Contents

Chinese ADSIIact...... ..o I
ENGliSN ADSIFACE ... e, I
ACKNOWIBAGEMENTS. ..o e e e e 1
(070 0] 1= 01 S T PR Vv
List Of FIQUIES. ..o e e VIl
LISt Of ACTONYIMS. .. .ottt e e e e e e e e aeaee XI
Chapter 1
Introduction
1.1 Review of gain-control erbium-doped fiber amplifiers.......................... 1
1.2 Organization of thisdisSertation..........ccooeieiee i 4
References................ o8 LRI T WS B . 5
Chapter 2
Optically Gain-Clamped Erbium-Doped Fiber Amplifiers Basics
2.1 Fundamental propertiesof EDFA...........ccoiiiiiiii e e 9
2.1.1 Emission and absorption CroSS SECHIONS...... ... vvveienieeiieie e eeeen 9
2.1.3 Linewidths and broadening..........cccccooveiiececiecie e 11
2.1.4 Spectral hole burning.......... .o 13
2.1.5 Pump sources and Configurations...........ccooeereeneeneesenseesinesseesseeeees 14
2.1.6 Principle of long-wavelength band (L-band) EDFA.............cccc..c...... 15
2.2 Gain and noise figure MeasuremMent. .. .......o.vvuveiieerieie e e e 16
2.2.1Ganand NoiSefigUIre ......coii i i e 16
2.2.2 Time domain extinction technique..............ccoo i 17
2.2.3 Noise factor of cascaded cOmponents............coovviviiiiiiiieineenn 20

v



2.3 Characteristics of all-optical gain-clamped EDFA...............ccooi e 21

2.3 L GaNrANSIBNL. ... e e e e 21

2.3.2 Choice of feedback lasing wavelength.................oooii i 22

2.3.3 Number of channelsdropped/added..............c.ccovviiiii i, 25
REFEIENCES. .. o 27
Chapter 3

Two-Sage L-Band EDFA Applying C/L-Band Wavelength-Division

Multiplexer with the Counter propagating Partial Gain-Clamping

G300 I 1 11 0o 1o i o o P PP 29
3.2Experiment............o8. ... BRI s ... ... 30
CRCH RIS T EST=TaT0 o (1S o1l S Lo o H P 30
34Summary............ m0 . R T " B 36
References................s0.. .. B e - ™ .. ceeeee e ieeernnenens 36
Chapter 4

All-optical gain-clamped wideband serial EDFA with ring-shaped
laser

g I 1 11 0o o £ o o TR 38
A (o1 1011 | 40
4.3 ResUItS AN AiSCUSSION. .. ...uuie et 41
1 0] 1 0= Y 47
REFEIENCES. .. o 49



Chapter 5
Suppression of relaxation oscillations and static power excursionsin

an optical gain-clamped EDFA using a control channel

L Y0 I 1 00T [T o 51
B 2 EXPOIIMENT. .. ..ttt e e e e e 52
5.3 RESUIS AN AISCUSSION. .. ..t ettt e e e e e e e e e e e 53
5.4 SUMIMBIY ... e et e et e e e e et e e e e et e e e e e e 56
RE B ENCES. .. .o e e e e 58
Chapter 6

(@04 [o: [U1S [0 o [STHN 59
A/ I TR A 7.7 M~ 62
Publication List...... ™% . B ' B . 63

VI



List of Figures

Fig. 1.1 Experimental setup for feedforward compensation of saturation-induced cross
talk in the fiber amplifier. The control loop adjusts the pump power in order to
maintain constant gain in the fiber amplifier with varying input signal power. AO

MOD'’s, acousto-optic modulators.

Fig. 1.2 Erbium-doped fiber amplifier with pump feedback control. 1SO: optical
isolator. O/E: optical-to-electrical converter. E/O: electrical-to-optical converter. AMP:

error amplifier.

Fig. 1.3 Experimental setup for feedback signal control. AO: acoustooptic modulator,
Fl: faraday isolator, Ge,D1,D2: germanium detector, WSC: wavelength-selective

coupler, IF: interference filter.
Fig. 1.4 Optical feedback scheme.

Fig. 1.5 Optical gain control scheme with fiber Bragg gratings.

Fig. 2.1 Erbium energy levelsin silica.

Fig. 2.2 Left: a homogeneously broadened line for a collection of ions with identical
transition frequencies and lifetime. Right: inhomogeneously broadened line made up a
collection of homogeneously broadened lines with different center frequencies and

linewidths.

Fig. 2.3 Gain saturation for a broadened line (solid line: unsaturated gain; dotted line:
saturated gain in the presence of a strong signal). Left: gain saturation for a
homogeneously broadened line. Right: gain saturation for an inhomogeneously
broadened line (the spectral position of the narrow band strong signal is indicated by

the arrow).
Fig. 2.4 Schematic diagram of 1.58-pum band amplification.

Fig. 2.5 Time-domain extinction method for amplifier ASE measurement. (a) Signal
is setting amplifier saturation state. (b) Signal disconnected, OSA measures ASE.

Fig. 2.6 Signal and ASE diagrams for domain extinction method for amplifier. (a)
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Low frequency regime. (b) High frequency regime.

Fig. 2.7 (@) Dynamic gain and noise figure measurement setup. (b) Measurement with

a saturation wavelength of 1550 nm.
Fig. 2.8 Cascade of optical amplifiers leading to an accumulation of ASE.

Fig. 29 Amplified signas showing the gain saturation and recovery during pulse
amplifications. The pump power is 210 mW, the saturating pulse power is 34.4 W at
1531 nm, and the cw pulse signal signal 3.48 pW at 1537.5 nm.

Fig. 2.10 Transient response of surviving channel output power to dropping/adding
seven of eight channels. (a) The amplifier operated at 15 dB gain compression, the
lasing wavelength is 1532 nm, (b) the same as (a) except that the lasing wavelength is
1540 nm, and (c) the same as (a) except that the lasing wavelength is 1555 nm.

Fig. 2.11 Transient response of surviving channel output power when 4 and 7

channels are switched, respectively.

Fig. 2.12 Simulation results corresponding to the experimental results shown in Fig.
2.11.

Fig. 3.1 Schematic diagram of the proposed two-stage gain-clamped L-band EDFA.
Fig. 3.2 Gain spectrum of L-band signals between input port and M in the Fig. 3.1.

Fig. 3.3 Spectrum of insertion loss measured from C-port to common port of
C/L-band WDM.

Fig. 3.4 Spectrum of counterpropagating ring laser when -20 dBm input signa at
1584.5 nm and the 1.5 dB attenuation are applied.

Fig. 3.5 Output spectrum of proposed two-stage gain-clamped EDFA when -20 dBm
input signal at 1584.5 nm and the 1.5 dB attenuation are applied.

Fig. 3.6 Dependence of gain and noise figure on input power for -20 dBm input probe

at 1584.5 nm between input port and output port in the Fig. 3.1.

Fig. 3.7 Gain-clamped effects for all L-band channelsin our configuration.
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Fig. 4.1 Configurations of the proposed gain-clamped wideband EDFA with the
ring-shaped | aser.

Fig. 4.2 Characteristics of the first C/L-band WDM.

Fig. 4.3. C-probe gains and lasing powers at point A against C-band input powers for
FBG-1 and FBG-2 as L-sat. toneisfixed at -4dBm.

Fig. 4.4(a) Optical gain spectra of 1547 nm as a function of the C-band and L-band
input powers for the un-clamped amplifier.

Fig. 4.4(b) Optical gain spectra of 1584 nm as a function of the C-band and L-band
input powers for the un-clamped amplifier.

Fig. 4.5(a) Optical gain spectra of 1547 nm as a function of the C-band and L-band
input powers for the proposed amplifier with FBG-1.

Fig. 4.5(b) Optical gain spectra of 1584 nm as a function of the C-band and L-band
input powers for the proposed amplifier with FBG-1.

Fig. 4.6(a) Optical gain spectra of 1547 nm as a function of the C-band and L-band
input powers for the proposed amplifier with FBG-2.

Fig. 4.6(b) Optical gain spectra of 1584 nm as a function of the C-band and L-band
input powers for the proposed amplifier with FBG-2.

Fig. 4.7(a) Noise figure spectra of 1547 nm as a function of the C-band and L-band
input powers for the proposed amplifier with FBG-2.

Fig. 4.7(b) Noise figure spectra of 1584 nm as a function of the C-band and L-band
input powers for the proposed amplifier with FBG-2.

Fig. 4.8(@) Transient responses of C-surviving channel output powers to
adding/dropping C- and L-sat. tones with -5, -8 and -11 dBm.

Fig. 4.8(b) Transient responses of L-surviving channel output powers to
adding/dropping C- and L-sat. tones with -5, -8 and -11 dBm.



Fig. 5.1 Schematic diagram of the proposed gain-clamped EDFA. C: coupler. PD:
photodiode. LD: laser diode. Cir: circulator. VOA: variable optical attenuator. OF:
optical filter.

Fig. 5.2 Amplified spontaneous emission spectrum of EDFA in the Fig. 5.1. It is noted
that an optical attenuator of 2.6dB is used in the front of optical spectrum analyzer.

Fig. 5.3 Input signals with and without the extra control channel are measured at
position A in the Fig. 5.1. The power excursions result from 31 channels (-2 dBm
saturating tone at 1554 nm) modulation at 1kHz.

Fig. 5.4 Transient responses of (a) 1531.9 nm and (b) 1548.5 nm surviving channel
output power to dropping/adding 31 of 32 channels when the optical feedback laser
wavelength is 1529 nm.

Fig. 5.5 Transient responses of (a) 1531.9 nm and (b) 1548.5 nm surviving channel
output power to dropping/adding 31 of 32 channels when the optical feedback laser
wavelength is 1546 nm.
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EDF
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L-band
LD

NF
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SNR
SSE
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VOA
WDM
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Automatic gain control
Acoustooptic modul ator
Amplified spontaneous emission
Circulator

Conventional band

Erbium doped fiber

Erbium doped fiber amplifier
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