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AT&T UNDERSEA CABLE SYSTEMS

-

NRZ Signal Format
BANDWIDTH | NUMBER oF CHANNELS
SYSTEM | TIME | TYPE Of BASIC w/TASI COMMENTS
BIT RATE {DCMS) , . . . . .
s Non-Return-to-Zero (NRZ) is a unipolar binary code. Binary "1 is
TAT-172 - .
HAW=1 1957 SB 0.2 MHz @ 108 COPPER COAX replresented with a pulse, and "0 is represented by the absence of a
TAT-4 | 196365 ANALOG pulse.
HAW-2 | 1964 | SD 1.1 MHz 140 315 | vacuum Tubes A
H-G~ 1964 NRZ RZ
TAT-S 1970 )
HAW-3 1974 SF 6 MHz 840 1,900 Ge Transistors l
| H-G-0 1675 B
TAT-67 | 197683 | SG 30 MHz 4,200 9,450 S| Transistors -
TAT-8 1988 OFTICAL FIBER . Soliton
HAW-8 | 1960 |SL280 | 280 Mivs 8,000 40,000 DIGITAL =11 :
TPC-3 1989 A=13um
TATS 1991 16,000 80,000 RS | -
TPC4 1992 | 5L560 | 560 Mbis A= 15um
TAT-10/11] 196273 2400 | 120,000 bon
TAT-12 | 1995 Optical Amplifiers
Trcs | 1ees |5L2000| 5Gbis 12280 | 614,400 L= 15 om i
ICIOML 18-L-A
Ala] E
: . 9 =N Data Waveforms =
Why Optical Amplifiers: i
: Bit Slot
) .
¢ Growth Potential - The optical amplifier technology will NRZ
Support next generation system requirements. I TLOJE TL 0 { Lo
¢ All optical transmission means no high-speed clectronics o .
in undersea equipment. (¥4 —[ J U L J ] SR
¢ Simple repeater design translates to a reliable system. VS S B D O R -
¢ Flexibility - Amplifier technology can be used in short. _
medium and long-haul systems. Soliton M }\ A } I
. . : - : , A e,
¢ A single amplifier design can support different bit rates

and wavelength channels. Time

L R
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NRZ Optical Spectrum - Experimental
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NRZ Optical Spectrum - Theoretical

impairments

Frequency

Eye Diagram - Graphical method for evaluating

such as noise and pulse distortion

. Eye diagrams are useful for observing the worst-case bound on
Data Muodulated Signal
systern performance.

r CW | aser

If g(t} is the data waveform, Then the eye diagram is the

m ﬁ [— simultaneous display of ... g(t-T), g(t), g(t+T), g(1+2T)
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Modulation Formats - NRZ vs. Solitons

NRZ Signal Format - Component Bandwidth

T tical minimum channel bandwidth is 0.5B. ' .
. heore ical minimom ¢ a‘n &) NRZ Solttons
¢ Practically, (0.6 10 0.7)B is needed for good system performance. e
¢ Transmitter bandwidth > B is needed for adequate rise/fall times. , . ‘
*+  Simple Transmitter = More complex transmitter
Data Data *  More tolerant to power fluctuations = Less tolerant to power fluctuations
In Trans RCV Out Single channel capacity 10Gb/s Single channej capacity (M ibss

Bandwidth =B

WDM A). > 0.5rm

Amplifier gain spectrum mare
irmportant for WDM

Wavelength stability less important
Synergy with existing systems

WDM AL - 0. Inm
Amplifier gain spectrym loss
important for WM

Wavelength stability more
important

+ Ultimate in transmission capacity”

P et vy e an et e e ® eAm
Baegann e BT ¢ ipcnmrprlmaireusm e §

i
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NRZ Signal Format - Characteristics What Happened to Coherent Communication?

Receiver Sensitivity -
¢ Widely used in high-speed optical communications

¢ Near quantum limited receiver sensitivity has been achieved usirty
systems.

EDFA preamplifier front-ends.

: i e and high hit rates.
* Easy 10 generate. process. and detect. * High sensitivity for moderate and high hit rates

¢ Linear channel bandwidth ~ 0.6,

¢ RF spectrum extends to low frequencies; thus, all
components must be broad-band.

* No power at the bit rate frequency in the RF spectrum:

thus, timing recovery circuit must provide harmonic .
. g ry p id + Optical phase is not preserved in long-haul sysiems due to Nber
generation. nordinearities.

Terminal Complexirty -

# Coherent transmitters and receivers are much more complex than
existing hardware designed for SL2000 1y pe sy stems

Transmission Systems -

e e g e e e
S e g e oy e o



Amplifier Gain Spectrum

T e
Sman Signat - Single Amptifier

Galn —

Large Signal - Ampitfiier Chaln

Signel —=
}-
A A Il A A
1520 15 1540 1550 1560 15N
HG2 1096 811 Wavelength (nm)

Power Level Control By Amplifier Gain %

Saturation

R D D

*Amplifiers purposely operated '
with 5.6 dB of gain compression Opetating

Poini

LGiain
Compression

(Span Lossy ' I

Qutput Power

*Steady stale operation occurs lor
sygnal gain = (span loss)!

Gan

*Amphifier saturation provides
automanic gain control

Mirhr el e e e o e

Noise Accumulation.In Amplifier Systems

e =
:- --------------- A 20
L] -
' ' Excess Hoise |
= el or [ (G-t} inG——
' | Output Power
! .
. _ | )
) 1 -
L] L
t ' -
3 ) o
L 4 L
o A0y
0 0 20 ]

Amplifier Gain, dB

30 aB Amplifier —= 400uW/A In 10,000 km

10 dB Amplifier— 12, W/A

.

Excess Noise Factor vs. Amplifier Spacing*

(Including the effects of Post-Amplifier-1.oss)

2
-1
Fig)= (g8-1)
- Bin(g)
. where f=10™""E
Excess Noise -
Factor (dB) ~ PAL = 3dB -
VN
- PAl =0dH
c
s} 20 ‘0 60 8o e

Amplifier Spacing (km)

* I Lichtman, Elec Len Vol 29 No 23

Hargans « goiserd s[ap Uwmantimd s thek

*n



Chromatic Dispersion in an SL2000 T

Amplifier System. iy Optical Fiber Nonlinearities
- -
[ & ]
‘ i P
AT&T/KDD Testbed Data 1 Or0up Delay vs Wavelength | ¢ Self Phas.e Modulat.lon (SPM) a2 L
9000km Length, i. g - Nonlinear Medium n = .no + Nyl ==
}o= 1558.08 nm I P - Causes Spectral Broadening
El 5 o Modulational Instability
Example: ' - SPM + Dispersion Causes Pulse Breakup
For [A—hyl = 1.5nm, the optical - -
length of the cable is 1 foot Dispersion vs Wavelength e Four Photon Mixing
fonge than at A, N - Optical Mixing in WDM Systems
note: One bit is 1.6 in for § -t T
3 (ib/s transmission N e Stimulated Brillouin Scattering
=t - Power Limit per Channel
-ITS-;“" "”' ';!"-"- “',; 1 :5; 1 - HGTI238.00%
Hargun & et ey rans s o s | Meve gt ine)
i H , i - - - . - -
Optical Fiber’s Nonlinear Index Fiber D:spersron/Nonlmear:ty Interaction
h
i . _ Fiber Delay
@T Optical Pulse * NRZ Waveform Distortion Occurs
Sorenam - Slow Phase Idoal
= + N,1 Fast Phase h Velogry For Operation Away trom ‘\o Fiber™, Nos Fiber
n o 2 é\ Velocity :' B2 ~ l'.l)
/PN
g
|=
Indexof  Nonlinear Light - | .
Refraction  Coefficient Intensity I —
Time ¢ Nonlinear Mhdng Efficiency
Nonlinear Example: L=10,000km, G- 10dB Reduced with Dispersion
Phase &, ~ Nl
Shift NL 2 AT ~ 20 fsec
AQ - 5n rad

1554 1556 1558 1560 1562 1564
%m L TALLT N X w“*

B s O Y et o e 1



Simulation Of NRZ Transmission* 5-Gb/s Data Waveforms And Eye Diagrams

A T
Optical Spectrum Time Wavelorm
: L3 S :
t H I /AN
5 H N 1 L L L
. RS il '
e g.
o & 3.
3 S,
& 3.
S 5.
@ *
LI mllzl(n!;?ﬂlﬂmti
"GT31853.07 * D. Marouse, JLT Yol. 8, No. 10, Oct ‘91 IS 4 AT&T/KDD
ANTHROPOMORPHIC ANALOG OF SOLITON
oD WA TRANERESION ANTHROPOMORPHIC ANALOG OF SOLITOK

SOLITON

‘% \% % \% ;% % SOLITON
= S £ %1 ¥4
o " o oo emille gl ile, AL
@lf‘ ) Fibar Input Fiber Qutput Receiver Qutput
o FE

S s R ey "E“i*‘f NRZ
— o> Ehae T o o
= &

p

>$0
>0
P
fo«}«

Fiber Input Fiber Output E e i ‘I‘ i o
2 —
—i 88—22 = 15 8872 + |u |2u + o/ 2)u Fiber Input Fiber Outp:tj Recelver Output
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Dispersion Management

Optical Spectrum - 5 Gb/s ey
- L
Intensity
1. DSF Manufactured with A, > A, 10 -
on 9000 kem 08
0.6
! “’ Linaar 9 8 0.4 h \ \
| b . DI
' P 16 Dutance o T
1855 1860 i Mm . .
1561 nm at Surtace Temp Wavamog oy m e N T
- Wavelen nm
~1560 nm at Ocean Bottom ool
#63214%.002 e et g e e - i |
Dispersion Management Margin in Optical Transmission Systems
-
2. Cable Assembled so thatat A, = Ap (1558.5 nm)
Regenerators - Margin is the
gl:lrnulat_lve 0 1000 2000 3000 K difference in received optical power Penaity
‘spersion m and the receiver's sensttivity, T -
-50 ps/nm ~+ Y P
A 14
-100 ps/nm - Bit
Amplifiers - Margin is defined ax the Error J
-150 ps/nm - difference in the received SNR and the  pae e Best RER
SNR needed to achieve a 10" BFR -
Received Optical Power
3. Cable with Standard SMF Is Added Every ~ 1000 km Margin(dB) = SNR., - SNR .,

so that End-to-End instalied Cable A, = Ap= Ay

— 4. Fine Tuning of A, on Each Fiber Is Done in Terminal

N . e gy WA At e



Q-Factor is the Electrical SNR at the %

Decision Circuit

Sampling Time Interval

Heugan: . (ot s g Worm antiont ron bk

Bit Error Rate vs Q-Factor

A

i
R

Log (BER)
S14 212

-18

Bevgano  powarprd 3 Eidsvectionk o sivie 4

Q-Factor (dB)
14 16 18

L% g
BER(Q)=ﬁ[e”dpz
¢

Q-Factor (linear)

20
1 ¢
ovar €
4] 10

NRZ Data Waveforms

Back-to-back measurements made with different ROP and filtering

Low noise, low distortion

Large noise, low distortion

Low noise, large distortion

Large noise, large distortion —

I, ¢ gwasrrond (e I st ent t sl 10

—

—

—

Noise Probability Density Function afier
9000km Propagation

Testbed Data - 9000km July 1992

o~

—

O i

-

Log(Prob Density)

Hargers ¢ premerfet Loy Waw ontuand e ik ¥

Spaces

Marks
i
H
: \
[ -
F) e
-~ Gaussian Fit -
C. 0 05 1.
Voltage
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Q-Factor Measurement using the Decision %

Circuit Method iy SNR Fluctuations In Optical Amplifier Systems
s ",
Testbed Data - 4500km BER vs Decision Level SNR Ti
vs. lime
o | V- i ] Circulating Loop Transmission Experiment
BER(V) = 2 e:fc(;—"—) + erfc[l—~” . 24 [ 5Gb/s, 9000 km
- To i g 45 km Amp. Spacing
. . a 20 - !
Log(BER) © * : =t
l 1 Jl" - U [ * : §
—erf; . . ) - e 16~ 2 :
© 2 C( o, J . . %erff(’#—a—--’J o Q=17 dB (7.1 Linear)
' ' . ¥4 '
o ' - "'4 12 o | ] ! ! !

0 5 10 15 20 25

-0 4 -0. 2 0.0 0.2 O 4
Decision Levet (vohs) Time (Hours)

Measured vs Predicted BER using the Important Polarization Effects In

iE

Decision Circuit Q-Factor Measurement, b Optical Amplifier Systems
s

Testbed Data - July 1992 27*-1 Word - Signal Polarization Dritt - SOP evolves over time,
caused by temperature and stress changes of the

transmission fiber.

O - 9000km
h « Polarization Dependent Loss - A component's

4 - Basel . H *
% e attenuation has a small dependence on the signal's

Mcasured -8 polarization.

Log(liER )
-10
\ « Polarization Hole-Burning - The amplifier's saturated
output power is slightly larger for light in the
orthogonal polarization to the saturating signal.

-te
« Potarization Mode Dispersion - The time of flight
A T through the transmission fiber is polarization

Predicied Log¢BER) dependent.
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Polarization Hole-Burning
In Erbium-Doped Fiber Amplifiers

‘j, Signal Gain=S,-5,=G
Probe Gain # P, - P,» G + AG

§,>>P,

Probe
Polarization

E
3
Signai
Saturating
Signal Polerization
Probe Output Power
S90%  Exampie: Gain= 198
Gain Saturation = 3 dB
AG = 85 mdB
[t Muvrer andZping, CLEO Y
= L
g Olffes. N ¢ QO MR i ]

SNR Fluctuations In Optical Amplifier Systems

+~ Time Yarying Birefringence

PDL"  wigh Loss Axis

of PDL ~
H Low
SNR
1n|
Signal ™
Transmiasion H
Fiber High
SNR

System Impairment Caused by PHB

Signal

*Amplifiers purposely operated

k . Total Power
with 5-6 dB of gain compression. TS
) Signal Power ~ ~ - 7
+Steady state operation occurs for Optical
signal gain = (span lossy'. Powar
) Noise Power
*Orthogonally polarized ASE e e
grows relative to signal. ' Distance k) -
) anr
Parganc. (Mg C © BowBrpAutbrmmteiak page {

Time Dynamics of Polarization Hole-Burning

bryg

i INPUT POWER OUTPUT POWER
L & 3

Al
KR‘O TIME ] TIME
VECTOR

DGRAM 4 s0p1 2y
T™™E & o
Y soPz 5 8 «r— 130 msec T
SrF AG=100mdB
Bol ¢
3 |5 — —
~
o 1
0 500 1000 1500 2000
TIME (msec)

Srpparss CWica PC ¢ pearpriegaiireerane kign b ?W



larization Scrambled Transmitter —

! ook Optical Amplifier Feasibility Demonstrations ree
3 ©
j 00 = .
_‘ % Gb/s Transmitter ] N Py LOOp Experlments
+ L

< > Amplifier Chain ~ Cost advantage - smaller amount of

S | :

Plezostectrlc equipment needed

linde ooy
Cylindar Polarization Analyzer | — More flexibility - Can be reconfigured

¢ Straight Line Experiments
‘ — More accurate representation
&

v - Most Expensive

Qutput
Poincare Sphers Polarization

/]

Bargann ¢ prrberd fop W aadwn® pp sl T

- Polarization Scrambling Improves
SNR Performance In A Chain Of EDFAs

=

B

Circulating Loop Transmission Experiment

Trans. Pol. Scr. ---«D—O—— Regen. e

\ y, Data MB Coupler | 70:';' B
Vs Transmitier ¢ _J—" Regensrator

Amplifier Chain N e -

| vl 7
24 — “ 8. _ﬂ{} __O_ <}

L S

2| /— Scrambler On Amplifier Chains

aractor 20" oM P i b/ (e} ey —rogen]  [rans} | regen
BN D LY O T PP e

16 |- \ Load State Loop State
Scrambler Off ———
1

14 L 1 A
0 5 10 15 20
Time (Hours)

Fargaas . e b U arwamti® e e |



Electrical Data Pattern and Eye Diagram for % Q-Factor vs Distance for a 5 Gb/s Single

9000km Propagation e Channel Transmission Experiment '

28t

. ,.‘ r'—-"\' . ! : @ - Polarization Scrambier ON

Wt ,' \! - : 26 \ A - Polarization Scrambler OFF

VN (SN R VY ur ~
2l \o
Q-factor

Time {500 paec’Div} (dB) a9}

\.
[ \.
ol \‘
gL Gct8ide <o BERat0w

14}

i

0 2000 4000 6000 8000 10000
Distance {km)

RS R W
Rep.273  Opcal B! Power Messursd 51 3he iput of Pre-armpifer {GBm)

Tirme (50 psac/Div)
10-Gb/s, 9000-km TRANSMISSION EXPERIMENT
Circulating Loop - BER vs Transmission T USING AT&T/KDD TRANSOCEANIC SYSTEM TESTBED
Distance Bt 10G PN7 ’ j )
0t}
w0
.2 107}
m 10 Gbss § w 9000 kem
4 1|® 5Gbs whh
T W00 ecaline
a 10"1 L
g

Experimental Setup BER Measurement

10.400 km

+ Non-Return-to-Zero {(NRZ) data at 10 Gb/s
» Electroabsorption Modulator:
20-dB extinction ratio @ 3.8-V drive
+ 9000-km dispersion-shifted single-mode fiber
» 275 Erblum-Doped Fiber Amplifiers

T T

T
5,000 10,000 20,000 50,000

Transmission Distance (km}

Bergare ¢ S o eyt ot s 3 Taga ot al., (KDIVATAT), OFC ‘92, PDA

A



Four-Channel WDM Experiment -

Transmitter

L

WDM Experiment - Q-Factor vs .

;
5

Transmission Distance S

24

.......................

& Chan#i 1557 6nm
. '@ Chan#2 15584 nm |
. & Chan #3 15590 nm !

& Chan#4 15600 mm

22

EEATI & " Polarization Power
wssaom ¥ —(=r-0 x4 ﬂ@_m_‘:__m_b_,
1ss00nm Y=} (0 | / [

DO
1580.0 nm * Polarizer

20

Log{ AVG BER)

;
Q-Facltor (dB)
/
* [ ]

5000 6000 7000 800G 9000

Transmission Distance (km}

OSHT gD T ahon? (e T
e © wasmm g p L Barpar © owTTEep Bt e ¥

Four-Channel WDM Experiment - Optical % T
Spectra e WDM Experiment - Optical Spectrum =2

input Spectrum (0km}) Output Spectrum (9000 km) Channels
0 0 -
— Input Output @ -
= o
2 .0 18 Eg
z
£ £2
5 -20 -20 ~
k= (=]
o
.30 -30
1556 1558 1560 1556 1558 1560 1562

Qutput -----
Wavelength (nm)

Bomgars < qurrreried T Waremchwt p s 11

Rorgarss . et s T g Uk [



Four-Channel WDM Transmission Experiment
Over Transoceanic Distances.

» Laboratory demonstration of WDM using NRZ
transmission over transoceanic distances,

« 4x2.5 Gb/s achieved over 9000km.
+ Average Q-Factor better than 6.6:1 or (16.4 dB).

» Experiment performed at low power, and low
chromatic dispersion.

* FEC could be added for additional margin, and/or
channels.

g o g lamainn® o e 1

Long-Haul Optical Amplifier Transmission Systems
Using the Non-Return-to-Zero Modulation Format

—
]

~ Optical amplifiers give all optical transmission.
No intermediate electronic regenerators.

= Consistent with long term direction of photonic
technology.

~> Flexible transmission for various bit rates.
= Designs have been experimentally verified.

< The first systems have been installed, and use
the NRZ transmission format.

- L
Sarpeno Oy AC ¢ irabibge iriemiade2 pae &

3
%

Undersea Lightwave
Transmission Systems Using
Er-doped Fiber Amplifiers

Optics:
Recession as Opportunity

Overcoming the Last
Communications Bottleneck
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