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Principle Stimulated emission from population- Stimulgted Raman Stimulalted Brillouin

inverted medium scattering scattering
Material Rare-earth ions | Semiconductor GeO,in silica fiber | Silica fiber
(Er3*, Nd3* etc.) | (GaAlAs, InGaAsP)
Operating 1.54,1.06 um 0.8~1.6 um Voump —4VR Vpump—4Vg
wavelength (4vg = 450 cm™) (4vg = 11 GHz)
Pumping Optical Current injection Optical Optical
Pump power | ~ 100 mW A few tens~100 mA | ~A few hundred ~mW
mW.

Amplifier Afew m~Afew | Afew hundred um | Afew km ~10 km
length tens of m
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EDFALTIEY L7 74 N—L—HF—DRE (1987) Bkl —HY —RHICEDFADFHEA 1988~1989
The first paper for EDFA (submitted 3rd August 1987 in Electronis Letters) Erbium fiber lasers
516 J Appl Prys. 64 (2), 15 July 1088 3
LOW-NOISE ERBIUM-DOPED FIBRE
AMPLIFIER OPERATING AT 1 5 Lasing characteristics of Er?*-doped silica fibers from 1553 up to 1603 nm 3 2
variable m
52 Yasuo Kimura and Mesataka Nekazawa S ata
Inde :“:::"’ Eed-=dopd Thee dichrgic NTT Transmission Systems Laborstories, Tokat, Iheraki-ken 319-11, Japan Z o
Migh gain amplification of up to 28dB has been observed in N (Received 19 October 1987; accepted for publication 25 February 1958) § o -
3 Im-long erbum-doped fibte. The amplifier has a spectral H S \Pasw
of greater than J00GHa in the reon of 143 m The laser oscillations from 1553 up 10 1603 nm have been demonstrated in Er'* <Soped silica 5 . |
10d & measured seasitivity of —42dBm 3t & b rate of : Sbers with a doping rate of 2500 ppm. Wide changes in kaser oscillation wavelengths are due o £ ]
e ! = broad splitting of the spper sublevels in the */,,,; manifold, caused by the random ssructure of g oo
K 1 MEARS® 10th Sepiember 1987 modulated  index-malching o the sifica matrix. [t has been shown that unpumiped parts of the E** lons in the end pumped g . VA
L REEKIE GalnAsP cell pumped fiber laser configuration play an important role in the waveiength changes of the laser E . )
In,:u l:;‘;f[“ laser diode DCM oscillation. For an absorbed pump power of 320 mW at $14 nm, output power of 0.5 mW was 2 Ae1568nm  Qpoew
GalnAs dyelaser obtained st 1603 am Y W -
Opescal Fibre Growp detector
Riperind of Nichoniel ) 1 2 3 “ 5
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Early paper on an Er fiber laser (submitted 21st July 1987 Appl. Phys. Lett) LD-pumped EDFA
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" L o PUMP POWER |
TIS Aget v, Lu. 81 0. 00 e 1087 oo Efficient Er’*-doped optical fiber amplifier pumped by a 1.48 um InGaAsP '“\ e i
Simultaneous oscillation at 0.91, 1.08, and 1.53 um In a fusion-spliced fiber " " e laser diode [ i
laser Masataka Nakazawa, Yasuo Kimura, and Kazunon Suzuki Lid !
Masataka Nakarawa and Yasuo Kimura NTT Oprica! Communication Laboratory. Tokai, Ibaroki-ken 31911, Japan - | Le1.Om ‘
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Multiple wavelumgth asolllation 84 091, 108, 133, mad 1,53 m I boss,simulinconsly M Optical gain characteristics of an Er’ * -doped ifica fiber have been studied by end pumping 5 |
obtained in a fasion-spliced silica-bassd fiber laser cansisting of Er’* -doped and Nd' ~ doped E Soomw with & 1.48 um InGaAsP high-power laser diode. A gain as high as 12.5 dB was obtained for |
2 - an ahsarbed pump power of 16 mW with & 3-m-long fiber. By constructing an Er” * fiber ring | |
P cavity with a 3 dB single-mode ber coupler, we have obiained continuous wave laser B |
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YAG-pumped Raman Amplifier LD-pumped Raman Amplifier
RSP — 21C44  100C’89 (1989)
Active transmission line: light amplification Optical Soliton Amplification and Transmission by Stimulated 5 5 T ' " "
by back d. Raman i Raman Scatfering Pumped by InGaAsP Laser Diodes = E
in polarization-maintaining optical fiber 9 ~
- o _4af il E
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Er-doped fiber

< Output
port
Laser diode for pumping Polarization- Optical filter
Er-doped fiber lndt_%ptir]delnt
(0.82 pm, 0.98 ”mj optical isolator
1.48 pm band
Input
port
WDM fiber coupler for
coupling pump and
signal light

EDFA: Erbium-Doped Fiber Amplifier
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R THEA D /ME Erbium-doped fiber amplifier
(EDFA)

Prototype in 1989

=Paper:
M. Nakazawa, Y. Kimura, and K.
Suzuki,"Efficient Er®*-doped optical
fiber amplifier pumped by a 1.48 um
InGaAsP laser diode," Appl. Phys.
Lett., vol. 54, pp. 295-297 (1989).

=Patent:JP2128337 “Optical fiber
amplifier”
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¥V bk (1973)

Linear
Pulse — / \ Fiber Normal Single- Dispersion-Shifted

Mode Fiber Single-Mode Fiber

() Optical fiber ‘) 0.35 W 2.5~10 mW

Soliton - Pre=t =12 ps
Pulse |D|=16 ps/nm/km |D|=0.4~1 ps/nm/km

n,=3.2 x 10-%cm?/W | A=3~5 x 107 cm?

A=1x10% cm?
Nonlinearity =~ <—>  Dispersion A=1.55 ym
1 2%
ul2u 1 22
lul 2 o7
Self Phase Modulation Group Velocity Dispersion
Nonlinear Schrédinger Equation
(i) 4 uf2u
& 2.0 EDFA EDFA
. 0.22 dB/km
Soliton Power Py 50 km 11 dB Gain at Soliton
» (11 dB loss) Power Level
Pyey = 0.766—2- 10l o
cn, 7

A. Hasegawaand F. Tappert, Appl. Phys. Lett., vol.23, pp. 142-144 (1973).
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HRETRIDOV Y b /EEEER (1990)

KR PHOTONICS TECHNOLOGY LETTERS, VOL 2, NO. 3, MARCH 1990

3.2-5 Gb/s, 100 km Error-Free Soliton
Transmissions with Erbium Amplifiers
and Repeaters

MASATAKA NAKAZAWA, srvsx, eee, KAZUNORI SUZUKI, aso YASUO KIMURA
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i FPR SOLITON
LECTRICAL TRANSMISSION
AMPLITER /\ BECTRCAL iy

T AMPURER

SYNTHESIZER

URROR RATE
DETECTOR

FILTER
ERRIUM.DOPED FIBCR
AMPLIFIER (EDFA) ERBIUM DOPED
FIBER
(L
Fig. 1. Experimental setup for soliton transmission with & preemphasis

techaique using erbium amplificrs and repeaters. Fi.
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100 Fkm¥*% Y U F EEEER (1991)

10Gbit/s SOLITON DATA TRANSMISSION
OVER ONE MILLION KILOMETRES

M. NAKAZAWA Btk June 1991
E YAMADA
H. KUBOTA
K. SUZUKI

NTT Transmission Systems Laboratorics

Lightwave Communication Laboratory . 0P
Tokai, Ibaraki-Ken 319-11, Japan
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Fig. | Laperimental setup for circulating coded voliton trein in 510 km bosp LA
LiNGO), modulator and optical detay are for soliton reshaping and rehaming
Optical switch s for cleaning and ttiating loop

Onofl ratio of AD siich was — 4B 4 Soliton waveorms 3t SO0km with resAMSE
b S eforms over 400 thousand kilometres
ELECTRONICS LETTERS 4th July 1991 Vol 27 No. 14 « S0 chorms over ome million kilometre

Fig. T i0Gbit/s soliton data transmsssion srer ane miflion klometres
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1,800 km

3,600 km

5,400 km

RZ: Return to Zero
NRZ:Non Return to Zero
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}V Y b VBEDEE (1973-2010)

1st_generation (Ideal soliton)

*Soliton was simply described by Nonlinear Schrodinger equation with
a sech pulse

*Fiber dispersion is anomalous and constant

*Uniform amplitude soliton

*Proposed by Hasegawa and Tappert in 1973 and experimentally observed by
Mollenauer

2nd generation (Dynamic soliton)

+Soliton transmission using EDFA (Nakazawa), Dynamic soliton
Averaged soliton with amplitude and width changes

*Theoretical derivation of guiding center soliton (Hasegawa and Kodama)

3rd generation (Dispersion-managed soliton)
-Proposal for dispersion-compensated soliton (Kubota and Nakazawa)
-Dispersion-allocated soliton (Nakazawa), Dispersion-managed soliton, and

another name was a chirped Gaussian pulse with weak nonlinearity (Suzuki, Bergano)
*Stretched pulse mode-locking (Ippen, Haus, Tamura)

This dispersion-managed soliton has been commercially installed not
only in Australia (3000 km) but also in transpacific (9000 km) and

transatlantic (5500 km) submarine optical transmission systems. 21
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1S B3 (EDFA:Erbium—doped Fiber Amplifier) DHHIREFDRIE, B
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