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Anexo A. Distribuicao de Probabilidade LogNormal

As figuras a seguir sdo as distribuicdes lognormal e a transformacéo da
lognormal para a gaussiana. Na Figura A.1.a, os dados sdo recebidos numa escala
linear (observe que na Figura A.l.a a escala horizontal é denominada de original
scale , e esta relacionada com a grandeza na qua € medida). Na Figura A.1.b, é
realizada uma transformacdo logaritmica, obtendo uma distribuicéo probabilistica
em forma de sino — similar a distribuicéo gaussiana. Desta figura € obtida a media

(L =2) eodesvio padréo (s = 0.3).
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Figura A.1 — Distribuicdo lognormal e a normalizagéo para a distribuicdo gaussiana.
Observe-se que a escala da Figura A.1l.a possui os dados colocados em uma escala
linear. A Figura A.1.b possui uma escala logaritmica, porem esta distribuicdo permite

obter a media pu e o desvio padréo s.

FreglUentemente, as distribuicbes probabilisticas sdo obtidas através da
media 1 e do desvio padréo s. Porem, estes dados fornecem uma descri¢cdo muito
pobre para determinar as distribuicdes que sdo assimétricas, como € 0 caso da
distribuicdo lognormal. Deste modo, a media e o desvio padréo obtidos na
distribuicdo gaussiana (com escala logaritmica — Figura A.1.b) permitiria obter a
media 1*, e o desvio padrdo s~ daescalaoriginad — (Figura A.1.8), através de um

fator, ora multiplicativo, ora divisor. Os valores (1 =100; s =2) indicam que 68%
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da distribuicdo lognormal encontram-se entre os valores de [100/ 2 =50 ; 100 x 2
= 200]. Os valores que compreendem o 95% da distribui¢do lognormal encontram:
seentre[ 100/ 2% = 25; 100 x 2° = 400].

A variancia da distribui¢do lognormal  C, (0), indicada na Figura 2.9, seria o

(s")? da Figura A.l1.a O didmetro de abertura do receptor na Figura 2.9 é
apresentado numa escala logaritmica, e oferece uma idéia do comportamento da
cintilacdo quando recebe o laser através de receptores de diferentes raios de
abertura. Assim, atravésa Figura 2.9, foi elaborado a Distribuicéo de Probabilidade
Lognormal da Cintilagdo (DPLC) — Figura A.2. Cada linha representa a DPLC
guando se possui um receptor com raios de 1, 5, 10, 50, 100, 200, 500 e 700 mm.

Distr. LogNormal da Cintilacdo vs. Raio de abertura do receptor
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Figura A.2 — Distribuicdo de probabilidade lognormal da cintilacdo vs. Raio de abertura do

receptor.

A seguir, na Figura A.3 readlizamos a Distribuicdo Normalizada da
Cintilagdo. Cabe ressaltar que a escala colocada nesta imagem € linear. Assim, as
curvas correspondentes desta figura ndo possuem o formato de sino, porem, o
ponto maximo é atingido justamente no valor do raio da abertura escolhida. Nesse
caso seranos valores de 1, 5, 10, 50, 100, 200, 500 e 700 mm.
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Distr. Normalizada da Cintilagao vs. Raio de abertura do receptor

L) L) L) L) L) L) L) L) L)
1F | — 1 mm %
--=- 5mm
09 ........ 10 mm _
----- 50 mm Vi —-__--;:
—— 100mm | e T e M
0.8 200 mm e T .
o e (S
T I e L L e -
go7} P -
E | o x
(S i e
o 0.6 . e i
= Xo‘
S
0.5 o -
I -
N ST -
s Y SN F ,,.X' e
E 0.4 L e |
=) ’/“ ................ L
A | N LT o
- i i W -
E 03 \,(\ L e A
o ’/' “n L -.____.0--"
0.2f »x T, & P J
/ AT P L
0af ¢ 4 P R ]
10 20 30 40 50 60 70 80 90 100

Raio de abertura do receptor (mm.)

Figura A.3 — Distribuicdo Normalizada da Cintilag&o.

E a partir desta metodologia que podera se determinar os valores onde a
abertura encontrara pouca ou nenhuma dificuldade na transmissdo do feixe de laser
através de um ambiente de cintilagdo. Deve-se esclarecer que estes dois Ultimos
graficos estéo relacionados com aFigura (2.9).

Sendo realizada a Distribuicdo Normalizada da Cintilagdo podera ser obtida a
media p e sua variancia s2. A modo de exemplo, sd0 apresentadas as figuras A.4.a
e A.4.b, onde podem serem observados os sinais recebidos de um enlace FSO [1].
A irradiancia é apresentada em uma distribuicBo normaizada. Os dados da
irradiancia dependem da cintilagdo do meio onde o laser se propaga. E importante
observar a nova denominacdo que recebe a varidncia s® nesta distribuicdo
normalizada. Denomina-se variancia normalizada das flutuacdes da irradiancia ou

variancia normalizada da cintilagio s?. Este item e o seu conceito sera (til para

explicar o fendbmeno da saturacédo da cintilacéo, detalhado no Anexo B.
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Figura A.4.a — Exemplo de PDF das flutuacdes de irradiancia realizado pelo Jet

Propulsion Laboratory. Veja-se o formato lognormal mais acentuado da Figura A.1.a - S,2

=1.08 (13 de Nov. 1998) — em comparacao a Figura A.4.b - S,2 = 0.07 (18 de Junho

1998).

*
BISWAS, A., LEE, S. Groundto-ground optical communications demonstrations, TMO Progress Report 42-141; May 15,
2000.
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Anexo B. Relacéo entre a variancia da amplitude
logaritmica e a variancia da intensidade logaritmica

Denomina-se aos campos de amplitude complexa, como E ou H, com a letra
u. Adicional aisso coloca-se um subindice o, que indica a auséncia de turbuléncia.
A amplitude complexa do campo, na presencia da turbuléncia, serd denominado
Como:
u=Ae® (B.1)
sendo que S € a fase da turbuléncia, A € aamplitude da turbuléncia.
A amplitude complexa do campo na auséncia da turbuléncia é determinada

como:
u, =Ae® (B.2)
Tatarskii e Clifford define a amplitude logaritmica, ?, como:
Ao Ae (B.3)
O detector do FSO produz uma voltagem linearmente proporcional a

potencia Optica que é recebida. Dentro da literatura que esta relacionada com a

cintilacdo, a intensidade esta referenciada no modulo da amplitude do campo ao

quadrado, que € proporciona ao vetor de Poynting (A ), apotencia por unidade de

&rea em que flui o campo [W/nf]. Como o receptor possui uma &rea fixa, o
detector de voltagem sera proporcional a amplitude complexa do campo elevada ao

quadrado. Deste modo, a amplitude é definida quando ha turbuléncia em:

~

Vu A plouu=A2=A%" (B.4)

Quando ndo ha turbuléncia, a amplitude é definida como:

~

Vou Aol lh°u,u=A  (B5)

Experimentalmente o valor de V, ndo pode ser obtido ja que sempre existira
uma pequena turbuléncia no meio ambiente. Sabe-se que:

v
VO

:|_:e2c
Io

Dai que:
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InV=InV,+2? (B.6.a)
(InV)={InVo]+2{(c) =InVo+2{(c) (B.6.b)
Fazendo (B.6.a) menos (B.6.b) temos:
InV -{InV)= 2(?-(c))
(nV -{InV])*= 4(2-(c))> @®7
ou
Spy =4s? (B.9)

Esta equacéo € apresentada na eg. (2.9).
Desta equacao pode ser deduzido que:

2\ _
( (Inv -{InV)) )—sfm, (B.9)
A variancia de anplitude logaritmica s?Z, assim como s?, apresentam um
comportamento de saturacdo. Inicialmente, a variancia de amplitude logaritmica,

segundo a eq. (2.10), podia aumentar se fosse acrescentado um valor maior do

comprimento do enlace L oudo C?, mas, experimentalmente em um determinado

momento a cintilagio sofre a saturagio quando k7° xRY¥¢xC? > 1. Outras
observacdes foram realizadas desde a década dos 60 tanto na Unido Soviética
como ros Estados Unidos. Alguns autores indicam que houve um decréscimo no
valor de s, fendmeno que foi observado quando o valor de k™ xR xC2>> 1.

Para entender este fendémeno, deve-se inserir um novo elemento que permita
compreender adiminuigdodo s’ es?.

2

S, é avariancia normalizada das flutuagGes da irradiancia que chegam &

receptor. Este parémetro pode ser compreendido a partir dos gréficos inseridos no
Anexo A. Numa turbuléncia fraca, a variancia normalizada das flutuagdes da

irradiancia varia de forma proporcional como a variancia de Rytov:
s 7 » constante >s (B.10)

O valor daconstante depende do tamanho da difracéo da abertura irradiante

e do feixe divergente. Esta equacdo descreve corretamente os dados experimentais

para os casos em que s /< ~0.6. Para s />0.6, a eq. B.10 ndo segue uma curva
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constante, desde que, num determinado ponto, é atingida a saturacdo. Nesse caso, a

turbuléncia forte é considerada, sendo que s € inversamente proporciona as :

s2=1+0874s 2] (B.11)

Esta equacdo descreve os dados experimentais com um erro de ndo mais
que 10-30% em um determinado range onde é aplicado.”

Andrews et a.(2001) ~* mostra a eq. B12 , em que é possivel fazer uma
relacio entre s> e s/, onde é apresentado uma aproximagdo completa da
turbuléncia moderada em conjunto com a urbuléncia fraca e forte (eg. B.10 e
B.11). Esta turbuléncia moderada comegaria a partir do valor de s /> 0.6. Para
esta equacdo, mostrase que o feixe de laser poderia se propagar no meio

atmosférico com uma onda plana.

e 2 2 u
s?(R)=expé 049°s, 051, U-1;0<s’<¥ (B.12)

B+ 1116125 )" ' [L+069x2 )% g

Variancia Normalizada vs. Var. Rytov - Andrews et al.
14 1 1 1 1 1 1 1 1 1

Onda Plana -

R=1000m
C, =28%-14

Varidncia Mormalizada

D ! 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Variancia Rytov

Figura B.1 - Variancia Normalizada S ,2 vs. Variancia de Rytov S 12 segundo o modelo de
Andrews et al.”, para um feixe de onda plana, se propagando no espaco livre. Utilizando o
valor de R= 1000 m. e de Cn2 = 2.89e-14, sdo apresentados os valores de Rytov e da

variancia normalizada para 785 nm. e 1550 nm.
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A descricdo gréfica da eq. B.12 esta apresentada na Figura B.1. Nesta Figura é
indicado que, em uma turbuléncia fraca havera maior cintilagdo em 785 nm; e em
uma turbulénciaforte a cintilacéo sera maior em 1550 nm. Na Figura 2.12 pode ser
conferido que a variancia de Rytov s 7 encontra-se na faixa da turbuléncia fraca
(1550nm) e moderada (785 nm). Porem, quando € modificado algum valor que

define avarianciade Rytov s 2 (comprimento de onda ?, a distancia do range Rou
o valor de C?), a turbuléncia fraca pode passar para 1550 nm e a forte passaria

para 785 nm, ficando coerente com as equactes B.10, B.11 e B.12.

*
ZUEV, V.E., Laser-Light Transmission Through the Atmosphere, Laser Monitoring of the Atmosphere, Editor: E.D.
Hinkley, Topicsin Applied Physics- Volume 14, Springer-Verlag, Germany, 1976, Cap3, pag 29-69.
* %

ANDREWS, L.C., PHILLIPS, R.L., HOPEN, C.Y.; “ Laser Beam Scintillation with Applications’, SPIE PRESS,

Bellingham-Washington USA, May 2001, pag 101.
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Anexo C. Valores para o parametro da Cintilacéo.

Os célculos feitos para obter os vaores da cintilaggdo em um enlace de FSO

desde O até 10 km est&o mencionados a seguir:
Abertura do Receptor =10 cm. —785 nm

Numero defeixes= 1 feixe

12.14:R R<0.7
Perda por Cintilacdo (dB =
P %20 (dB) {1.5><(R- 0.7)+86 R=07

Numero de feixes = 2 feixes

C 741:R R<0.85
Perda por Cintilagéo (dB) =
1.35R- 1.0)+6.3 R=0.85
Numero de feixes = 3feixes
50:R R<0.9
Perda por Cintilagdo (dB =
P 2620 (cB) {1.2>(R- 1.0)+44 R=09

Numero de feixes = 4feixes

39:R R<0.95

Perda por Cintilagéo (dB =
P %20 (dB) {1.0><(R- 095)+35 R=0.95

Abertura do Receptor = 10 cm. — 850 nm

Numero defeixes= 1 feixe

12.85:R R<0.7
Perda por Cintilacdo (dB =
P 220 (dB) {1.66>(R- 0.7)+9 R=07

Numero de feixes = 2 feixes

T 7:R R<1.0
Perda por Cintilagéo (dB) =
154R-1.0)+7 R=10
Numero de feixes = 3feixes
5:'R R<1.0
Perda por Cintilacéo (dB) = { S

15R-1.0)+55 R=10
Numero de feixes = 4feixes

4.8:R R<10

Perda por Cintilagdo (dB =
P %20 (dB) {1.1>‘(R-1.0)+4.8 R=1.0
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Abertura do Receptor = 20cm. — 785 nm

Numero defeixes = 1 feixe
35:R R<10
Perda por Cintilacdo (dB =
P 220 (dB) {0.7><(R-1.0)+3.5 R=10
Numero de feixes = 2 feixes
28R R<1.0
Perda por Cintilacdo (dB =
P %20 (dB) {O.4><(R-1.0)+2.8 R=1.0
Numero de feixes = 3feixes

g Cintil g { 20:R R<1.0
Perda por Cintilacéo (dB =

P %20 (dB) 0.33{R-1.0)+20 R=10
Numero de feixes = 4feixes

LLR R< 1.0
0.3¥R- 1.0)+1.1 1.0=R<40
0.125R- 4.0)+20 R=40

Perda por Cintilagdo (dB)

Abertura do Receptor = 20 cm. — 850 nm

Numero defeixes= 1 feixe

Perdapor Cintilaggo (dB) = (R- 1.0)+45 R=10

Numero de feixes = 2 feixes
o 35:'R R<1.0
Perda por Cintilagéo (dB) =
05{R-1.0)+35 R=1.0
Numero de feixes = 3feixes

Perda por CintilacZo (dB 20°R R<10
a por Cintilaca =
P (B) 024R-10)+20 R=10

Numero de feixes = 4feixes

12:R R<1.0

Perda por Cintilacdo (dB =
P a0 (dB) {0.2><(R-1.0)+1.2 R=10

90
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Abertura do Receptor = 20 cm. — 1550 nm

Numero defeixes = 1 feixe

13.33:R
4.33{R- 0.6)+8.0
2.83xR- 1.2)+10.6
1.65R - 2.4)+14.0

Perda por Cintilagéo (dB)

Numero de feixes = 2 feixes

6.1:R
50XR- 0.7)+4.27
244XR-1.2)+6.8
14%R- 2.1)+9.0

4.16:R
{2.4 {R- 1.2)+5.0

Perda por Cintilagdo (dB)

Numero de feixes = 3feixes

Perda por Cintilagéo (dB)

114R- 2.2)+ 7.4

Numero de feixes = 4 feixes

3.83xR
1.64XR- 1.2)+ 4.59
1.16YR- 2.6)+6.9
0.65¢R- 5.6)+10.4

Perda por Cintilacéo (dB)

91

R<0.6
06=R<12
12=R<24
R=24

R<0.7
0.7=R<12
12=R<21
R=21

R<1.2
12=R<22
R=22

R<12
12=R<26
26=R<b56
R=5.6
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Abertura do Receptor = 25 cm. — 785 nm

Numero defeixes = 1 feixe
Perda por Cintilagéo (dB)

Numero de feixes = 2 feixes

Perda por Cintilagdo (dB)

Numero de feixes = 3feixes

Perda por Cintilacéo (dB)

Numero de feixes = 4 feixes

Perda por Cintilagdo (dB)

32:R R<1.2
" losxR-12)+352 R=12

24:R R<1.0
0.53{R-1.0)+24  10=R<40
0.33{R- 40)+40 R=40

13:R R< 1.0
0.34R- 1.0)+1.3 1.0=R<40
0.284R- 4.0)+2.2 R=4.0

0.8:R R<1.0
0.26 {R- 1.0)+0.8 1.0=R<4.0
0.166 R - 4.0)+1.6 R=4.0

Abertura do Receptor = 25 cm. — 850 nm

Numero de feixes = 1 feixe
Perda por Cintilacéo (dB)
Numero de feixes = 2 feixes
Perda por Cintilagdo (dB)
Numero de feixes = 3feixes
Perda por Cintilacéo (dB)
Numero de feixes = 4 feixes

Perda por Cintilagdo (dB)

35:R R<12
" | 054R-12)+39 R=12

_ 3.0:R R<10
02XR-10)+30 R=10

1.8:R R<1.0
~ L 018{R-10)+18 R=10

_{ 1.0:R R< 1.0
015{R-1.0)+1.0 R=10
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Anexo D. Tabela de Disponibilidade (%) vs. Visibilidade (milhas / km).

Vis

Rio de Janeiro — Aeroporto Santos Dumont
Vis. (milhas)

(km)
JAN
FEV
MAR
ABR
MAI
JUN
JuL
AGO
SET
ouT
NoV
DEZ
ANN

ANN = ANUAL

0
0
100
100
100
100
100
100
100
100
100
100
100
100
100

0.25 0.3125
0.402 0.502
100 100
100 100
100 99.9
100 100
99.9 99.8
99.9 99.8
99.9 99.7
99.9 99.8
99.9 99.9
99.8 99.8
100 99.9
99.9 99.9
99.9 99.9

0.5
0.804
99.9
99.9
99.9
99.9
99.8
99.7
99.7
99.7
99.9
99.8
99.9
99.9
99.8

0.625
1.005
99.9
99.8
99.9
99.9
99.8
99.5
99.6
99.7
99.8
99.7
99.9
99.9
99.8

0.75
1.206
99.7
99.6
99.8
99.8
99.4
98.8
99.2
99.5
99.4
99.5
99.6
99.7
99.5

1
1.609
99.7
99.6
99.6
99.7
99.0
98.3
98.9
99.2
9.1
99.3
99.4
99.4
99.3

125
2.011
99.6
99.4
99.6
99.5
98.7
97.7
98.5
98.7
98.8
9.1
99.3
99.2
99.0

15
2413
99.3
99.2
9.1
98.8
97.8
96.0
97.7
97.9
97.2
98.5
98.7
98.6
98.2

2
3.218
99.2
99.0
99.0
98.6
97.3
95.5
96.9
97.4
96.7
98.1
98.3
98.4
97.9

25
4.022
98.3
97.8
97.7
97.3
95.3
92.6
94.9
95.2
94.1
96.0
96.7
96.8
96.1

3
4.827
96.3
96.2
95.4
95.8
92.8
90.2
92.4
92.0
90.4
93.3
94.8
94.9
93.7

4
6.436
939
939
92.8
924
89.2
85.3
89.3
86.7
85.3
895
925
924
90.3

5
8.045
90.0
89.5
88.6
87.6
83.8
77.9
835
79.1
78.4
83.8
88.8
88.3
84.9

6
9.654
84.7
84.4
83.1
813
78.1
69.8
76.7
70.7
70.5
78.1
84.1
83.2
78.7

10
16.09
20.6
19.7
18.6
16.2
15.7
10.5
14.3
10.6
124
155
194
20.6
16.2

93
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Vis. (milhas)

Vis

Rio de Janeiro — Aeroporto Internacional Antonio Carlos Jobim (Galedo)

(km)
JAN
FEV
MAR
ABR
MAI
JUN
JuL
AGO
SET
ouT
N[e)Y
DEZ
ANN

ANN = ANUAL

0
0
100
100
100
100
100
100
100
100
100
100
100
100
100

0.25 0.3125
0.402 0.502
100 99.9
100 100
100 100
99.9 99.9
99.6 99.6
99.5 99.4
99.5 99.5
99.7 99.7
99.9 99.9
100 99.9
100 100
100 100
99.8 99.8

0.5
0.804
99.9
100
100
99.9
99.6
99.0
99.2
99.6
99.9
99.9
100
99.9
99.8

0.625
1.005
99.9
100
100
99.8
99.4
98.6
98.8
99.5
99.8
99.9
100
99.9
99.7

0.75
1.206
99.7
99.9
99.8
99.8
9.1
98.3
98.6
99.4
99.7
99.8
99.9
99.9
99.5

1
1.609
99.6
99.8
99.8
99.6
99.0
97.2
97.6
9.1
99.5
99.7
99.8
99.6
99.2

125
2.011
99.4
99.5
99.5
99.2
98.2
95.3
96.6
98.4
98.7
99.2
99.6
99.3
98.6

15
2413
98.9
98.9
98.9
98.5
96.8
92.7
94.7
96.9
97.3
98.1
9.1
98.9
97.6

2
3.218
98.5
98.6
98.5
98.0
95.5
91.0
93.3
95.4
96.2
97.3
98.8
98.5
96.7

25
4.022
96.4
96.8
96.1
95.1
91.5
85.3
88.3
90.6
921
94.2
97.1
97.0
93.5

3
4.827
93.5
93.6
91.3
90.6
85.3
7.7
81.0
83.7
85.1
89.7
93.6
935
88.4

4
6.436
90.7
90.2
86.7
86.7
79.7
709
74.7
76.6
79.0
85.8
90.7
90.5
83.8

5
8.045
82.7
824
779
775
69.4
59.7
64.4
62.4
67.0
76.3
83.8
83.9
74.3

6
9.654
76.1
74.8
70.0
67.8
60.0
49.7
55.4
51.8
56.6
67.4
76.7
76.7
65.6

10
16.09
16.0
158
131
9.7
10.0
7.3
9.0
6.9
8.2
9.8
135
11.7
110

94
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Simulation and development of a FSO system at an urban
environment in Rio de Janeiro

A. Huanachin®, M. Mosso, B. Guedes and A. Podcameni”.
Catholic University of Rio de Janeiro CETUC / PUC-Rio -
R. Marqués de S&o Vicente, 225, 7K, Gavea
Rio de Janeiro / RJ- 22453-900 — Brazil.

A procedure for the analysis, modeling, and a practical trial of a Free-Space Optics (FSO) system is presented. The
procedure has been conducted in the urban area of Rio de Janeiro, in 2002. Firstly, the transmitter and receiver
characteristics are considered. Next, three additional parameters are introduced: they are: the atmospheric loss, the
geometric loss and the scintillation. In this last parameter, a few ways how scintillation might be expressed in dB and
translated into a power balance equation, is presented. Other fixed parameters, dealing with additional losses, are
subsequently inserted. The FSO system availability is exhibited, using airports visibility data, leading toa prediction of
the systemic availability. Attention is then focused on the Bit Error Rate, BER, which relates with the Recommendation
ITU-T G.826. Within this last Recommendation, it is possible to perform a FSO analysis with respect to the climatic
variation. The experiment has encompassed some short periods in which this city presents a strong morning fog. It is
finally shown that FSO isacompetitive and reliable transmission technology, provided proper and correct use.

Keywords: FSO, Last mile, BER, Recommendation ITU-T, G.826, SONET, SDH, Optical sitein Rio de Janeiro
1. INTRODUCTION

Present telecommunication systems use two types of technologies: (a) - Environment confined, as optical fibers or
coaxia cables, and, (b) - Free space (non-confined) systems as, for example, Microwaves and/or RF links.

Present telecommunication systems use two types of technologies: (a) - Environment confined, as optical fibers or
coaxial cables, and, (b) - Free space (non-confined) systems as, for example, Microwaves and/or RF links.

Free Space Optics (FSO) is inserted in the second category, however, it possess some characteristics of the first one.

Many 1of the elements used in FSO are a'so employed in optical fibers, athough the FSO transmission environment; is
theair~.

The FSO systems are getting popular due to a growing Internet demand. With FSO communications, data transmission,
images, sound and video applications may be sent at a few Gigabits for second without the necessity of deploying an
optical fiber, and/or digging atrench in someone else’ s neighborhood.

Briefly, the advantages of an FSO system may be put as:

- Fast and cheap installation of the system.

- It needs no license to use the electromagnetic spectrum.

- It launches a competitive and broadband link; similar to the optical fiber, and much broader than the one used in
microwave radios.

- FSO does not cause electromagnetic interference.

Disadvantages found in an FSO system are related with the optical propagation across the atmosphere. The wavel engths
are comparable in size with several environmental particles and molecules. The laser beam energy may be absorbed or
scattered by these particles. This phenomenon will be addressed ahead.

The most used wavelengths for FSO are the 785, 850 and the 1550 nm waves. This sort of preference is because
components for these wavelengths are commercially and widely available for optical fibers applications?. In the specific

“ abelardo@cetuc.puc-rio.br; phone 55 21 3114-1685; fax 55 21 3114-1154 www.cetuc.puc-rio.br * huana@cetuc.puc-rio.br
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case of a 1550 nm apparatus, FSO may easily use multi-wavelength beam, supported by DWDM technol ogy®.

1.1 Impairments

The three conditions more significant which affect the FSO link are:

- Absorption.

- Scattering.

- Scintillation.

These three conditions attenuate the received power, affecting the availability of the link.

The optical wireless systems presents low cost and rapidity in their installation. They may be installed in the same
structure of a cellular net site, circumventing interference with microwave systems. Additionally, the acceptance test
period is reduced from months to only a couple of days. For the FSO design procedure is important to reach a basic
FSO equation®. Consequently, diverse parameters will be hereupon introduced.

1.2 Transmitter and receiver

The transmitted and received powers are defined in Watts (W).
Prx = emitted power by the transmitter.

Prx = minimum power arriving into the receiver, for a distanceR

1.3 Atmaspheric loss
The law that conducts the attenuation of the laser radiation in the atmosphere isthe Beer’s law.

Lam=6"SR ©)
where:
s = attenuation coefficient
R = transmission length of the laser
Attenuation coefficient s depends of the visibility and the wavelength | :
391 | g @
V eb550nmg
where:
V = Visibility (km)
| = Wavelength (nm)

g= 1.6forV>50km;
1.3for6<V <50km;
0585V 3 forv<6km*

1.4 Geometric loss
Geometric loss depends very much of the received power after to have crossed the free space, and also of both the
transmitter and receiver area, as shownin Figure 4.

- Ar
T

LGeo

©)

where:

SAg= Receiver surface (nr)

SAr= Transmitter surface (nf)

g = Beam divergence area (mrad)

R =Transmission length of the laser

N = szmber of transmitters used. This is a new contribution for geometric loss. If SA7 is very small, it can to be
omitted”.

1.5 Scintillation loss
Scintillation is defined as a temporal and spatial light intensity variation, caused by atmospheric turbulence that cross
the FSO link. Atmospheric turbulence is originated by temperature, piession or winds that movies between the ground
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and the air. From those variations, are created air hot bubbles which distort the laser path.

Rytov’s variances 12 is used to simplify the scintillation parameter’:

Lscint=s 2 = 1.23c§k% R7% (4)
where;
s 7 =Rytov’svariance.
Cﬁ = Refractive Index Structure Parameter
k = wavenumber = 2p /I
R =length of the link (meters)

Rytov’s variance 312 represent the normalized variance of the irradiance which will increase or will diminish in

accordance with the value of Cﬁ .Irradiance is the incident power on a surface. Unit is measured in W/n?.

C2 will defineif the atmospheric turbulence is weak, moderate or strong: ©

(T(2)- Thotr.2)%) & b2 U
c? :< 880" 107° — ¢
" e 6 Frs

C,, can to be obtained experi mentally”. In this document, the Cﬁ graphic was obtained at Rio de Janeiro, in February
16, 2003, and it isshown in Fig. 1.
Ci vs. Time
10" ' ' :

Ci =289 " Maximum value

e e e L1 | S S e T SR Lo it RO L e S e — -

10-1‘1

10"

-18
10 . ; .
o & 12 18 2
Time (hours) - Data; Fev 16" 2003
Fig. 1. Cg vs. time. A change in atmospheric behavior can to be observed in the sunrise and the sunset period.

s 7 isalso defined as®

é o]
=dng—m  (6)
é fo9]
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Equation (6) defines:
| = Instantaneous irradiance which arrives at the receiver.
I,= Middle Irradiance received.

In order to reach above value, written in dB”*° equation (7) is next presented:
&l 0

Lscint = 1010g gll—: dB @)
0o

Equations (6) and (7) will allow for determining the scintillation loss. For illustration, a value of S 12 = 1.3, will yield a
Lsgint =4.95 dB.

If the practical case is such that a multi-beam is reaching the receptor, the scintillation loss can still be found . Given
the number of beams that reach the receptor, the receptor aperture diameter and the length of the link, scintillation
lossesis given asfollows:

The above 2 dB value in equation (8) is said to be a safety margininserted in the FSO balance power equation. For the
Fig. 8 case, thevaluel =785 nm was used, as no other works were available in the literature, using others wavelengths
as 850 and 1550 nm. However, by changing the wavelength, the receiver diameter or the FSO range™*® different data
concerning the scintillation variation, is obtained, as shown in Fig. 2, for 785, 850 and 1550 nm. Observe different
scintillation loss values in correspondence with different aperture receiver diameters.

20 Scintiliation Loss - Receplor Aparture = 10 cm 14 Scinlillation Loss - Recaplor Aperlure = 20 cm
—— 1 beam - 785 nm —— 1 beam - 785 nm ' ' -~
—— 2 beams P 2 beams
25F —— 3 heams g —— 3 beams
o= « 4 beams e o +— 4 beams o
S | === 1 beam - 850 nm S10F ===~ 1 beam - 850 nm o
wzﬂ‘ 2 heams g § 2 beams i
& | —— 3beams - S 8f—— 3beams
15— 4 heams s |— 4 beams .-~
5 g6 7
E10f g 4t
@ o —
(@) | (b)
0 2 4 5 8 10 0 2 4 6 8 10
Range {km) Range (km)
0 Seintillation Loss - Receptor Aperiure = 25 cm Scintilfation Loss - 1550 nm - Receptar Apearlure = 20 cm
—— 1 baam - 785 nhm ' ' 30 : ; ' :
— 2 heams | =— 1 beam
—— 3 beams 1 a5k = 2 heams
—~ % 4beams - 2 —— 3 beams
E -=== 1 beam - B50 nm 2 « 4 beams
o 2 beams D Pl
£ B« 3beams i S
| . =1
E 4 baams .= =15
| o (=}
z 1 =
= £10
® b
Ee] 1
I L il 1 {I.' i i i i
0 2 4 G g 10 0 2 4 B g 10
Range (km) Range {km}

Fig. 2 — Variation of the scintillation in different aperture diameters of and wavelength. It is shown a approximation of the
scintillation loss (in dB), with one up to four transmitter aperture

The authors are encouraging to develop a more detailed study for scintillation loss, using Crf, S 12 .|, range, receiver
diameter and aperture numbers.
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1.6 OthersLossin the FSO link

FSO link presents other inherents losses. It is additionally recommended # to use typical correcting factors:
- Mispoint losses: Lyigp =3dB e

- Optical losses in the receiver: Lgxop = 9 dB.

2. FSO BALANCE POWER EQUATION

The analysis of one link is an important stage in implementation of a system. The analysis for FSO link will consider
the environment where the laser beam goes to spread. In this case, the losses of factor are originated by air. Approach
values of the losses will exhibit between the transmitter and the receiver. Now, the FSO equation may be written as:

Prx[dBm]= Prx[dBmM] + Lam{dB] + Leeo[dB] + Lmisp[dB] + Lrxop[dB] + Lscint[dB] + MARGIN[dB] (9)

Fig. 3 show some results. They provide for two FSO apparatus; one with a single beam and the other with four beams.
Both are used in a 1000 m link. These results were obtained from an experimental link deployed in Rio de Janeiro. In
this case, as previously related, the optical losses and beam mispointing losses have fixed values of 9 and 3 dB,
respectively.

Beam mispointing [] 3dB TX =11,93dBm
TX =591dBm |98 || 4 laser beams
1 laserbeam Optical lossesin the receiver 9dB
9dB L
14,00dB
Geometric loss
13,98dB |
14,43dB Atmospheric loss 23,93dB
4,50 dB L1 1dB
RX = -41 dBm 2dB [C MARGIN [] 2dB

Fig. 3. FSO link parameters. In this case, we consider the worse situation in the atmospheric loss, and the worse situation in the
scintillation, using one and four laser beams in 850nm. The aperture diameter is 10 cm.

3. FSO AVAILABILITY

In weather conditions such as rain and snow, the propagation characteristics will be insensitive to wavel ength because
of the large particle sizes and geometrical scattering. Heavy cumulus clouds and heavy coastal fog, which are the main
availability limiting weather conditions for FSO.

Initially, Fig. 4 uses the visibility information accumulated in a number of airports of Rio de Janeiro, during several
years. The wavelength used in this graphic shows was 850 nm. In this figure was used the data inserted in January and
June.
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FSO Availability (Theorical) - Rio de Janeiro - 850 nm Availability vs Visibility - Santos Dument and ACJ Airports
100 = : i ; 10 : T T i
85
951 ank

L]
n

JANUARY - 5D
JUNE - 5D
—s— AMNMNUAL - 30

o
i

== JANLIARY - S0

FSO Availability (%)
Availabdlity (%)
fe]
=

[=]
o

a— JUNE - 5D 757 _— JANUARY - ACJIA
| —e— JUNE - ACJIA

== JUNE - ACJIA

50 = Santes Durmant Alrpant

|
=]

=w= ANMNUAL - ACJIA

S0 = Santes Durnord AFpo

—— JANUARY - ACJIA \?
1
\

ACJIA = Arjonio Carlos Jobim | B5f ACIS = Arkonic Carkes Jobim
Intamationad Alrpar III Interreaticonal Airport
B0 L . — L &0 . i i
0 2 4 G 8 0 2 4 G i 10
FS0 Range {km} Wisibility (lrn)

Fig. 4. Avalilability vs. Visibility observed in the Santos Fig. 5. Availability vs. Range. The figure shows the availability
Dumont Domestic Airport and Antonio Carlos Jobim of one FSO link since O up to 8 km, near Galedo airport.
International Airport (popularly known as Galedo) both in Rio

de Janeiro)

Using the above visibility data obtained in the principal airports in Rio de Janeiro, a figure describing an FSO
availability*, has been carried out as shown in Fig. 5.

Making a crossrelation of visibility data for wavelength of 850 nm between Equations (1) plus (2), and the visibility in
Fig. 4, new information are obtained. This last, is shown in Fig. 5, which is the first relationship obtained in this work,
between Availability and Range of an FSO system deployed in Rio de Janeiro. Please note that this first relationship is
a theoretical one, acting as a sort of prediction. Shortly ahead, the present material will be compared with measured
results obtained in afield trial.

3.1 ITU-T G.826 recommendation
Currently, microwave or RF systems are well-established technologies, considering their high reliability and to the
recent advances experienced in last years. The regulations prepared by ITU-R, which are a precious set of radio
recommendations, are a solid core of reference paths to be followed, in order to avoid disagreeable surprises. Not
surprisingly, a number of these regulations have been embraced by FSO link manufactures and operators.
Emblematical examples are ITU-R F1189-1, ITU-R F.1400 and ITU-T G.826". The G.826 recommendation™ definesa
set of parameters and events of the performance of blocktype established errors destined for the performance
monitoration of errorsin-service of a SDH system. In our experiment, the parameters considered were:
: ES = Period of 1 second with one or more bits errors.

EFS = Period of 1 second without bits errors.

SES = Second with 30% of block error.

UAS = Unavailability seconds.

EB = Period with blocks errors

BBE = Background Block Error

4. COMMENTSABOUT THE PRACTICAL EXPERIMENT

The availability of the FSO links depends of the climatic conditions. In this way, it differs from a place to another, and
also on the year season in what the observation takes place'®. It is quite practical to furnish the availability month by
month.

When FSO links in the free space are designed, the maximum achievable link length will be also a function of the site
geographical position. In order to reach the availability required by the user, the FSO system must be both evaluated in
the best and in the worst climate conditions. In the best situation the received optical power should not be excessive, in


DBD
PUC-Rio - Certificação Digital Nº 0124852/CA


PUC-RIo - Certificagdo Digital N° 0124852/CA

102

order to avoid the saturation of the receiver. In the worst climate condition, noise should not drive the reception into an
Unavailability condition, meaning, an unacceptable range.

For our practical experiment, the data was collected using a data rate of 155Mbps. The eval uation consists in observing,
within the spirit of G.826, whether or not Unavailability periods are present and how much. This value is then
confronted with Availability periods. A comparison with the FSO's Availability may validate the test procedure.

4.1 Experimental Results

The chosen test site was a garbage landfill dump, less than 1 km away from the Antonio Carlos Jobim International
Airport (popularly called as Galedo), without any geographic obstruction, from the site till the airport. The airport
proximity has facilitated the use of the same visibility portfolio—owned by the airport—in our link. During four and a
half months (April £, 2002 up to August 5™, 2002) an FSO connection , with about 1000 m of range, 850 nm
wavelength, furnished link availability data. These results are shown in Fig. 6., below, presenting the relation between
the theoretical Fig. 5 values, and the practical values obtained from the experimental link.

It may be observed that the practical values are varying from 98,705% up to 100,00% of availability, getting an average
of 99,395% for thislink in all the measured period.

When faced to the Recommendation ITU-T G.826, our FSO system present a few values that do not found
correspondence with respect to the theoretical acceptable band of Availability. Several reasons may be presented for
explaining this disagreement. The first is a generic one. The device used to measure the visibility data in airports uses a
light source of xenon bulb that works in the wavelengths from 300 up to 1100 nm, being a approximate visible band
spectrum. As we use the 850 nm wavelength, our theoretical database, depicted in Fig. 4, is just an approximation. Fair
enough, differences between FSO-theoretic and FSO-measured Availability ought to exist.

FSO Availability (Experimental and Theorical) - Rio de Janeiro - 850 nm
__—»100% (20- 042002 TO 29- 05 -2002) '

10

99 8- % (01 - 04 - 2002 TO 15 - 04 - 25Q2)

99.6F (29-05-2002TO
28 - 07 - 2002)

9 .
% g4l 99.379% - __|
3 J
K 99.257% <
g 99.2F (16-04-2002TO
. 29 - 04 - 2002)
D o9l
98.8F -

.

FSO LINK 1Km

08705 % 4 1 | JANUARY - SD

-5~ JUNE - SD
98.6F (30-07-2002TO
14 08.- 2002) JANUARY - ACJIA

—
—— JUNE - ACJIA
984 L

1
0 0.5 1 1.5 2 25 3 3.5 4
FSO Range (km)
Fig. 6. FSO link availability for the months of January and July (theory), and practical data for a link of 12000 m, since April to
August 2002 in Rio de Janeiro.
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A singular event occurred at June 16" 2002, shows many errors originated (apparently) by undesirable atmospheric
conditions, as haze, fog and mist. It isshown in Fig .7.

[ RIO DE JANEIRO 16 JUNE 2002
o 26 F— NI ———
"2 251 M ]
6 24' \B—E—B—E—B—N
=3 23
= 22t .
= 1023 F—
%E 10224
§£ 1021
e 1020
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Fig. 7 — Errors eventsin FSO link of 155 Mbps at June 16th 2002.

The events, which are described both in Fig. 6 and in Fig. 7, are singular. Each one has its own story, which does not
seem correlated with practical FSO Availability. Although a 99.4% Availability has been reached, in Fig. 6 there are a
series of events leading to relatively short periods of larger errors. It is important to make clear that our 2000 m link
was obtained by a 500 m span with two transceivers. The first transceiver was at our laboratory and the remote
transceiver 500 m away, used a jumper from RX to TX at the SDH 155 MHz level. The lack of clock recuperation at
the remote transceiver was imposed by the equipment owner. This means that any erratic timing in the SDH may lead
to errors, which a clock-recuperation would easily take care of. Unfortunately, we were not able to reach an agreement,
concerning SDH clock recuperation at the remote unit, with the equipment owner. If there were not SDH timing
problems at the remote unit Fig. 6, certainly, would be much cleaner.

The Fig. 7 describes a situation that could easily be an Oscar Wilde story. As already said, the test site transverses a
landfill, which even today is still in progress. During the late evening/night of June 15", 2002 and the firsthours of June
16", 2002, gigantic organic material dumps, meaning food dejects, were done throughout our site. By the morning,
during sunrise, a bunch of vultures appeared, flying over and around the site. VVultures obstructed the FSO beams, near
both transceivers, causing an enormous series of very short errors. Just before 7 AM, the International Airport security
corps took care of the vultures, cleaning the area. Simultaneously, gallons of disinfectant products were used over the
dumped organic dejects. The sunrise found a beautiful and clear morning that day in this site.

Table 1 show the amount of errors, defects, anomalies and alarmsin alittle period happened in this data.

06:15:16.0to 06:16:06.8 to 06:54:59.9t0
06:16:06.8 06:54:59.9 06:55:51
TSE 13 - 7
B1 18 - 9
B3 18 - 9
B2SUM 18 - 9
OOF 44 - 19
LSS 42 - 19
LOFRSTM 2 - 1
LOS - 1 -

Table 1 — Errorseventsin FSO link of 155 Mbps at June 16th 2002
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With the above results, one may suppose that the atmospheric conditions had provoked diverse effectsin the link. TSE
errors indicate that the automatic protection system for keying of the FSO headstock receiver was not capable to
support the variations which the signal suffers due the visual obstructions, creating an avalanche effect that has been
repeated 20 times during non-availability period®’.

The OOF (Out of Frame Alignment) event happens when four or five frames SONET are consecutively received with
wrong or invalid A1 and A2 bytes. The maximum time during which the ANT-20 can deted the OOF event is 625 IT s.

Next, OOF is zeroed when it receives two frames SONET from consecutive form, with valid A1 and A2 bytes.

The LSS (Loss of Sequence Synchronization) event indicatesif the synchronization is recuperated, after being lost. This
event occurs when has a BER = 0.20 during a interval of 1 second or when happens phase difference between a test
sequence and a reference sequence.

The LOF-STMs had been indicated by the ANT-20 a little before happening the Non-availability of 38 minutes
provoked by the LOS. The loss of signal - Loss of Signal (LOS) - happened during extreme attenuation®.

In this situation, we can establish three main statuses for the receiver:

a) Error-free reception: This is a normal condition in the FSO operation, where the geometric loss reduced the optic
power for levels above of the accepted threshold, the atmospheric loss does no affect the connection between the heads
and the scintillation is not distorting the laser beam drastically.

b) Optical power reception falls to MARGINAL condition: The communication between both the headstocks still
exists, but errors are detected and measured. This condition becomes very interesting since it is observed as the
atmospheric effect influences the FSO"s link

c) Excessive attenuation plus communication loss: In this case, the signa cannot to be detected and the bits are not received. Data obtained has no
vaidity. Usually, thereis heavy fog, smoke or any other physical obstruction.

Fig. 8 indicates the work platform of the ANT-20 Anomalies and Defects Analyzer.

I((”I ""ﬁlﬁlml:n]

No. | Event | Date [Starttime|Stop time|Dur. / Count
2376 00F 06/16/02 06:15:59.5 06:16:00.1 0:00:00.6
2377 LSS 06/16/02 06:16:00.1 06:16:00.2 0:00:00.1
2378 O0F 06/16/02 06:16:00.2 06:16:02.2 0:00:02.0
2379 LOF.STM  06/16/02 06:16:02.2 06:16:02.4 0:00:00.2
2380 OOF 06/16/02 06:16:02.4 06:16:06.1 0:00:03.7
2381 LOF.STM  06/16/02 06:16:06.1 06:16:06.8 0:00:00.7
2382 LOS 06/16/02 06:16:06.8 06:54:59.9 0:38:53.1
2383 LOF-STM  06/16/02 06:54:59.9 06:55:01.0 0:00:01.1
2384 O0F 06/16/02 06:55:01.0 06:55:03.0 0:00:02.0
2385 LSS 06/16/02 06:55:03.0 06:55:03.1  0:00:00.1
2386 O0F 06/16/02 06:55:03.1 06:55:15.0 0:00:11.9
2387 LSS 06/16/02 06:55:15.0 06:55:15.1  0:00:00.1)
2366 B1 06/16/02 06:35:13.0 06:55:16.0 3
2389 B3 06/16/02 06:55:15.0 06:55:16.0 Jp=

BLOCK | 1
.;@stat]_.ﬁm]iz{:. |."'§§ig_nai':_= |E’Ammal|ﬁf%rform|"§’ﬁ&1?2 I@ Explari. . | @untl’tjed.._l | F304M 3

Fig. 8 — Results obtained for Platform of ANT-20 Anomalies and defects Analyzer. Event No. 2382 (LOS event) has a duration time

of 38:53.1 minutes.
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PRBS23 VC4 STM1 DUT STM1 VC4 PRBS23
Bulk Au4 [ (FSO) AU4 Bulk
1310 nm. 850 Optical.
nm
Transmitter Receiver

Fig. 9 — O-E-O conversion between SONET system in ANT -20 and FSO.

5. CONCLUSIONS

It was observed that the two Availability concepts, presented in Fig. 6, dealt with theoretical and experimental values
obtained in the FSO link. It is worth saying that Fig. 6 was done for a quadruple space redundancy (four beams that
leave the transmitter to the receiver).

This work has emphasized the exiguity of proper data to develop the theoreticd availability of an FSO link. Just as
happened with radio waves many decades ago, and with microwaves a few decades ago, it is important to
systematically collect and gather the pertinent data for FSO, for the sake of FSO reliability and low cost. Brazilian
authorities are kindly invited to support a thorough data collection.

The error in transmission systems using laser has been studied since the 60’s *°. Nowadays, it is well known that the
quality of the information will fall with the increases the number of wrong bits, the Bit Error Ratio (BER). Recently,
some publications alowed for calculating the BER by simulation programs?®, and by computational numerical
techniqu&sﬂ. For this last case, a partially coherent gaussian beam that propagates in the atmosphere and has a better
optical reception with less power?? is described.

A major contribution in this work is to propose a few FSO regulations in correspondence with established
Telecommunication recommendation. In Brazil’s cases, Telecom's operators are planning to use FSO communication
together with optical networks. Some of these operators will shortly offer FSO to corporate customers.

The relation between the G.826 parameters of error performance and the BER has been evaluated using both the
distribution of random errors (Random Poisson) and the distribution of wrong bursts by Neyman-A . Modulation OOK
has been indicated for the FSO operation.

Fig. 10 offers a contribution for the FSO implementation in Rio de Janeiro. This figure has been obtained by theoretical
data concerning the airports visibility data reports. The FSO systems may be implemented based on parameters such as,
less polluted areas and areas not being at the seashore. These two factors affect the carrying beam by either solid
particles obstruction, or excessive fog occurrence. Critical areas may be pointed as the Airport Highways (Brazil

Avenue, Red and Yellow Lines) and the seashore of the South Zone (mainly Copacabana and Ipanema beaches). Other
areas of theoretical best availability are presented.

In conclusion, FSO is a most welcome technology that well complements optical fiber networks. It has been shown the
viability of using FSO in Rio de Janeiro urban area. Exceptional effort must be directed to pertinent and intensive data
collection. This last collection not only helps Communications and Aeronautics areas, but also the whole society,
opening space for alternative and |less expensiveservices.
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Fig. 10 — Critical areasin Rio de Janeiro for FSO installation. From the lower part of the figure, and going up, one may see: (a) —a
plane showing the position of the Santos Dumont Domestic airport; (b) — a cross, locating our test site; (¢) — another plane showing
the position of the Antonio Carlos Jobim International Airport. The scalein the figureis4 km per centimeter.
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