mriezky s dlhou periddou pre tvarovanie ultrakratkych optickych pulzov,
diplomova prace MFF UK, 2007

57
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Viaknové mrizky s dlouhou periodou

Transmission, dB

-70

, \ \ \ \
1534.6 1534.8 1535.0 1535.2 1535.4
Wavelength, nm

60 dB utlum na rezonanéni vinové délce.

. o Aparatura s CO, laserem pro zapis LPG
Doladéni napinanim mizky. viaknovych miizek v UFE Kobylisy.

R. Slavik, Extremely deep long-period fiber grating made with CO2 laser,
IEEE Photonics Technology Letters, 18 (16), 1705-1707, 2006.
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LPG mfizky pro vyrovnani spektralni

zavislosti zesileni EDFA
EDFA gain flattening filter

-5

<10 <

Transmission (dB)

=15 -

T T T T
1500 1520 1540 1560 1580 1600
Wavelength (nm)

Figure 3.16: Spectral transmission characteristic of a long period grating fiber filter
used to flatten the gain (to within 1 dB) over 40 nm centered at 1550 nm, of an erbium-
doped fiber amplifier. From reference [71].

P. F. Wysocki et al., "Erbium-doped fiber amplifier flattened beyond 40 nm using long-period gratings,"
In Proc. OFC'97, vol. 6. p.375-378, 1997.
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