Elementy pasywne: rozgatezniki,
sumatory, sprzegacze, multipleksery
WDM

Zadania 1-3

Coupled Waveguide Devices —
sprzegacz kierunkowy

Top view
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(a) Cross section of two closely spaced waveguides 4 and B (separated by d)
embedded in a substrate. The evanescent field fom A4 extends into B and vice versa.
Note: ny and ng > n, (= substrate index).

(b) Top view of the two guides A and B that are coupled along the z-direction. Light
is fod into 4 at z= 0, and it is gradually transferred to B along z. Atz =L, all the
light been transfrred to B . Beyond this point, light begins to be transferred back to
A in the same way.
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Coupled Waveguide Devices -
sprzegacz kierunkowy

The principle of couplers, for both fused fiber and waveguide
types, is the coupling of light. The equations of coupled
waveguides are:

I iy 0)-ia )

* where: A - wave amplitude

——ifA(2)—iyA(z) * B-propagation constant,

* - coupling coefficient.

OIA1(2)

Coupled Waveguide Devices —
sprzegacz kierunkowy

The solutions of coupled equations for Ay(0)=1and A,(0)=0 are:

The amplitude transmitted in fibers can be expressed as follow:

A, (2) = cos(z2)e”
A (2) = —isin(yz)e”
Thus the power flow in the guides is given by:

P,(2) = cos? (zz)e

R(2) =sin’ (2)e ™

2020-03-18



Elementy pasywne: rozgatezniki, sumatory,
sprzegacze, multipleksery WDM

Sprzegacz kierunkowy — parametry

Excess loss — straty L. =10log it
wewnetrzne R+h
Insertion loss — straty P
wtraceniowe L, =10|0931

4

Directionality - kierunkowos¢ L, =10log P

1

Split ratio — wspotczynnik
P . P Y = L *100%
podziatu P,+P,
:{l—P“}*lOO%
3+P4

2020-03-18



2020-03-18

Zadanie 1

Oblicz parametry sprzegacza kierunkowego L, L,, L, oraz SR

dla nastepujgcych wartosci zmierzonych mocy:

P,=60 uW (sygnat wejsciowy); P,=0,004 pW; P,=26 uW; P,=27,5 uW;
(P,i P, porty wejsciowe, P, i P, porty wyjsciowe)

Star coupler N*N




Rozgateznik M:N — parametry

* Spliting losses — straty

podziatu (star coupler) Ls =10log(N)

* Excess loss — straty P
wewnetrzne Le =10log|
(star coupler) le P

* Total loss — straty catkowite _

y L =L +L,

* Insertion loss — straty o
wtrgceniowe L,=10log(Pi/Pj)

Zadanie 2

Oblicz straty podziatu Lg idealnych (Ls = L;) rozgateznikéw:
a/ 1:16

b/ 1:32

c/ 1:64
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Zadanie 3

Rozgateznik typu SC: 32*32; P=1 mW (moc doprowadzona do wejscia
P,); P;=0,014 mW (moce wyjsciowe, identyczne dla kazdego z wyjsc)
Oblicz parametry sprzegacza SC 32*32: L, Ly, L;, oraz L,

2020-03-18



Lab sieci PON

Optical frequency
zaleznosc Af->AA



Optical frequency
zaleznos¢ Af->AML
Problem:

na analizatorze widma (i w Waszych obliczeniach) widmo
jest w dziedzinie dtugosci fal A, a z drugiej strony réwnie
czesto postugujemy sie dziedzing czestotliwosci f

Pytanie:

Jak wyglada zaleznos$¢ pomiedzy Af->AA lub/oraz AA->Af

Pamietamy, ze:

=~ 0

Ale oczywiscie:

Afiﬂ—cf !

Technologia WDM
WDM technology

B, [bps] B, [bps]

B, [bps]

B;[bps]

By [bps]

By [bps]



WDM Concepts
Dense WDM (DWDM)
Up to ~ 40 channels

between 1530 - 1560 nm ""“"m..“ ““““
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Higher capacity, greater design challenges

5

Optical frequency
zaleznosc¢ Af->AM

Problem I:
w standardzie ITU w Il oknie, (A=1550 nm), Af=100 GHz,

Pytanie:
ile wynoszg odstepy w dziedzinie dtugosci fal: AL =?
(ITU-T, G.692, dopuszcza: Af=100 GHz, Af=50 GHz, Af=25 GHz)

,Proste” wyprowadzenie zaleznosci Af->A\:
C ¢ CAf
AM=2y—A=—mr=
f, f  f

Dla lll okna dla $srodkowej dtugosci fali (1550 nm) oraz skrajnych dla otrzymamy:

AAM(1,550) =0,8008 nm
AA(1,530) =0,7803 nm
AAM(1,565) =0,8178 nm



Optical frequency
zaleznosc¢ Af->AML

Poprzednio otrzymalismy:

A teraz bardziej formalnie (obliczamy pochodng):

ﬂ_(f)'__i
ar=\f) =P

Stad, ostatecznie (identyczny wzor jak wczesniej):

Optical frequency
zaleznosc: AL->Af

Przyktad II:

srodkowa dtugosé¢ fali widma sygnatu optycznego wynosi: A=1,31 um,
szerokos¢ w dziedzinie dtugosci fal: AA=1 nm,

Pytanie:

lle wynosi (oblicz) szerokos¢ w dziedzinie czestotliwosci Af=?

Analogicznie: dadf ¢
i A
df =—%d/1

Lub:

Aot gt C_~Ct(A-4) ca
C 4 A, 2

Af=180 GHz



Optical frequency

Przyktad Ill:
pasmo Il (O) i lll (C) okna wyrazone w GHz

Il window, A: 1260-1360 nm, AA=100 nm, Af=?
11l window, A: 1530-1565 nm, AA=35 nm, Af=?

M=t _foC ¢_"tlh-A), cM

LA A A2

Af(Il W)=18 000 GHz  §" ‘—/\ =
Af(Ilw)=4 000 GHz . . " i

1250 1300 1350 1400 1450 1500 1550 1600 1650
Wavelength (nm)
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1. WYBRANE WEASCIWOSCI KOMPONENTOW | PRZYRZADOW FOTONICZNYCH STOSOWANYCH
W SIECIACH SWIATtOWODOWYCH

1.1 Dielektryczne struktury okresowe — selektywne zwierciadta Bragga

Zwierciadta Bragga skfadajg sie z wielu N warstw (obszaréw) o na przemian niskim i
wysokim wspotczynnikiem zatamania. Zwykle wszystkie warstwy (obszary) posiadajg rozmiar

rowny Ya dtugosci fali:
y)
Nnya, = Nydy, = TO A

Lub zgodnie z Rys A:

nL*aLGH*aHzro A

Jest to warunek fazowej synchronizacji czastkowych fal odbitych na kolejnych
ptaszczyznach nieciggtosci wspdétczynnika zatamania.

ay gy

Rys. A. llustracja struktury okresowej
Parametry struktury Bragga:
N — liczba okreséw - number of periods

n_L — Dolna wartos$¢ wspétczynnika zatamania - Low refractive index — proponuje nie
zmieniaé

n_H - Gérna wartos¢ wspdtczynnika zatamania High refractive index
a_L — grubos¢ warstwy - thickness (nm)
a_H - grubos¢ warstwy - thickness (nm)

Lambda = a_L + a_H — okres struktury- period of the structure



Struktury Bragga mozna uzyskac stosujac réznorodne technologie: epitaksja, napylanie
(sputtering) cienkich warstw, implantacja jondw i wreszcie naswietlanie.

Bardzo istotnym parametrem siatki Bragga jest kontrast wspoétczynnika zatamania:

Nmax ~Nmin
A= Nmax B
Struktury o duzym kontrascie najczesciej realizowane sg metodg epitaksji lub sputteringu.
Warstwy tego typu znajdujg bardzo szerokie zastosowanie w realizacji dielektrycznych
zwierciadet, warstw antyrefleksyjnych, a takze selektywnych elementéw odbijajgcych w laserach
potprzewodnikowych typu VCSEL.

Niski kontrast uzyskiwany przez naswietlanie jest powszechnie stosowany w
Swiattowodowych strukturach Bragga: filtrach sSwiattowodowych, multiplekserach, krotnicach
typu OADM, a takze kompensatorach dyspersji chromatyczne;.

Stosowany w obliczeniach model bazuje na formalizmie macierzy transmitancyjnych
obszaréw o jednorodnym wspdtczynniku zatamania i spektralng charakterystyke odbicia R(A)
mozna przedstawié nastepujgco:

lc]?
; 2
2 o (SinKA
lel* + (sinNKA)

R =

Gdzie:

i . ky, Kk
c = —eld2ke (— — —) sin(akq)
2 k, k, 1

A=a1+a2

k2=

niw)z
Cc

Obliczenia przeprowadzono dla zwierciadet o zréznicowanym kontrascie wspétczynnika
zatamania oraz réznej liczby okreséw N.

Wyniki symulacji dla kontrastu wynoszacego 35% pokazano na Rys 1.2 — 1.5.



Program Bragg an.m. Determines spectrum of reflectivity of a Bragg mirror for TE mode
using an analytical method

% function bragg mirror

N = 2000;

n L = 1.45;

n H= 1.46;

a L = 257.226;
a H= 255.476;

Lambda = a L + a H;

NNN«N

lambda = ;\/\/\/:\/.;:22‘00;

L = 2*pi*n L./lambda;
k H = 2*pi*n H./lambda;

a = exp(li*a H*k H) .* (cos(k L*a L)+(1i/2) * (k H./k L+k L./k H) .*
sin(k _L*a L));

d = exp(-li*a H*k H) .* (cos(k L*a L)-(1i/2) * (k H./k L+k L./k H) .*
sin(k_L*a L));

b = exp(-li*a H*k H) .* ((1i/2)*(k _L./k H - k H./k L) .* sin(k L*a L));
c = exp(li*a H*k H) .* ((1i/2)*(k_H./k L - k _L./k_H) .* sin(k _L*a L));

K = (1/Lambda) *acos ((a+d)/2);
tt = (sin(K*Lambda) ./sin (N*K*Lambda)) ."2;
denom = abs(c).”2 + tt;

R = abs(c).”2 ./ denom;

plot (lambda, R, r 1.5);

axis ([1000 2200 0 1.271);

xlabel ( ’ ;o 14);
ylabel ( , r 14);
set (gca, , 14);

% pause

o

close all

o

display (max (R)) ;

% end



PRZYKLtADOWE WYNIKI
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Rys. 1.2 Charakterystyka spektralna zwierciadta, A=35%, N=4
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Rys. 1.4 Charakterystyka spektralna zwierciadta, A=35%, N=10



Wyniki symulacji dla kontrastu wynoszgcego 6.5% pokazanona Rys 1.6 — 1.9.
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Rys. 1.6 Charakterystyka spektralna zwierciadta, A=6.5%, N=10
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Rys. 1.7 Charakterystyka spektralna zwierciadta, A=6.5%, N=50



Wyniki symulacji dla kontrastu wynoszacego 0.68% pokazano na Rys 1.15 —1.19.
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Rys. 1.15 Charakterystyka spektralna zwierciadta, A=0.68%, N=100
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SELECTED APPLICATIONS OF PERIODICAL STRUCTURES

Dielectric Mirrors

https://www.rp-photonics.com/dielectric_mirrors.html

Bragg Mirrors

https://www.rp-photonics.com/bragg mirrors.html

Applications:

Laser dielectric mirrors, VCSEL mirrors (https://www.rp-photonics.com/bragg mirrors.html ),
DBR LD distributed Bragg reflector or DFB LD: distributed feedback laser diodes. Thin-film band-
pass filters & multiplexers for fiber transmission systems

Fig. B
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(@) diglecine structun (b)
(o) Distributed Bragg reflection (DBR) laser principle. (b) Partially reflected waves

at the corrugations can only constitute o reflected wave when the wavelength
satisfies the Bragg condition. Reflected waves A and A interfere constructive when
G Ay2ny = A


https://www.rp-photonics.com/dielectric_mirrors.html
https://www.rp-photonics.com/bragg_mirrors.html
https://www.rp-photonics.com/bragg_mirrors.html
https://www.rp-photonics.com/distributed_bragg_reflector_lasers.html
https://www.rp-photonics.com/distributed_feedback_lasers.html
https://www.rp-photonics.com/laser_diodes.html

Fig. D’
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Fig. B’

Fiber Bragg Gratings

https://www.rp-photonics.com/fiber bragg gratings.html

https://en.wikipedia.org/wiki/Fiber Bragg grating

Applications:

Fiber band-pass filters, stop-band, equalization filters, OADM
https://en.wikipedia.org/wiki/Optical add-drop multiplexer

Circulator

y ) Fibe
A A \ \ Bragg grating .
. . |'/ '/ \ T N, P EEE t £ )

AL, Az, Ay Ag 1f ; }_ %lHH A1 ); A4
Input \ \ i/ l Throughput
wavelengths L / Y, wavelengths

3

Dropped

wavelength

Fig. C
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https://www.rp-photonics.com/fiber_bragg_gratings.html
https://en.wikipedia.org/wiki/Fiber_Bragg_grating
https://en.wikipedia.org/wiki/Optical_add-drop_multiplexer
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Dielectric periodical structures — selective
Bragg reflectors

applications in fiber optic telecommunications



A

IMPORTANT & PRACTICAL REFERENCES

DWDM ITU channels in an overview (ITU-T G.694.1)

https://www.flexoptix.net/en/dwdm-channels/

B

G.694.1 : Spectral grids for WDM applications: DWDM frequency grid

https://www.itu.int/rec/T-REC-G.694.1-201202-l/en

C

D

I o

J

Dielectric Mirrors https://www.rp-photonics.com/dielectric_mirrors.html

Bragg Mirrors https://www.rp-photonics.com/bragg mirrors.html

Laser dielectric mirrors, VCSEL mirrors (https://www.rp-photonics.com/bragg mirrors.html

DBR LD distributed Bragg reflector

DFB LD: distributed feedback laser diodes

Fiber Bragg Gratings https://www.rp-photonics.com/fiber bragg gratings.html

Fiber Bragg Gratings https://en.wikipedia.org/wiki/Fiber Bragg grating

Fiber band-pass filters, stop-band, equalization filters, OADM

https://en.wikipedia.org/wiki/Optical add-drop multiplexer



https://www.flexoptix.net/en/dwdm-channels/
https://www.itu.int/rec/T-REC-G.694.1-201202-I/en
https://www.rp-photonics.com/dielectric_mirrors.html
https://www.rp-photonics.com/bragg_mirrors.html
https://www.rp-photonics.com/bragg_mirrors.html
https://www.rp-photonics.com/distributed_bragg_reflector_lasers.html
https://www.rp-photonics.com/distributed_feedback_lasers.html
https://www.rp-photonics.com/laser_diodes.html
https://www.rp-photonics.com/fiber_bragg_gratings.html
https://en.wikipedia.org/wiki/Fiber_Bragg_grating
https://en.wikipedia.org/wiki/Optical_add-drop_multiplexer

Parameters to be optimized in all tasks (Fig. A):

N - number of periods

n_L - Low refractive index

n_H - High refractive index

a_L - thickness (nm)

a_H - thickness (nm)

Lambda =a_L +a_H - period of the structure

GROUP I
Design Fiber Bragg Grating band-pass filter (Fig. C).
Central wavelength: channel 34 -> Ref. A
Bit rate = 10 Gbps

Assume that: n_L=1.5 (Eq. A’, Fig. A), An<1.3% (Eq. B)

GROUP il
Design Optical Add Drop Multiplexer (OADM) (Fig. C).
Operating at two wavelength: channel 32" and 34" -> Ref. A

Assume that: n_L=1.5 (Eq. A’, Fig. A), An<1.3% (Eq. B)

GROUP 1]
Design VCSEL dielectric mirrors for singlemode laser operation around 1550 nm (Fig. B’)
Effective laser cavity length Le=20 pum -> FSRes=c/(2n.L)

Assume that: n_L=3.6 (Eq. A’, Fig. A), An<35% (Eq. B), N<30, R>70% (R-mirror refl.
coefficient)

GROUP Vi

Design DBR Laser Diode dielectric mirrors for singlemode laser operation around 1550 nm
(Fig. D’)

Effective laser cavity length L=200 um -> FSRex=c/(2nxL)

Assume that: n_H=3.6 (Eq. A’, Fig. A), An<7% (Eq. B), R>50% (R-mirror refl.
coefficient)



Parameters to be optimized in all tasks (Fig. A):

N - number of periods

n_L - Low refractive index

n_H - High refractive index

a_L - thickness (nm)

a_H - thickness (nm)

Lambda=a_L+a_H - period of the structure
GROUP |

Design Fiber Bragg Grating band-pass filter (Fig. C).
Central wavelength: channel 34 -> Ref. A

Bit rate = 10 Gbps
Assume that: n_L=1.5 (Eq. A’, Fig. A), An<1.3% (Eq. B)
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Parameters to be optimized in all tasks (Fig. A):

N - number of periods

n_L - Low refractive index

n_H - High refractive index

a_L - thickness (nm)

a_H - thickness (nm)

Lambda =a_L + a_H - period of the structure
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Parameters to be optimized in all tasks (Fig. A):

N - number of periods

n_L - Low refractive index

n_H - High refractive index

a_L - thickness (nm)

a_H - thickness (nm)

Lambda=a_L+a_H - period of the structure

GROUP 1]

Design VCSEL dielectric mirrors for singlemode laser operation around 1550 nm (Fig. B’)

Effective laser cavity length Le=20 pum -> FSRes=c/(2n.L)

Assume that: n_L=3.6 (Eq. A’, Fig. A), An<35% (Eq. B), N<30, R>70% (R-mirror refl.

coefficient)
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Parameters to be optimized in all tasks (Fig. A):

N - number of periods

n_L - Low refractive index

n_H - High refractive index

a_L - thickness (nm)

a_H - thickness (nm)

Lambda =a_L + a_H - period of the structure
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Dielectric periodical structure — selective Bragg reflectors (Fiber Bragg grating filter)

Fiber Bragg gratings are commonly used in optical communication systems. A grating
pattern is formed by exposing of a photosensitive fiber by the intensive ultraviolet pattern. Light
reflects from the grating when the grating fringe satisfies Bragg conditions:

A

A=—
2n

where: A - grating period, A — free space wavelength, n — refractive index.

Optical fiber
Cladding
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A W AW AW A W WAV WAV W eV
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FBG reflected power as a function of wavelength - "Fbg2". Licensed under CC BY-SA 3.0 via Wikipedia-

https://en.wikipedia.org/wiki/File:Fbg2.GIF#/media/File:Fbg2.GIF

Bragg reflectors — theory of operation

The Bragg mirror, also known as the Bragg reflector, consists of identical layers of dielectrics with high
and low values of refractive indices. The main interest in fabricating such structures is that they have extremely
high reflectivities at optical and infrared frequencies. They are important elements of VCSELs where high
reflectivity and bandwidth are required. A typical structure forming Bragg mirror consists of N layers of dielectrics


https://en.wikipedia.org/wiki/File:Fbg2.GIF#/media/

with refractive indices n_L (low refractive index) and n_H (high refractive index). The ratio of those values, the
so-called contrast ratio, plays an important role.

The structure is known as a quarter-wave dielectric stack, which means that the optical thicknesses
are quarter-wavelength long; that is:

nia, = nya, = % Eq. A
or (Fig. A):

2
ny * aL=nH*aH=T° Eq. A’

Bragga reflectors can be obtain using different technologies: epitaxial layers, sputtering, ion
implantation and optical exposition.

One of the most important feature of optical Bragga grating is optical contrast of refractive
index:

n —Npmin — NMyg—Ny,
A — max min = Eq. B

Nmax nH

High contrast can be obtained by epitaxial deposition or sputtering. This kind of structures
have a wide applications: antireflection layers, optical mirrors, selective structures of VCSEL SO_LD.

On the other hand low contrast is useful for the range of fiber based devices: fiber filters,
multiplexers, OADMs and chromatic dispersion compensators. Low contrast can be obtained by
interference pattern exposition or by using photolithographic mask.

Using transfer matrix approximation of periodical structures the spectral characteristics of reflection R(A)
can be expressed by the following equation:

|c|?
k= inkKA \?
) sin
lel* + (sinNKA)
Where:
L . k1 .

c= Eemzkz <k1 — k_z) sin(a,ky)
A == a1 + az

2 (Miw\?
Kt =(=-)



Program listing: Bragg reflection determines spectrum of reflectivity of a Bragg mirror for TE
mode using an analytical method

,ﬂ'f_ HH

Fig. A.lllustration of a seven-layer dielectric (Bragg) mirror; shown are N = 3 periods.

Design parameters:

N - number of periods

n_L - Low refractive index
n_H - High refractive index
a_L - thickness (nm)

a_H - thickness (nm)

Lambda =a_L + a_H - period of the structure

% function bragg mirror

clear all

lambda = : : ;
k L = 2*pi*n L./lambda;
*pi*n H./lambda;
a = exp(li*a_H*k_H) .* (cos(k_L*a L)+(1i/2) * (k_H./k_L+k L./k_H) .*

I?T‘
=2}
I

sin(k_L*a L)) ;
d = exp(-li*a H*k H) .* (cos(k_L*a L)-(1i/2) * (k_H./k_L+k_L./k_H) .*
10



sin(k_L*a L))

b
c

K

= exp(-li*a H*k_H) .* ((1i/2)*(k_L./k_H - k_H./k_L)
= exp(li*a H*k_H) .* ((1i/2)*(k_H./k_L - k_L./k_H)
(1/Lambda) *acos ( (a+d) /2) ;

tt = (sin(K*Lambda) ./sin (N*K*Lambda)) .*2;

denom = abs(c) .*2 + tt;

R

= abs(c) .2 ./ denom;

plot(lambda, R, , 1.5);
axis ([1000 2200 0 1.2]);

xlabel ( , , 14);
ylabel ( , , 14);
set(gca, , 14);

% pause

% close all

o°

o°

display (max(R)) ;

end

.* sin(k_L*a L)) ;

.* sin(k_L*a L)) ;
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SELECTED APPLICATIONS OF PERIODICAL STRUCTURES

Dielectric Mirrors

https://www.rp-photonics.com/dielectric_mirrors.html

Bragg Mirrors

https://www.rp-photonics.com/bragg mirrors.html

Applications:

Laser dielectric mirrors, VCSEL mirrors (https://www.rp-photonics.com/bragg mirrors.html ), DBR
LD distributed Bragg reflector or DFB LD: distributed feedback laser diodes. Thin-film band-pass
filters & multiplexers for fiber transmission systems

N Ehstnbatesd Hrag e 4 '
Quarter-Wavelength section st A ;

e tlocton

i
Greating | . @:} (20
PEONA NS NN - N~~ ' $

Optical Waveguide y Active liyer Carragated
(& o

(b)

¢lecine structurg

Active Region

(o) Distributed Bragg reflection (DBR) laser principle. (b) Partially reflected waves
at the corrugations can only constitute a reflected wave when the wavelength
satisfies the Bragg condition. Reflected waves A and & interfere constructive when
GAg2nm - A

Greating
"

Gratmg

<+—Active Region—» Optical Waveguide

Fig. D’

12


https://www.rp-photonics.com/dielectric_mirrors.html
https://www.rp-photonics.com/bragg_mirrors.html
https://www.rp-photonics.com/bragg_mirrors.html
https://www.rp-photonics.com/distributed_bragg_reflector_lasers.html
https://www.rp-photonics.com/distributed_feedback_lasers.html
https://www.rp-photonics.com/laser_diodes.html

A4, Dielectric mirror
)u'4n|

Hé—;\ctive ]ayel'

Dielectric mirror

Substrate

-— Contact

Surface emission

simplified schematic illustration of a vertical cavity
urface emitting laser (VCSEL).

Fig. B’

Fiber Bragg Gratings

https://www.rp-photonics.com/fiber bragg gratings.html

https://en.wikipedia.org/wiki/Fiber Bragg grating

Applications:

Fiber band-pass filters, stop-band, equalization filters, OADM
https://en.wikipedia.org/wiki/Optical add-drop multiplexer

Circulator

Fibe
A, Aa, A, A 1/ / \ 2 Bragg grating o A
all ; HiH >
Input ‘ \ / / Ihroughput
wavelengths /¥, wavelengths
3
Dropped

¢ wavelength

Fig. C

Semiconductor laser diodes

13


https://www.rp-photonics.com/fiber_bragg_gratings.html
https://en.wikipedia.org/wiki/Fiber_Bragg_grating
https://en.wikipedia.org/wiki/Optical_add-drop_multiplexer

The semiconductor lasers diode structure is analogous to LED. To obtain laser operation it
IS necessary to realize an inversion of population and positive optical feedback. The inversion
of population in the active region may be obtained by the intensive injection of electrons and
holes. The active amplification area is located in a resonant cavity.

Semiconductor lasers are threshold devices. For the currents below the threshold, the
spontaneous emission is a dominating process. In this region the laser acts as a LED. Exceeding
threshold value stimulated emission will dominate and a laser operation occurs.

T Relative spectral
distribution

-

Facet power
[mW]

%

!
0 50 1 1265 1300 1305 1310
Current Wavelength
. bl il il
[mA| fnm)

Evolution of lasing spectrum for different current values.

Optical power above threshold may be expressed by:

P, = Teizh—;f<J_Jm)

where: Tph — proton lifetime
n - quantum efficiency,
e — electron charge,
d — recombination area thickness,
S — laser cross section,
J — junction current density,
Jin — threshold current density.

Lasing wavelength is determined by the bandgap of semiconductor material (amplification

bandwidth) and by the selective properties of the resonant cavity.
For Fabry-Perot lasers phase conditions satisfy following equation:

L=mi
2n

14



where: - m mode number (integer value), L — cavity length.
Thus, Fabry-Perot lasers are inherently multimode devices. The width of the longitudinal

mode can be expressed as:

K
AVPO = F
where: K laser constant.
Current
Surface mirror l" l
\ R l'} \\\
& iy 5
N
-— . — Electrode
— TS p GaAs
<+ NS ’\*5\\‘ L __._'
—_ —\_—>
R .
| ® GaAs
b I =} Electrode
| Active region
¥ eg

Fig. C F-P LD configuration

Project 1.2 Measuring lasing spectrum of F-P semiconductor laser

In this project we investigate properties of F-P LD multimode spectrum.

F-PLD
_.; ’—
OSA
Optical Spectrum
Analyzer
LDC Anritsu MS9710B
Laser Diode Controller
Newport 8000

Measurement block diagram.
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F-PLD spectrum — measurement results

Equipment used in the experiment:

F-P Laser Diode
Laser Diode Controller: Newport 8000 (LDD/TEC 8610)
Optical Spectrum Analyzer , Anritsu MS 9710 B

Using measurement results, perform the following tasks:

Examine properties of F-P LD emission spectrum.

Determine 20 dB envelope bandwidth.

Measure FSR.

Determine the laser cavity length L assuming that the refractive index of semiconductor
material n=3,6.

A typical F-P laser diode linewidth ranges from 10 — 100 MHz. Much narrower emission
spectrum can be achieved for long external cavity F-P lasers.

I
<>
Light

output
~—|&——

External Laser
mirror

Passive, 1518um Active, 256um

e »at

\ \ "\
"I'.oad layer

N\ N

A

|+ s—

Au - coating

/
Waveguide

Integrated long external cavity semiconductor laser.

Single mode semiconductor lasers
The single mode laser operation may be achieved by implementation of very narrow band

feedback reflection filters — Bragg gratings. The strongest feedback of Bragg grating occurs for
the first order diffraction satisfying condition:

A =2nA
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where: L is the grating period, N is the effective refractive index.

Distributed feedback (DFB) and distributed Bragg reflection (DBR) lasers are the most
commonly implemented laser diodes.

Quarter-Wavelength section

Greating

Active Region

Optical Waveguide
Active Region
L} ]
Gratili ! p-Type I ‘ Greating

DBR ! n-Type ! DBR
<+—Active Region—» Optical Waveguide

Fig. D DBF and DBR basic laser configuration.

Zn<diffused region

n-inP
(substrate)

Sn-Au/Au

Details of DBF heterostructure laser.

Laser linewidth
The linewidth equation for semiconductor laser is given by:

1
v,hvng In (j
RlRZ 2
Av*P = (1+ oy )
8rL
where: Vg — group velocity
Nsp — Spontaneous emission coefficient

dn/dN

o, =
dg/dN

is the ratio of refractive index change gain change with respect to carrier
density.
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Frequency chirping
The frequency chirp is given by:

Sv (1) :Z—;K%In P(R(t))j+;(P(R(t))}

where P(t) is a time variation of optical power, xis a constant.

A typical value of frequency chirp is 1 GHz/mA.

Semiconductor lasers are temperature sensitive. The threshold current increases with the rise
of temperature. Characteristic temperature coefficient is 1%/10C.

19 20 W 4 50 ao;c
J
\\ \ /
\ \
1
Y%y /
Tow | v
NA=05 1. ¥ ! [
| | | | J f
J | “
‘r ‘l | f
| | ‘l
| | J
/
J ’|
f J
Light 3]
output / ',' / /
| “ || f
f | | |
B J |
J
l' v’ 1’ l' |
Y
DY b7 o e T
A
100 20 w0
Current (mA}

Po-I laser curves for different temperature.

Comparison of spectral properties of different semiconductor optical sources.

40 -30 -20 -10 | +10 +20 +30 +40
Wavelength {nm)

Figure: Typical LED, MM F-P and DFB output spectra.
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Aldn,

Dielectric mirror

Active layer

Dielectric mirror

Substrate

—.—' % % ‘Conmct

Surface emission

simplified schematic illustration of a vertical cavity
urface emitting laser (VCSEL).

Fig.
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Project 1.3. Measuring lasing spectrum of DFEB semiconductor laser

In this project we investigate properties of DFB LD singlemode spectrum and lasing
wavelength — temperature sensitivity.

DWDM
DFB LD
OSA
Optical Spectrum
Analyzer
LDC Anritsu MS9710B
Laser Diode Controller
Newport 8000
Experimental setup of DFB LD spectrum measurement.
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BT BT o Y B L S
2. TdBm | per 2 99cBMm Ad: 1549, EE2nmL 1Y
iy E @ 126nm { \
T.BdE lI
sdiv "-'—-—-k
-
[ |
-32.3 f’ ! '\1
dem [T
yan /J . N\,
" o i i /
- [ |
BzBﬁ LLOFST i i
1542 6nm B 2nmed i 15459, Grm in&ir 1550, &nm
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VEL: 1kHz S Em:Off o Intw]:0ff ’ S 8tt Off

DFB laser — output spectrum.
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DFB laser — output spectrum.
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DFB laser — output spectrum.

22
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DFB laser — output spectrum vs temperature.
DFB LD spectrum — measurement results
Lasing wavelength vs temperature — measurement results

Equipment used in the experiment:

DFB DWDM Laser Diode, Aifotec
Laser Diode Controller: Newport 8000 (LDD/TEC 8610)
Optical Spectrum Analyzer , Anritsu MS 9710 B

Using measurement results, perform the following tasks:

Examine properties of DFB LD emission spectrum.
Determine 20 dB envelope bandwidth.
Determine the lasing wavelength — temperature sensitivity. Discuss obtained result.
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The fiber Fabry-Perot tunable filter (FPF)

»

Mirror

Al J

- Fiber i PZT

A tunable fiber F-P filter

Ferrule -

The FPF transfer function is expressed by the following equation:

(1-R)’

Tee (V)=

where: R - end-faced reflectivities,
L - cavity length,
c - light velocity.

(1-R)? + 4Rsin? (2”(";%)")

Transmission, [dB]

-1.5 1,0 05 0,0 05
Mormalized frequency, (f-fONFSR

Freguency response of Fabry-Perot filter

1.0

15
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Example FFP-TF2 Filters
Standard Finesse Values with Fixed FSR

Dwen 1 1500 rem ———  Filter Tuning ——@%  Up tp 1600 nm

om Finesza Values 3dB Bandwadth for 60 nm FSR
(nm] /
0.0 —
—y
ﬁ‘ -20.00 /7
&
g8 am
& 05
Z ELm |01
| —0.05
0.0 0.
—0.005
50,0
0 0.5 1 1.5 2

Monnalized Frequency (FSRs)

Freguency response of Fabry-Perot filters for different reflectivities R, Micron Optics, Inc.

The Fabry-Perot is periodic with a period, called the free spectral range (FSR), given by:

FSR=——
2nL

The FSR is the frequency range that can be tuned freely without overlapping due to
multiorder interference. The 3-dB bandwidth of the F-P filter (full with at half maximum,
FWHM) is given by:

c 1-R
AVeyim :ﬁ JrR

The ratio of the free spectral range is known as the finesse F of the Fabry-Perot filter and is
given by:

c_ FR _mR
Aveyuw  1-R

The maximum number of resolvable channels of the Fabry-Perot filter is restricted by:

F ﬁ\/ﬁ
N max <5 =
3 3(1-R)

With F=100, yields Nmax<33.

25



To tune the filter from one channel to another, the resonant conditions of FPF must be
changed. This can be done by fine-adjusting the Fabry-Perot cavity length L.

Among the various design options that have been proposed, probably the most successful
design is the tunable-fiber Fabry-Perot Filter.

il
¥)

Simge Mode
Fiber Core .,i'
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Ekwiwalentne (dodatkowe) straty
Power penalties

Ekwiwalentne (dodatkowe) straty
Power penalties

* Ekwiwalentne straty dyspersji chromatycznej

* Ekwiwalentne straty dyspersji modowej

* Ekwiwalentne straty PMD

* Ekwiwalentne straty ER

* Ekwiwalentne straty chirpu

* Ekwiwalentne straty nieliniowego rozpraszania



2020-04-02

Ekwiwalentne straty dyspersji chromatycznej:
dyspersja powoduje poszerzenie impulsow w dziedzinie czasu i
tym samym zmniejszenie ich amplitudy na wejsciu odbiornika.

Efekt ten mozna uwzgledni¢ w budzecie mocy wprowadzajgc
ekwiwalentne straty (Power penslty)

Na rysunku pokazano wyniki 3
obliczen ewolucji impulséw Gaussa a1
w bezstratnym wtdknie (a=0dB/km),
dyspersja: ,=2.0, D[ps/(nm*km)],
B5=1.01, S[ps/(nm*km)]

Co wiecej ekwiwalentne straty dyspersji chromatycznej
prowadzg do, zmniejszenia réznicy pomiedzy poziomami mocy
logicznego 0i 1:

Individual pulses

16 | / \ £,
\ J \

04} ’,” / \
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Ekwiwalentne (dodatkowe) straty
Power penalties

* Ekwiwalentne straty dyspersji chromatycznej

P, = —5logll— (4BLD. ALY |

Pcd<0.5 dB <—> B*L*D,*A\<0.1

Ekwiwalentne (dodatkowe) straty
Power penalties

* Ekwiwalentne straty dyspersji modowej:

P = (7) [dB]; 7, = 202
T

Pun = 2(208, /2| [dB]

t =1/BT; 1. — poszerz. imp. (1/e); o — szeroko$¢ rms

2020-04-02



Ekwiwalentne (dodatkowe) straty
Power penalties

* Ekwiwalentne straty spowodowane dyspersjg polaryzacyjng - PMD

Pemp<1dB/30min/rok <—> ATq50p<0.147

Ekwiwalentne (dodatkowe) straty
Power penalties

* Ekwiwalentne straty ER wspoétczynnika wygaszania

ER-1

P.. =-10lo
ER YER+1

Per<0.5 dB <—> ER>18

2020-04-02
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Ekwiwalentne (dodatkowe) straty
Power penalties

* Ekwiwalentne straty nieliniowego rozpraszania Brillouin’a SBS
(Stimulated Brillouin Scaterring)

nasycenie gdy P, ,,>17dBm

Réwnanie budzetu mocy,
zgodne z oznaczeniami stosowanymi w przyktadzie:
Example 12.6

Pry=Ppy +ape + M )
Pre=Ppy + (ap + agp )L + aee + M

Uwzgledniajge ekwiwalentne straty dyspersji D,

Pre=Ppy+(ap + agp)L + ace + Dy + M

Gdzie:

P;—moc nadajnika [dBm]

Pgx— moc na wejsciu odbiornika lub czutos¢ odbiornika [dB]
a;— tfumienie widkna [dB/km]

ay, — srednie ttumienie spawdw na kilometr widkna [dB/km]
o, — ttumienie ztqczy [dB]

D, — ekwiwalentne straty dyspersji [dB]

M — margines mocy [dB]



Ekwiwalentne straty dyspersji modowe] (wtékno wielomodowe)
- problem sprzegania moddéw — uwagi do przyktadu 12.6

Zgodnie z poprzednimi wyrazeniami ekwiwalentne straty D, opisujg rownania:

D, = (T—j [dB]
T
T, = 202
D, =2(208, 2 [dB]

T — okres impulsu=1/B;
T, — poszerzenie impulsu na poziomie (1/e) spowodowane dyspersjg
o — szerokos¢ rms impulsu (zaktadajgc Gaussowski ksztatt)

Ekwiwalentne straty dyspersji modowej (wtékno wielomodowe)
- problem sprzegania modéw — uwagi do przyktadu 12.6

Charakter obserwowanego poszerzenia impulséw zalezy od wystepowania
sprzezenia pomiedzy modami (mode coupling) lub jego braku.

Sprzeganie moddéw (mode coupling) oznacza wymiane (przeptyw) energii pomiedzy
modami.

Gdy nie wystepuje sprzezenie modow poszerzenie impulsu jest
proporcjonalne do dtugosci wtékna:

o=0*L

Gdy obserwujemy sprzezenie modoéw poszerzenie impulsu
zachodzi wolniej:

o=0*(L)°**

o7 - poszerzenie impulsu na wyjsciu wtdkna o dtugosci L

2020-04-02



Zadanie: Budzet mocy

Oblicz maksymalny zasieg systemu Swiattowodowego
P,=-3dBm — moc nadajnika,

04=0.4dB/km — ttumienie wtékna,

ocsp=0.1dB/km — usrednione ttumienie spawow,
o=1dB/szt - — tlumienie ztaczy,

M = 7 dB — zatozony margines mocy,

dla trzech wariantéw:
A/ Przeptywnosci 35Mbps, P, 35mpps)=-55dBm (czuto$¢ odbiornika)
B/ Przeptywnosci 400Mbps, Pg,oompps)=-44dBm (czuto$¢ odbiornika)

C/ Przeptywnosci 400Mbps, P, (so0mbps)=-44dBm (czutos¢ odbiornika) oraz
D,=1.5dB (ekwiwalentne straty dyspersji)

I‘35Mbps' L400Mbps' L4OOMbps/DL:1.5dB =?

2020-04-02



Ttumienie witdkien



Useful formulas V
ttumienie wtokien podstawowe wzory

a:lln(e’“} a—[ k™ |




Fiber attenuation
Przyktad:

P,e=120 uW, P, =3uW, L=8km,
Oblicz:
(deL=?, (de=?

aL=10log ﬁwe =10log40=16
8km km
Dla: L=10 km, o,,.,,=1 dB/1Tkm (srednla tt. spawow - wartos¢ na km),

Oblicz: Link attenuation LinAtt="?, P

LinAtt = aL+nor, = 20dB +9dB = 29dB

B _ 100 =704

wy



Budzet (bilans) mocy

Moc na wejsciu odbiornika w skali liniowej:
P, = Py * SW % SR

Przechodzac do skali logarytmicznej (moce w [mW]):

10log(Pp) = 10log(Py * SW * SR) = 10log(Py) + 10log(SW) + 10log(SR)
PoldBm] = Py[dBm] + SW|[dB] + SR[dB]

Czyli obliczona moc na wejsciu odbiornika w skali logarytmicznej:

P, = 6[dBm] + (—23[dB]) + (—3[dB]) = —20[dBm]

Moc nadajnika (PN) 4 mW 6 dBm 8 mW
Straty wtdkna (SW) 1:200 -23 dB 1:300
Rozgateznik (SR) 1:2 -3dB 1:4
Moc na wej. - 20 dBm
odbiornika

(Po)

Czutos¢ odbiornika -40 dBm -40 dBm -30
(Co) dBm
Zapas (margines) 20 dB

mocy (M)




Budzet (bilans) mocy

Prosty bilans mocy

Przeprowadz analogiczne obliczenia dla drugiego wariantu

Tabela 1

Moc nadajnika (PN) 4 mW 6 dBm 8 mW
Straty widkna (SW) 1:200 -23 dB 1:300
Rozgateznik (SR) 1:2 -3 dB 14
Moc na wej. odbiornika - 20 dBm

(Po)

Czuto$¢ odbiornika -40 dBm -40 dBm | -30 dBm
(Co)

Zapas (margines) mocy 20 dB

(M)




FTTH — PON
Upstream, 622 Mbps, BER=10-1"

ONT OLT
A AN
( \ 4 A
WDM Connectors 1x 32 WDM
coupler on drop and splitter coupler Jumper
distribution cables connectors
1310-nm \ Splice \ OLT
ONT laser / i \ y —A—— receiver
] ] - {2
Ps Pr
2.0 dBm — —— —30 dBm
Loss (dB): 1.5 2x0.1 0.1 165 0.1 1.5 2x05 /
| |
n > 3-dB
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| Cable loss: 20 km x 0.4 dB/km = 8 dB |
| |
| |
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Optical power losses of various components in a 1310-nm FTTP link



Spreadsheet for Calculating the 1310-nm BPON-Based FTTP Link
PowerBudget for a Class B Attenuation Range
Uzupetnij tabele na podstawie danych zawartych na schemacie

Tabela 2

Component /Loss Parameter

ONT laser diode output

WDM coupler loss (2*1.5 dB)
Central-office patch cord loss

Power available for class B link
Power splitter loss (1*32)

Splice loss (1*0.1 dB)

Connector loss (3*0.1 dB)

Cable attenuation (20km*0.40 dB/km)
OLT receiver power penalty

OLT detector sensitivity at 622Mbps

Power Margin

Output
/Sensitivity/Loss

2.0dBm

-3.0 dB

Straty dodatkowe odbiornika



FTTH - PON
Downstream, 1.25 Gbps, BER=10-1"

ONT OLT
A A
r ) s N
WDM Connectors 1 %32 WDM Jumper
coupler on drop and

splitter
distribution cables " coupler connectors

ONT \ Splice \ / \ 1490-nm
receiver / i \ & OLT laser

B4 H« =4
)
3 dBm
—26 dBm -
Loss (dB): 1.5 2 x0.1 0.1 16.5 0.1 1.5 2x05
|
L1

Cable loss: 20 km x 0.25 dB/km =5 dB

25 dB total loss allowed

with Class B optics

.y ______V_

Optical power losses of various
components in a 1490-nm FTTP link



Spreadsheet for Calculating the 1490-nm BPON-Based FTTP Link
Power Budget for a Class B Attenuation Range
Uzupetnij tabele na podstawie danych zawartych na schemacie

Tabela 3

OLT laser diode output 3.0 dBm
WDM coupler loss (2*1.5 dB)

Central-office patch cord loss

Power splitter loss (1*32)

Splice loss (1*0.1 dB)

Connector loss (3*0.1 dB)

Cable attenuation (20km*0.25 dB/km)

OLT detector sensitivity at 1250Mbps

Power Margin
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Dynamika systemu

Lnieksztatcenia dyspersyjne
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Zwigzek przeptywnosc¢ <->
poszerzona szerokosc impulsu

B, [bps]< 2_17

poszerzenie:r

Iwigzek przeptywnosc <->
poszerzona szerokos¢ impulsu Gaussa

By oy = 22 [ops]
O

lub:
0,25
BT,max =

o

[bps]




Przeptywnosc <-> czestotliwosce

(a) 1 1} 1 ] Bit pattern
e R —
(b} 1 1 i 1 8it pattern
o —
. BR
Pasmo Nyquista — NRZ BW = >
Pasmo Nyquista — RZ BW =BR

Szybkos¢ narastania <->

PASMO
A
5]
©
E
E
m
2
5
5}
o
1 >
—hi = Time
10 to 90%
rise time
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Wymagany czas narastania <->
BR <-> BW przebieg prostokgtny

- Wymagany czas - 03°
~narastania: BWe ace

BR 1
BW -
* NRZ e3dB 5 T oT

07

t=——
BR

RZ BWe,3dB =BR =_|£_

_03s

t
" BR

/nieksztatcenia dyspersyjne -
odpowiedz wtdkna

2 _ T2 2 2
Tfib _Tm +TGVD +Tpol




Dyspersia MM-SI, MM-GI, SM

WLOKNO WIELOMODOWE S|
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WLOKNO WIELOMODOWE Gl

WLOKNO JEDNOMODOWE
DYSPERSJA CHROMATYCZNA

Tem z|Dch|Aﬂ,*L
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WEOKNO JEDNOMODOWE
DYSPERSJA POLARYZACYJNA

Pasmo wtdkna

0.44 0.44
T (D L) +(DyyAAL) + D% L

B »
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Odpowiedz systemu:

. 2 2 2 2 2
sys \/TTX +Tmod +TCD +TPMD +TRX

Filtr RC, odpowiedz w dziedzinie
(a) czasu (b) czestotliwosci

[nput voltage

v
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Filtr RC - zwigzek pasmo B -
czas narastania t,

v, (t)=V {1— exp(%)}

dla10-90%:
t, =2.2RC

r

1
|H(a)1 - ,/i1+ »*C*R? )

—>pasmo 3dB :
B— 1
27RC
t = 22 035
" 278 B

Przeptywnosc <-> szybkosc¢
systemu

Br=1

Ty =t =0.357

DlaRZ:
1
B, [bps]=B = -
0.35
BT(max)[bpS]= T
sys
DlaNRZ:
B 1
B, [bps]= 2%
0.7
Bmmuﬂbpsl—T

sys



11.4 LINK CAPACITY ESTIMATES

A rise-time budget analysis is a convenient method of determining the information
_c?fpmﬁ optical link. THis is particularly useful for a digital link in which the
capacity is dispersion limited.

11.4.1 Basic Formulation

In the rise-time budget analysis approach, the total rise time 7 of the link is the
root-sum-square calculation of the rise times from each contributor #; to the pulse
rise-time degradation, that is,

172
tg) (11.5)



V

11.4.2 Basic Rise Times / BR. b ju

LINK CAPACITY ESTIMATES 201

The five basic elements that may limit system speed significantly are the trans-
mitter rise time fyy, the modal dispersion rise time ¢, of multimode fiber, the chro-
matic dispersiorTrTse time Icp of the fiber, the polarization mode dispersion rise time
towp Of the fiber, and the receiver rise time f,. Substituting these parameters into Eq.

(11.5) then yields
UNONONONE,

— [42 2 2 2 2 172
Z‘sys - (ITX + [mod + tCD + tPMD + tRX)

(11.6)

O w—

Single-mode fibers do not experience modal dispersion (i.e., 7,,,=0), so in
these fibers the rise time is related only to chromatic and polarization mode dis-

persions. 3R 03 T
ZUWNAsle K sc,sl—z ¥ T B iy 2 ¢
A Scjsm 3K ( 4

R2

)

Generally, the total transition-time degradation £ of a digital link should not exceed
70 percent of an NRZ (non-return-to-zero) bit period or 35 percent for RZ (return-
to-zero) data, where one bitTperiod is defined as the reciprocal of the data rate. In
Appendix D we discuss NRZ and RZ data formats in more detail.

The rise times of the transmitters and receivers generally are known to the link
designer. The transmitter rise time is attributable primarily to the speed at which a
light source responds to an electrical drive current. A rule-of-thumb estimate for the
transmitter rise time 18 2ns for an LED and 0.1ns for a laser diode source. The
receiver rise time results from the photodetector response speed and the 3-dB elec-
trical bandwidth By of the receiver front end. The rise time typically is specified as
the time it takes the detector output to increase from the 10 percent to the 90 percent
point, as shown in Figure 11.6. If By is given in megahertz, the receiver front-end

rise time in nanoseconds is
350
x =5 ] @ (11.7)
e RX

A
()]
o
=
5 90%
o I
0>> |
= |
E I
= |
i
10% !
= >
|
”‘"’} {4“ Time
10 to 90%
rise time

Figure 11.6. The 10 to 90 percent rise time of a pulse.
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202 FTTP NETWORK DESIGN

In practice, an optical fiber link seldom consists of a uniform, continuous, joint-
less fiber. Instead, a transmission link nominally is formed from several concate-
nated (joined in tandem) fibers that may have different dispersion characteristics.
This 1s especially true for dispersion-compensated links operating at 10 Gbps and
higher. In addition, multimode fibers experience modal distributions at fiber-to-fiber
joints owing to misaligned joints, different core index profiles in each fiber, and/or
different degrees of mode mixing in individual fibers. Determining the fiber rise
times resulting from chromatic and modal dispersion then becomes more complex
than for the case of a single uniform fiber.

The fiber rise time ., resulting from chromatic dispersion over a length L can be
approximated by

tep = Dep|LAL @ \ 1Ly

—

where A) is the half-power spectral width of the light source and Dy, is the fiber chro-
matic dispersion. Since the chromatic dispersion value may change from one section of
fiber to another in a long link, an average value should be used for D, in Eq. (11.8).

For a multimode fiber the bandwidth, or information-carrying capacity, is specified
as a bandwidth—distance relationship with units of MHz - km. Thus, the bandwidth
needed to support an application depends on the data rate of transmission, that is, as
the data rate goes up (MHz), the distance (km) over which signals can be transmit-
ted at that rate goes down. Multimode fibers with a 50-im core diameter have about
three times more bandwidth (500 MHz - ki) than 62.5-um fibers (160 MHz - km) at
850nm. If B, is the modal-dispersion bandwidth (in MHz-km), the modal rise
time f,,,4 (ns) over a fiber of length L (km) is given by

440L
tmod = B @ l (1 1 9)
[ mod ]

The pulse-spreading 7, resulting from polarization mode dispersion is given by

tomp = Dpyp X Viber length @ \ (11.10)

where Dy, is the polarization mode dispersion measured in units of ps/Vkm.
Let us now calculate the expected rise times for the link examples that are given
in Section 11.2.
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Zadanie — dynamika systemu

Przyktad do samodzielnego
obliczenia

Okreslone wszystkie niezbedne kroki

Dynamika systemu
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Lnieksztatcenia dyspersyjne

(e comy p ite pattern
Indistingui

(@)
Amplitude

(b)

Lwigzek przeptywnosc <->
poszerzona szerokosc impulsu

B, [bps]< 2—11

poszerzenie:r




Iwigzek przeptywnosc <->
poszerzona szerokos¢ impulsu Gaussa

0,2

Br max = — [0PS]
(o2

lub:

0,25
BT ,max = [bps]

(o}

Przeptywnosc <-> czestotliwosc

(a) 1 0 1 ] Bit pattern
]
(b} 1 1 1 1 Bit pattern
]
) BR
Pasmo Nyquista — NRZ BW = >
Pasmo Nyquista — RZ BW =BR
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PASMO
A

Relative amplitude

11.06.2021

Szybkos¢ narastania <->

|
— >
1

10 to 90%
rise time

Time

Wymagany czas narastania <->
BR <-> BW przebieg prostokatny

- Wymagany czas
narastania:

NRZ

0.35

t, =
BWe,3dB

BR 1
BWe,sdB = 7 = E
_o7

t, =
BR

BWe,SdB =BR=

= |~

¢ 035
" BR
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/nieksztatcenia dyspersyjne -
odpowiedz wtokna

) 2 2
Tfib _Tm +TGVD +Tpo|

Dyspersja MM-SI, MM-GI, SM

Multimode step index fiber Input pulse Output pulse

Core Cladding
Amp Amp
|

t t

Multimaode step index fiber

Amp

;"Z Amp
: @
I | M__ |—AA
ntr)
t

Single-mode step index fiber

Eo) =1l
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WLOKNO WIELOMODOWE $|

WLOKNO WIELOMODOWE Gl
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WEOKNO JEDNOMODOWE
DYSPERSJA CHROMATYCIZNA

Tevo & |Dgp| AL *L

WLOKNO JEDNOMODOWE
DYSPERSJA POLARYZACYJNA
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Pasmo wtdokna

0.44 _ 0.44
Tfib \/(DmL)2+(D AZ,L)2+D2 L

chr pol

B *

Odpowiedz systemu:

_ 2 2 2 2 2
sys \/TTX +T +TCD +TPMD +TRX

mod



Filtr RC, odpowiedz w dziedzinie
(a) czasu (b) czestotliwosci

Input voltage Vour(t)

R
% WV 1%

Y

Filtr RC — zwigzek pasmo B -
czas narastania t,

v, (t)=V {1— exp(%]}

dlal0-90%:
t, =22RC

r

1
el aew)

—>pasmo 3dB:
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Przeptywnosc <-> szybkosc
systemu

Br=1

Ty =1, =0.35¢

DlaRZ:
1
B, [bps]=B =
0 35
sys
Dla NRZ:
B 1
b —=—
B, [ops]= =2
0.7
b il
BT(max)[ pS] T

Dane zadania

(zadanie dotyczy systemu, dla ktorego obliczaliscie budzet mocy
— jest to druga czes¢ - kontynuacja)

« A laser diode with a 0.1-ns rise time and a 1-nm spectral width (this assumes
that the laser has reached its stabilized on state, as described in Section 4.5)
« A pin-photodiode receiver with a front-end bandwidth By = 1250 MHz

* A G.652 single-mode fiber with D, =4 ps/(nm - km) and Dyypy = 0.1 ps/Vkm
at 1490nm

11.06.2021
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Dane zadania

(zadanie dotyczy systemu, dla ktorego obliczaliscie budzet mocy
— jest to druga czes$é - kontynuacja)

» Zasieg 20km

* Przeptywnos¢ facza i format modulacji: B,z,=1.25 GBps
-> obliczamy maksymalny dopuszczalny czas
odpowiedzi systemu T,

sys

e Parametry diody laserowej (nadajnika): t,,=0.1ns,
AA=1nm (AL - niezbedne do obliczenia t,p)

* Pasmo odbiornika: Bg,=1250MHz -> obliczamy t;,

* Whtasciwosci wtdkna: typ G652 (wt. jednomodowe!) -
Dp=4ps/(nm*km), Dpy,p=0.1ps/(km)°>

Doy ppOmijamy z uwagi na maty zasieq i przeptywnosc

» Nalezy sprawdzic¢ czy dla wybranych
parametrow nadajnika, widkna, odbiornika
system bedzie odpowiednio szybki:

too ST

sys = 'sys

11
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1. Obliczamy wymagany czas odpowiedzi
systemu (T)

sys—

Przeptywnos¢ <-> szybkos¢ systemu

Br=1
T, =t, =0.357
DlaRZ:
1
B, [bps]=B = -
0.35
BT(max)[bpS]: T
sys
DlaNRZ:
B 1
B [bps]= 272
0.7
BT(max)[bpS]_Ti

sys
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2. Obliczamy czas odpowiedzi wtdkna (tcp)
- réwnanie 11.8

sys—

The fiber rise time 7, resulting from chromatic dispersion over a length L can be
approximated by

Iep = |Dep|LAA (11.8)

where AR is the half-power spectral width of the light source and Dy, is the fiber chro-
matic dispersion. Since the chromatic dispersion value may change from one section of
fiber to another in a long link, an average value should be used for D, in Eq. (11.8).

For a multimode fiber the bandwidth, or information-carrying capacity, is specified
as a bandwidth—distance relationship with units of MHz-km. Thus, the bandwidth
needed to support an application depends on the data rate of transmission, that is, as
the data rate goes up (MHz), the distance (km) over which signals can be transmit-
ted at that rate goes down. Multimode fibers with a 50-pum core diameter have about
three times more bandwidth (500 MHz - km) than 62.5-pm fibers (160 MHz - km) at
850nm. If B, is the modal-dispersion bandwidth (in MHz-km), the modal rise
time 7,4 (ns) over a fiber of length L (km) is given by

 440L
Tt = B
mod

(11.9)

The pulse-spreading fp resulting from polarization mode dispersion is given by
tomp = Dpyp <V fiber length (11.10)

where Dpyyp, is the polarization mode dispersion measured in units of ps/\V/ km.

13



3. Obliczamy czas odpowiedzi odbiornika (tzy)

- rownanie 11.7

point, as shown in Figure 11.6. If Byy is given in megahertz, the receiver front-end
rise time in nanoseconds is

Relative amplitude

350
Tpx = B
kX

(11.7)

A
»
Time
10 to 90%
rise time

Figure 11.6. The 10 to 90 percent rise time of a pulse.

11.06.2021

14



4. Obliczamy faktyczny czas odpowiedzi systemu (t,)
-réwnanie 11.6

4' tsvs={(Ttx)2+ (TCD)2+(Trx)2}1/2

The five basic elements that may limit system speed significantly are the trans-
mitter rise time fry. the modal dispersion rise time ¢, of multimode fiber, the chro-
matic dispersion rise time 7, of the fiber, the polarization mode dispersion rise time
foup Of the fiber, and the receiver rise time fpy. Substituting these parameters into Eq.
(11.5) then yields

= (42 2
tye= By 1

mod

2 2 2 312 3
R T (11.6)

Single-mode fibers do not experience modal dispersion (i.e.. 1,,,=0), so in
these fibers the rise time is related only to chromatic and polarization mode dis-

persions.

11.06.2021
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» Uzyskane wartosci wprowadzamy do tabeli

Spreadsheet for Calculating BPON-Based FTTP Link Rise
Time Budget

Allowed rise-time budget Tosi= [ns]
Laser transmitter rise time ty= [ns]
Fiber chromatic dispersion tep= [ns}
Fiber PMD (zaniedbujemy) 0 [ns]
Receiver rise time tox= [ns]
System rise time toys= [ns]

Sprawdzamy czy: t, < T,

11.06.2021
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Example 12.7

An optical fiber system is to be designed to operate over an 8 km length without
repeaters. The rise times of the chosen components are:

Source (LED) 8 ns
Fiber: intermodal 5ns km™
(pulse broadening) intramodal 1 ns km™
Detector (p—i-n photodiode) 6 ns

From system rise time considerations, estimate the maximum bit rate that may be
achieved on the link when using an NRZ format.

L=8 km, T p=8 NS, T,,,,4=5 ns/km, 1,,=D,,*AA=1 ns/km, T, =6 ns,
NRZ, By a=?

Tsyst=1.1*T=46.2 ns
Bt nax=0.7/46.2 ns=15.2 Mbps (7.6 MHz)

11.06.2021
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FTTH — PON
DS, 1.25 Gbps, BER=10-11

ONT il
A A
r \ 4 L
WDM Connectors 1 x 32 WDM Jumper
coupler on drop and splitter coupler  connectors

distribution cables

SN/ L NN N\ e
= oo =

/ | 3 dBm

Loss (dB): 1.5 2x0.1 0.1 16.5 0.1 1.8 2x0.5

Cable loss: 20 km x 0.25 dB/km =5 dB

25 dB total loss allowed
with Class B optics

k-
.y ______v_

——
|
|

Optical power losses of various
components in a 1490-nm FTTP link



Byrz=1.25 GBps, L=20 km

LD: T,=0.1ns, AA=1nm

B, =1250MHz,

G652 fiber: Dep 1490nm=4PS/(NM*km), Dpyp=0.1ps/(km)©->



Byrz=1.25 GBps, L=20 km

LD: T,=0.1ns, AA=1nm

B, =1250MHz,

G652 fiber: Dep 1490 nm=4PS/(NnM*km), Dpy,p=0.1ps /(km)°->

sys, BR



Byrz=1.25 GBps, , L=20 km

LD: T,=0.1ns, AA=1nm

B, =1250MHz,

G652 fiber: Dep 1490 nm =4PS/(NM*Km), Dpy,p=0.1ps /(km)°->

o T =0.7/B\r,=0.56Nns

sys, BR



Byrz=1.25 GBps, L=20 km

LD: T,=0.1ns, AA=1nm

B, =1250MHz,

G652 fiber: Dep 1490 nm =4PS/(NM*Km), Dpy,p=0.1ps /(km)°->

o T =0.7/B\r,=0.56Nns

sys, BR

* Tep=DcpLAA



Byrz=1.25 GBps, L=20 km

LD: T,=0.1ns, AA=1nm

B, =1250MHz,

G652 fiber: Dep 1490 nm =4PS/(NM*Km), Dpy,p=0.1ps /(km)°->

o T =0.7/B\r,=0.56Nns

sys, BR

* Tep=DcpLAA=80ps



Byrz=1.25 GBps, L=20 km

LD: T,=0.1ns, AA=1nm

B, =1250MHz,

G652 fiber: Dep 1490 nm =4PS/(NM*Km), Dpy,p=0.1ps /(km) ©->

o T =0.7/B\r,=0.56Nns

sys, BR
* Tep=DcpLAA=80ps

. T.=0.35/B,,



Byrz=1.25 GBps, L=20 km

LD: T,=0.1ns, AA=1nm

B, =1250MHz,

G652 fiber: Dep 1490 nm =4PS/(NM*Km), Dpy,p=0.1ps /(km)°->

o T =0.7/B\r,=0.56Nns

sys, BR
* Tep=DcpLAA=80ps

* T,=0.35/B,,=0.28ns



Byrz=1.25 GBps, L=20 km

LD: T,=0.1ns, AA=1nm

B, =1250MHz,

G652 fiber: Dep 1490 nm =4PS/(NM*Km), Dpy,p=0.1ps /(km)°->

* (Toye)*=(Tp)?+ (Tep)*+(T)?



Byrz=1.25 GBps, L=20 km

LD: T,=0.1ns, AA=1nm

B, =1250MHz,

G652 fiber: Dep 1490 nm =4PS/(NM*Kkm), Dpyp=0.1ps/(km)°->

* (Toye)*=(Tp)?+ (Tep)*+(T)?

e T...=0.307/ns

Sys



Spreadsheet for Calculating BPON-Based FTTP
Link Rise Time Budget

Allowed rise-time budget T gr 0.56 ns
Laser transmitter rise time 0.1 ns

Fiber chromatic dispersion 0.08 ns

Fiber PMD 0

Receiver rise time 0.28 ns

System rise time T, 0.307 ns

sys



MODEL NUMERYCZNY tACZA SWIATLOWODOWEGO PON

Uogdlniony schemat systemu swiattowodowego skfada sie z nadajnika, wtdkna
Swiattowodowego oraz odbiornika.

W najbardziej typowej, praktycznej sytuacji informacja w systemie transmitowana jest za
pomocg impulséw Swietlnych. W trakcie propagacji od nadajnika do odbiornika impulsy ulegaja
degradacji spowodowanej ttumieniem wtdkna oraz efektami dyspersyjnymi.

Model tacza optycznego przedstawiono na Rys. 1

Nadajnik Wtékno Odbiornik
Sy(w) S(w) M S{w)
E, Hy(w) — E, | H(w) > PD . Hyo)p—>
T = Ey| ¢ G 2 s(t)
0 Po 1

Rys. 1 Model transmisyjny systemu Swiatfowodowego

Widmo sygnatu na wyjsciu odbiornika okresla réwnanie [S. Geckeler. Optical Fiber
Transmission System. Artech House, Inc., Norwood, 1987]:

Sy(w) =iy xT*M xR =G x Hy(w) * Hy () * Hy(w)
Gdzie:

M — wspdtczynnik powielania fotodiody APD
G —wzmocnienie
ir— $redni prad fotodiody w czasie T

Hy(w) — transmitancja nadajnika

Prad fotodiody ir mozna wyrazi¢ za pomocg nastepujgce]j zaleznosci:
, To 7€
lr = Pomax?Dlﬁ
Gdzie:

n — efektywnos¢ kwantowa fotodiody



v— czestotliwos¢ optyczna
h — stata Planca
e —tadunek elektronu

D; — straty wtdkna, zdefiniowane nastepujgco:

Odbiornik reprezentowany jest za pomocg dolnoprzepustowej charakterystyki:

Hy(w) = %[1 + cos (% wrz)]

Wiékno modelowane jest za pomocg funkcji Gaussa:
1
Hy(w) = e 7™

Parametr zizwykle okreslony jest na podstawie pomiaru pasma (B;) przenoszenia wtékna.

Parametr ; powigzany jest z pasmem zaleznoscig:

- 2B,

Pasmo swiattowodu modelowane jest nastepujgco [S. Geckeler. Modelling of fiber-optic transmission
systems on a desk-top computer. Siemens Res. and Dev. Reports, 12:127-34, 1983] :

Gdzie:

L; — dtugos¢ widkna



Lc—droga sprzezenia (dotyczy widkien wielomodowych)

B, —iloczyn pasmo * zasieg



Rezultaty analizy numerycznej przyktadowego tacza swiattowodowego

Przyktadowe obliczenia przeprowadzono w srodowisku Matlab.

Przyjeto nastepujace parametry:
-parametry sygnatu nadajnika:
BR =50 Mbps (przeptywnosé)
Po = 0.5 mW (maksymalna moc optyczna)
- parametry wtdkna:
L =15 km (dtugosc tacza)
o, = 3dB/km (ttumienno$¢ jednostkowa)
BL = 800 MHz*km (iloczyn pasmo*zasieg)
Lc = 10 km (droga sprzezenia)
- parametry odbiornika:

T,=0.7

Na rysunku 2 pokazano obliczone charakterystyki widmowe w tgczu optycznym.



06

04r1

-0.2f ]

0.4 : : :
0 2 4 6 8

Frequency (a.u.)

Rys. 2.2 Wyniki analizy numerycznej: widmo wejsciowe (sygnat prostokgtny), linia przerywana oraz
widmo wyjsciowe sygnatu, linia ciggfa

Na rysunku 3 pokazano ksztatt impulsu na wyjsciu system.

0.8

0.6

time output function

0.4 \
\
B R

0 5 10 15 20 25 30 35
time

Rys. 3 Wyniki analizy numerycznej: ksztatt impulsu wyjsciowego



WNIOSKI

Prosty model analizy numerycznej pozwala na obliczenie podstawowych wiasciwosci systemu
optycznego. Model moze by¢ stosowany zardwno w systemach z wtéknami wielodomowymi jak i
jednomodowymi. Umozliwia uwzglednienie dowolnych efektédw dyspersyjnych.

LITERATURA:

1/ S. Geckeler. Optical Fiber Transmission System. Artech House, Inc., Norwood, 1987

2/ S. Geckeler. Modelling of fiber-optic transmission systems on a desk-top computer. Siemens Res.
and Dev. Reports, 12:127-34
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“VP"J 1ofonic 5 Module Prerequisites

e Introduction to Fiber-Optic Communications | & Il
« Recommended - Fibers |

e Semiconductor lasers as sources for optical transmitters

« How a laser works
- Functional view: gain medium, energy pump, cavity, losses
- Basic structure: Fabry-Perot laser
- Optical absorption and emission processes

e Gain Curve, Lasing conditions (gain and phase)
« Rate Equations, Dynamic Effects of Lasers
e Introduction to DFB Lasers

Copyright VPIphotonics. All rights reserved 2



hotoni Sources for Optical Transmitters

FINESSRIRE AUTOMATION

e Many types of optical sources are available
- Light Emitting Diodes (LEDs)
- Solid state lasers
- Gas lasers
- Semiconductor lasers
- Fiber lasers

e Semiconductor Lasers are preferred
- Powered by electrical energy
- Directly converts electrical signals to optical signals
- Generate coherent light source unlike LEDs

Copyright VPIphotonics. All rights reserved 3



“Vplphofonics Semiconductor Laser Features

DESIGN AUTOMATION

e High modulation bandwidth (> 10 Gbit/s)

e Small size
- Packaged: ~2x1X1cm
- Unpackaged: ~ grain of salt, 0.5mm X 200um X 100um

e Intense single spatial mode

e Energy efficient

e Narrow spectral linewidth

e Can be single longitudinal mode (monochromatic)
 Reliable operation

e Can be integrated
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What does LASER stand for?

LASER is an acronym for:

LIGHT
AMPLIFICATION by
STIMULATED
EMISSION of
RADIATION

e« How does it work?
« Why amplification?
« What is stimulated emission?
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How does a Laser work?

A functional view of a laser: 4 main parts

3) Optical Resonator (Cavity)

1) Active (Gain) Medium

4) Losses:
Material and Waveguide

/ AN

Mirrors + Mirrors
Mirror ZC) Energ;g Pump Mirror
Loss (Current Source) Loss
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Basic Laser Structure

Wires t  Laser Active
(connection to 4‘ / Region
current source)

Light
< . Cleaved facet
\ . .
J (partial mirror)
Heat Sink
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“VPlphofonics A Basic Laser Structure

Fabry-Perot Laser (longitudinal section)

Energy Pump
Current Source)

Active region
(provides gain)
N

Holes — (

photons

o raVe S
v PN Junction A~ A A~
NS>

Cleaved facet Cleaved facet
(partial mirror) - Electrons (partial mirror)
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“VPIpho’ronics How does a Laser produce Light?

DESIGN AUTOMATION

e Need to consider three optical transition processes:

- Absorption
- Spontaneous emission
- Stimulated emission

Energy level diagrams for electrons in the active medium

BAND GAP

Energy

Ground state

® .:g 00 o g00 00 .0‘0‘000 (Low Energy)
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Optical Absorption Process

e Absorption: a photon with energy > (E, - E,)

e The photon’s energy can be absorbed by an
electron in state E,, thus exciting it to state E,

® 3

photon absorbed

Ground state

O 0: 0 %9 0 g00 oo Q”.”’Q E,
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“VPIpho’ronics Optical Emission Processes

DESIGN AUTOMATION

« Spontaneous Emission: electron in excited state E,
can spontaneously decay to state E,

e A photon with energy hf > (E, - E,) is emitted

~ e photon

Ground state

0085000000, 020,0% E,
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“VP"JthO[‘IiCS Optical Emission Processes

DESIGN AUTOMATION

Light produced by spontaneous emission:
- Random propagation direction
- Random phase
- Random frequency
- is incoherent (broad linewidth)

0 099,000 90 000 020,°%

O »
‘ZZ»C' M{\f\/\f
AN ;
Ground state
o o o ® ® E1
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e Stimulated Emission

Optical Emission Processes

e A photon with energy > (E, - E,): triggers transition
of an excited electron - identical photon is emitted

e Produced light is coherent (desirable)

® ® O @ ®

photon | v

|dentical AN
photon

® 02 o000 o0 eoo 090,0%

Ground state
E1
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“VP"JthOﬂiCS Optical Transition Processes

ESIGN AUTOMATION

e All three processes related (Einstein Relations)
e At thermal equilibrium, absorption = emission

e Electrons mostly in state E,: (N, << N,)

e Spontaneous emission dominates

O ° P O O
POPUI\lIat‘O'1 Ground state
O O
1 0059000 ¢00 000 099,0% E,
D A 4l 8l 668 il i



Population Inversion

 Stimulated emission - coherent light, desirable
* Need electrons to be mostly in state E,

e Population inversion achieved by electrical pumping
N, >> N, stimulated emission dominates

A A A A A A A A A A A

A A A A A A A A A A A A A A A A A A A

Popui\llation Ground state
1
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Optical Cavity and Feedback

e Light amplification by stimulated emission...
is not strong, especially if the active region is short

e Optical cavity provides feedback into active region
e Light is reflected repeatedly and greatly amplified

e cggcog #0009 .Co.c‘c

O
N/x AR AR A A A
ANV NV NV aYs
N\ AN AN N AN
N\ N\ N N AN
AN\ AN AN AN AN
A NERARN Ground state
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hotonics Optical Losses and Laser Output

DESIGN AUTOMATION

e One mirror is partially transmitting, to get output
e Photons transmitted out are lost (mirror loss)

e Other losses: scattering in the material,
nonradiative processes

0 0399000 ¢90 0 00 0290,0%

" YK J
N/~
N
AV AV
N
aVar
Ground state
N, @ & O &® E,
>
.................................................................................................. ALONG AN LASEE e
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tonics Laser Spectrum (Gain vs. A Curve)

AUTOMATION

e Laser oscillation (lasing) occurs over a range of A
e Due to distribution of E, and E, around mean values

n.l
Gain
J>>
>
\h

Probability Lowest Energy
BANDGAP ~ Transition (A)

Probability \
) o © oof 1 O Most Probable
E, ".".‘Q‘.‘.‘ “‘6\9\ Energy Transition (B)
"~ Hole Population

= T YRR Highest EnergyTransition,
Distribution more likely to be absorbed (C)
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Lasing Conditions

For lasing to initiate in a cavity, two conditions need to be
satisfied:

- Gain condition:

The electric field of the light, after completing one round trip inside the cavity, should
have

- Phase condition:

The electric field of the light, after completing one round trip inside the cavity, should
have

<

— one round trip > —

Copyright VPIphotonics. All rights reserved 19




“VP"jh toni Gain Condition

r,E(2L) rE(L)
N
— o —
£(0) ' E(L)
rr,E(2L)
]
I' Cavity Length, L |

Gain Condition: E(t,0) = E(t,2L)
E(t,0) = Aexp(jot); E(t, 2L) = Ar,r,exp[2L(g-ci)]explj(wt-25L)]
To satisfy the Gain Condition: r,r,expl(g- «;)2L] = 1

The threshold gain: ¢ - o+ 2-In—
........................................................... ©Hreshordsan:  Sth T 2L ryr
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“VF"[JI‘IDTDFI]CS Phase Condition

DESIGN AUTOMATION

Integral number of cycles must fit within the cavity

4imL 4jmL
Phase: exp(-2jpL) = exp (-JT) =1, JT =2mnx

Resonant cavity - discrete set of spectral lines
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“VPlpho’ronics Phase Condition

ESIGN AUTOMATION

Discrete modes that can be supported by the cavity are called
longitudinal modes

| |
P

| |

| |

| |

| |

| |

; i

Mode interval: “+ AL — A

Phase condition: ZZL =m
Thus A= i
2nL
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“VP"jhgfo NICs Laser Spectrum: Gain & Phase conditions met

U Uk /\7Cav1ty mode

Dominant mode Side modes
Gain = Loss Gam < Loss

M

Lasing spectrum
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Another Laser Structure: DFB Laser

Refractive Index

Grating
©
s 1 +«—— Cavity modes
T
> 2 Gain C
c & ain Curve
3
£ "~ DFB Gain
frequency Curve
© .
5. 1 Lasing spectrum
()
G S
2
O
[a
>
................................................................................................................................................................................................ frequency oo
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Another Laser Structure: DFB Laser

'\

1/4-wave shifted

Grating

©
§ . t Cavity modes
v Gain Curve
o
3 *——1/4-wave shifted
o » DFB Gain Curve

frequency

Lasing spectrum

/

Power spectral
density
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i Rate Equation

AUTOMATION

Rate equation describe the dynamic interaction between excited
electrons and photons
Change in carrier density:

dn | n

— = - - V,8S
Contribute Decay of Usage of electron by

from Current ~ electrons  ¢ii1ated emission

Change in photon density:

ds S n
=I'vea(n-ng)s - — + ' —
T
dt ? T
Photon generated by Decay of Photon generated by
stimulated emission photon Spontaneous emission
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Light-Current Characteristics

e The L-I curve: output light power vs. input current
» Diode characteristics, threshold current /.,
eForl > I, light power increases linearly with /

Light |
output
(power)

Spontaneous /\Stlmulated

emission emission
region / region
/
lih current
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Direct-Current Modulation

The information is encoded on semiconductor lasers by current
modulation

t Light Al Modulated
output — ]L_ Laser Light l
(power)

I, Current current
modulation
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Laser Dynamics: Chirp

e Chirping of the laser output signal (pulses)
e Instantaneous frequency of the signhal changes
e Leads to increased dispersion (broadening)

power

Mo MM

Frequency
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tonics Laser Dynamics: Modulation Bandwidth

AUTOMATION

e Determines maximum direct modulation speed
e Increases with increasing drive (bias) current
e Within practical limits, get multi-GHz modulation

A +10 T
Light A B /
output { \
(power) 0 - \
*B
-10
*A
-20
current
100MHz 500MHz 2GHz 10GHz

Copyright VPIphotonics. All rights reserved 30



Laser Dynamics: Turn On Delay

Delay between injection of current and generation of light

Current | A

Carrier % G t
density
t
Light H
output
(power)
i
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Light
output é
(Power) 3 A

—D
»

Frequency

v
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Summary

e Semiconductor lasers optical transmitters
- Gain medium, energy pump, cavity, losses
- Basic structure: Fabry-Perot laser
- Optical absorption and emission processes
- Einstein Relations

e Gain Curve, Lasing conditions (gain and phase)

e Introduction to Dynamic Effects of Lasers

- Rate equations, L-/ curve, direct modulation, chirp
- Modulation bandwidth, turn on delay, RIN

Proceed with the Interactive Learning Module
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Module Prerequisites

eIntroduction to Fiber-Optic Communications | & Il
«Recommended - Transmitters |, Optical Amplifiers |

eIntroduction and basic requirements

«How a photodetector works
- Basic structure: a PN junction photodetector
- Optical Absorption Process
- Reverse Bias, Dark Current, Quantum Efficiency, Responsivity

«PIN and APD photodetectors
e Noise sources
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Photodetectors

A photo detector (optical receiver) converts
an optical signal into an electrical signal

Basic requirements

e Sensitivity at the required wavelength

« Efficient conversion of photons to electrons

e Small area for low capacitance and a fast response
e Low noise

 Sufficient area for efficient coupling to optical fiber
e High reliability

e Low cost
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Basic Structure:
PN Photodiode

Electron p-type n-type
\ semiconductor semiconductor
E, ®
AVas + v
E e
g
hf > E, |
E, o
/
Hole
> 1 \ Electrons are attracted
oN
o to +v, contact
c | Detector
“'| Current ©@OOO®® .icctor
(Holes) 55555 ’ E(l:ur:ent
ectrons
Holes are attracted | ( )
to-v, contact | O]
| | > Distance
depletion
region
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The Probability of
Photon Absorption

Depends on

e Thickness of intrinsic region, d

e The material’s absorption coefficient, «

e The wavelength of the incident light, A

e No. of photons lost on their way to the intrinsic region

e Surface reflection

d
<€ >
Ns A
Input photons/s 7+~ Blgfk ~~ Output photons/s
/\/\A
A /\/\//:/\/\//: material Aexp(-od)

Absorbed photons/s
A(1-exp(-ad))
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Reverse Bias and Photocurrent

Reverse biasing the photodetector
 Increases the electric field in the depletion region
» Decreases its capacitance (increase speed)
 Increases its sensitivity and frequency response

photocurrent
>
Field strength
Reverse |
bias | — _k_ _
load — il

aouelsiq |
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Absorption

Absorption coefficient depends on wavelength,
and the material (bandgaps again)

Band-
edges

Optical absorption coefficient

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Wavelength (um)
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NVPIpho’ronics Dark Current

DESIGN AUTOMATION

e Dark current (flows even when there is no light)

e As the incident light increases...
the photocurrent increases linearly

1 - A

. I

C L3 L °

@ Increasing incident

h L

3 light power

o

)

o

L

(a
vV . Dark current
— R (zero light power)

Reverse bias (V)
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Quantum Efficiency

The quantum efficiency (n) is the probability that an
incident photon will produce an electron-hole pair

n = electron flux / photon flux

electrons per second

photons per second
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Responsivity

The responsivity, Ry (A/W), is the photocurrent produced per
unit of incident optical power

with [ = (electron flux) « g [A]
P. = (photon flux) < hf [W]

The responsivity of a device relates to its design:
R=(1-r)exp(-De) [1 - exp(-da)]

/ /

Facet Contact Intrinsic
factor absorption absorption
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Different materials suit different wavelengths

R (“A/W) 100% quantum efficiency
1.0f

InGaAs
0.5f Ge

={ 06 08 1.0 1.2 1.4 1.6 1.8
Wavelength (um)

Copyright VPIphotonics. All rights reserved 11



PIN Photodetector

Adding an “intrinsic” region between P and N
 increases depletion region width

 increases absorption of incident light

 increases the quantum efficiency of the photo detector

Anti-reflection coating
l Field strength

Region

P-type —_——
o
Metal = .
contacts Intrinsic g Depletion
@)
)

n-type
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Speed of PIN Photodetector

Speed - maximum detectable modulation rate
e i.e. the electrical frequency response

Speed is limited by the:

 Carrier velocity in depletion region

 Diffusion time of carriers outside the depletion region
e Time constant of the p-n junction capacitance

e Photodetector load resistance

capacitance

p / i N\ n

«— 00—
velocity
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Avalanche Photodetector (APD)

Avalanche region - higher internal electric field
e Accelerates carriers - more kinetic energy

e High energy collision frees bound electrons

e Freed electrons can collide - free more bound electrons
e Results in current gain (avalanche multiplication)

Field strength
— — - Avalanche
Region

Gain in this region

Absorption in this region

intrinsic

p+
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Comparison between APD & PIN

An APD:

 has gain, while a PIN does not

e can detect a weaker signal than a PIN

e requires a higher bias voltage than a PIN
e is noisier than a PIN

e iS more sensitive to variations in temperature and
bias voltage than a PIN

e is more expensive than a PIN
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Electronic Shot Noise
 associated with the quantum nature of the light

e each incident photon produces an electron’s worth of current.

The total shot noise associated with a photocurrent current /
flowing through a potential barrier is:

<i25hot> - ZCIIB

/

observation
Electron charge

bandwidth
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Thermal Noise

e is the result of thermally induced random fluctuations in the
charge carriers in a resistance

e occurs even when no voltage is applied across the resistance

Mean square thermal noise current is given by:

Boltzmann’s temperature

constant \ / bandwidth
4kTB — ™

<jl

ther >

R\
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Dark Current Noise /

 flows in the photo detector even in the absence of light.
e caused by current leakage paths in the photo detector

« and thermal excitation of carriers across the p-n junction

|, gives rise to an additional shot noise current with a
mean-square value of:

i gark> = 2q14B
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APD Excess Noise

e is present in avalanche photodiodes because the avalanche
multiplication is essentially a random process

This causes the shot noise of the photodiode to be
multiplied by:

Noise Multiplication factor = M?*x
(0.1< x<1.0)

where M is the avalanche gain
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Optical Excess Noise

« can be broadly defined as any noise that appears along with the
received signal, other than quantum shot-noise

Most common types:

e Laser Intensity Noise
e Modal Noise

e Mode Partition Noise

o Amplified Spontaneous Emission (ASE) Noise in optical amplifiers
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Signal-to-Noise Ratio (SNR)

Electrical SNR (assuming shot noise dominates)

Pin \} isignal + ishot
> —p
<i%pot> = 2qIB = 2qR,P;,B

i2 = (RoPin)2

signal

(RoPin)2 _ Pin

SNR = =
2qRoPinB thB
R, = h_c;c , Responsivity of the photodetector
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SNR in Optical Systems

Mixing products in the detected photocurrent:

ig R, |®+ 2 = Ro( |Es1%+ 1Ejel? + 2Re[EE yqe] )
= RP+RPASE PASE—ASE+R
P
Pt ’ )\

Slgnal

< >

Bandwidth B, Responsivity R, i
Optical Spectrum Detector Electrical Spectrum
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Total SNR of Optical Systems
The SNR at receiver with responsivity R,, and
electrical bandwidth B

| 2
I

R= : .
N (lzs-sp T ’zsp-sp T @ T lzther)B

includes contributions from i, i,c,
optical excess noise induced shot noise

Copyright VPIphotonics. All rights reserved 23



Summary

« How a basic PN junction photodetector works
- Optical Absorption Process
- Reverse Biasing , Photocurrent, Dark Current
- Quantum Efficiency, Responsivity

« How PIN photodetectors and APDs work
e Overview of noise sources in photodetectors
e Signal to Noise Ratio

Proceed with the Interactive Learning Module
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Metodyka wyboru elementow systemu
wybor parametrow odbiornika i detektora

Wybér dtugosci fali (uzaleznia ttumiennosci witdkna i zasieg)
Wybér formatu sygnatu. (analogowy, cyfrowy, FM, NRZ, RZ, Manchester itp.).

Okreslenie wstepnych parametréw odbiornika. (pasmo lub przeptywnos¢ binarna,
minimalna moc odbieranego sygnatu - MRP - minimum required received power)

Wybdr typu detektora. (PIN, ADP, dtugos¢ fali, czuto$é, technologia, cena)

5. Przedwzmacniacz. (transimpedancyjny, wysokoomowy, typ tranzystora: bipolarny,
FET)

6. Typ sprzezenia detektor - wtdkno, ztacze, straty, rozmiar struktury fotodiody.

7. W sytuacji budowy odbiornika z oddzielnych elementéw istotnymi parametrami
detektora s3:

e czuto$é - R [A/W]

* wzmocnienie - G (ADP)

* pojemnosc - Cy [pF]

* czas narastania - t, [ns]

e pradciemny - Iy, lgn[NA]
* napiecie polaryzacji - [V]

Metodyka wyboru elementéw systemu
wybdr parametréow odbiornika i detektora

Istotne parametry przedwzmacniacza:

* Rezystancja wejsciowa - R [QQ]

* pojemnos¢ wejéciowa - C, [pF]

* transkonduktancja tranzystora FET - g, [S]

e wspotczynnik szumu kanatu tranzystora FET

* czestotliwosé graniczna tranzystora FET, f,, [MHz]

* parametr hg, tranzystora bipolarnego

8. Obliczamy MRP lub MDP (minimum required detector power)
9. Uwzgledniamy straty sprzezenia

10. MRP uwzgledniamy przy obliczeniach budzetu mocy
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Metodyka wyboru elementow systemu
wybor parametrow odbiornika i detektora

Wartos¢ MDP zalezy od:

Wyboru detektora i przedwzmacniacza:
PIN, ADP, FET — przedwzmacniacz, bipolar,
transimpedancyjny

Dtugosc fali — materiat: Si, Ge, GaAs
Wymagany SNR (typ modulacji itp.) MRP[dBm] - MDP[dBm] + Ld [dB]
Wymagane pasmo

Szum Zrédta, szum modowy, nieliniowos¢
Zrédta (pogarszaja SNR)

Temperatury (szum cieplny, elementy L, — straty sprzezenia
aktywne) d

Straty sprzezenia - L

Metoda sprzezenia (apertura ztacza ..)
Geometria sprzezenia
Odbicia Fresnela

Metodyka wyboru elementéw systemu
wybor parametréw odbiornika i detektora

PIN/FET
1300 3m

Minimalna moc detektora a/ transmisja cyfrowa, b/ transmisja analogowa
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Metodyka wyboru elementow systemu
wybor parametrow odbiornika i detektora

Parametr Si Ge InGaAs
PIN [APD PIN [APD PIN [APD
[

Zakres nm 400-1100 800-1800 900-1700
Pik nm 900 830 1550 1300 1300 1300

(1550) (1550)
Struktury R 0.6 77-130 0.65-0.7 3-28 0.63-0.8

(0.75-0.97)
Str. + wiékno |R 0.35-0.55 50-120 0.5-0.65 2.5-25 0.5-0.7

(0.6-0.8)
Efek. kwan. |% 65-90 7 50-55 55-75 60-70 60-70
Wzmocn. G 1 150-250 1 5-40 1 10-30
Szum X - 0.3-0.5 - 0.95-1 - 0.7
Kt Kk - 0.02-0.08 - 0.7-1 - 0.3-0.5
V polar. -V 45-100 220 6-10 20-35 5 <30
Prad ciemny
niepow. nA 1-10 50-500 1-20 1-5
powiel. nA - 0.1-1.0 - 10-500 1-5
Pojemnos$¢ pF 1.2-3 1.3-2 2-5 2-5 0.5-2 0.5
Czas nar. ns 0.5-1 0.1-2 0.1-0.5 0.5-0.8 0.06-0.5 0.1-0.5

Metodyka wyboru elementéw systemu
wybdr parametréow odbiornika i detektora

Specyfikacja detektora

* Fotoprad 1, =rGF,
i )
* Efektywnos¢ kwantowa 7= ,% 7 —77{1—(:"::“] }
Y T
* Czutosc r:n(%)
* Wzmocnienie G
¢ Dodatkowy szum F=G"
_heiy
. NEP e
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Metodyka wyboru elementow systemu
wybor parametrow odbiornika i detektora

or PIN Detector 90% TO%

09l
08l
o7
06

1 1 - 11 - T
00 800 1000 1200 1400 1600 1800

Wavelength (nm)

Charakterystyki spektralne diod

Metodyka wyboru elementéw systemu
wybdr parametréow odbiornika i detektora

2
PIN SNR: SNR = 05(MyR)
2e(rP, +1,, )(BW), +<|fA>

0.5(M rGpP, )’
26(GF (1P, + 1, )(BW), +(i2,)

APD SNR: SNR =

Mg — wspétczynnik modulacji



Metodyka wyboru elementdéw systemu

wybor parametrow odbiornika i detektora

Zrodlo szumu Dioda PIN Dioda lawinowa (APD)

Szum kwantowy

1,)= 2erP, (BW), 2erG’FP, (BW),

Szum pradu ciemnego

li)= 2el, (BW), 2e(GFl, + Iy, KBW),

Szum calkowity

12) = 26(GFl, + 1, )(BW), 2€[(rP, + 14, )G?F + 1, [BW)

€ - fadunek elektronu

r - czutosé

G - wspotezynnik wzmocnienia lawinowego

F - wspotczynnik szumu dodatkowego = kG +(1-k)(2-1/G)
P, - moc optyczna

13, - niepowielony prad ciemny

Iy - powielony prad ciemny

Konfiguracje odbiornikow:

(a) wzmacnacz napiecia (b) wysokoimpedancyjny (c) transimpedancyjny

R,

;Fl > v, ,.PI ¢ > ‘ EQUA}_IZER v,
R,

(a)

N— e —— [ —
—_—— Rl
PR )
Cy R, R, o) R,
N
s ~\ o L
| o o= 1
R, °"RCr “ITRE,

(c) ib)
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Wiasciwosci réznych konfiguracji odbiornikow

Pasmo odbiornika

2ch 2;;Rc
Impedancja wejsciowa . 3
Napiecie wyjsciowe iRA i,RA
e G, -1
] (DR), (OR)uny
Dynamika G, -1
PIN 30dB 15-20dB
APD 30-40dB 20-35dB

C,=Cy+C,

C;— pojemnos$¢ wzmacniacza

Geg=1+R;/ (R, +R,)

(DR)amp = 1/(BR)? FET, 1/(BR) do 1/(BR)? tr bipolarny
R; = wejsciowa rez

R¢ = rez sprzezenia

I, = prad diody

C, = catkowita poj. wejsciowa

C4 = poj. diody

C, = poj. wzmacniacza

2R, iC +AC,

(DR),prp

30dB
35-40dB

Witasciwosci roznych konfiguracji

odbiornikéw

* Wzmacniacz napieciowy
Dominujgcy szum termiczny,

Maleje ze wzrostem R

Wzrost R -> spadek szerokosci pasma

* Wzmacniacz catkujacy
Duze R -> niski szum, zastosowany korektor (equalizer)
Niski szum, ograniczona dynamika

* Wzmacniacz transimpedancyjny
Obnizona wejsciowa impedancja -> duze pasmo,

Niski szum termiczny

Duza dynamika
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Wptyw temperatury

Prad uptywnosci detektora

Szum termiczny
* Wzmocnienie APD zmieniasiez T

Odpowiedz impulsowa, wzmocnienie,
pojemnosci elementow aktywnych

Dryf par. elementdw selektywnych
* Sprzezenie widkna z fotodiodg

Straty sprzezenia detektora

* Sprzezenie bezposrednie (na styk)

L= 20|og%+10|og(17 Ry)
f

R (”d‘”v)z
“ (g +n, F

* Sprzezenie posrednie (z separacjg d)

D,
L, =20log——¢——+10log({l- R, )+10log(1-R
Rl ey g{L-R;, }+10log(L-R,,)

R :(nt’nu)z
" +n,F
R :(nu_no)2

« (ng +n, )




Metody detekcji fotonow

» Efekty termiczne:

Termoelektryczny,
piromagnetyczny,
piroelektryczny,
ciekta krysztaty

» Efekty bazujgce na oddziatywaniu fal:

Parametryczna up/down conversion,
parametryczne wzmocnienie

 Efekty fotoniczne:

Fotoprzewodnictwo,
emisja,
fotowoltaiczne

Typy detektorow swiatta

* Powielacze prézniowe . —fe_ 1240 roo
* Optorezystory o Bl

« Diody p-n P.(x)=P-R)i-e)

« Diody m-s n(x)= :\\: -(-R)i-e)
* Diody p-i-n O :p !

* Diody lawinowe APD c :g:{;i\j

M(f) 1 l
HP) Mo i+ (2AMe)

09.06.2021
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Wtasciwosci materiatéw
potprzewodnikowych

Eg, eV Typowy
Zakres, nm
Si

1,12 1110 500-900
Ge 0,67 1850 900-1300
GaAs 1,43 870 750-850
InGaAs 0,6 1900 900 - 1700
InGay,As,Py, 0,38-2,25 550-3260 1000-1600



1.1. Photodiodes
In fiber communication photodiodes are usually implemented for the optical signal
detection. The operation of photodiodes bases on the electron-hole generation in the p-n

junction depletion region as a result of the photon interaction.

AE

CB

VB
0

Fig. 1.22. Photon absorption: electron-hole pare generation process.

ri n L
‘:fxi p \;
7 Avalanche
" Breakdown
p
Substrate
Electrode

Fig. 1.23. Photodiode structure.
The cut-off wavelength A of this process is determined by the bandgap energy Eg:

hc 1,24
Ay=— A um]=—
B or E, [eV]




Two types of photodiodes are widely used in optical communications: the PIN and
avalanche photodiodes APD. The APD photodiodes have an internal mechanism of the signal
amplification.

Essential parameters of photodiodes:

e  detector sensitivity:

R:@H
he | W

where: 7 — quantum efficiency.
e spectral response is mostly determined by semiconductor bandgap

PIN Detector

0,9

0,8
0,7
0,6
0,5
04F
0,3

02f
0,1

600 800 1000 1200 1400 1600 1800
Wavelength {nm)

Fig. 1.24. Spectral response of different PIN photodiodes

100
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Wavelength (nm)

Fig. 1.25. Spectral response of different avalanche photodiodes (APD).

e response time. Rise time determine electrical bandwidth:

0.35
Afadna =T



o Electrical parameters: junction capacitance, dark current, resistance.

APD operates similarly to PIN diode operation. The main difference is internal electron
amplification.

Due to the effect of multiplication, the avalanche photodiodes sensitivity is much higher
than this of the p-i-n diodes:

I =M(V)Ip = MRP,
where: M(V) — multiplication coefficient:

M(\/):;

(v, Y
1 ( Vbrj

n - coefficient <1, Vbr — diode reverse breakdown.

Photodiode noise
The photocurrent shot noise is:

iZ = 2Bl
where: B electrical bandwidth.
Neglecting thermal noise and dark current noise the receiver SNR may be expressed as:

Substituting expression for the photocurrent:

i_ nhe _ nk
N hf2eB hf2B
Last equation allows to calculate the optical power requirements for the specific SNR.




Taking into account the thermal noise:

S iR, _ iR,
N Z,R, 4ksTB

where B is the bandwidth and T is the temperature.

P2
s__ @

N ~ 8k, TBZ(

Where C; — junction capacitance

Minimum detectable signal is min corresponds to:

5—1
N

Minimum detectable optical power is:

2hc 1y
Poin = 77E}B(an,g?"cj) 2



Program listing: function min power determines minimum signal power for a PIN
photodetector for different temperatures

clear all
h_Planck = 6.6261d-34; $ Planck’s constant (J s)
c_light=299.80d6;
k B= 1.3807d-23;

o°

speed of light (m/s)

oo

Boltzmann constant (J/K)

e=1.602d-19; electron’s charge (C)
C_j = 1d-12; junction capacitance (1pF)
eta = 1; quantum efficiency

lambda = 0.85d-6;
B = 1d6:1d5:1d10;
for T eff = [500 1000 1500]

wavelength (0.85 microns)

o0 d° o o0 o°

range of detector bandwidth

P_min=(2*h_Planck*c_light/(eta*e*lambda))*sqrt(2*pi*k_B*T_eff*C_j)*B;
loglog(B,P_min, ,1.5)

hold on

end

xlabel ( , ,14);

ylabel ( ' ,14);

text (1d9, 44d-7, , ,14)

text (547, 44-7, , ,14)

set (gca, ,14) ; % size of tick marks on both axes

grid on



Wybrane zagadnienia
projektowania
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*  Wstep (wady i zalety, metodologia projektowania, model systemu)

* Wymagania i standardy (ANSI, International Electro-Technical Commission — IEC,
CCITT, ITU, Telcordia)

* Specyfikacja elementéw toru swiattowodowego (zrdodta, fotodetektory,
wzmachiacze optyczne, konwertery dtugosci fal, regeneratory, krotnice, krotnice
transferowe, komutatory, modulatory, nadajniki, odbiorniki, transceivery)

*  SNR (zaleznosci, OSNR, pasmo, BER, wspotczynnik szumu, szum detekcji,
wzmacniacza, MDP)

* Modulacja, multipleksja

* Optyczne sieci transportowe

* Systemy analogowe (CATV, RoF)

» Swiattowodowe sieci LAN (FDDI, Ethernet, Fiber Channel)
* Optyczne sieci dostepowe (FITL, PON, HFC)

* Analiza wtasciwosci systemu (metodologia, zdefiniowanie wtasciwosci, warstwa
sekcji optycznej, warstwa fotoniczna, analiza pasma, ekwiwalentne straty, SNR,
minimalne wymagania mocy odbiornika, budzet mocy, test wtasciwosci)

* Architektura systemu
* Badanie jakosci systemow optycznych
* Niezawodnosc i analiza kosztow

Metodologia projektowania

Analiza
parametréw N
sygnatu

Wybor
architektury

Analiza
kosztow

Specyfikacja
elementéw

Analiza
niezawodnosci

Wymagania

12.05.2021
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Technologia swiattowodowa:
wady i zalety

ZALETY WADY

*  Duza warto$¢ iloczynu B*L *  Wptyw promieniowania

*  Niska ttumiennos¢ * lzolacja

*  Ttumienie stabo zalezy od czestotliwosci e tamliwo$¢ wtokien

e Niskie koszty instalacji i eksploatacji *  Absorpcja wody

*  Mate rozmiary *  Duze koszty przy niskich przeptywnosciach
*  Mata waga e Szum kwantowy

*  Odpornosc¢ na interferencje
*  Wysoka jakos$¢ transmisji

* lzolacja elektryczna

*  Stabilnos¢ srodowiskowa

*  Bezpieczensteo transmisji

e Odpornos¢ na EMP

¢ Wytrzymatos¢ konstrukgji

Specyfikacja elementéw toru

Swiattowodowego
* 7rédta, * nadajniki, odbiorniki,
 fotodetektory, transceivery
+ wzmacniacze optyczne, * 1facza
+ konwertery dtugosci fal, * rozgatezniki
* optyczne multipleksery * filtry
* regeneratory optyczne * ttumiki optyczne
« krotnice, krotnice * widkna swiattowodowe
transferowe, * kable swiattowodowe
* komutatory, modulatory, * osprzet instalacyjny
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Komutatory optyczne

PARAMETRY: TECHNOLOGIE:

* Pasmo

» Czas przefaczania * Mikroelektromechaniczne

* Straty i ttumiennos¢ systemy (MEMS)
wtraceniowg * Realizacje ciektokrystaliczne

* Wrazliwos¢ na stan polaryzacji  « Optoelektroniczne

* Poziom przestuchéw + Technologie babelkowe

*  Wspoditczynnik odbicia

Technologia MEMS

Producenci: Lucent Technology, Optical Micro Machines oraz Calient Networks
Lucent: Lambda Router, komutacja 256 kanatéw, przeptywnosci 10 Tbhps
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Definicja funkcjonalnych warstw
systemu swiattowodowego

POH LOH LOH POH
PTE SOH SOH PTE
s l N s
S o
v oo T [|sTE () (D) STE [T -y
| * E Link E . |
S S
Photonics
PTE PTE
— Section —

Transmission
channel Line
Intermediate
channel Path
Baseband
channel

System elements
PTE - path termination equipment, POH — path overhead, LOH - line overhead, LTE - line termination equopment
STE - section termination equipment, SOH — section overhead
Physical elements
Modulator/deModulator, Mux / DeMux, Encoder /Decoder, Tx / Rx, Repeater or Regenerator, OADM, OA, Optical Link

Definicja funkcjonalnych warstw
systemu Swiattowodowego

POH LOH LOH POH
PTE SOH SOH PTE
S x S
E L L .
R R
v # STE ™ (S D) Rx STE T -y
[ E E . I
S S
PTE PTE
Service layer — dostarczenie kanatéw do warstwy $ciezki, pasmo podstawowe,
rézne formaty akceptowalne przez $ciezke, mozliwa wstepna obrébka formatu, np. voice -> PCM
Path
Baseband
channel

System elements
PTE — path termination equipment, POH — path overhead, LOH - line overhead, LTE - line termination equopment
STE - section termination equipment, SOH — section overhead
Physical elements
Modulator/deModulator, Mux / DeMux, Encoder /Decoder, Tx / Rx, Repeater or Regenerator, OADM, OA, Optical Link
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Definicja funkcjonalnych warstw
systemu swiattowodowego

POH LOH LOH POH
PTE SOH SOH PTE
s l N s
L A
v T || STE (s O, STE [ T Cy
| : E E . I
S S
PTE Path layer - dalsze przetwarzanie z formatu ustug do formatu kanatu, wymaganego PTE
S przez warstwe linii,. System analogowy: np. modulacja FM. Cyfrowy: tworzenie ramek, L—J
. synchronizacja. PTE —mozliwa funkcja multipleksji. Formowanie / usuwanie nagtéwkéw POH
Transmission
channel Line
Intermediate
channel Path
Baseband
channel System elements
PTE - path termination equipment, POH — path overhead, LOH - line overhead, LTE - line termination equopment
STE - section termination equipment, SOH — section overhead
Physical elements
Modulator/deModulator, Mux / DeMux, Encoder /Decoder, Tx / Rx, Repeater or Regenerator, OADM, OA, Optical Link
Definicja funkcjonalnych warst
systemu Swiattowodowego
POH LOH LOH POH
PTE SOH SOH PTE
S x S
E L L . E
R R
v T # STE ™ (S D)| Rx STE T Y
[ E E . I
S S
PTE PTE
— Section —

Transmission

channel Line

Intermediate . . o . . .
channel Line layer - formatowanie kanatu transmisyjnego z kanatéw posrednich.
Realizacja multipeksji (w LTE: FDM, TDM). Nagtowki LOH.

System elements
PTE — path termination equipment, POH — path overhead, LOH - line overhead, LTE - line termination equopment
STE - section termination equipment, SOH — section overhead
Physical elements
Modulator/deModulator, Mux / DeMux, Encoder /Decoder, Tx / Rx, Repeater or Regenerator, OADM, OA, Optical Link
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Definicja funkcjonalnych warstw
systemu swiattowodowego

POH LOH LOH POH
PTE SOH SOH PTE
. L |
T | {sTE O, O, STE [ T
E Link E
Photonics
PTE PTE
— Section —

POH

PTE

PTE

Transmission
channel

Section layer - zmultipleksowany kanat transmisyjny. Nagtowki sekcji (SOH). Kodowanie sygnatu do formatu wymaganego
przez czesc fotoniczng: NRZ -> Manchester.

System elements
PTE - path termination equipment, POH — path overhead, LOH - line overhead, LTE - line termination equopment
STE - section termination equipment, SOH — section overhead
Physical elements
Modulator/deModulator, Mux / DeMux, Encoder /Decoder, Tx / Rx, Repeater or Regenerator, OADM, OA, Optical Link

Definicja funkcjonalnych warstw
systemu Swiattowodowego

LOH LOH POH
SOH SOH PTE
L _J; x L
T 4{ STE TX S D)[ Rx STE
E Link E
Photonics
PTE

Photonic layer — realizacja konwersji E->0 oraz O->E

System elements
PTE — path termination equipment, POH — path overhead, LOH - line overhead, LTE - line termination equopment
STE - section termination equipment, SOH — section overhead
Physical elements
Modulator/deModulator, Mux / DeMux, Encoder /Decoder, Tx / Rx, Repeater or Regenerator, OADM, OA, Optical Link

w < omwnvn

w < omMmwnm
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PTE
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PTE

Definicja funkcjonalnych warstw
systemu swiattowodowego

LOH LOH
SOH SOH
A L]
T ||sTE (s © STE [ T
E Link E
Photonics
Section —
Transmission
channel Line
Intermediate
channel Path

POH

PTE

PTE

Baseband
channel

System elements

PTE - path termination equipment, POH — path overhead, LOH - line overhead, LTE - line termination equopment

STE - section termination equipment, SOH — section overhead
Physical elements

Modulator/deModulator, Mux / DeMux, Encoder /Decoder, Tx / Rx, Repeater or Regenerator, OADM, OA, Optical Link

Fizyczna realizujacja funkgji
niezbednych dla PTE, LTE, STE

Modulatory / Demodulatory: PCM, FM, PM, AM

Multipleksery / Demultipleksery: taczenie kanatéw pasma
podstawowego lub posredniego (FDM, TDM). Funkcja
realizowana we wszystkich warstwach

Enkoder / Dekoder — formatowanie kanatu transmisyjnego
kompatybilnego z warstwg fotoniczng

Nadajnik optyczny
Odbiornik optyczny
Repeater / regenerator
ADM

Wzmacniacz optyczny
Linia optyczna

w < omMmwnm
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Model parametrow transmisyjnych

POH LOH (SNR), (SNR), LOH POH
(BW), (BW),
Ll , |
| = PTE || |
SOH SOH L
i T
E
Filter
SHARPER e
M
(BW), u
X
PTE H |
RP —
, (BW), (BW),
(SNR), iy (SNR), (SNR), (SNR)y ot
(BER)y (BER)p out

(SNR), (BW),

(SNR);s, (BW)ys

(SNR),, (BW),

(SNR),, (BW),

Model parametrow transmisyjnych

E <-> O param.

(SNR) (SNR)
POH LOH o e
(BW), (BW), (SNR), (CNR), ton Pon
. (BW), L
| Hpre | o (SNR), (CNR), PTE || |
l | (BW), L
E
Filter
SHARPER e
M
(BW), u
X
PTE H |
(BW), ’ (BW),
Pne
(SNR)y (SNR), (SNR), (SNR), o0t
BER,
(BER)y,in (SNR),, (BW), (BER)y,out
(SNR),,, (BW),,

(SNR),, (BW),

(SNR),, (BW),
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Model parametrow transmisyjnych

Noise

P — transmitted noise power

P.. —encoded noise power LOH POH
P — crosstalk noise power, Pnr —reflection n. p.

M, P4 — distortion noise power
ER P, —source n. p. T -
SOH P.»—modal n. p. Som )
L Pog —ﬂeteqpr n. p. .
—amplifier n. p. .
Filter .
SHARPER e
. u 3 .
X
nds (BW), u
P Pra X
P (BR), P, .
— ' MDP | |[PTE ]
MR
P (BW) (BW),
ne
(SNR)yn (SNR), (SNR), (SNR)y e
(BER)b’i" (BER)b,Dut

(SNR), (BW),

(SNR);s, (BW)ys

(SNR),, (BW),

(SNR),, (BW),

Model parametrow transmisyjnych

Analog transmission parameters

(SNR),, — baseband SNR
POH  LOH (BW) LOH POH
b
M (BW),— intermediate-channel bandwidth i
° SNR)
ER ( ¢
- (BW), — transmission BW PTE -
L SOH (SNR),, — photonics SNR penalty SOH L
T L M, — solirce power modulation index T
E E
' Filter :
SHARPER e
u M .
X e (BW), u
b b P Pad X
nix (BR), ¢ v
| | ! MDP | | [PTE -
MRP
(BW), (BW),
Pne
:SB’;:))I) (SNR), (SNR), (SNR)y o4t
in BE
! (SNR), (BW), (BER )y
(SNR),, (BW),

(SNR),, (BW),

(SNR),, (BW),

12.05.2021
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Model parametrow transmisyjnych

Digital transmission parameters

(BER),_
(BR),
(BR),
M (BER).
ERD (BR),, (BR)y (ber per section)
(BER)y, (BER), Som
SOH SNR penalty, Q,
L Receiver SNR, Q,
Filter
SHARPER
. u
5 'nds (BW),
Pnd
P (BR), P P,
|| MDP
(BW), (BW),
Pne
(SNR), iy (SNR), (SNR),
(BER)y

(SNR), (BW),

(SNR);s, (BW)ys

(SNR),, (BW),

LOH

-~

m

xczoo

(SNR),, (BW),

POH

(SNR)y
(BER)p o0t

Model parametrow transmisyjnych

Photonics and Optical link parameters

Pt — transmitted optical power

POH  LOH
MRP — minimum required optical power
L M, MDP — minimum required detector power
- ER Lo— op.tical loss
L SOH BWI - link BW SOH
Filter
SHARPER
(BW),
b (BW), (BW),
(SNR)y (SNR), (SNR),
(BER)y
(SNR),, (BW),
(SNR),, (BW),

(SNR),, (BW),

LOH

— -

m

xcz0oo

(SNR),, (BW),

POH

PTE

(SNR)y, out
(BER),

b,out
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Model parametrow transmisyjnych

E <-> O param.

*  (SNR).
c (BW),
*  (SNR),
c (WB),
Noise

* P, —trnoise power

* P, —encoded noise power

* P, —crosstalk noise power, Pnr — reflection n. p.
¢ P4 —distortion noise power

* P, —sourcen.p.

¢ P,n—modaln.p.

*  P,q—detector n. p.

¢ P,,—amplifier n. p.

Analog transmission parameters

(SBR), — baseband SNR

(BW),

(BW),— intermediate-channel bandwidth
(SNR)

(BW), — transmission BW

(SNR),, — photonics SNR penalty

M, — source power modulation index

Digital transmission parameters

(BER),

(BR),,

(BR).

(BER),

(BR),, (BR), (ber per section)
(BER),, (BER)y

SNR penalty, Q,

Receiver SNR, Q,

ER — extincion ratio

Metodologia projektowania

Wybor
architektury

Specyfikacja

Wymagania 2
ymag elementéw

Analiza
parametrow N
sygnatu

Analiza
kosztow

Analiza
niezawodnosci

12.05.2021
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Metodologia projektowania

Y Y

sygnatu

Y
Analiza .
arametrow Analiza Analiza
- N | niezawodnoéci [N Kosztéw

Wybor Specyfikacja
architektury elementow

Kategoria wymagari Szczegdtowa specyfikacja

FUNKCIONALNE
PARAMETRY SYGNALU
SRODOWISKOWE

DOSTEPNOSC / NIEZAWODNOSC

FIZYCZNE
ZARZADZANIE SIECIA
OBIEKTY
INSTALACIA
ODBIOR
UTRZYMANIE
WDROZENIE

KOSZTY

Metodologia projektowania

Wymagania

Y

Wybor Specyfikacja
architektury elementéw

Y Y
Analiza . B
arametrow Al .
P N | niezawodnosci N kosztow
sygnatu

FUNKCJONALNE
PARAMETRY SYGNALU
SRODOWISKOWE
DOSTEPNOSC / NIEZAWODNOSC
FIZYCZNE
ZARZADZANIE SIECIA
OBIEKTY

INSTALACJA

ODBIOR

UTRZYMANIE
WDROZENIE

KOSZTY

Konfiguracja systemu

Odcinki transmisyjne

Specyfikacja uktadéw

Pojemnosé projektowa systemu

Fizyczne

Zarzadzanie siecig

Liczba terminali, liczba weztéw transferowych, topologia

igdzy termi i, repeaterami, end-t d

Interfejs analogowy / cyfrowy, audio / video / dane, standard interfejsu

ymaganiai j j jna, graniczna

Budynki, lokalizacja weztéw, trasa kablowa

Centralne / lokalne, raportowanie alarméw / ostrzezen, bezpieczeristwo,

system rozliczen, zarzadzanie zasobami, raportowanie

12.05.2021
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Metodologia projektowania

Y Y Y Y
Wymagania Wybor Specyfikacja af:::gtz::éw Analiza Analiza
ymag architektury elementow P sygnatu N | niezawodnosci [N kosztow N

Kategoria wymagari Szczegdtowa specyfikacja

FUNKCIONALNE

PARAMETRY SYGNALU Sygnat analogowy Audio / video

SRODOWISKOWE Standardy jakosci

DOSTEPNOSC / NIEZAWODNOSC SNR

FIZYCZNE BW

ZARZADZANIE SIECIA Znieksztatceniaintermodulacyjne ...Ine
OBIEKTY Sygnat cyfrowy Dane, analogowy enkodowany
INSTALACIA

ODBIOR Protokot

UTRZYMANIE Standardy jakosci

WDROZENIE RZ, NRZ, BER, BR, jitter, znieksztatcenia przebiegéw
KOSZTY Inne

Metodologia projektowania

Y Y Y Y
Anali .
Wymagania Wybor Specyfikacja arar::eltz::éw Analiza Analiza
ymagant architektury elementéw P sygnatu N | niezawodnosci N kosztéw N

FUNKCIONALNE Temperatura Dtugookresowy, krétkookresowy, zmiany okresowe, udar termiczny,
PARAMETRY SYGNAtU temp. przechowywania

SRODOWISKOWE Wilgotnosé Dopuszczalna wilgotnos¢, odpornosé na okresowe zmiany temperatury i
DOSTEPNOSC / NIEZAWODNOSC wilgotnosci, k ja wilgoci, zak ieczenia przed wilgocig
FIZYCZNE Wibracje i udary

ZARZADZANIE SIECIA

OBIEKTY Ekspozycja/ Promieniowanie Zasolenie, piasek, kurz, btysk, trwate uszk i I kod:
INSTALACIA

ODBIOR Kable / ztacza mechaniczne Naprezenia, skrecenia, zagigcia, blokowanie wody, gazéw, $cieranie, gryzonie,
UTRZYMANIE odpornos¢ na ogien

WDROZENIE EMI / RFI Wrazliwoéé na wytadowania

KoSZTY

14
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Metodologia projektowania

Y Y Y Y
Wymagania Wybor Specyfikacja af:::‘laltz::éw Analiza Analiza
ymag architektury elementow P sygnatu N | niezawodnosci [N kosztow N

FUNKCJONALNE Katastroficzne

PARAMETRY SYGNALU Definicje awarii Max BER

SRODOWISKOWE czas trwania awarii
DOSTEPNOSC / NIEZAWODNOSC okres pomigdzy awariami
FIZYCZNE

ZARZADZANIE SIECIA Dostepnosé systemu % dostepnos¢ / rok lub miesiac
OBIEKTY $redni czas przywrdcenia sprawnosci
INSTALACIA

ODBIOR Odstepy pomiedzy przegladami
UTRZYMANIE Niezawodno$é sprzetu Sredni czas pomiedzy awariami
WDROZENIE Srednia czasochtonno$¢ naprawy
KOSZTY

Metodologia projektowania

Y Y \'% Y

. A Anali .

Y EEITE Wybér Specyfikacja arar::eltz::éw Analiza Analiza
YELS architektury elementéw P FEpe N | niezawodnoéci [N Kosztow N

FUNKCJONALNE

PARAMETRY SYGNALU

SRODOWISKOWE Stacje koricowe Rozmiary, konfiguracja, umiejscowienie wejs¢ / wyjs¢

DOSTEPNOSC / NIEZAWODNOSC

FIZYCZNE Instalacje kablowe Liczba wtékien, $rednica ostony, typ kabla (tuba centralna, linka nosna ...)
ZARZADZANIE SIECIA widkno — bufor typ, rozmiar

OBIEKTY Zakonczenia / zfacza Ztacza, patch panele, kasety, organizery, mufy, krosownice

INSTALACIA

ODBIOR Spawy Mufy, kasety, organizery

UTRZYMANIE

WDROZENIE

KoSZTY
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Metodologia projektowania

Y Y Y Y
Wymagania Wybor Specyfikacja af:::‘laltz::éw Analiza Analiza
ymag architektury elementow P sygnatu N | niezawodnosci [N kosztow N

Kategoria wymagari Szczegdtowa specyfikacja

FUNKCJONALNE
PARAMETRY SYGNALU Alarmy i ostrzezenia Filozofia utrzymania / konserwacji, centrum zarzadzania, poziomy alarméw,
SRODOWISKOWE Raporty: biezace, historie,

DOSTEPNOSC / NIEZAWODNOSC

FIZYCZNE

ZARZADZANIE SIECIA Rozliczenia system bilingu, konfiguracja zarzadzaniai $ledzenia,
OBIEKTY

INSTALACIA

ODBIOR

UTRZYMANIE Dostep Bezpieczeristwo: dane, budynki..., poziomy dostgpu
WDROZENIE

KOSZTY

Metodologia projektowania

Y Y \'% Y

. A Anali .

Y EEITE Wybér Specyfikacja arar::eltz::éw Analiza Analiza
YELS architektury elementéw P FEpe N | niezawodnoéci [N Kosztow N

FUNKCJONALNE

PARAMETRY SYGNAtU

SRODOWISKOWE Opis Obiekty terminali, lokalizacja repeaterdw, kierowanie siecig
DOSTEPNOSC / NIEZAWODNOSC

FIZYCZNE

ZARZADZANIE SIECIA

OBIEKTY Specyfikacja Rozktady pomieszczen, klimatyzacja, zasilanie (gtowne, awaryjne, systemy
INSTALACJA backup), dostep i

ODBIOR Przeciwpozarowe, przestrzen dla personelu

UTRZYMANIE

WDROZENIE

KoSZTY
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Metodologia projektowania

Wymagania

Y Y

Y Y
7 S Analiza i .
Wybor Specyfikacja arametréw Analiza Analiza
architektury elementow P N | niezawodnosci [N kosztow N
sygnatu

Kategoria wymagari Szczegdtowa specyfikacja

FUNKCIONALNE
PARAMETRY SYGNAtU
$RODOWISKOWE
DOSTEPNOSC / NIEZAWODNOSC
FIZYCZNE
ZARZADZANIE SIECIA
OBIEKTY
INSTALACIA
ODBIOR

UTRZYMANIE
WDROZENIE

KOSZTY

Sprzet koricowy

Okablowanie

Spawy

Montaz, ia optyczne

Konstrukcja: kanalizacja, przeciski
Naprezenia, krzywizny

Procedury instalacyjne

Technologia potaczen, sprzet, transport

Straty, pomiary, mufy i organizery, zabezpieczenia

Metodologia projektowania

Y Y Y Y
. N Anali .
Wybor Specyfikacja arar::eltz::éw Analiza Analiza
architektury elementéw P N | niezawodnosci N kosztéw N
sygnatu

Wymagania

FUNKCIONALNE
PARAMETRY SYGNALU
SRODOWISKOWE

DOSTEPNOSC / NIEZAWODNOSC
FIZYCZNE

ZARZADZANIE SIECIA

OBIEKTY

INSTALACJA

ODBIOR

UTRZYMANIE

WDROZENIE

KOSZTY

Stacje koficowe, sprzet, syst. zarzagdzania

Okablowanie

Dokumentacja

Testy jakosci, procedury testow, testy uruchomieniowe, ustawienia,

sezonowanie, raporty pracy

Testy producenta, parametry taczy, Ttumienie, dydpersja

Raporty test 6w, sck [ oprogr ie, instrukcje ocstugi

17



12.05.2021

Metodologia projektowania

Y Y Y Y
Wymagania Wybor Specyfikacja af:::‘laltz::éw Analiza Analiza
ymag architektury elementow P sygnatu N | niezawodnosci [N kosztow N

Kategoria wymagari Szczegdtowa specyfikacja

FUNKCJONALNE

PARAMETRY SYGNAtU

SRODOWISKOWE Wsparcie konserwacji Sprzet, oprogramowanie, okablowanie
DOSTEPNOSC / NIEZAWODNOSC

FIZYCZNE Czesci zamienne - filozofia Podreczne, magazynowe, 24 h

ZARZADZANIE SIECIA

OBIEKTY Help desk Prewencja, zadanie konserwacji
INSTALACIA

ODBIOR Dostep do budynkéw, sekcji Poziomy dostepu, napraw, sekcje
UTRZYMANIE

WDROZENIE Diagnostyka Scentralizowana, lokalna, zdalna
KOSZTY

Metodologia projektowania

Y Y \'% Y

. A Anali .

Y EEITE Wybér Specyfikacja arar::eltz::éw Analiza Analiza
YELS architektury elementéw P FEpe N | niezawodnoéci [N Kosztow N

FUNKCIONALNE
PARAMETRY SYGNAtU

SRODOWISKOWE Krytyczne etapy Projekt, zamowienia, produkcja
DOSTEPNOSC / NIEZAWODNOSC Pomieszczenia, instalacja, odbiory,
FIZYCZNE Przekierowanie ruchu

ZARZADZANIE SIECIA

OBIEKTY Zarzadzanie czasem Biezace

INSTALACIA Krétkoterminowe

ODBIOR Perspektywistyczne
UTRZYMANIE

WDROZENIE Personel Projekt, instalacja, obstuga
KoSZTY
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Metodologia projektowania

Y Y Y
7 S Analiza i .
Wymagania Wybor Specyfikacja e Analiza Analiza
ymag architektury elementow P sygnatu N | niezawodnosci [N kosztow N

FUNKCIONALNE

PARAMETRY SYGNALU Poczatkowe B&R

SRODOWISKOWE Koszty state, zamoéwienia, koszty uruchomienia produkcji, sprzetu i softwar’u
DOSTEPNOSC / NIEZAWODNOSC Pomieszczenia, instalacja

FIZYCZNE uruchomienie

ZARZADZANIE SIECIA
OBIEKTY

INSTALACJIA Koszty biezace Produkcja biezaca, kontrola dziatania i jakosci, konserwacji, lizingu, narzedzia
ODBIOR
UTRZYMANIE

WDROZENIE

KOSzZTY Zwrot kosztow Zwrot inwestycji, okres zwrotu

Metodologia projektowania

Y \'% Y
5 - Analiza . .
T Wybor Specyfikacja arametréw Analiza Analiza
e architektury elementow P sygnatu N | niezawodnosci [N kosztow N

FIZYCZNE

INTERFEJSY SYGNAtOWE
PRZETWARZANIE SYGNALOW
PRZETWARZANIE NAGEOWKOW
FUNKCJONALNE ELEMENTY
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Metodologia projektowania

Y Y Y
A S Analiza i .
Wymagania U7 Specyfikacja S——— Analiza Analiza
VHIES architektury elementéw P ——_— N | niezawodnoéci [N Kkosztoéw N

FIZYCZNE Topologia fizyczna Potaczenia weztow

INTERFEJSY SYGNALtOWE Redundancja Sciezek, linii, taczy

PRZETWARZANIE SYGNALOW Redundancja drég

PRZETWARZANIE NAGEOWKOW

FUNKCJONALNE ELEMENTY

Metodologia projektowania

Y Y Y
Wybor Specyfikacja AAREITEE Anali Analiza
. 2 naliza
pAymacani architektury elementéw pa:;ztil;ow N | niezawodnosci (N kosztow N

FIZYCZNE Sygnaty w pasmie podstawowym Punkty sprzetu koricowego $ciezki, standardy, parametry
INTERFEJSY SYGNALtOWE Kanaty posrednie Punkty sprzetu koricowego linii, format, standardy kanatu
PRZETWARZANIE SYGNAtOW Kanat transmisyjny Format sygnatu, standardy,

PRZETWARZANIE NAGEOWKOW Kanat optyczny Punkt interfajsu optycznego, format / standard sygnatu
FUNKCJONALNE ELEMENTY Kanaty nagtéwkow Standardy, zawarto$¢ sygnatu
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Metodologia projektowania

Y Y Y
A S Analiza i .
Wymagania U7 Specyfikacja S——— Analiza Analiza
VHIES architektury elementéw P ——_— N | niezawodnoéci [N Kkosztoéw N

FIZYCZNE Modulacja / kodowanie: sciezka, linia Analog: kod i iw, faza,
INTERFEJSY SYGNALOWE Cyfrowy: Baseband, NRZ, RZ, format ramki, protokét
PRZETWARZANIE SYGNALOW Multiplejsja: $ciezka, linia, warstwa optycz  A: Mux podz czestotl, dt. fali

PRZETWARZANIE NAGEOWKOW C: Mux podz czasu, dt. Fali

FUNKCJONALNE ELEMENTY Modul nosnej, kodowanie (span layer) A: AM, FM, PM; C: NRZ, RZ, Manchester, PSK, FSK

Metodologia projektowania

Y Y Y
Wybor Specyfikacja AAREITEE Anali Analiza
. 2 naliza
pAymacani architektury elementéw pa:;ztil;ow N | niezawodnosci (N kosztow N

FIZYCZNE

INTERFEISY SYGNALOWE Architektura zarzadzania siecig Interfejsy, punkty kontrolne, dodatkowe okablowanie, zapasowe kanaty,
PRZETWARZANIE SYGNALOW.
PRZETWARZANIE NAGEOWKOW  Sygnalizacja nagtéwkow Format / protokét,

FUNKCJONALNE ELEMENTY.
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Metodologia projektowania

Y Y
A S Analiza i .
Wymagania Wybor Specyfikacja e Analiza Analiza
ymag architektury elementéw P sygnatu N | niezawodnosci [N kosztéw N

Kategoria wymagari Szczegdtowa specyfikacja

FIZYCZNE Sprzet transmisyjny Sciezka, linia, optyczna
INTERFEJSY SYGNALOWE
PRZETWARZANIE SYGNALOW Linie dzierzawione Czujniki alarméw, monitoring, sprzet zapasowych kanatéw

PRZETWARZANIE NAGEOWKOW

FUNKCJONALNE ELEMENTY Optyczny sprzet transmisyjny Tx, Rx, Zrodta, detektory, WO, ztacza, Mux, spawy, wiokna ...

Metodologia projektowania

Y \'% Y
5 - Analiza . .
T Wybér Specyfikacja arametréw Analiza Analiza
MNES architektury elementow P FEpe N | niezawodnoéci [N Kosztow N

Wiasciwosci wszystkich funkcjonalnych modutéw i interfejsow
Wiasciwosci wszystkich funkcjonalnych elementéw

Proces wyboru iteracyjny

W rezultacie kazdy funkcjonalny modut scharakteryzowany pod katem :
*Interfejsow we /wy

*Funkcji transmitancji / lub wtasciwosci

*Innych parametrow
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Y Y
7 S Analiza i .
Wymagania Wybor Specyfikacja arametrow Analiza Analiza
ymag architektury elementéw P — N | niezawodnosci [N kosztow N

Zwykle trzy kroki:

zatozonych parametréw end-to-end w pasmie podstawowym)

2. Warstwa sekcji — definicja formatu sygnatu, nagtowkow, wybér technologii optycznej,
3. Projektowanie warstwy fotonicznej: liza budzetu mocy, dy iki sy

Metodologia projektowania

Y Y
Wybor Specyfikacja AurEllEE Anali Analiza
. a naliza
pAymacani architektury elementéw pa:g:]zﬁ:ow N | niezawodnosci (N kosztow N

(SNR) b, s
(BW) p, sys
CH1 CH1
Fiber subsystem
CHN CHN
(SNR) .1 (SNR) ¢ in (SNR) ( in (SNR), (SNR) ¢ out (SNR) 4, out

12.05.2021
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Y Y
7 S Analiza i .
Wymagania Wybor Specyfikacja R Analiza Analiza
ymag architektury elementow P N | niezawodnosci [N kosztow N
sygnatu
(SNR) ¢
(BW) s

Fiber subsystem

Sekcja 1 Sekcja 2 Sekcja N

»>—rh—rhr >
L Y J\ Y J \ J

t, out

(SNR) sect
(BW) sect

Metodologia projektowania

Analiza
parametréw N
sygnatu

Analiza Analiza
niezawodnosci [N kosztow

Wybor Specyfikacja

Wymagania . 2
ymag architektury elementéw

P — (L. + L + L; + Lg)- Margin -MRP = Excess Power

T

tr source tr fiber tr det tr ampl /fil

NS

12.05.2021
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Metodologia projektowania

Y
7 S Analiza . .
Wymagania Wybor Specyfikacja e Analiza Analiza
ymag architektury elementow P f— NN niezawodnosci kosztow

Niezawodnos¢ jest funkcjg wlasciwosci komponentéw i funkcjonalnych modutéw systemu,
a takze warunkoéw pracy systemu, architektury.

Metodologia projektowania

Y Y \'%
‘ T f Analiza . .
T Wybér Specyfikacja arametréw Analiza Analiza
ymag architektury elementow P sygnatu N | niezawodnosci [N kosztow

Koncowym etapem projektowania jest analiza kosztow.

Analiza kosztéw moze wptyna¢ na ostateczng architekture systemu,
zastosowane komponenty, funkcjonalne moduty, technologie¢ instalacji
Moze takze wptynaé na przedefiniowanie parametrow systemu.

12.05.2021
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Webinar

@ « 20-25 minutes presentation
* 15-20 minutes Q&A
» Post your questions in the questions box of the webinar system

» Relevant questions that are not answered during the webinar
will be answered by email

 The slides will be available for download after the webinar

« The webinar is recorded and can be viewed as video-stream
afterwards. The video will be available on the website
of the FTTH Council Europe within one week

« Slides and information about the availability
will be sent to registered attendees by email

The following presentation does not necessarily reflect the opinion of the FTTH Council Europe

¢ | FibretotheHome
Council Europe www.ftthcouncil.eu
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FTTH Council Europe

Post your comments about this webinar on Twitter:

#itthwebinar

£
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FTTH
The Layered Model

FibretotheHome
Council Europe

End-user

Service Delivery
(residential, public & business)

Active Network
(network equipment, business & OSS)

Passive Infrastructure
(trenches, ducts, fibre)

www.ftthcouncil.eu




Passive — A simple pipe...

Access Node [AN] Customer Premise [CP]
(Operator)

OLT

:

Seen from the active layer, passive layer seems simple:

« End-2-end pipe from Operator’s AN to Customer’s premise

» Transports light between Optical Line Termination (OLT)
and Optical Network Termination (ONT)

¢ | FibretotheHome
ﬂ Council Europe www.ftthcouncil.eu




Passive — A simple pipe...

Access Node [AN] Customer Premise [CP]
(Operator)

OLT

i

« Access Node [AN]: starting point for the optical path to the subscriber. It houses all
active equipment from the operator.
This is often also referred to as Central Office [CO] or Point of Presence [PoP]

« Optical Line Termination [OLT]: the active equipment at the operator side that
sends and reads optical signals

« Optical Network Termination [ONT]: the active equipment at the customer side that
sends and reads optical signals

¢ | FibretotheHome
(\j\ Council Europe www.ftthcouncil.eu




Passive — ... that is far from simple

Access Node [AN] Customer Premise [CP]
(Operator)

But it really
consists of
many
different
components

00 | FibretotheHome
</ Council Europe www.ftthcouncil.eu




Passive — ... that is far from simple

Access Node [AN] Customer Premise [CP]
(Operator)

Active OLT

Passive

It's a complex structure with many aggregation levels

Access Feeder Primary  Distribution Secondary ~ Drop  Customer
Node FCP FCP Premise

¢ | FibretotheHome
Council Europe www.ftthcouncil.eu
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Passive — ... that is far from simple

Access Node [AN] Customer Premise [CP]
(Operator)

Active

Passive

00 | FibretotheHome
</ Council Europe www.ftthcouncil.eu




Passive — ... and very expensive

Examples of CAPEX breakdowns in 2 completely different cases

CAPEX Breakdown

| Civil Work

B Active - CP

O Passive - Drop

B Passive - Distribution
@ Passive - Feeder

W Active - Access Node

CAPEX Breakdown

M Civil Work

B Active - CP

O Passive - Drop

M Passive - Distribution
@ Passive - Feeder

W Active - Access Node

« Differences are linked to labour rates, density of area, type of cable deployment, ...
« But the biggest reason for the difference in ratio Active/Passive between these two

cases is take ratel!!

00 | FibretotheHome
/| Council Europe

www.ftthcouncil.eu
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Passive — ... and challenging

Access Node [AN] Customer Premise [CP]
(Operator)

OLT

Passive

Some typical challenges:

« Ensure limited end to end attenuation;

« Know which fibre at AN is serving which CP;

* Choose the right
topology/technology/components/... to create
a network of high quality at lowest cost;

¢ | FibretotheHome _
Council Europe www.ftthcouncil.eu




The passive pipe

Different aspects / Many variations of the passive pipe

1. Different Topologies
P2P vs P2MP
2. Different Aggregation Levels
Feeder — Distribution — Drop — In-House
3. Different Components:
Fibre — splice — splitter — connector
Cables — closures — cabinets — manholes
4. Different Cable Deployment Methods:
Ducts — Microducts — Direct buried — Aerial — Existing Pipes

¢+ | FibretotheHome
Council Europe www.ftthcouncil.eu
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1. FTTH Topologies

Topology

Point to Multi-Point [P2MP] Point to Point [P2P]

00 | FibretotheHome
/| Council Europe www.ftthcouncil.eu




1. FTTH Topologies

Topology

Point to Multi-Point [P2MP]

= N

P2MP:

one fibre leaving the AN will feed a splitter with
multiple outgoing fibres. This means the capacity
of this feeding fibre is shared between these
outgoing fibres. The amount of outgoing fibres
determines the split ratio and can vary from 1 by 2
or 1 by 4uptolby128or 1 by 256. Splitters can
also be deployed in cascade or series, in which
case the end to end split ratio is the multiple of the
individual split ratios. Since capacity is shared, the
higher the end to end split ratio, the lower the
maximum bandwidth per customer will be

Council Europe

W~ .

Point to Point [P2P]

P2P:

when a dedicated fibre
is available from AN
into each Customer
premise. No capacity
Is shared, but high
fibre counts are
entering the AN,
requiring also large
amounts of active
equipment in the AN.

www.ftthcouncil.eu




2. FTTH Network Structure

From Access Node to customer premise: different aggregation levels

« Access Node T—
22 i Drop cabling
* Feeder ~ FCF

° Primary FCP Distribution
o _ cabling

* Distribution

« Secondary FCP

ss Feedercabling = Prim Drop cabling »

« Drop ’
« In-House ey
Secondary Drop cabling
FCP ~=w-y

]
; Internal
] .
: cabling
'
=

Drop cabling = ®====== T 1

00 | FibretotheHome
/| Council Europe www.ftthcouncil.eu
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2. FTTH Network Structure

From Access Node to customer premise: different aggregation levels

 Access Node
 Feeder
 Primary FCP

» Distribution
 Secondary FCP
« Drop
 In-House

Fibretothe Home
Council Europe

— _
FCP @"ng

Distribution
cabling
Access Feedercabling = Primary Secondary Drop cabling >

Fibre Concentration Point [FCP]: a point in the network
where cables of different types or sizes are typically joint, in a
way that may include flexibility or splitting functionality.

» Typically networks will use FCPs at different
aggregation levels in the network. Primary FCP is often
also referred to as Distribution Point (DP). Secondary
FCP is often referred to as Drop Point.

 FCPs can be realised in the form of a street cabinet, a
manhole or a smaller handhole.

www.ftthcouncil.eu




2. FTTH Network Structure

© fiberplapit.com 2014

L] O
00 | Fibreiothe Home
/| Council Europe

Drop Cable
Distribution Cable
Primary FCP
Feeder Cable
Access Node

N
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3. FTTH Network Components

In each layer: different components

ODF/ODR
Fibre/Cable
Splitter
Splice
Connector
Closures
Cabinets
Manholes

FibretotheHome
Council Europe

www.ftthcouncil.eu




3. FTTH Network Components

In each layer: different components

« ODF/ODR

» Fibre/Cable
« Splitter

» Splice

« Connector

* Closures

« Cabinets

« Manholes

- > .
A

¢+ | FibretotheHome
Council Europe www.ftthcouncil.eu
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3. FTTH Network Components

In each layer: different components

« ODF/ODR
» Fibre/Cable
. Splitter Optical Distribution Rack [ODR] :
- Rack that houses the ODFs. A good fibre guiding system

» Splice ) : : ) :

c is crucial to keep high amount of fibres entering the ODR

onnector well organised

* Closures
« Cabinets Optical Distribution Frame [ODF]:
« Manholes A frame enabling the fibres from the outdoor cables to

become available on an individual fibre level for flexible
patching with the active transmission equipment (OLT
Ports)

¢ | FibretotheHome
Council Europe www.ftthcouncil.eu
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3. FTTH Network Components

In each layer: different components

« ODF/ODR _
« Fibre/Cable

Splitter Low-fibre Count (drop)
Splice
Connector
Closures
Cabinets
Manholes

High-fibore Count (feeder)

FibretotheHome
Council Europe www.ftthcouncil.eu




3. FTTH Network Components

Optical fibre

In each |ayer: « individual “light pipe” able to carry pulses of light over a long
distance, because the light is captured in the core by the

« ODF/ODR surrounding cladding.
. Fibre/Cable . lefe_rent flbr_e types exist, for example single-mode versus
. multi-mode fibre
« Splitter
* Splice Optical fibre cable
« Connector » groups several fibres into one cable for easy deployment.
« Closures Amount of fibres in one cable can go from 1 or 2 up to 288 or
.« Cabinets even 864. Internally the fibres can be organised in different

ways, for example in fibre bundles of 12 or 24 fibres. This is
needed to allow for an easier identification of individual fibres
within a cable, for example where fibres need to be spliced
onto each other.

» The cable is responsible for protecting the individual fibres,
but also to enable specific deployment techniques: for
example for an aerial network the cable needs to be able to
resist a certain tensile load, while a blown cable needs to

minimize fraction within the tube it is deployed in.
v+ | Fibre o the Home More info about this in section 4 of this presentation.
/| Council Europe _ouncil.eu
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3. FTTH Network Components

In each layer: different components

« ODF/ODR single fibre unit
> Fibre/Cable iy

planar chip

fibre array

/ output ribbons

. Sp“tter input fibre
« Splice

 Connector

—_—

 Closures
« (Cabinets
« Manholes
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-
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3. FTTH Network Components

In each layer: different components

* ODF/ODR - Splitters allow to feed multiple output

» Fibre/Cable fibres by 1 input fibre.

. Splitter  Typical split ratios are 1:2, 1:4 1:8, 1:16, 1:32 or
. Splice 1:64, but can also go up to 1:128 or 1:256

» Splitters can be deployed in the AN (centralised

» Connector split), in one of the FCPs (decentralised split), or

* Closures within the building of the customer (typically for

« Cabinets MDUSs) or in a combination of these different

« Manholes locations, in which case we speak about cascaded
splitting

» Splitters can either be firmly spliced into the fibre
infrastructure or be connectorized, so that they can
be flexibly inserted in a FCP.

» Splits can be symmetric and asymmetric

 Splitters introduce a considerable insertion loss
depending on the split ratio. This insertion loss is
bidirectional
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3. FTTH Network Components

In each layer: different components

ODF/ODR
Fibre/Cable
Splitter Fusion Splice Machine
« Splice
Connector
Closures
Cabinets
Manholes

o

Mechanical splice
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3. FTTH Network Components

In each layer: different components

" ODF/ODR » Splices are used to connect 2 fibres to each other.
» Fibre/Cable

« Splitter » Splices introduce extra optical losses, depending
« Splice on quality of alignment.

* Connector - Two technologies: fusion (melted together) and

* Closures mechanical (aligned and fixed)
« Cabinets * Fusion:
« Manholes » Less optical loss (<0,1dB)

* More expensive (skills, tools) to realise
* Mechanical:

* More optical loss (<0,5dB)

» Less expensive (skills, tools) to realise
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3. FTTH Network Components

In each layer: different components

ODF/ODR
Fibre/Cable : |
Splitter L \

« Splice \W | | »

- Connector -‘.iil

« Closures ”

Cabinets /
Manholes
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3. FTTH Network Components

In each layer: different components

- ODF/ODR « Connectors are installed at end of fibre to allow a flexible
 Fibre/Cable connection with another connectorised fibre
. Splitter » Typically used where flexibility is needed, for example in

the Access Node or Customer Premise for connection to

« Splice
. the active equipment, in combination with patch cords or

e Connector

pigtails
* Closures « Many types and standards (ST, SC, MU, MPO, FC, LSH,
« Cabinets MT-RJ, SC-RJ, LC, LX, ..))
« Manholes * Introduces losses of the light signal — due to reflection

(return loss (RL) or insertion (insertion loss (IL) —
depending on the alignment of fibre cores (angular
pointing error, concentricity)
» Connectors are typically graded to indicate their
guality (mean/max attenuation)
 Careful with difference between theoretic loss values
(ideal circumstances) and real usage values
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3. FTTH Network Components

In each layer: different components

. ODF/ODR =™
- Fibre/Cable : 5
« Splitter ?

« Splice _Eil_

. Connector é il

» Closures =

« Cabinets %
 Manholes =
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3. FTTH Network Components

In each layer: different components

* ODF/ODR - Cable joint closures are installed where

* Fibre/Cable different cables are connected/spliced onto each
«  Splitter other. They are used to organise the joints

. Splice (including overlength), and to protect the joints

(against water, dust, ...). The closures must be

»Connector accessible in order to add or adjust fibre

* Closures connections, or to test and repair connections.
« Cabinets
« Manholes « Can be installed in manholes, cabinets or on

poles, each with different requirements (for
example UV protection for pole mounted)
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3. FTTH Network Components

In each layer: different components

« ODF/ODR

- Fibre/Cable innvanncoa.

. Splitter g

« Splice

 Connector _

« Closures T . :;
 Cabinets :

« Manholes
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3. FTTH Network Components

In each layer: different components

* ODF/ODR - Cabinets are installed at flexibility points in

» Fibre/Cable order to allow easy access to the fibres, cables

«  Splitter and ducts, while offering protection against

. Splice environment (wheather, vandalism, ...)

© Connector * Mostly above ground, but sometimes in manhole

* Closures

« Cabinets « |f above ground, need to find locations with

« Manholes sufficient room for accessing, not too vulnarable,
permitted by authorities, ... while minimising
costs

00 | FibretotheHome
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3. FTTH Network Components

In each layer: different components

« ODF/ODR

» Fibre/Cable
« Splitter

« Splice

« Connector

* Closures

« Cabinets

« Manholes
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3. FTTH Network Components

In each layer: different components

* ODF/ODR « Manholes are typically concrete chambers that

» Fibre/Cable are covered by a metal lid, and are intermediate

«  Splitter locations in the network that allow access to

. Splice ducts and/or cables. They can also host
closures.

« Connector

* Closures « Small manholes are sometimes also called

« Cabinets handholes

 Manholes
* They are typically introduced at locations where

access to ducts or cables is required, for
example for blowing or pushing extra cables
through ducts
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4. FTTH Cable Deployment Methods

Cables can be installed in different manners

) zutc):;s : 110mm duct
HbaHcts with cables
Direct buried
Aerial

Existing Pipes

« Cable installation in duct via pulling, pushing, blowing or floating

» Duct size depends on cables (amount, type, diameter): 25mm, 50mm,
110mm, ...

« Challenges: cable entaglement, bends, friction on cable, installation
equipment
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4. FTTH Cable Deployment Methods

Cables can be installed in different manners

Ducts

« Subducts
Direct buried
Aerial
Existing Pipes

Flexible inner ducts

« Cable installation in microduct typically via blowing (easier, lighter than in
convential ducts); in flexible ducts via pulling

» MicroDuct size depends on cables (type, diameter): 16mm, 10mm, 5mm, ...

» Flexible ducts can be used to increase occupation of existing ducts
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4. FTTH Cable Deployment Methods

Cables can be installed in different manners

Ducts
Subducts

« Direct buried
Aerial

Existing Pipes _ _
Direct Buried

cable with Steel
protection

« Cable installation directly into open trench (ploughing, slotting, mini
trenching, micro trenching) or via excavation made with drilling
« Challenges: crush protection, termite protection, no flexibility
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4. FTTH Cable Deployment Methods

Cables can be installed in different manners

Aerial
« Ducts Systems
I
e Subducts | | I I |
_ _ OPGW ADSS Wrap Lashed kS

 Direct buried | | Around Figure 8
* Aerial Multi Loose | | MultiLoose| | On GW OnPC | |MultiLoose| |Multi Loose

N . Tubes Tubes Tubes Tubes
« Existing Pipes | |
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4. FTTH Cable Deployment Methods

Cables can be installed in different manners

* Ducts ¢ flange system tested on ducts with
e Subducts . 200mm and 300mm d.iam. '
¢ cable must meet applicable drinkwater

* Direct buried and health requlations
. Aera e
« Existing Pipes

« Sewer

« Water

« Gas
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Many choices for the passive infrastructure

 Important to compare different options and decide before you build
 Overhead vs underground cable deployment
« Greenfield vs brownfield (reuse existing ducts/pipes)
» Pull vs Blow
* Duct vs microducts vs direct buried
» Level of Accessibility/Flexibility
» Splices vs connectors vs retract
« Splitters: centralised vs decentralised; cascaded (multi staged)
« Comparing options based on
« CAPEX Costs: typical breakdowns in labour, equipment, installation
« OPEX Costs: impact on failures, repair, power consumption, ...
» Life time/Future proofness: expanding/upgrading network
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Examples

1. Overhead vs. underground
2. Level of accessibility/flexibility in FCP

3. Optimised location of PON splitters

00 | FibretotheHome
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Example 1: overhead vs underground

Cost may increase:
« if poles are rented: recurring OPEX;
« if poles need reinforcement: extra CAPEX;

Underground

+ low CAPEX, particularly when — High CAPEX, particularly with
reusing existing poles traditional trenching (> 50cm deep)

+ Easy and cheap customer — Expensive and difficult customer
connection and repair connections and repair

— Lifetime of the network (damage + Longer lifetime due to higher
from storm, accidents, ...) protection from environment

— Local regulations: no permissions  — Longer, more disturbing installation
for estical reasons — rather trend process can be negative for
towards putting existing overhead people/government

infrastructure underground
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Example 1: overhead vs underground

Cost may decrease:

« if existing ducts can be reused

* if micro-/mini-trenching is allowed
« if trench sharing with other utilities

Underground

+ low CAPEX, particularly when — High CAPEX, particularly with
reusing existing poles traditional trenching (> 50cm deep)

+ Easy and cheap customer — Expensive and difficult customer
connection and repair connections and repair

— Lifetime of the network (damage + Longer lifetime due to higher
from storm, accidents, ...) protection from environment

— Local regulations: no permissions  — Longer, more disturbing installation
for estical reasons — rather trend process can be negative for
towards putting existing overhead people/government

infrastructure underground
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Example 2: level of accessiblility/flexibility in FCP

For example: For example:
Street cabinets with Patch Manholes with Splice
panel and connectors closures and spliced fibres
High flexibility FCP Low flexibility FCP
+ can save on feeder cables, — Need all splitters and fibres
splitters, PON cards, power, ... installed and ready from day 1
— Customer Activation requires + Customer Activation requires
access to FCP for configuration no intervention in FCP
— Challenge to keep + No changes to documentation
Documentation up to date needed
Can be option to Can be easier and safer on
save initial costs if long term while extra cost is
take rate is low limited if take rate is high
¢ | FibretotheHome
www.ftthcouncil.eu
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Example 3: optimised location of PON splitters

For example:
splitters in Access Node

For example: splitters in Primary FCP
and/or secondary FCP and/or
basement of MDU

Centralised splitters Decentralised splitters

— High nr of fibres needed in feeder
network

+ Less PON splitters needed (better
occupation of PON splitters), lower
amount of PON cards

+ Easy to upgrade the network (for
example change split ratio)

— Large fibre count into MDU

¢+ | FibretotheHome
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+ Save fibres in feeder network

— More PON Splitters and cards
needed (less occupied)

— Changing splitters requires to visit
many places

+ For MDU, splitters can also be placed
inside the building
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The FTTH Handbook

Written by the D&O Committee of the FTTH Council Europe

What is its purpose?
« Explain all elements associated with FTTH deployments
« List details of deployment options when planning and building FTTH

Two main parts
« Active Infrastructure
Active Network Components & Technologies
« Passive infrastructure
Infrastructure Components, Cabling, OSP

Creating a brighter future

FTTH Handbook

Edition 5
D&O Committes
Revision date: 06/02/2012

Fibre to the H,
@ ‘Coincu Euro;:o‘:'m9

Current version, released in Feb 2014
(FTTH Conference in Stockholm)
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&' Optiwave

*
OptiSystem
Optical Communication System
and Amplifier Design Suite

To The Home

Applications

. High speed internet

. Broadband multimedia access
e  Tele-medicine

. Distant learning

the

the

Overview

A broadband access network offers various high-speed services to

end-user such as internet, multimedia, tele-medicine and

distant learning. Fiber to the home (FTTH) is an optical access
network architecture that uses optical fibers to replace all or part of

metallic cables to the end-user. Using OptiSystem we can

explore the performance of different architectures for FTTH
networks. In this application note, we explain an optical code-
division multiple access (OCDMA) structure using three users.

FTTH: OCDMA Network Layout
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e  Multi-parameter scanning enables
system designers to study trade-offs with e
respect to parameters of interest and to
choose optimal designs for deployments. o

e  Enables users to analyze different
algorithms for electronic equalization.

. New BER Test Set enables simulation of
milions of bits for direct error counting.
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Interfaces with popular
design tools.

Significantly reduces product
development costs and
boosts productivity through a
comprehensive design environment to help plan, test, and
simulate optical links in the transmission layer of modern
optical networks.
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Simulation Description

In the above layout, we have simulated a 3-user fiber
bragg grating (FBG) based OCDMA network at 200
Mbit/s. Uniform FBGs are used to impelement the
Modified Quadratic Congruence (MQC) codes by spectral
amplitude encoding. The signal is generated using an
incoherent source modulated with NRZ PRBS data using
a Mach-Zehnder Modulator. The optical link is 10 km of
single mode fiber. The receiver is comprised of two
spectral filters and two photodetectors connected in a
balanced configuration which perform the decoding with
a low-pass filter and a BER analyzer. In this experiment
User 1 and 2 are ON and User 3 is OFF.

The next two figures demonstrate the spectra of the
encoded data for User 1 and 2.
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Next we illustrate the signal in time domain for User 1
and eye diagrams for User 1 and 2. Using OptiSystem
you can analyze the performance of optical access
networks by varying coding schemes, modulation
format, number of users, and propagation length.
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