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OUTLINE

* Repeatered versus the all-optical approach

¢ The Non-Linear Schrodinger Equation
a) Dispersion
b) Self-phase modulation
¢) Solitens, the eigenmodes of transmission
d) What happens if the pulses aren’t solitons

+ Amplification
a) Amplifier systems: lumped vs distributed
b} The stimultated Raman effect
¢) Er amplifiers
d) Spontaneous emission and error rates
¢) Noise penalties
f) The right way to make bit error rate measurements

¢ Experimental demonstration of soliton transmission
a) The experiment
b} Achievement of 6000 km
¢) Study of pulse pair interactions

* Dispersion shifted fiber and system design
a) Advantages of low dispersion
b) Polarization dispersion
¢) Effects of varying dispersion

¢ Wavelength Division Multiplexing with Solitons
a) Transparency of solitons
b) Effects of perturbations
¢) Potential for WDM

¢ Phase Noise
a) Why amplitude shift keying (ASK) is superior to
phase shift (PSK) or frequency shift keying (FSK)
in ultralong distance sysiems,
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PULSE NARROWING
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(for quartz glass, n,= 3.2 X 10" cm?/ W)

Self Phase Modulation:

The index is nonlinear:



: - - IR e = . 4 ke &
Am*\mt Aauanbayy Ahl\ 2 -
05 Qv _0f 0z QI Q. Ql- 07— 0%~ Ob— Q5= 00F C% oo O 09I~ Wh-pp7 -
T T T T Y T T A T 1] T Y ¥ [ 0 T
LN 4
dy J
1o J
18 oy i
- ol
o 0o o I 1 9
08 OF 0E 0L Ol 0 0l- 07~ 0f- O Q%= 9 9
T T T T 1 T ] 1) T 0
I.N e |
1y i
do 4
eH do T
TE 714 tux
ot

_..N\\ ﬁ.\u&tﬂdﬂ - a5 .\EN‘\ES\&%.Q =q @ suopljoc

iy co/f dup Wum:_x\ [ TWy 095/ a3t cSuoly /449 ¢

ﬂm}:.uu\ Louanbax m....l\ g
NS A &c 0= 07-_ge- 5 8 o O oop- 908
4]
44 180
. o 101
181
5L —Q.:&. 402
157
Q T4 - = - - -
MLNIO_M| Q_ O_— n_u Om Q.WIRIES ™ ‘v.u_% T Qﬁ_& T W T QJ& _gubl T 0
18T
dos 180
8L —H0°1
Joor 1 Q1
4ez1 \G_+_SH =181
osi r 0z
wy/mufed 0 = - !
Yuufsdsor a3 Lo=q0 @ zyN

Em\oq\\iptu mumsa\ ﬂl. SNQQHN Agno

—

LY s/ pig9 S



JSION ANV NOLLVOII'TdIAY TVDLLdO

TUIIDUOD u01II3S SIY) ul sydeadmala ay g,

@81nd a1} jo yead o
1e Jrys aseyd umanxew Aq pajeqe] oxe vxoads -asynd
Te1SSNED € J0] BIj03ds Louwanboay pole(nded ‘g oI

ASNINDIY

AN
/>\/s\< <

ﬁé\“ﬁn\:q\x«.munﬁ LN\! &re Hn: = GQ

ALISNILNI

{LL61 390150 0] PIARRY)
EELL0 Aasiaf MaN JIPWION ‘SaL0IDI0QDT duoYdIL [1og .

ur] uojuIYyD pue udoIS ‘H o .
s13qy [endo BIMS Ul uOHBMPOW-ISEYd-J1oS

8261 TINdV Y HISWAN ‘21 IWNTOA ) V MATATY 1V



ERp— 8 5

R 8 . - o :
. . w B K - - -3
- wo
004 009 005 ooy aot ooz 004 )
n.q.__...._..-._....__...qq.q..-..
3
m
»
=
<
m
24
>
-4
L2
n
2
*
m
(3]
=
o
x
1 1
0z ZHL O}

NOILVHVJHES XAONANOIYA TVN OIS-dINNd 4 NIVD NVIAVY

LOHAST NVINVH AA.LVINNILS



27 .
Er i Silica glacs

W gpL-9p L~y

wr 664 -9G L~ SY

10 1T T T T T T T
o — —— FLUORESCENCE -
£ u -—-==- ABSORPTION |
&
=)

5
2 5
5
w
@
o
o)
0
T
O
0
1.49 151 153 155 157 159
WAVELENGTH (um)
ﬁl.d"ﬁllnﬂ 1_"4
N NG RN
» e e e e



PR .r.h.rr o .?.llqw;. e -l S . ‘.wkv.v

P R T A T L I S A wob o0
ir:_\\t%\h s s\}_—N\ ushq.ﬁ " uu:\aumx..,
; - qu__\ﬁ %\A. h\&\u..\. um
NJ\M\\W.\ S\Q\%}.Q = v sy 75975 ..@im:\um u_wwm\lL
.\\mm:\ .:f& Apeen .:.q% Ld ¥
) d
J.mu\_:.\ Yy vq.{.qu._:_:.k At d\t\\.&x uu.w:& Mw O F m\
.A::u&\ go8 fo Fr2 yreo opt) saned dwnd .E?u\ﬁ

.\umsm\_ Vi

Fg0iX 50 = 1y
supr 22 | e AN 2 % ! Bl @i XE'H = Pp
wrl 951 = w;\ .
<™ \uus:CZ\ =2
aym! wu}iﬁ:& W”HQ‘.H%M‘&WS & wod LHT = L/\

..M..s..*ki: ww(

azep ey \f:fﬁf@ ao iy s I&m

Ev  Awmplifier
I

30

N
o
|

—h
o
|

GAIN (dB)
o

N
o
|

-20 ] 1 ] | | ] | i ]
1.49 1.51 153 1.55 1.57 1.59

WAVELENGTH (1m)



(mw) °d
SL 0L S9 09 GS 09 Gt oy

_—-1___-ﬂ-uﬁ__—_-—«____~_-—~___
~Z-
- |-
Ot
___ .... ___P_. ..._O
\\\\\ |
- ;e Bis
7k 2 0 mw)d
Z

HAI'TdAY A3 LN9IYLSIA NVINVE-INNTFY A

(u) z (uny) 7

ud % oo oo™ . o ot °
]
4o 1
{vo
lre @
Iro B

—~———— s P
y -
{»
1
in
} o

unt 661 = Sy tund gyt = %y ¢ ur g = Py soumssy

(R 09-0Z) W2/ L 01X 14U 08-09 % 0Z-0) (W7, 01Xg"0 = 200 17

YAII'TdAY QALNGIYLSIA NVIANVE-IWNTGad

(M) 12mog dumy



- B PR 2
- T - - o= T - - ! .
. - . . ... F‘.nk.

410

mumraﬁ .N\qv /I.@C = AI:\.

j

_.u:,&*qn 2u0 Hm:*sww‘»cﬂ
7F x TI&\ = (1+u)p = up
up +u +—— () - u

7P e
dwp e p LU w7 papistoy

‘Fpom Sho *._Sﬁ .2..__3 sp204 94wl u&:& Uﬂ Q;;\\h .&uhﬁ uw\am 24, Sy

?*u Yipimpery Nu.\__:__u\ satysadesy pmps vy o 3pou BSGOY ) iSIPIW uoivipoy

> = .—U r U - ‘u
-

3!%4\?*\ .\uurhn\g ul :cﬁh._..:xm .w;nwaﬁ.:nmm

« (31003 Eudis

padamy

SIWALSAS YHI'TdINV

e v



.*h.;o E

O o7
*.r.q.w - AT. h.@\ vy - \uuo.t_:__:
oo e M
mu§ = s “— EGW \qmq_,x‘@f#w.‘@
[ - 2)w = (1~ ,9)w = %
ER RN SRR
(1-79) w = "y
no % ’ 4
+ Gro)

© so sse] \4 Fopooaasd yobs { ) :._u%uc bu.@.lsq w49 uroy
- .

Utnrwl .u.ﬁrC&

1<K u aog Tsny g

..wvr\,\q.{f..m. :thN,\.\qu\ mu..\ U = ‘.ﬁsqmmg

?|Q¥ .\mrwkﬁﬁ - M\._W.. % ﬂ_...@& AJ - .F:aLm

((INZZUE A (-9 g gran 3 aef ape)

(1-9) = P9 poys P 3 To= %y w_\.£uw \:3.&51\1

(1-9) + 2% = 4"




RS L s RS T S

NAUEVU _ Oy y N ) .:iam@
A1-9) -1 -9 demisy)

:A)jeuag JeaurjuoN

Dut halic iy 4 P

-0 dumgey  dums

:f)euag iy

‘SueJj,

01N | —<J—— « ¢ -
T D

SALLTYNId NIVD JATAI'TdINV

LA

e
N
D

oA
T

ttgmk

web = ook L Ty

;

Euo\ S %4 491D a0} 4744 moys uv )

@....._,\W = Fy 12 9 pinoys |anzf ::ﬁuum

\mMi tm. S A Ao a3 pugued ww 129

hr U\ 24132 to__.w.._uuQ»-

4 ,£

- \.I
Ve ™~ -
/ '
3 \
i Lo Py
, o /
! ¥ . / awm& o /
N ) / ¥ ~,
N &/ /
~ - T \ ’
— —_— - ) J.‘%!

TI4PN| 40T 40 :o;uc,.ﬁfxﬁumm



(sd) o]

(sdy aun,
0001 0 : =
(N B B T 7T T _89 0 oo~o~ L m L.t 0
Jany ido Iag 1do -
THD 8p nyj, IHO 8¢ oy =
mu AU
unf 0oog Yo 0008 ]
L L *v
0001 0 0001- 0 0001 0 000 1-
Ay T 1 T T TVUryT T 10
Iy do 1oy ido
ZHO 7Ty, T ]
.. AW ZHO T1 nuyj, T A
uny 008 0 ]
ury 00og -
) 1 ]
0001 0 =
T T T 1T 7] j Hooom 0 8_2_ T m. T T _ooglc
1 mw 1 mw
fenuy 0 ]
._ 7’ eniu) ¢
3utoeds ragyydure ury pg utoeds zayndure ury oo

L g5 = Sy Uu/un/sdig0 =,q fwy gz A1aas wopuwer 1 sd ¢ 0x = (g ‘wu [ = YQ

Ye-0y pue Oy e 73N yus wam SO s

dap ‘uren Lyduy
og 0z 0l 9%

T I I 1 T T I H I I

Alreuad JEaur[UON —.

101

\ « Aipeuag Wy h

‘Aieuay

ap

-10¢

| : 1 | 1 ] 1 1 I I | ] 1 ]

orl 021 001 08 09 or 0c 0
$SO] Wwi/gp 17" 16 wy ‘Suneds sayydury

NIVO HIIAI'TdIANY SA STLLTVNAd ¥3MO0d



L e B L i B o et Sl - et M

NOISSTASNVAL NOLI'TOS ADNVLSIA ONO'T VILTIN 40

NOILVALSNOWAQ TVININWIHAIXA

1WIIU0D U01)23s S1y) ul sydeadmaa ay

*SUOHOS Yitm 2[qissod M [2uUeyd Auew SINeIN
"|DUO01I2.41p1q 3q Ue UOISSTWSURI] YL, »
*SIIUISIP DTURII0-SURT) JOJ pasinbas aIe saeiueape sy o

*9pou UOISSIWISURN KD JOJ
05 1 ul pue $199)J9 JRSUI[UOU UT UOTIONPAI JUBIYTUSLS SIPIACL] »

'NOLLVDIAI'IdAY AALNGINLSIA-ISYNO YO aILAMILSIA
HO SLIAINT A



Ap/sw |

—
CE o
.
.-
-
-

e

1.1 Ll e L.l Ll I i Ll L 1L L Aol b L
S Y RS 11 1Y) 1A A AN Ba000 nhn

v ]
DY NPYPY FFPYY PP JOFPS PP YY Y TR L ST LI
bd i A L Ll bbbl F-Pll-b- bl L Ll i bl FE ey
Ty T L0y TYru --1-_4 LR B ) Trrr LI LELEL

SdI¥1 ONNOY SA HLIONIM1S Nivdl 387Nnd

(vo9s8 dH)
JazAeuy

wnajaadg
ZHD 220

mu ggsIIv
4315 TGBE 00t )\_
INQ Meadg uy duin g
n— -— —
spoiq
sd g sajdnoy gp ¢ —» {mw o091 ~)

induros
[eL3u0)

— wugogIIvI,S ~
wueoeTIveH09 ~

Japdnoyy — .
juapuada(q qidaajaavpy

|

1999m012}4290]
19puygaZ-gre I3q1q IV

MW ST~ *amd 'xd woyrog—"""

door] Wy L T¥



Amplitude (norm)

litin;

! 1
1

6 12 8

Microwave frequency (GHz)

6.51 GHz

| T
-10 0 +10

Optical frequencg‘(, v-vo (GHz)

Amplitude (norm.)

Amplitude (norm.)

Amplitude (norm.)

SPECTRA OF 55 ps PULSES

T~ 2003 ko

r‘rh\ 4006 km
”““‘Hmn;

F 5210 km

L 14“’]“1;,“ 2
(GHa)



Soliton Propagation Experiment of
L. F. Mollenauer and K. Smith
AT&T Bell Laboratories
Holmdel, NJ
Results of July, 1988

EFFECTIVE PULSE WIDTH vs DISTANCE
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THE GORDON-HAUS EFFECT:
VARIANCE IN PULSE ARRIVAL TIMES
FROM AMPLIFIED SPONTANEOUS EMISSION

Amplified spontaneous emission perturbs the soliton velocities
such that at the end of a system of length L, there is a Gaussian
distribution in arrival times with the following variance:

2 3
(&)*) _ 1763 hny BFG) Coss LT

© 9 Agr 1

1 |{G-1
HO=%me

km, and t in ps, the above becomes:

where B is the mplifier spontancous emission factor, and
I ]a . For ay,g in km™', D in ps/nm/km, L in

2 o 3
(@D _ 4.1376x10% pr(G) S p £
T Agr T

Example: Let L=9000 km, 1=50 ps, D=1 ps/nm/km, A =35 pm?,
BF=1, and oy,,=0.0484/km (0.21 dB/km).
Then from the above, one obtains:

o = (&) =9.14 ps

As long as 76 is less than half the bit period, the error rate from
timing jitter will be negligibly small.



The viewgraphs in this section concern:

EXPERIMENTAL STUDY OF SOLITON PAIR INTERACTIONS

GENERATION OF PULSE PAIRS
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EFFECT OF POLARIZATION DISPERSION ON SOLITONS:
COMPUTER SIMULATION
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The viewgraphs in this section concern:

" THE EFFECTS OF ASE ON PHASE SHIFT KEYING
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