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Introduction to Optical Fibers
Optical communication is one of the oldest methods of communicating.
The principle of optical communication is to use the light energy to send a message from one point to

another. By light energy we mean the infra-red, visible and ultra-violet regions of the electromagnetic
spectrum.
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The realization of an optical communication system involves a light source, modulator, (transmitting
lens), transmission medium, a light detector, receiver, (repeater), transmitter and receiver electronics,
processing.

The simplest system is a man turning a flashlamp on and off and another person watching him.

On-off switch

— transmission §> Eye
p— medium

Flash lamp

Here the light source is the flash lamp, turning the switch on and off corresponds to modulation, the
transmission medium is the atmosphere, the eye is the detector, human brain is the processor. The data
rate we provide depens on how fast we can turn the flashlamp on and off.

The factors to be considered in such a simple system are:

- The overall cost of the system,

- Frequency of the light source (carrier frequency),

- Frequency should match the operating frequency of the detector,

- Bandwidth of the light source (causes dispersion, i.e., brodening of the received pulse),

- Modulation rate (bir rate with unit bit/second). Limited by the switching electronics. Modulation
rate determines the rate of information, i.e., what amount of data can be sent in one second,

- Medium losses (attenuation). Free space loss, absorption and scattering,

- Dispersion in the medium, i.e., widening of the received pulse which results in the reduction of the
bit rate that can be used,

- Detector operating frequency that should match the source carrier frequency,

- Detector response time which should be fast enough to accomodate the modulation rate

If the distance is long then a person will be in the middle to convey the message (repeater).

Types of optical communication systems:



a) Free space systems. Space-to-space satellite links. (Unguided).

b) Atmospheric systems. Horizontal terrestrial links, earth to satellite links, satellite to earth links.
(FSO, Free Space Optics) (Unguided)

¢) Oceanic (underwater) systems. Guided systems with optical fiber and unguided wireless systems.

d) Optical fiber systems under and above the ground. Guided.

Light Fiber Detector
source (Transmission
medium)

Advantages of optical fiber systems over the coaxial twisted wire systems:

- High repeater spacing possible (100 km or more),

- Potential of extremely high data bit rate. Terabit per second = 10'* bps or more. Around million
million TV channels or billions of telephone channels or Tbps internet traffic,

- Low weight,

- Low cost,

- No electromagnetic interference (EMI),

- High security. Tapping of the signal by unauthorized persons is not possible.

Most optical fiber systems utilize PCM (Pulse Code Modulation).
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Basic optical communication system architecture

Block diagram:

Main components of optical fiber systems:

1.

The optical source: LED (semiconductor), laser diode (semiconductor),

2. A means of modulating the optical output from the source with the signal to be transmitted

(internal modulation),

. The transmission medium: Step index fibers (single mode, multimode),graded index fibers

(multimode)
The photodetector which converts the received the received optical power back into an electrical
signal. Pin (semiconductor), avalanche (semiconductor),

. Electronic amplification and signal processing required to recover the signal and present it in a

form suitable to use.
Connectors (source to fiber, fiber to fiber, fiber to photo detector) and splicing (fiber to fiber).



2. Propagation of Light in Optical Fibers

Total internal reflection

Ei&:’? Y\z ; / ""/
! refracted light P9 =T/,
e AN

S E - reflected light h‘! /QC:

incident light Bt Oc1 9, N,

N =y

At the critical angle

From Snell’s Law, 7, sinf = n, sin @
6. 20 atwhich 6 2 /2 is the critical angle
Thus when 6 2 7/2, 1,;8SIn6, =n,sin(x/2)=n, = 6, =arcsin(n,/n,).

For 6 > 6., total internal reflection occurs with no losses at the boundary and the light ray is totally
reflected at the interface.

i.e., when @ is increased, there appears an angle @ =6, (called the critical angle) where the refracted

ray becomes parallel to the interface. If 6 is further increased (i.e., for 6> (90) all the energy

contained within the incident light ray is reflected back into the same medium (i.e., the core) so no
energy is refracted into the second medium. Thus, no energy is lost. This phenomenon is called total
internal reflection.

Considering a cylindrical glass fiber where 77, > 1, :
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The ray enters the end face of the fiber from the outside (refractive index of air =n,=1).

For 6 > (90 , total internal reflections will occur and the ray will propagate along the fiber (in the core)
without loosing energy.

Writing Snell’s Law at the air to fiber boundary
. . . (7
n,smao =n; sing =n, sm(;—@) =n,cos0

For n, =1, sSina = n,cos 6,

For the critical ray, 1, SInq,, =sina,, =n, coso,

. . . . n
Inside the core, 7,SIN6, =n,sin(z/2)= n;sin6, =n, = sinf, ==
n
2 2 0.5
(i =)
n

. 2 2 0.5
Thus, SIne,, = (n1 —n; )

n +n

Let An:nl—nz and nle2
. 0.5

sina,, =(2nAn)

.. The greater the value of ¢r,,, the greater is the proportion of the light incident onto the end face that
can be collected by the fiber and be propagated by internel reflection.

n,sinq, is defined as the numerical aperture (NA) which is a measure of light gathering power

. 0.5
(acceptance cone) of the optical fiber. For n, =1, NA=sing, = (”12 - nf ) .

Conclusion is that in order for the fiber to guide the light, angle of incidence to fiber (& ) should be
less than «,, .

If o > «,,, then refraction will occur at the core-cladding interface and the optical power is lost.

3. Mode Structure in Optical Fibers

Waveguide equations, wave and ray optics

Propagation of light within the fiber can be formulated using either the wave optics or the ray optics.
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In wave optics, field theory is used to derive a wave equation in terms of the longitudinal components
of the fields in the guide. Then using the transformation equation (derived using Maxwell’s equations)
the transverse components of the fields are found in terms of the longitudinal components. Various
solutions of the wave equation determine the propagation of the modes within the fiber.

In ray optics, propagation of the modes are presented by rays following different paths.

Basic waveguide equations; Wave optics

Consider the waveguide structure

(N

- Assume that the propagation is in z-direction with a longitudinal propagation constant g (i.e., S is
the longitudinal component of the propagation vector & ).

- Assume that the permittivity & (x, y) does not depend on z but can vary with x and y. However, it is

assumed to vary small amounts over the region of the wavelength so ¢ is taken as constant.

The fields in a waveguide can be written as

E=Ea +EA +EA,
H=Ha +Ha +Ha, (1)

where for ¢’ time dependence E, = E ,(x,y)e " e™
E =E, (x,y)e e (2)

E =E,(x,y)e e
Here f = propagation constant in z-direction is to be determined.

Using the Maxwell’s equations
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From Eq. (2), GE; = joE and aaEx =—jpPE, (5)
4
Substituting Eq. (5) into Eq. (4) and writing in component form
oH, +JBH, = jocE, (6a)
oy ’
—jpH, - - jock, (6b)
ox
oH
» OH, _ JjoeE._, (6¢)
ox oy
oE. . .
=+ jPE, =—jouH,, (7a)
oy
. oF .
—JBE, ——==—jouH , (7b)
ox
oFE
2 ot (70)
ox Oy

To express E,,E ,H ,H  intermsof E_,H_, we use Egs. (6a) and (7b) to obtain

jocE, = %+i(—jﬂb; —%j ®)
oy —jou ox

Multiplying Eq. (8) by —jowu and rearranging

j ©

where x> =k’ - ° and k> = 0’ ue

ji( oH. GE
E =] ouZley gt
* Kz( a oy p ox

Similarly from Egs. (6b) and (7b) we obtain

Jj oFE oH
E =—2L|p==_ z 10
) = (ﬂ o o (3x ] (10)
From Egs. (7a) and (6b) we obtain H = —Lz S oH, _ wE o, (11)
K ox oy
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From Egs. (7b) and (6a) we obtain H =
oy ox
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4. Optical Fiber Communications Link Design

A,L‘SC s ?c:‘w\'sf ""jra m'.‘?aéw%* ({V\L

'Pv‘o cedurd,

—>Examine  the mw%}o\f\e,chs available frmh the

"Pa.r*\{c; u[&r a_\:p\{c a—l;\_‘w\, e O"MPOW&A{S Ao o bse.
A¥e
4 Led  er laser diode o:ﬁw‘c&'\ Sturee

2 pMythwiode Tetep or jf&\laﬁ[ fmle.x) o Sx‘yﬁ[e—mmze O’P?l?C@t[
: Liber |
— Cove radous
— Cpre rejﬁrac%‘veu index W@.M&
— Bandwidth (@(sp»:;rs{‘rfr\ [mitation
— PrH-e,fw a.'#-(c:r;x
A Ma}mﬁ«f"i’i&i Aﬂ'ﬁ%f@a{,
%, Pin or ;‘LV&{&MCL@, ?}wﬂ[v olre de
— Qe_;pmﬂf}viﬁbj
- O}?ﬁf&%—t‘rﬁ UJQ‘JEKQ,@»\:%A
*_ S}laas[ (rejporme *@4;‘%6)
— Sewifivily  (MEP)

—> See b ow these igmwraaﬂrﬁ%% e | a{ﬁ Loy the |
sb‘sjrﬁm ?aﬁ(—'brmaﬂc‘& criterid. Sydem Per formance
reguire rowds  mpe |

1. “The clasfr*eci (m'“ ;c.-of_riL ’a> Lra nsmitrion d@;}gﬂg{
2. TThe data rale o ok s nnel bandwidth
20 B errer rave ("\E“R}
e P the g ven set ol Cew pevents o, -, o
Performance
— Carrdevt 3 Power budget analyss Lo

+Hh

— epussiove wava[@ﬁﬁt
— spectral e width
— opthical outpt power
— e fechive ra:iia%‘;g drea

—  epusSien a;gL;-afﬂ
— “{:@;_Lw .g#—«fm« r-&ﬁﬁ




24



determyne whether e (kb meel  +he  alfennal [>22
F\E%)Aimew&s or~ \L-{r repe slys  are needed.
— Caprg out a 55’546”’\ rise ‘HM? analysx o
v em‘{lj fhot +he  overall syﬂ-ﬂm Performance

el endts are met.

T perfermance F*Eg;,ci\r@memﬁ' are wt et change
ap Propr ate mw%:smﬁrg ard re%eéa[ + SaAng

PVOC/&M'

L C],_V:j cenex a[ a{eijV\S “E'D 7L\F\~C! -Hua C.}’L@&P&Sf%
Qfe,sﬁ n.

A T T I L Wy

Desion.  Considerations

e

—> Choose the OFewé:\c«‘\ﬂ W&va\e»ﬂ*\c%m
ﬂﬁ ’?aJC\a le,girk XS no'\r lvv\% choose 0.8 - 0\3/1:% Lratj:‘,
- 1\—@ " “’ " tev:f choose [‘557,{;”7&,\,_ {ou dg"m !'t'-l..—f;-
- N T

——=> Choose Yhe Sharacte pishies of  two o the
ada Lu‘\\ri,wj L\Dc‘}_—_g (JEV&NM%«%PJ_QLWWV'@C@VW
ard  caleulate  the chappeterites  of he remafmbo ‘
‘Hfu\ré ane C—"LQC,EL w\&g;‘rw ‘l':"\/\ﬁ :r‘:z) 5‘%-%4% Vwm‘iﬁj ;

are et

Chwostng Photoledester

‘ . |

- Dej.g‘,fm_{y\g Phe  minmaim D.i\i_a%\ PowRY yecmiyaa

Ly the photodeteder o satisly dhe reguived Lt
erroy rake (BER)

_ C&é :\: -E §
| QQQ;F W e ha ‘ . = NEVAESS (c,(v\.e&?tb’*)
Pin ?\wjmixoia recgiver 35 T

P OTE S‘.LQI; le WH‘L\ ‘\\”"-WQF?_:’H}?-UK
[ult L\;’A_,zr-:?g 5

P

5""\&\1&4!’" bias ve H‘%.fﬁ’i-!”
o \Ia\_ a,muc}mg P\«o‘&bwh DQLEJ }\&vz - \yv:a\\g)(‘ = w'%{vi‘kr-g
(e can defect Lowe~

optical Power Yhus  ncreast vy

Yre  vepeaden spaciug
: 3)

CK@@_Q g

‘\C\«Q \_\\3\&"‘? S urg,g__

4

| ! LU .
— ?&V&mgw; e o TRLELN Ly

T\\r\ ~ -~ \ . | Y
Data f%:&‘\‘, TV Ansiecasion Sl sTancr  cost o }5?454/5\“@%‘_

25



| I i
s . 1 . ‘ ok . 1
_— kﬁ;’_&‘% i WAt ] A TTT

g e T@'M’QC crbh U neaded Lo %»«zi:w&iw shabilied, |

T2 has leger Uil e
Las&,‘ = e s A O = ECT}Y l ,M\G‘C}CL. :
- \iu \me.g’” \L e il ar cz:u+£g lo- LS_«:[E et
‘hé.S 3 i rj '{'JLA' . <D% e LtDB
A\ WARSE C-Omy\it ‘
T he s \'\3\!’\6‘){‘ f\,\cwkauw ot
LED af 0.5 ~03 im ————————— lgOfMLf )L‘M
LED ok \\E/}Am I —— e ,51C15/5 \C-fn
laser @t ©.8-0.9 e ——s 5'@20/5\ L
laser v 12 e e s

i
C.lf\ocusl.w ) "L\"-L ‘DP”V'»Q“\V T; olx~

- s

c; -uw_ \\a\m SEUVEL, e‘“b\auﬂti’ and
DQMAS on. e JCS?Q + o_@ QLLS‘PQFS‘\OW -E\na+ c;wa{

oy, the A B KA AR, Aywsisat] |

loleradel . | )

. CTleeck the Q,M‘Mﬁim‘am chars deier O—L e {hep }
and  the cabl g .

— C—\/\Eag\’— jq‘zm ) '“f-ze s Ce M‘\/E,c:rr‘b‘,r" @;vml. D'&'Mﬁ ko‘.?f SR
— \(e,ez(: Un m‘:v\i ot

5;%\@_ .M,:A,Q g_«w ___,a; -t ‘}9?_ US&L W;‘LL\ &&5&’”

T ‘:)\\a.\ch e, marimuwm ot “\:\'Q‘A‘“J@M‘Q
?mcL»Lc!c
T has eere, LofbendE *vghum ,

5‘\4)? C\k:l»‘?_:é M\"EZ{WLOJ& T*&’Q'f T S L’E US‘«:QE w:“lr'l\ LeD &f%{ !&Jﬁa"

Trgood Lor bw Ltk vade - dibesce
produ ety

e -f-fl\u‘_\y\ut

(o
o

ared

“vrcz,"“k u_ﬂ‘gue,,

. . ;
LS. .‘KALL{L&F e TR, y\qﬂila qu Ll '

”T LLCLV\E acs CMQ*&Q’_ \(‘D

Sregle m»\DgLo %J\?”ﬁ
TRELE,

26




Link ink Power B udset

= Loss  Un an element = JO ’gﬁ“} RL{Z;‘ CLB)

V‘J\\% Ru* = DUJFPUJC OP'\'%C.&( Fe-u_;;h

P = iaput # O

b - L 9 coneee

7 ?¥@Ttﬁﬁﬁﬁ@”

, ; £ e <

sy P R AN )

PR
?T' = i - P
v
445-}3“‘ o'p%‘ca\ \a?ncd Poar pca&_ﬁ.m&mbﬂ
proar s &t H\a fe—m of
5 a:i

PT = Q_QC -+ Kt—@ L 4 SJ:[.;LE«M W\%C‘w\

A ES .
Crrne oot / \‘ )
loss “m' wawj;% e &~ AE ciuc; -[@ LMM,LJ‘
e a'] ™ &QS"% dwde * . l\g JVQ”U‘I) "‘L"hLC‘HJ:&L Fias E:
(ia‘ P-m) -

Krse \ Lrag Buclse_%;

T ——

ﬁ?ﬂ‘wei%i&n\ | 4 N solal
i PN R LSPEYE om Kﬂwi»“%m @g

’E - 1 Z n 2
g T T Lma:{: a \
f‘ .
Py W“%“Q X, B SN o Ly
gg “2‘\\«\.& k- JC‘"‘T-'KV‘L.-Q ‘él«( - utai -3(\&{' MOCL"\\ P‘x_-‘:‘ia ) ho
‘n”‘*@ g LY _,Prqc _y MS%G‘W\ v f:eﬂ,wx?,«
Wa‘ \5\'\/\0‘\# Vire ”{‘w wise e FLEE Mg |
g He L Jm_,\

- - | 14 : . |
’Ljrx_ TR \3‘3 ﬁrﬂm “ha e lf""‘i °1p- ‘ﬁu; Source

-

d.éiitﬁ
. '}

\. fop £ e tyid

VAL . 1 N

27




u—HManlre_i ‘}C’b‘m E%‘iﬁng crg K&LS&F; j.-.ao‘fc_‘

cap be
___b ,%Mévjf = (Drv\ax. 6;‘ L«\
7\ "'cramm‘m N A—\f*”@,ﬂ
matersh —5P“$\‘"'a& ] ' =
SLPysLov width ot .
jfrfbc"l"*"“ o e ;‘P‘Hfirce
(oo taog o )
Lo ra i . : . e - AT
fod i B 7 3.5 s o ek kil sl
}ia:l-se-{"‘:) . / _:.-\ fa.r i}—‘-!ﬁ_ el € Pl .
qf “oF prachical valup i
_ o o,
—> b= ss . Ok LT hee B= 2. =
'BM B, M T
7 -
Z ‘c%—i . \ \
‘-Fm;ﬁ,\u.iiél me;&%\ . EQ-PEL?J‘L&'U»‘\
s kol WA o
cakle

lewpkly |

bholl

—_— % = R N W
> Cod 5.

7
f" (MH%\.

: nee -
e j-H o

?\ﬂﬂ%oﬂie}frgcﬁ‘ i’“{Se ‘l:l\me_ am:l

et lﬁ' -[E:tmy\a\ %EL,\&
rece ey f{:mfét e_mj

Yoo 2 4B elechric La.nciw\\é'pr\ 91£ %\e

— k- 358
T Brx <(in MFR) | O g
LT

o WOl ‘
~— ENLF('[‘CE{} 7[5"1"}"1’\.%[91
- L } { E Me
=S Tas should be  leg than | o ¥ o s W R2 (non -redaurn 4o
?Eﬂ:ﬁ bk pard ]
35% o s 22 (selarmn Vil .
—_— e -?a:.nr R {f; o {/O T e -5 "_'?J-Wﬂ ia%ﬂ) ‘b‘\[‘ e od
- ! vl ; . s
() oo < J‘?‘ == :f[-\‘_’-_DSV\ s oK | ] ]
l < data vrale "o
N _ ‘ " peird il
[ Tsu, > 9—-—‘-«1;*;: _— 'lJ"\j a  heawy CLE_.I i :JJ {\bjwz-h
Smth YA
by o.3s

la 2. O L by o ) _
he overall system and try other designs to find a cheaper one.

= Check the cost
28



?@rw 'l": 3 P oweys imu:Lw T a%\i JA\F’ riSe. Jﬂm{?_ LUdOf’_L

} . J
Djﬁ 3 Jnca\ f\):%r ml: vUiif\" 20 M /5 o *«a v ~[;(‘(NR%\
q@m% and o Hs ey e rate, Determine Yo manuum répeaterley,
Hransrission \_L_JTQV\C.&; Ler b Senmn.

————“'9) /P\f’_\; a Si\AC_oY\. ’D\Y\ P"LOWLDJAGCLQ ;1%,— OlEB_jum,
’\_\ Z 3 o¥- . ‘\F~2.A5-E4f"‘

oy /

o (030 P) 7 Lk e vk
(vﬁmvnf ?m -7 f -
o) 10 U TGy hs pin (o BER =10
Qs%m) P ““‘"5 '

~To) T )
,_._go '//” J s . = }{":?'D X

. ,/// (Q-g‘asﬁ/{u«)
N G

T T S Qozz;c - / }
AL Lo 50 Soo Dals vak kHE/_;}

T S ?\m\iméwin ;ﬂ— OLSQ/(M/’PR:,_Z‘)_Z:LEM A;c—rzcr:i‘p’“\;z;
ciajtata’ea

= Pk s Gahlfs LED Lk can c;aul?t.ﬁ ﬁﬁ/bc\xi ( I34R \
Average o;‘)‘\ra al  power  wde 2 L
core. Liametr (e Ps = 13 .:IL'BM
CRE R R= B AR SR L 2308,
= Aesome A dB loss 2t the  Liker -Hﬂi,e;\,_i Yo cable
cormector  and 3 g d3 s«dg{a«n maxﬁt\v\,,
L 29dP= 2 ('f_af_?} +x [+ B

o) - 2| 4B

T
__->T/TC L = 2.5 = Ef#f-m -?c:ﬂr 'HNQ -g*{\f’éf/‘ Yoo ?!'C’t‘f%;“z**’“

L,: 2| _ é’ 3 = Ci‘r\'\«.' is “‘t&/\f‘_ \"5\-’]‘3‘{@434”’@:‘ ‘Tﬂ”‘r&.h e S e,

2. sl ynee

Lo RN R ™
reprical represdaln. see Tg 7ol o

s

S

YL
Ea-‘h;l}'% iy \Xlﬁ\i’ !K";,

=

29



For dha rse Rew bodsed anslyss
—— PYSS\J}M.Q_ LED 5‘\%4 \{3 4&";'08,_ al i

s b

[T %‘3‘2#
—> Trowa ﬁ% 3-12 0 oF Kakam/%m& & %ﬁ,g?s/fm.iu_m
Topical  spectal  widEL ey 2 fo

=15 s

&‘{‘ A =D

i

%’famw@a}}m
QLCs'JSénc.e,
na—}; = 2| mSec.

—> TL the fler seigaM has  4oo Mz kb baadwiddh JA;\»}@%
l : - _ ?miu_&
e L B, = 4oo MH=2
and a=0%3 for prachcal values
( Ir_?i'- f\o';\
tod = HEO Fa beo = 440 x & ) g
E= LOO - 35 nEgr,
)
w i

—_— {H:ﬂ‘ ‘PM"H'MI" ‘\N{m‘mﬁi{m e moclve sz%a'[{pﬁ e;‘}irec:} (e -H,{
choice r:{ kS ead  sec. 3.5 = ¥eden mfmgﬂ
ﬁc‘!ua“ﬂ for the Lt 0 =085 kun c;? flor 1%4;&% -%-1% 1 zxlL

/ n Llem Lvﬁ‘t’u' => 0.5 kno = mode v
g ‘ %, = 15% e
ﬁe.a.Sc.ng\Q &S‘HM&J&'{ '@"V‘ ‘L\ S O\r:?— ey

—> A_S.SUWUD?_ Lo BQL'E e lectric \':a,m\a w'\i ‘ﬁ &fg, el eoasver 15
25 Mile =

2R+ Cr
-t‘r"x_ = 222 == 14 LS
25
. Ve
! { wE v ~2.‘ R 2 5
"csg_s = iQE ‘;"\5) -la@.HM) T (_5‘5 n,:) + (Mr ms*}]
~ 29.4 ns
-
= @l? — O,+ e = 35 s
cim‘arai-a 2.0 Mbﬁs
’[:":Ls = 234 ns <7 25 ns

. n i oy b
e desw s 0K based on ¥ e ﬁ‘\‘we_ ‘bw}ba:aﬁ
: L sushewe and Ay oher dedys

W
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6. Dispersion in Optical Fiber Communications
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7. Optical Sources and Detectors used in Optical Fiber Systems
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8. Optical Fiber Transmitter

Sample
timing
I l Analog-
Analog Sample _|to- ne | Light
input * and hold "|digital Diait 'I' Driver " |source
converter m'j%ea
Samples Fiber
C Photodetector Digital E]'_g"al' Filter
el g [Dralsorse [ fanabog [F e [
ping code converter
Samples
PULSE CODE MODULATION (PCM)
PCM is the conversion of an analog signal into a 2n-digit binary code.
Analog input
20 Analog
15 signal
10
. —T—>
tSampIing timez—///‘
22
15
9
5 4 |I Samples
I |
MSB 8 g] ? 8 ? Digital
1 1 1 1 0 code (5 bits shown)
0 1 1 0 0
LSB 1 0 1 0 1
L§B MSB"D1‘IU1'1111D'[][J100'10{J10|T itted
0100 ransmitte
n_n T 1 [L__TL_| digital code
5 I 22 I 15 1 4 I 9 I (pulse train)
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An analog signal is placed on the input of a sample and hold.

The sample and hold circuit is used to “capture” the analog voltage long enough for the conversion to take
place.

The output of the sample and hold circuit is fed into the analog-to-digital converter (A/D).

An A/D converter operates by taking periodic discrete samples of an analog signal at a specific point in
time and converting it to a 2n-bit binary number.

For example, an 8-bit A/D converts an analog voltage into a binary number with 2° discrete levels
(between 0 and 255).

For an analog voltage to be successfully converted, it must be sampled at a rate at least twice its maximum
frequency. This is known as the Nyquist sampling rate.

An example of this is the process that takes place in the telephone system. A standard telephone has a
bandwidth of 4 kHz. When you speak into the telephone, your 4-kHz bandwidth voice signal is sampled at
twice the 4-kHz frequency or 8 kHz. Each sample is then converted to an 8-bit binary number. This occurs
8000 times per second. Thus, if we multiply 8 k samples/s x 8 bits/sample = 64 kbits/s, we get the standard
bit rate for a single voice channel which is 64 kbits/s.

The output of the A/D converter is then fed into a driver circuit that contains the appropriate circuitry to
turn the light source on and off.

The process of turning the light source on and off is known as modulation.

The light then travels through the fiber and is received by a photodetector that converts the optical signal
into an electrical current.

A typical photodetector generates a current that is in the micro- or nanoamp range, so amplification and/or
signal reshaping is often required.

Once the digital signal has been reconstructed, it is converted back into an analog signal using a device
called a digital-to-analog converter or DAC.

A digital storage device or buffer may be used to temporarily store the digital codes during the conversion
process.

The DAC accepts an n-bit digital number and outputs a continuous series of discrete voltage “steps.”
All that is needed to smooth the stair-step voltage out is a simple low-pass filter with its cutoff frequency

set at the maximum signal frequency.
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DIGITAL ENCODING SCHEMES

Signal format is an important consideration in evaluating the performance of a fiber optic system..
The signal format directly affects the detection of the transmitted signals.

The accuracy of the reproduced signal depends on the intensity of the received signal, the speed and
linearity of the receiver, and the noise levels of the transmitted and received signal.

Many coding schemes are used in digital communication systems, each with its own benefits and
drawbacks.

The most common encoding schemes are the return-to-zero (RZ) and non-return-to-zero (NRZ).

The NRZ encoding scheme, for example, requires only one transition per symbol, whereas RZ format
requires two transitions for each data bit.

This implies that the required bandwidth for RZ must be twice that of NRZ. This is not to say that one is
better than the other.

Depending on the application, any of the code formats may be more appropriate than the others.
For example, in synchronous transmission systems in which large amounts of data are to be sent, clock
synchronization between the transmitter and receiver must be ensured. In this case Manchester encoding is

used.

The transmitter clock is embedded in the data. The receiver clock is derived from the guaranteed transition
in the middle of each bit.

Daal 0OlOloOl1lolol 1 1ol 10111]
Glock T LI LML LML L ML , Symbols _ . . . DutyFactor
T L T Trrrri Format per Bit Self-Clocking Range (%)
NRZ 1 [ LT NRZ 1 No 0-100
T o~ ) - oo
RZ' | I ,l_ul_l I Il_ul_ul_l_l Manchester
L1 (Biphase L) 2 Yes 50

Manchester ﬂru_l_lm_l_l_l_l_l_
Digital systems are analyzed on the basis of rise time rather than on bandwidth.

The rise time of a signal is defined as the time required for the signal to change from 10% to 90% of its
maximum value.

The system rise time is determined by the data rate and code format.

Depending on which code format is used, the number of transitions required to represent the transmitted
data may limit the overall data rate of the system.

The system rise time depends on the combined rise time characteristics of the individual system
components.
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Vi- —————— -
0 —_____ _——_——_ -
: ; I I
I 1 _:_ _:
V1__|_ _____ Sl T Tk
| L
amplitude
@ 0 .\ : v

Effect of rise time: (a) Short rise time (b) Long rise time

(a) represents a signal with adequate rise time. Even though the pulses are somewhat rounded on the
edges, the signal is still detectable.

In (b) however, the transmitted signal takes too long to respond to the input signal.

The effect is the below figurewhere at high data rates, the rise time limitations cause the data to be
distorted and thus lost.

Low rate High rate
Data input | | | ||||
to driver
____________ _ ¥_ " Receiver
Voltage at : : H thrﬁshold
line end I I I " i X voltage
(input to receiver) I I I I 1 1!
H Data lost
Data output
of receiver

Source: The TTL Application Handbook, August 19731, p. 14-7.
Reprinted with permission of National Semiconductor.

Distortion of data bits by varving data rates

To avoid this distortion, an acceptable criterion is to require that a system have a rise time ¢, of no more
than 70% of the pulse width 7}, £, < 0.7 T,
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For an RZ, T, takes half the bit time 7 so that #, < 0.7 7/2 or

t;<0.35/B; where B, = 1/T is the system bit rate.

= T and thus ¢, < 0.7/B;

For an NRZ format, T,

[ = Bittime

a) Transmitted RZ pulse train

RZ transmission requires a larger-bandwidth system.

b) Received RZ signal with allowable t,.
c) Transmitted NRZ pulse train

d) Received NRZ puise train with allowable t,

9. Optical Receiver Systems
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10. Introduction to Free Space Optics (FSQO) Systems

Based on their transmission range, WOC (Wireless Optical Communication) can be classified into five

broad categories:

(1) Ultrashort-range WOC — used in chip-to-chip communication or all optical lab-on-a-chip system.
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(i1) Short-rangeWOC — used in wireless body area networks (WBANSs) or wireless personal area networks
(WPANS).

(i11)) Medium-range WOC — used in indoor IR or visible light communication (VLC) for wireless local area
networks (WLANSs) and inter-vehicular and vehicle-to-infrastructure communications.

(iv) Long-range WOC — used in terrestrial communication between two buildings or metro area
extensions.

(v) Ultra-long-range WOC — used in ground-to-satellite/satellite-to-ground or inter-satellite link or deep
space missions.

Transmitter Receiver
Atmospheric Channel Receive
. : Telescope
Iransmit
Telescope Atmospheric Effects Space Loss
- L J
1. Absorption Optical Optical
Optical % Scattering Backglwund Filter
3. Turbulence Noise
Source

(Laser/LED)
.

r
Photodetector

Dnve
(.n:?ull Estimated
y
Message Post Detection message
_.I@ Processor
Transmitter Receiver
_ Free Space

Electrical 0 Electrical

Input E | .____._...--. g | Output
- —_— -_/.;'
H
Modulatar 0 J E

i Demodulator
Light T 5 Light

Source L Detector

Block diagram of WOC

FSO applications:

* Telecommunication and computer networking
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* Point-to-point LOS links

» Temporary network installation for events or other purpose as disaster recovery

* For communications between spacecraft, including elements of satellite constellation

* Security applications

* Military application: (its potential for low electromagnetic emanation when transferring sensitive data for
air forces)

* Metro network extensions: carriers can deploy FSO to extend existing metropolitan area fiber rings, to
connect new networks, and, in their core infrastructure, to complete SONET rings.

* Enterprise connectivity: the ease with which FSO links can be installed makes them a natural for
interconnecting local area network segments that are housed in buildings separated by public streets or
other right-of-way property.

* Fiber backup: FSO may also be deployed in redundant links to backup fiber in place of a second fiber
link.

* Backhaul: FSO can be used to carry cellular telephone traffic from antenna towers back to facilities
wired into the public switched telephone network.

* Service acceleration: FSO can be also used to provide instant service to fiber-optic customers while their
fiber infrastructure is being laid.

* Last-Mile access: In today’s cities, more than 95% of the buildings do not have access to the fiber optic
infrastructure due to the development of communication systems after the metropolitan areas. FSO
technology seems a promising solution to the connection of endusers to the service providers or to other
existing networks. Moreover, FSO provides highspeed connection up to Gbps, which is far more beyond
the alternative systems.

FSO Advantages:

* Long distance up to 8 km.

* High bit rates speed rates: the high bandwidth capability of the fiber optic of 2.5 Gbps to 10 Gbps
achieved with dense wavelength division multiplexing (DWDM). Modern systems can handle up to 160
signals and can thus expand a basic 10 Gbit/s system over a signal fiber pair to over 1.6 Tbit/s.

* Immunity from electromagnetic interference: secure cannot be detected with RF meter or spectrum
analyzer, very narrow and directional beams

* Invisible and eye safe, no health hazards so even a butterfly can fly unscathed through a beam

* Low bit error rates (BER)

* Absence of side lobes

* Deployment of FSO systems quickly and easily

* Low maintenance (Practical)

* Lower costs as compared to fiber networks (FSO costs are as low as 1/5 of fiber network costs).

* License-free long-range operation (in contrast with radio communication)

FSO disadvantages:
For terrestrial applications, the principal limiting factors are beam dispersion, atmospheric absorption,
rain, fog, snow, interference from background light sources (including the sun), shadowing, pointing

stability in wind, and pollution.

Atmospheric effects:

Transmitted power of the emitted signal is highly affected by scattering, absorption and turbulence.

Attenuation is the result of absorption and scattering by molecules and particles (aerosols) suspended in
the atmosphere.
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Distortion, on the other hand, is caused by atmospheric turbulence due to random index of refraction
fluctuations.

Attenuation affects the mean value of the received signal in an optical link whereas distortion results in
variation of the signal around the mean.

Aerosols:

Aerosols are particles suspended in the atmosphere with different concentrations. Each aerosol cause
absorption and scattering.

They have diverse nature, shape, and size. Aerosols can vary in distribution, constituents, and
concentration. As a result, the interaction between aerosols and light can have a large dynamic, in

terms of wavelength range of interest and magnitude of the atmospheric scattering itself. Some aerosols
are rain, smoke, fog, snow, desert dust particles, human-made industrial particulates, maritime droplets.

Aerosol scattering are explained by Mie scattering theory because the sizes of aerosols are comparable to
or larger than the wavelength of the optical communications.

Transmitted optical beams in free space are attenuated most by the fog and haze droplets mainly due to
dominance of Mie scattering and absorption effects in the wavelength band of interest in FSO (0.5 p m — 2

[ m).

The Mie scattering coefficient is
ﬂa(scat) = aaNa in 1/1(1’1’1

where «, is the Mie scattering cross-section in km? and N, is the number density of air particles in
1/km’.

An aerosol’s concentration, composition and dimension distribution vary temporally and spatially varying,
so it is difficult to predict attenuation by aerosols. Although their concentration is closely related to the
optical visibility, there is no single particle dimension distribution for a given visibility. Due to the fact
that the visibility is an easily obtainable parameter,either from airport or weather data, the scattering
coefficient S, is expressed as

(scat)

3.91)(0.55Y
Batsean = (7)(7)

where V' is the visibility (Visual Range) in km, A is the incident laser beam wavelength pm, i is the size
distribution of the scattering particles which typically varies from 0.7 to 1.6 corresponding to visibility
conditions from poor to excellent.

Also the absorption coefficient of the aerosol f, is found and the atmospheric transmittance due to

(absorp)
an aerosol is found to be

Taerosor = €XP (_ﬁ T(aerosol )L)
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where the total attenuation due to an aerosol is S, = Boseary t Baassorpy @0d L 1s the link distance, i.e.,

aerosols )

the distance between from the transmitter and the receiver.

Thus, the total attenuation due to aerosols is found by evaluating the scattering and absorption coefficients
of each aerosol present in the FSO link and by adding them to find f; o0 and

T gerosols = €XP (_ﬂT(aerosols)L) :

! ! | ' ! ' 1 ! |

Transmittance
=
in
T

A0} GO0 S 1000 12003 1400 1600 1800 2000 2200 2400
Wavelemgth (nm)

Atmospheric transmittance window with absortion contribution.

Molecules:

There are more than 40 different molecules in the atmosphere, e.g., nitrogen, hydrogen, carbon dioxide, ...
etc. Each of these molecules cause scattering and absortion.

Rayleigh (molecular) scattering refers to scattering by molecular and atmospheric gases of sizes much less
than the incident light wavelength. The Rayleigh scattering coefficient is given by

ﬁm(scat) = amNm in 1/km

where ¢, is the Rayleigh scattering cross-section in km?,

N, is the number density of air molecules in 1 /km’.

Rayleigh scattering cross section is inversely proportional to fourth power of the wavelength
of incident beam (1) as
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82’ (1)
am(scat) = W m km

where # is the index of refraction, 4 is the incident light wavelength in m, N is the volumetric density of
the molecules in 1 /km”.

The result is that Rayleigh scattering is negligible in the infrared waveband because Rayleigh scattering is
primarily significant in the ultraviolet to visible wave range.

Also the absorption coefficient of the molecule S, is found and the atmospheric transmittance

(absorp)
attenuation due to a molecule is found to be

Tmolecule = eXp (_ﬂT(molecule)L)

where the total attenuation due to a molecule iS B, icue) = Buiseary T Bansoryy @0d L 1s the link distance,

i.e., the distance between from the transmitter and the receiver.

Thus, the total attenuation due to molecules is found by evaluating the scattering and absorption
coefficients of each molecule present in the FSO link and by adding them to find B, e and

Tnolecules — exXp (_ﬁT(molecules)L) :

Rayleigh Scattering Mie Scattering Scattering larger particles

2=
“%ﬂ\ = "*

"> Direction of incident light

Turbulence
Clear air turbulence phenomena affect the propagation of optical beam by both spatial and temporal
random fluctuations of refractive index due to temperature, pressure, and wind variations along the optical

propagation path.

Atmospheric turbulence primary causes phase shifts of the propagating optical signals resulting in
distortions in the wave front.

These distortions, referred to as optical aberrations, also cause intensity distortions, referred to as
scintillation.

Moisture, aerosols, temperature and pressure changes produce refractive index variations in the air by
causing random variations in density.

These variations are referred to as eddies and have a lens effect on light passing through them.
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When the light beam wave passes through these eddies, parts of it are refracted randomly causing a
distorted wave front with the combined effects of variation of intensity across the wave front and warping
of the isophase surface.

As the result, turbulence causes scattering 7,,,,,ince = CXP (— ﬁt(m Z)L)

i.e., the overall total attenuation due to aerosols, molecules and turbulence is found by

ﬂT(overa/l) = ﬂa(scat) + a(absorp) + m(scat) + m(absorp) + ﬁt(scat) and 7’-averall = eXp (_ﬂT(aveml/)L) :

Other effects of turbulence:

e Beam wander

=~

Laser Source Detector

e Beam spread: Beam size at the receiver is increased further on top of free space diffraction.
o Intensity fluctuations: Intensity at the receiver fluctuates in time and space.

11. Propagation of Light in FSO

Free-Space Propagation of Gaussian-Beam Waves

The mathematical description of a propagating wave involves a field.

Basically, a field u (R,t ) is a function of space R = (x, y, z) and time ¢ that satisfies a partial differential

equation.

In the case of electromagnetic radiation, the field may be a transverse electromagnetic (TEM) wave,
whereas for acoustic waves the field may represent a pressure wave.

The governing equation in most cases is the wave equation

1o

o ou?

where ¢=3x10° m/s is the speed of the propagating wave which is light and V> is the Laplacian
operator defined in rectangular coordinates by

Vu

0w 0'u Ou

Viu + + .
ox*  oy* oz
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If we assume that time variations in the field are sinusoidal (i.e., a monochromatic wave), then we look for
solutions of the form u (R, t ) =U, (R)e_'w where @ is the angular frequency and U,(R) is the

complex amplitude of the wave which is the spatial field.

The substitution of this solution form into the wave equation leads to the time-independent reduced wave
equation (or Helmholtz equation)

V2U0+k2U0 =0 where k is the optical wave number related to the optical wavelength A by
k=w/c=2r/1.

For optical wave propagation, Helmholtz equation can be further reduced to what is called the paraxial
wave equation.

Let us assume the beam originates in the plane at z=0 and propagates along the positive z-axis. If we also
assume the free-space optical field at any point along the propagation path remains rotationally symmetric,

then it can be expressed as a function of 7 = 4/x* + y* and z.

Thus, the reduced wave equation in cylindrical coordinates can be written as

2
ETE AN
r or or or

Paraxial approximation can be made when the propagation distance of an optical wave along the z-axis is
much greater than the transverse spreading of the wave.

(r.z)

IR -S|
(.‘;.Mir » SI

P d

|
|
Is |
|
I

by o
v

0

If R=(r, z) and S = (s, z) denote two points in space with r and s transverse to the propagation axis, then
the distance between such points is

R-8|=(2*+r—sf') " =z| 1470

If the transverse distance is much smaller than the longitudinal propagation distance between the points,
then the second factor can be expanded in a binomial series to obtain

o) e
=+

= 5 -

|IR-S|=z|1+
z

r-— s| << z which is known as the paraxial approximation.

The complex amplitude at propagation distance z from the source is given by Huygens-Fresnel integral as
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rz —2zij.Gsrz O)ds

—00 —00

where U, (s,0) is the optical wave at the source plane and G(s,r;z) is the free-space Green’s function

which can be expressed under the paraxial approximation as

e”‘|R—S| N

Glsriz)= 4r[R-S| 4

1 ) ik 2
exp zkz+—|r —s|
nz 2z
The complex amplitude of the Gaussian-beam wave at the source plane z=0 is

. 2 .
U, (s,0)= Aexp(—%aokszj = Aexp[;—i(z’aoz)sz} = Aexp[_s__isz}

where 4 is the amplitude at the origin, s =+/x"+)" is radial distance from the beam center line and
1 : o . . .

I +i e It is assumed that the transmitting aperture is located in the plane z=0 and the amplitude
0 0

distribution in this plane is Gaussian with effective beam radius (spot size) W, in meters, which denotes

the radius at which the field amplitude falls to 1/e of that on the beam axis as shown below for 4=1

o, =

1.0
0.9
0.8
0.7
0.6 /e ]

0.5 :/ 7]
0.4 .

exp(-52/W,?)

0.3
0.2
0.1

0.0 '
-Wy 0 Wo
i S
Additionally, the phase front is taken to be parabolic with radius of curvature £ in meters. The particular

Beam Diameter = 2, !
-——————————————————— |

cases F, =, F, > 0,F, <0 correspond to collimated, convergent, and divergent beam forms, respectively
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(a) —— Fy>0 —r|

ST, 4

(b} F{}_ /

v

[}

.

(a) Convergent beam, (b) collimated beam, and (c) divergent beam.

Thus, for the Gaussian beam, Huygens-Fresnel integral becomes
! ik 2 ik
U(r,z)=-2ik | | —exp| ikz+—|r—s| |dexp| —(ict,z)s* d’s
( ) .[O,[O4ﬂ.z p( 22| |) p{Zz( 0 ) :|
Changing the integration to polar coordinated where d’s = sd@ds and rearranging

. . © 271 . .
U(r,z) = _ﬂexp[ikz +%r2jj '[ exp[—%rs cos Gjexp[%(l + iocoz)s2 }‘d@dzs
00

2wz

Performing the integrations, the electric field at the receiver is found as

Ul(r,z)= A exp ikz+i 105.02 r
l+ia,z 2z\ 1+ia,z

The intensity at the receiver is I(r,z) = U(r,z)U* (r,z)

12. FSO Link Design

The ability for an optical link to deliver the signal power to the receiver is
governed by the link equation

4z A A
PR = PT (UTUA TTJ LTPLatmLpal‘LRP ( 47[1;2 jnR
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where

P, is the total signal power at the input to the receiver. For the uplink, this is defined at the input to the

optical detector. For the downlink, the receive signal power is defined at the input to the receive optical
detector,
P, is the transmit optical power at the transmit interface,

77, 1s the transmit optics efficiency,

7, 1s the aperture illumination efficiency of the transmitter lens,

A is the wavelength,

A, is the aperture area,

L,, is the transmitter pointing loss, defined as the ratio of power radiated in the direction of receiver to the

peak radiated power. If the transmitter is directly pointed at the receiver, the pointing loss is 0 dB,
L is the fractional loss due to absorption of the medium (e.g., earth atmosphere),

atm

L, is the fractional signal loss due to mismatch of the transmitting and receiving polarization patterns,

L,, 1s the receiver pointing loss, defined as the ratio of receiving lens gain in the direction of the

transmittting lens to the peak receiving lens gain,
A, 1s the receive aperture area,

z 1s the link distance,

the term (4 - j is the fraction of power that is collected by the receiving aperture if the transmitter is an
nz

isotropic radiator.
n, 1s the receiving optics collecting efficiency, defined as the fraction of optical power at the receiving

aperture that is collected within the field of view of the receive detector.

Thus, the receive signal power can be improved by the following:

1) Increasing the transmit power. The most straightforward method of improving the receive signal power
is to increase the power at the transmitter since the receive power scales linearly with the transmit power.
However, increasing the transmit power also increases the overall system power consumption which, for a
deep-space mission, is typically at a premium. Furthermore, the increased power consumption can lead to
thermal management issues (increased radiator size and hence mass) for the host spacecraft, as well as
reliability concerns.

2) Increasing the transmit aperture. This effectively reduces the transmit beamwidth and hence improves
the power delivery efficiency. However, the pointing and tracking of the narrow downlink becomes
increasingly more difficult with a narrower downlink. Furthermore, the aperture size is highly correlated
with the mass of the transmit terminal and hence cannot be increased indefinitely.

3) Reducing the operating wavelength. Reducing the operating wavelength reduces the diffraction loss of
the signal (i.e., reduces the transmit beamwidth). However, the wavelength selection is strongly
constrained by the available laser technology, as well as considerations on the receiver sensitivity and
detector technology. Furthermore, the transmittance of the atmosphere also depends on the wavelength, as
well as the amount of sky background irradiance.

4) Increasing the receiver aperture area. Since the receive signal power scales linearly with the receive
aperture area, increasing the receiver aperture area is a relatively simple way to improve the system
performance. However, for daytime operations of a receiver inside the Earth’s atmosphere, the amount of
background noise collected also increases with increasing receiver aperture, and the effective performance
improvement does not always scale linearly with increasing aperture area.
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5) Reduced pointing loss. Reducing the pointing loss improves the overall signal energy and also reduces
the point-induced signal power fluctuation.

6) Improving the overall efficiency, including transmit and receive optical loss, and polarization mismatch
losses. This generally requires attention to the optical design. Of particular attention is the transmit optics
design. The transmit aperture illumination efficiency, 77,, depends on the phase and intensity distribution
over the aperture. For the general case of a transmit aperture being illuminated by a Gaussian beam, the
aperture illumination efficiency can be written as:

n,= Z—g[exp (—az;/z)— exp(—oczﬂ2

where « is the ratio between the aperture diameter and the Gaussian beam (1 / e%) diameter of the transmit
signal, y is the obscuration ratio (darkening ratio) and S is the Strehl ratio, which is defined as the

intensity at the center of the aberrated system to that of an ideal optical system.

Optical-Receiver Sensitivity

In addition to the effective delivery of the signal to the detector, the performance of the optical link also
depends on the receiver sensitivity (measured in terms of received photons per bit). Because of the high

cost associated with increasing the transmit power and system aperture, improving the receiver sensitivity
is an important factor

In a direct-detection receiver, the received optical intensity is detected without extensive front-end optical
processing.

A Receiving Telescope

ﬁ %ﬂll\mnor
V

Polarization Filter
Narrowband Filter
v
Field Stop

PD2

The incident signal is collected by the receive telescope. A polarization filter followed by a narrowband
filter, and a field stop effectively reduces the amount of background noise incident onto the detector.

The capacity of a direct detention optical channel in the presence of background can be written as:

i Muﬂln(”P)—EH%}n[HﬁH
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Photon Detection Sensitivity

Improving the photon detection efficiency is an obvious method of improving the channel performance.
For a direct-detection receiver, this is generally accomplished by using detectors with internal
amplifications, such as avalanche photodiodes (APDs) and photomultiplier tubes (PMTs).

Modulation Format

One practical modulation format to achieve high peak-to-average-power ratio is the M-ary pulse-position
modulation (PPM). In an M-ary PPM modulation scheme, each channel symbol period is divided into M
time slots, and the information is conveyed through the channel by the time window in which the signal
pulse is present.

Link Availability

The communications link budget or the DCT is a useful tool in estimatingthe physical layer link
performance (e.g., the link bit error rate). An operational communications link, on the other hand, must
also address the issue of link availability. Overall link availability is aimed at >90 percent depending on
the link type. In some links, 99.999 % availability may be required.

Beam Pointing and Tracking

Due to the narrow transmit beamwidth, accurate pointing acquisition and tracking are critical to the deep-
space laser communications system implementation.

Typical design parameters considered in an FSO link design:

Link Budget Parameters

Received signal power Operating wavelength
Link distance

Transmit power
Transmit aperture area
Transmit optics efficiency

Transmit Strehl ratio

Transmit pointing loss

Polarization mismatch loss

Receiver aperture area
Receive optics efficiency

Receiver detector field of view
Receiver pointing loss
Atmospheric attenuation loss
Scintillation-induced loss

Received background
power Receive aperture area

&3



Receive optics efficiency

Detector field of view

Receive optical bandwidth

Background spectral irradiance

Receive optics scattering behavior

Detector dark count

Receiver sensitivity

Detector quantum efficiency

Detector noise characteristics
 Dark count rate or

* Detector Excess and thermal
noise

Modulation format

Coding scheme

Direct Detection System

Incoming Optical

Amplifier

Signal

Receive

Telescope

Optical Photodetector
BPF

L 4

— >—

Block diagram of a direct detection scheme

Post
| Detection
Processor

Recovered

Information
——

In direct detection technique, the received optical signal is passed through optical band-pass filter to
restrict the background radiation.

It is then allowed to fall on the photodetector which produces the output electrical signal proportional to
the instantaneous intensity of the received optical signal.

It may be regarded as linear intensity to current convertor or quadratic (square law) converter of optical
electric field to detector current.

The photodetector is followed by an electrical low-pass filter (LPF) with bandwidth sufficient enough to
pass the information signal.

The signal-to-noise ratio (SNR) of direct detection receiver can be obtained by using noise models for a
particular detector, i.e., PIN or avalanche photodetector (APD).

With the received power as given above by

4 A A
P, =F (UTUA TTJLTPLatmLpolLRP (F;JUR

and detector noise sources, the SNR expressions are obtained for PIN photodetector to be

SNR =

(RyPe

)2

~ 2¢B(R,P,+R,P,+1,)+4K,TB/R,
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where B is the receiver bandwidth, I, is the dark current, Kz=1.3807 x 10 ** joules per kelvin (J-K ™) is
the Boltzmann’s constant, 7 is the absolute temperature, R; is the equivalent load resistance, P is the
background noise power and R, in mA/watt is the detector responsivity given by

R =1
hv

where 7 is the detector quantum efficiency, ¢ =1.602x10"" Coulomb is the electronic charge,

h=6.623x10"* Joule.sec is the Planck’s constant, v the operating frequency.

When APD is used, the dark current and shot noise are increased by the multiplication process; however,
the thermal noise remains unaffected. Therefore, if the photocurrent is increased by a factor of M
avalanche multiplication factor, then the total shot noise is also increased by the same factor. For the
surface dark current 1;=0, the direct detection SNR for APD photodetector is

(MR,P,)’
SNR = -
2qB(R,P, + R,P,+1,)M’F +4K,TB/R,

where F is the excess noise factor arising due to random nature of multiplication factor, 7 is the bulk dark
current.

Since the photodetector response is insensitive to the frequency, phase, or polarization of the carrier, this
type of receiver is useful only for intensity-modulated signals.

13. Optical Wireless Communication in Underwater Medium

(a) LOS (b) non-direct LOS

(c) retro-reflector (d) non-LOS between a transmitter and a receiver

U ) Pt S

Different underwater optical wireless link configuration.
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Optical wireless communications are a relatively new technology providing many serious advantages,
such as the very high rates of data transmission, secure links, very small and light.

Optical waves in the visible spectrum (400—700 nm) present an alternative way to provide broadband
communications in the water. They propagate faster in water (300,000,000 m/s) than the acoustic ones
(340 m/s in air, 1500 m/s in water), which is about 200,000 times faster than sound travels through water.
That is the main reason why they have gained a considerable interest during the last years to serve as a
broadband (10-100 Mbps), safe (non-interceptable) and reliable complement to acoustic underwater
communications systems.

In general, optical signals are highly absorbed in water, and this is one of the main disadvantages; the
other one is the optical scattering by all the particles existing inside the sea. However, seawater shows a
decreased absorption in the blue/green region of the visible spectrum. Thus, using suitable wavelengths,
for instance in the blue/green region, high speed connections can be attained according to the type of water
(400-500 nm for clear to 300—700 nm for turbid water conditions). Minimum attenuation is centered near
0.460 pum in clear waters and shifts to higher values for dirty waters approaching 0.540 um for coastal
waters.

The power received P(z), given initial power Py, propagating through a medium of thickness z is estimated
by the Beer’s Law given by

where c(i) in m”" is the extinction coefficient expressing the total attenuation occurred by the

propagation through the water.

The total attenuation can be described as the sum of absorption and scattering. Thus,
c(A)=a(2)+ ()

where a(l) is the absorption coefficient, S (/1) is the scattering coefficient and the product cz is the

attenuation length, and it contributes on the reduction of the received power by a factor of exp(-1), or
~63%.

Beer’s Law provides a limited applicability as it describes only the attenuation due to absorption and
single scattering events. In reality, however, many cases of multiple scattering may occur. Also it
presumes that the source and receiver are in exact alignment with each other, and it can be applied only in
Line-of-Sight (LOS) communication scenarios. Moreover, Beer’s Law ignores temporal dispersion.

More accurate expressions have to take the link geometry into account. For instance, assuming that the
transmitter and receiver are positioned in a non LOS configuration, the received power dependent on time
t, lateral displacement from the beam axis r, and range z is

P, (l,r,z) =P, (t)DTLw (t,r,z)DR

where P, (t) is the transmitted power, D, is the aperture and divergence of the optical source, and D, is

the photoreceiver aperture and field of view. The channel loss term, L (t,r,z) , characterizes the spatial

and temporal characteristics of light propagation in seawater.
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UOWC propagation

Underwater medium characteristics

Underwater medium contains almost 80 different elements, dissolved or suspended in pure water, with
different concentrations. Some of them are

* Various dissolved salts such as NaCl, MgCl2, etc, which absorb light at specific wavelengths and induce
scattering effects.

* Minerals like sand, metal oxides, which contribute to both absorption and scattering.

* Colored dissolved organic matters such as fulvic and humic acids which affect absorption, mainly in blue
and ultraviolet wavelengths.

* Organic matters such as viruses, bacteria, and organic detritus which add backscattering, especially in the
blue spectral range.

* Phytoplankton with chlorophyll-A which strongly absorbs in the blue-red region and scatters green light.

Since chlorophyll absorbs the blue and red wavelengths and the particles strongly contribute to the
scattering coefficient, we can use its concentration C (in mg/m’) as the free parameter to calculate the
absorption and scattering coefficients.

The exact type of water plays a significant role in the estimation of the amount of chlorophyll
concentration and consequently the amount of absorption and scattering for a specific geographic location.
A classification system for the clarity of water types based on their spectral optical attenuation depth was
proposed by Jerlov.

The four major water types are

* Pure deep ocean waters cobalt blue where the absorption is high and the scattering coefficient is low.

* Clear sea waters with higher scattering due to many dissolved particles.

* Near coasts ocean waters with absorption and scattering due to planktonic matters, detritus and mineral
components.

* Harbor murky waters, which are quite constraining for optical propagation due to dissolved and in-
suspension matters.

Absorption

The absorption coefficient, a(i) is the ratio of the absorbed energy from an incident power per unit

distance due to various dissolved particles such as phytoplankton, detritus, etc.

w

a(A)=a,(2)+a(2)(C./C

0.602 ,
0 —k A 0 —kyA
) +a,Ce " +a,Ce™

where «, (1) is the absorption by the pure water in m”, 1 is the wavelength in nm, &’(1) is the
absorption coefficient of chlorophyll in m™, C. is the total concentration of chlorophyll per cubic meter

(C? = 1mg/m3), a‘/?» =35.959 mz/mg is the absorption coefficient of fulvic acid, k= 0.0189 nm”’, C =
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0.0189 nm™, "= 18.828 m*/mg is the absorption coefficient of humic acid and k,= 0.01105 nm™. The

concentrations C, and C, are expressed as

0.12327(C, /C?)

C, =1.74098C.e

0.12343(C, /)

C,=0.19334C.e

Scattering

Scattering coefficient, S (i) is the ratio of energy scattered from an incident power per unit distance. It is

the sum of backward scattering, S, () and forward scattering coefficient, S, (1).

Scattering is caused by small and large particles. Small particles are the particles with refractive index
equal to 1.15, whereas large particles have a refractive index of 1.03. The scattering and backscattering
coefficients are

ﬂ(ﬂ“) = ﬂw(ﬂ’)-i-ﬂso(ﬂ)cs +ﬂlo(ﬂ’)cl
Bs (ﬂ,) = O.Sﬂw(ﬂ,) +0.0393° (ﬂ,)CS +6.4x107 B’ (ﬂ,)CI
For small and large particulate matter

1.7
By (2)= 1.151302(%)

0.3
ﬂ,O(z):o.smom(“_goj

and the concentrations are

0.11631(c, /C?)

C.=0.01739C.e

0.03092(C, /C?)

C,=0.76284C e

Oceanic turbulence

Optical wireless communications are greatly affected by optical turbulence, which refers to random
fluctuations of the refraction index.

In the case of underwater systems, these fluctuations are mainly caused by variations in temperature and
salinity of the oceanic water.

An important parameter for the description of oceanic turbulence is the scintillation index, which
expresses the variance of the wave intensity.
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Link budget

Empirical path loss models are effective enough to estimate the received optical power for underwater
communications under LOS conditions.

N c(/l)R

P,=PBnn.e <

A, cos
27R* (1-cos6),)

where P, is the transmitted power, 7, and 7, are the optical efficiencies of the Tx and Rx
correspondingly, c(i) is the extinction coefficient, R is the perpendicular distance between the Tx plane

and the Rx plane, 6 is the Tx beam divergence angle, 6 is the angle between the perpendicular to the Rx
plane and the Tx-Rx trajectory, and A is the receiver aperture area.

14. All Optical Networking

All optical networks aim at very high data rates in the overall telecommunication network by replacing all
the network elements by optical elements.

e High-capacity telecommunications networks.
e Based on all optical components.

e All the network is to be designed with all optical elements, thus bandwidth will not be a limiting factor
since opto electronic conversions will not be needed throughout the network.

General considerations in all optical networks:

Electro/Optics and Opto/electronic conversions limit the use of optical network advantage in very high
data bit rates because electronics can not handle very high data rates as the optics can handle.

Without optical Add-Drop Multiplexers, each location that demultiplexes signals will need an electrical
network element for each channel, even if no traffic is dropping at that site.

By implementing an optical network, only those wavelengths that add or drop traffic at a site need
corresponding electrical nodes. Other channels can simply pass through optically, which provides
tremendous cost savings in equipment and network management.

In addition, performing space and wavelength routing of traffic avoids the high cost of electronic cross-
connects.

Wavelength Services: In optical networks, service providers are able to resell bandwidth rather than fiber.
By maximizing capacity available on a fiber, service providers can improve revenue by selling
wavelengths, regardless of the data rate required. To customers, this service provides the same bandwidth
as a dedicated fiber.

Currently emploved optical elements in the telecommunications network:

e Optical fibers:
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First, more capacity between two sites meant the installation of more fibers.

Then more time division multiplexed (TDM) signals are placed in the same fiber, i.e. the bandwith
handling capability of the fibers were increased. (both through fiber manufacturing and semiconductor
laser modulation techniques supporting high rates of 40 Gbps.)

e Optical networks with Dense Wavelength Division Multiplexing (DWDM) provide additional capacity
on existing fibers. DWDM is introduced providing many virtual fibers on a single physical fiber which

increased drastically the information rate carrying capability of fibers (in the order of hundreds of
Terabits per second).

2.5 Gbps i , | 2.5 Gbps
D D
W W
10 Gbps Ao 1B HD HD D M 10 Gbps
M EDFA M
2.5 Gbps (] | 25Gbps
- ITU Channel Spacing is shown below:
Short Band Long Band
N B S e e

Wavelength (nm)
- Two basic types of DWDM:

1. Unidirectional: All the wavelengths travel in the same direction on the fiber

Fiber

ii. Bidirectional: Signals are split into separate bands, with both bands traveling in different
directions.
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SDH/SONET.

Optical Amplifiers

- Erbium-Doped Fiber Amplifier (EDFA). By doping a small strand of fiber with a rare earth metal,
such as erbium, optical signals could be amplified without converting the signal back to an
electrical state.

- EDFA operating at 1550 nm is used at each 50 — 100 km and replaces electronic regenerators.

- EDFA enables data rates of 10 Gbps or higher. With the electronic conversion the rate was limited
by 2.5 Gbps.

Laser diodes used in optical fiber communications.

LED light sources.

Optical detectors used in optical fiber communications.
Tunable Lasers:

Radiate light at different wavelengths.

Can switch from one wavelength to another very quickly.
Narrowband Lasers

Advanced lasers have extremely narrow source spectral bandwidths (<< 1 nm), very narrow
wavelength spacings.

Long-haul applications use externally modulated lasers, while shorter applications can use integrated
laser technologies.

Ontical elements that are not yet currently emplovyed in the telecommunications network:

Optical Switches (Sometimes referred to as Optical Cross Connects or Wavelength Routers)

Switch takes traffic in electrical form from an input port or connection and directs it again in electrical
form over a backplane, to an output port.

Electronic switches direct variable-length packets, fixed-length cells, and synchronous timeslots from
an input port to an output port.
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An electronic space switching is shown below:

Electronic
Backplane
Input Port ; P
. i -
'_\ " output Port
= ; (= >

An optical switch works with light. It directs a light beam of a single wavelength or of a range of
wavelengths from an input port to an output port.

An optical space switching is shown below:

Optical
, Backplane
Input Port
| . | m
Light Bearmn !
= ! [
! Output Port
[~ ! | e

| :
A switch needs some kind of information to make the switching decision. In electronic switches, this
information is carried inside packets.

An IP switch, or router, uses the destination IP address (IPp) to make its decision.

The criterion of the optical switch for making a forwarding decision is carried in the so called digital
wrapper around each input wavelength of the light.

Wrapper is equivalent to packet header which carries information such as what type of traffic is in the
wavelength, where the traffic is headed, ... etc.

As the wavelength moves around the network, the nodes read the wrapper and get the information for
originating and terminating details, whether it carries an IP or ATM or another protocol signal,

commands such as error correction and whether the wavelength needs to be rerouted.

Types of Optical Switches:

e MEMS (Micro Electro Mechanical System) Switches:
Light in one fiber is just redirected to move to a different fiber by using microscopic (with diameters

of a human hair) moveable (moveable in three dimensions) mirrors (several hundred mirrors placed
together on mirror arrays in an area of a few centimeters square).
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Light from an input fiber is aimed at a mirror, which is directed to move the light to another mirror on
a facing array.

Light beams themselves tell the mirror (through digital wrappers) what bend to make in order to route
the light appropriately.

This mirror then reflects the light down towards the desired output optical fiber.

There exists designs of 1,024 x 1,024 wavelengths (if each can carry 40 Gbps it corresponds to a
capacity of 40 Gbps x 1,024 = 40.96 Tbps) in an area of around 25 cm x 15 cm.

Picture of a MEMS mirror and MEMS mirror array deflection mechanism are shown below:

MEMS Mirror Arrays

T

Input Light [
MEMZ Mirror lgeamg Ogg;tﬁl;;ght

Buble Switches: Use heat to create small bubles in fluid channels which then reflect and direct light
Thermo-optical Switches:

Light passing through glass is heated up or cooled down by using electrical coils.

Heat alters the refractive index of the glass, bending the light to enter one fiber or another.

Liquid Crystal (LCD) Switches:

Use liquid to bend light
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Wavelength Switching:

Single wavelength enters the switch

A “wavelength” selection is made by using prisms, filters or gratings.

Based on the wavelength selected, the light is switched to a known output port.
Optical Burst Switching:

Disadvantage of lambda switching is that, once a wavelength has been assigned, it is used exclusively
by its “owner.”

If 100 percent of its capacity is not in use for 100 percent of the time, then there is an inefficiency in
the network.

A solution to this is to allocate the wavelength for the duration of the data burst being sent giving rise
to optical burst switching.

Optical Packet Switching (OPS):

OPS is the optical equivalent of an electronic packet switch, reading the embedded label and making a
switching decision using this information.

Holographic Switching:
- Creates a wavelength-specific reflective grating, but does this dynamically.
- The grating structure in these devices is written as a hologram into a piece of glass.

- The holograms are “invisible” until they are energized by a set of control electrodes.
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Electrode causes hologram
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Holographic Switches

Optical Add/Drop Multiplexers
Fiber Bragg Gratings
- Itis a small section of fiber modified to create periodic changes in the index of refraction.

- Depending on the space between the changes, a certain frequency of light - the Bragg resonance
wavelength - is reflected back, while all other wavelengths pass through.

J_L Port A Port B
>
Port C Port D

Optical filters: Fiber Bragg gratings are also used in signal filtering.
Multiplexers, demultiplexers
Thin Film Substrates

- By coating a thin glass or polymer substrate with a thin interference film of dielectric material, the
substrate can be made to pass through only a specific wavelength and reflect all others.

- By integrating several of these components, optical network devices such as multiplexers,
demultiplexers and add/drop devices are designed.
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