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resumo 
 

 

Nesta tese é feito um estudo sobre amplificadores de fibra ótica no 
contexto de redes óticas transparentes e dinâmicas. 
 
Propomos e validamos um modelo simplificado para estimar o perfil do 
ganho e do ruído de emissão espontânea amplificada (ASE), para 
amplificadores de Raman (RFAs) contra propagantes. O modelo 
proposto requer baixos recursos computacionais e é adequado para ser 
usado em ferramentas de planeamento da rede. Com base no modelo 
proposto, apresentamos também um algoritmo com requisitos 
computacionais baixos para desenhar RFAs contra propagantes com 
ganho constante para a banda C estendida. 
 
Verificamos experimentalmente que um RFA contra propagante com 
reflexo da potência da bomba devido à adição/remoção de canais 
apresenta uma resposta transiente mais elevada, quando comparado 
com um RFA contra propagante convencional. Isto torna esta 
configuração inadequada para redes óticas transparentes e dinâmicas. 
Para mitigar a resposta transitória devido à adição/remoção de canais, 
um sistema de controlo do ganho baseado na monitorização da 
potência da bomba refletida é proposto e validado numérica e 
experimentalmente. Seguindo esta abordagem, um RFA contra 
propagante eficiente e de baixo custo adequado para redes óticas 
dinâmicas é proposto. 
 
A dependência da resposta dinâmica dos amplificadores de fibra 
dopada com érbio (EDFAs) em função do comprimento de onda da 
bomba, da potência da bomba e da temperatura devido ao spectral hole 
burning (SHB) e site dependent pumping (SDP) é investigada 
experimentalmente. Nos resultados obtidos é mostrada a dependência 
da resposta dinâmica em função do comprimento de onda da bomba, 
para amplificadores bombeados em torno de 1480 nm. Para explicar 
esta dependência, o impacto do SDP no desempenho de EDFAs 
bombeados em comprimentos de onda em torno de 1480 nm é 
investigado, tanto experimental como numericamente. Como resultado, 
um modelo mais completo, incorporando o efeito SDP para EDFAs de 
dois níveis é derivado e validado experimentalmente. 
 

  





  

keywords 

 
Transparent optical networks, Wavelength division multiplexing (WDM), 
Raman fiber amplifiers (RFAs), Raman scattering, Transient effect, 
Erbium-doped fiber amplifiers (EDFAs), Spectral hole burning (SHB), 
Site dependent pumping (SDP).  

abstract 

 
In this thesis a study of optical fiber amplifiers in the context of 
transparent and dynamic optical networks is performed. 
 
We propose and validate a simplified model to estimate the gain profile 
and amplified spontaneous emission (ASE) noise of broadband counter-
pumped Raman fiber amplifiers (RFAs). The proposed model requires 
very low computational resources and it is suitable to be used in 
network planning tools. Based on the proposed model, we also present 
an algorithm to design flat gain counter-pumped RFAs for the extended 
C-band with low computational requirements. 
 
We experimentally verify that the pump-reflecting RFA presents a higher 
transient response due to channels add/drop, when compared to the 
conventional counter-pumped RFA. This makes this amplifier 
configuration unsuitable for transparent and dynamic optical networks. 
To mitigate the transient response due to channel add/drop, a pump-
controlled gain-locked system based on the monitorization of the 
reflected pump power is proposed and validated numerically and 
experimentally. Following this approach, an efficient low-cost RFA 
suitable for dynamic optical networks is proposed. 
 
The dependence of the dynamical response of erbium-doped fiber 
amplifiers (EDFAs) on the pump wavelength, pump power, and 
temperature due to spectral hole burning (SHB) and site dependent 
pumping (SDP) is experimentally investigated. A dependence of the 
dynamic response on the pump wavelength, for amplifiers pumped 
around 1480 nm, is shown. In order to explain this dependence, the 
impact of SDP on the performance of EDFAs pumped at wavelengths 
around 1480 nm is investigated, both experimentally and numerically. 
As a result, an improved model incorporating the SDP effect for two-
level EDFAs is derived and experimentally validated. 
. 
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Ī980
l Average photon flux divided by the saturation parameter of the pump

centered at 980 nm
i Ions sub–ensemble index
k, j, s Signal index
kB Boltzmann’s constant
Keff Polarization factor between pumps and Stokes signals
L Fiber length
Leff Effective length
M Total number of signals
m Polarization degrees of freedom
N1, N2, N3 Atomic population densities of laser system levels one, two, and three
n3 Variations on the third–level
n2 Variations on the second–level
N̄3 Average population probability of the third–level
N3,i Population probability for the third–level for the ion sub–ensemble i
N̄2 Average population probability of the second–level
N2,i Population probability for the second–level for the ion sub–ensemble i
Ntot Total number of wavelengths in the amplifiers
n Time index
n±sp Noise generation
Np Total number of pump wavelengths
Ns Total number of signal wavelengths
NASE Total number of ASE noise wavelengths
P+, P− Optical power in the forward or backward direction
P±in Input power
P±out Output power

vii



viii List of Acronyms

Pp Pump power
Ps Signal power
Ps,OFF Signal output power without amplification
Ps,ON Signal output power with amplification
S Total number of fiber sections
S1 Continuous wave signal
S2 Modulated signal
T Absolute temperature
t Time instant
uk Propagation direction
vg Group velocity
z Coordinate along the amplifier

Greek
α Attenuation coefficient
αs Fiber attenuation at the signal wavelength s
Γ14xx Correlation matrix between the pump wavelengths around 1480 nm and

signals wavelengths
Γ9xx Correlation matrix between the pump wavelengths around 980 nm and

signals wavelengths
Γs Correlation matrix between signals
γ Rayleigh backscattering coefficient
∆ν Effective noise bandwidth
∆t Time interval
∆z Length of the fiber section
∆N3,i Variation of the population probability of the third–level
∆N2,i Variation of the population probability of the second–level
ν, ς Optical channels frequencies
σai Giles parameters for the absorption of ion sub–ensemble i
σ̄a Average Giles parameters for the absorption of the fiber
σei Giles parameters for the emission of ion sub–ensemble i
σ̄e Average Giles parameters for the emission of the fiber
σ̄ESA ESA absorption
τ2 Lifetime of the second energy level
τ3 Lifetime of the third energy level
ξ Deviation function
ζ Saturation parameter



List of Figures

2.1 Schematic diagram of an optical transmission link with amplification
elements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2 RFA pump configurations: a) co–pumped; b) counter–pumped; c) bidi-
rectional. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3 EDFA single stage configurations: a) co–pumped; b) counter–pumped;
c) bidirectional. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.4 EDFA double stage configuration. . . . . . . . . . . . . . . . . . . . . . 22

2.5 Schematic diagram of the energy levels representing the Raman scat-
tering resulting on the emission of a Stokes photon and an anti–Stokes
photon. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.6 Experimental setup used to measure the amplifier On/Off gain. . . . . 27

2.7 On/Off gain measured for the system presented in Fig. 2.6. The symbols
represent the measured On/Off gain; the line represents the simulation
results; the arrows represent the pumps power. . . . . . . . . . . . . . . 28

2.8 Experimental setup used to measure the amplifier ASE noise. . . . . . . 29

2.9 Output ASE noise power measured for the system presented in Fig. 2.8.
The crosses represent the measured ASE noise power; the dashed line
represents the simulation results. . . . . . . . . . . . . . . . . . . . . . 29

2.10 Experimental setup used to measure the transient effect of a counter–
pumped RFA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.11 Gain deviation of the channel centered at 1551 nm as function of time
when one channel is added/dropped: experimental (line) and simulation
(dashed line) results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.12 Energy level structure of Er3+ in glass fiber host. EDF can be pumped
either at 980 nm or at 1480 nm. . . . . . . . . . . . . . . . . . . . . . . 33

2.13 Giles parameters for the absorption and emission for the erbium–doped
fiber (EDF) MP980 [54] measured by the hosting company. . . . . . . . 34

2.14 Correlation matrix between signals, Γs(j,k). Max(white) = 0.304 and
min(black) = -0.037. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

ix



x LIST OF FIGURES

2.15 Schematic diagram of the experimental setup used to measure the ASE
noise profile for different pump wavelengths and powers. . . . . . . . . 45

2.16 SDP spectrum of different pump wavelengths with the same gain for the
reference signal, considering a spectral resolution of 0.05 nm. . . . . . . 45

2.17 SDP correlation matrix, Γ9xx(l, j), between pump wavelengths and sig-
nal wavelengths. The Γ9xx(l, j) comprises values in between 0.004 (white)
and the maximum 0.15 (black). . . . . . . . . . . . . . . . . . . . . . . 46

2.18 Schematic diagram of the experimental setup implemented to measure
the dynamic response of the erbium–doped fiber amplifier (EDFA). . . 47

2.19 a) Power excursions of the surviving channel for different pump wave-
lengths, when switching from the red subband to the blue subband; b)
Power excursions for the surviving channel for an EDFA pumped at
976 nm with different input channel spacing, when switching from the
red to the blue subband (on the left) and from the blue to the red sub-
band (on the right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.1 Experimental setup used to measure the amplifier On/Off gain. For each
used configuration, the pump wavelengths not used are marked with a
“X”. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.2 On/Off gain measurements and comparison with numerical models for
a counter–pumped RFA with four pumps and a total pump power of
745 mW: experimental measurements (crosses); detailed numerical re-
sults (full line); undepleted pump model (dotted line); linear regression
of the detailed numerical model (dashed line); linear regression of the
undepleted pump model (dashed and dotted line). Inset refers to the
pump wavelengths and pump powers of the RFA. . . . . . . . . . . . . 62

3.3 On/Off gain measurements and comparison with numerical models for
a counter–pumped RFA with four pumps and a total pump power of
745 mW: experimental measurements (crosses); detailed numerical re-
sults (full line); weighted undepleted pump model (dotted line); linear
regression of the detailed numerical model (dashed line); linear regres-
sion of the weighted undepleted pump model (dashed and dotted line),
when adjusting the tilt. . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4 On/Off gain measurements and comparison with numerical models for
a counter–pumped RFA with four pumps and a total pump power of
745 mW: experimental measurements (crosses); detailed numerical re-
sults (full line); weighted undepleted pump model (dotted); linear re-
gression of the detailed numerical model (dashed line); linear regression
of the weighted undepleted pump model (dashed and dotted line), when
adjusting the tilt and offset. . . . . . . . . . . . . . . . . . . . . . . . . 67

3.5 Dint as a function of the total input power for a RFA with two and three
pumps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68



LIST OF FIGURES xi

3.6 On/Off gain measurements and comparison with numerical models for
a counter–pumped RFA with four pumps and a total pump power of
745 mW: experimental measurements (crosses); detailed numerical re-
sults (full line); WAE (dotes); linear regression of the detailed numerical
model (dashed line); linear regression of the WAE (dash and dot line). . 70

3.7 On/Off gain measurements and comparison with numerical models for
a counter–pumped RFA configuration 2 with a total pump power of
612 mW: experimental measurements (crosses); detailed numerical re-
sults (full line); undepleted pump model (dotted line); weighted unde-
pleted pump model based on comparison with experimental or detailed
numerical simulation, WBC (dashed line); weighted undepleted pump
model based on analytical expressions, WAE (dashed and dotted line).
Inset refers to the pump wavelengths and pump powers of the RFA. . . 71

3.8 On/Off gain measurements and comparison with numerical models for
a counter–pumped RFA configuration 3 with a pump power of 760 mW:
experimental measurements (crosses); detailed numerical results (full
line); undepleted pump model (dotted line); weighted undepleted pump
model based on comparison with experimental or detailed numerical
simulation, WBC (dashed line); weighted undepleted pump model based
on analytical expressions, WAE (dashed and dotted line). Inset refers
to the pump wavelengths and pump powers of the RFA. . . . . . . . . 72

3.9 MAE of the On/Off gain for the different models for configurations 1, 2
and 3, when compared with experimental results. . . . . . . . . . . . . 73

3.10 MAE between the On/Off gain obtained with the UPM, WBC and WAE,
when compared with the detailed numerical model (DNM), for different
transmission distances for configuration 1, see Table 3.1. . . . . . . . . . 74

3.11 MAE between the On/Off gain obtained with the undepleted pump
model, WBC and WAE, when compared with the DNM, for different
total input pump powers for configuration 1 and configuration 4, see
Table 3.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.12 ASE noise measured and estimated based on the undepleted pump model
(UPM) and on WAE for the amplifier of configuration 1. . . . . . . . . 76

3.13 a) Input signal power considered in trial 8. b) Simulated Gsignals at the
end of the transmission link of trial 8. . . . . . . . . . . . . . . . . . . 82

3.14 a) Estimated On/Off gain using the WAE model for trial 8. b) Reference
and estimated On/Off gain of the transmission link, trial 8. . . . . . . 82

3.15 Output signal power obtained with the reference numerical model and
estimated using the WAE model for trial 8. . . . . . . . . . . . . . . . 83

3.16 a) Input ASE noise power of trial 8; b) Output ASE noise power of trial
8 obtained with the reference numerical model and estimated using WAE. 84

3.17 Manual adjustment of αadj for the SSMF for the trial of Table 3.6. The
line represent linear regression on the values αadj for trial 1, 2, 3, and 4. 86



xii LIST OF FIGURES

3.18 a) ASE noise output power of trial 8 obtained with the improved ASE
noise model and the reference numerical model; b) OSNR at the end of
the transmission link of trial 8 obtained with the simplified model and
the reference numerical model. . . . . . . . . . . . . . . . . . . . . . . 87

3.19 On/Off gain as function of the signal wavelength obtained for RFA using
the GA with the APA model. The pump powers and wavelengths used
are also shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

3.20 On/Off gain as function of the signal wavelength obtained for RFA us-
ing the GA with the simplified model, WAE, and the comparison with
the gain given by the APA model using the same pump powers and
wavelengths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.1 Schematic diagram of the 1) pump–reflecting Raman fiber amplifier
(RFA), and 2) conventional counter–pumped RFA. . . . . . . . . . . . 103

4.2 Schematic diagram of the experimental setup implemented to measure
the amplifier On/Off gain of 1) the counter–pumped RFA, 2) the pump–
reflecting RFA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.3 Experimental measurements of the On/Off gain of the amplifier with
and without the pump reflection. . . . . . . . . . . . . . . . . . . . . . 105

4.4 Experimental setup for measuring the transient effect of the amplifier
with and without the pump reflection. . . . . . . . . . . . . . . . . . . 105

4.5 a) Surviving channel gain deviations as function of time when the sig-
nal S2 is add/drop, considering a counter–pumped RFA or a pump–
reflecting RFA; b) Reflected pump power deviations as function of time,
due to channel add/drop, at the output of the circulator. . . . . . . . . 106

4.6 a) Counter–pumped and b) co–pumped schematic diagram of a RFA
with a FBG to reflect the unused pump power. . . . . . . . . . . . . . . 107

4.7 On/Off gain for a counter–pumped RFA amplifier (Fig. 4.6(a)), with and
without the FBG, as function of the input signal power for the channel
centered at 1550 nm; LSMF = 40 km;λp = 1450 nm; λs = 1550 nm. . . 109

4.8 Improvement in the On/Off gain between the amplifier with and without
a FBG, as function of the fiber length. λp = 1450 nm; Pp,in = 600 mW;
λs = 1550 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.9 Gain deviation of the surviving channel as function of time, when 2 out
of 3 channels are added/dropped. LSMF = 40 km; λp = 1450 nm; λs =
1550, 1551, 1552 nm; Ps,in = 0 dBm/channel. . . . . . . . . . . . . . . 111

4.10 Surviving channel, S1, gain deviation as function of time, when 2 out of
3 channels are added/dropped, in co–pumped schemes. LSMF = 40 km;
λp = 1450 nm; λs = 1550, 1551, 1552 nm; Ps,in = 0 dBm/channel. . . . 112



LIST OF FIGURES xiii

4.11 Gain deviation of the reflected pump power at the opposite side of the
pump as function of time for the counter–pumped RFA and co–pumped
RFA, Fig. 4.6(a) and Fig. 4.6(b) respectively, when the last 2 out of 3
channels are added/dropped. LSMF = 40 km; λp = 1450 nm; λs = 1550,
1551, 1552 nm; Ps,in = 0 dBm/channel. . . . . . . . . . . . . . . . . . . 113

4.12 Reflected pump power for a RFA counter–pumped with 625 mW of pump
power and with a FBG and a RFA co–pumped with 635 mW of pump
power with a FBG, Fig. 4.6(a) and Fig. 4.6(b), respectively, as function
of the signal input power. LSMF = 40 km; λp = 1450 nm; λs = 1550 nm. 114

4.13 Surviving channel gain deviation as function of time, when 2 out of 3
channels are add/drop, when scenarios a) pumped with 300 mW, (b)
pumped with 600 mW, and (c) pumped with 800 mW considering. The
two pumping schemes in each scenario have approximately the same
On/Off gain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.14 Surviving channel gain deviation for a distance of 40 km, 60 km and
80 km, as function of time, when 2 out of 3 channels are add/drop. The
two pumping schemes for each distance have approximately the same
On/Off gain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.15 Schematic diagram of pump–reflecting RFA with transient control. . . . 116

4.16 Surviving channel gain deviation as function of time of a counter–pumped
RFA with a FBG, with and without the pump–control gain–clamping
technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.17 Experimental setup used to measure and control the transient effect of
a pump–reflecting counter–pumped RFA. . . . . . . . . . . . . . . . . . 119

4.18 a) Surviving channel gain deviation at the oscilloscope in a channel drop
scenario, when the feedback control loop coefficientKc is equal to 1.5 and
Kd is equal to 0; b) Surviving channel gain deviation at the oscilloscope
in a channel drop scenario, when the feedback control loop coefficient
Kc is equal to 0.97 and Kd is equal to 0.34. . . . . . . . . . . . . . . . . 120

4.19 Experimental results of the surviving channel gain deviation as function
of time of a counter–pumped RFA, with and without the pump–control
gain clamping technique channel add/drop. . . . . . . . . . . . . . . . . 121

5.1 Experimental setup used for characterization of the dynamical properties
of SHB and SDP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.2 Measurement results showing gain variations induced by SHB and SDP
for different pump wavelengths. Details of the curves within the first
2 ms are illustrated in the inset. . . . . . . . . . . . . . . . . . . . . . . 131

5.3 Distribution of the inversion along the EDF length for the two switch
positions. Gray curves show intermediate distributions during the tran-
sient event. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132



xiv LIST OF FIGURES

5.4 Gain variations originating from the redistribution of the inversion along
the axis of the EDF and the intermediate total input power drop (sim-
ulation results without SHB and SDP). The inset shows the non–ideal
switching from the red subband to the blue subband. . . . . . . . . . . 133

5.5 Gain variations for different pump powers at 1480 nm. Solid curves
represent experimental data, whereas dashed curves show simulations
results without SHB and SDP. In the legend, the used pump power, as
well as the resulting amplifier gain, are indicated for each curve. . . . . 134

5.6 Experimental setup used for characterization of the dynamical response
of SHB and SDP at different temperatures. . . . . . . . . . . . . . . . . 135

5.7 Measurement results showing gain deviations induced by SHB and SDP
at different temperatures for an EDF pumped at 1480 nm (left side,
two energy levels involved) and 980 nm (right side, three energy levels
involved). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.8 The left side plot indicates the maximum magnitude of gain deviations
versus temperature for an EDF pumped at 980 nm and 1480 nm, respec-
tively. The right side plot shows the deviation of the maximum magni-
tude of the gain deviation of each measurement regarding the maximum
magnitude measured at 24◦C. . . . . . . . . . . . . . . . . . . . . . . . 137

5.9 ASE noise spectra measured for pumps placed at 1435 nm, 1455 nm,
1470 nm, 1480 nm and 1490 nm, considering a spectral resolution of
0.05 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.10 SDP correlation matrix, Γp(k,p), between pump wavelengths p and sig-
nal wavelengths k. The Γp(k,p) comprises values in between 0.0005
(white) and 0.0783 (black). . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.11 Experimental setup implemented to measure the power excursion of the
surviving channel due to the variation of the input signal spectrum in a
co–pumped EDFA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.12 Power excursion of the surviving channel at the output of the EDF
pumped at 1480 nm, 1470 nm and 1490 nm due to the transition from
the red channel to the blue channel and vice–versa. Solid lines repre-
sent experimental data, whereas dotted lines illustrate simulation results
without considering the SHB and SDP effects. Dash–dotted lines show
simulation results when considering the SHB effect only, whereas dashed
lines mark simulation results including SHB and SDP. . . . . . . . . . . 145

5.13 Power excursion of the surviving channel at the output of the EDF
pumped at 1480 nm, due to the transition from the red channel to the
blue channel, for blue channel powers of 2 dBm, 0 dBm, and -2 dBm.
Solid lines represent experimental data; dotted lines illustrate simulation
results without considering the SHB and SDP effects; dash–dotted lines
show simulation results when considering the SHB effect; dashed lines
visualize simulation results considering the SHB and SDP effects. . . . 146



LIST OF FIGURES xv

5.14 Experimental setup used to measure the power excursion of the surviving
channel due to the variation of the input signal spectrum in an EDFA
configuration with counter–propagating pump. . . . . . . . . . . . . . . 147

5.15 Maximum power excursion of the surviving channel at the output of the
EDF pumped at 1480 nm, for the transition from the blue channel to the
red channel for different gains. Squares are used for experimental data;
inverted triangles indicate simulation results neglecting SHB and SDP;
rhombuses stand for simulation results when considering the SHB effect
only; circles illustrate simulation results when considering the SHB and
SDP effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.16 Power excursion of the surviving channel at the output of the EDF
pumped at 1480 nm, due to the transition from the red channel to the
blue channel and vice–versa. Solid lines represent experimental data,
dotted lines stand for simulation results neglecting SHB and SDP, the
dash–dotted lines represent simulation results when considering the SHB
effect only, and, finally, dashed lines illustrate simulation results taking
into account SHB and SDP. . . . . . . . . . . . . . . . . . . . . . . . . 149

5.17 a) Schematic diagram of the input channel profiles before and after the
event for scenario 1) and scenario 2); b) Schematic diagram of the input
channel profiles before and after the channel drop. c)Schematic diagram
for an ideal power transient control system. At the add/drop event the
pump power is instantly adjusted to maintain the gain of the surviving
channels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

5.18 a) Power excursions for the surviving channel at the output of the EDFA
for scenario 1) pumped at 980 nm and 974 nm; and scenario 2) pumped
at 980 nm and 974 nm; b) Power excursions for the surviving channel at
the output of the EDFA pumped at 980 nm and 974 nm for the different
channel profiles: scenario 1); scenario 2); scenario 3). . . . . . . . . . . 151

5.19 Maximum overshoot and minimum undershoot for the scenarios 2) and
3) pumped at 980 nm as function of the surviving channel gain. . . . . 152



xvi



List of Tables

3.1 Pump wavelengths and input pump powers of the different RFA config-
urations. In configuration 4, the input pump powers of the two pumps
are always increased by the same amount. . . . . . . . . . . . . . . . . 62

3.2 Processing time, in milliseconds (ms), of the models in an Intel T5500
processor at 1.66 GHz with 2 GB of RAM. . . . . . . . . . . . . . . . . 74

3.3 System losses due to the insertion of the RFA. . . . . . . . . . . . . . . 77

3.4 Pump wavelengths and maximum powers of the considered RFA. . . . . 78

3.5 SSMF and LEAF characteristics, gr correspond to the peak Raman
gain coefficient and the attenuation is referred to a wavelength around
1550 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.6 Trial number and parameters used, when considering a SSMF with a
counter–pumped RFA with 10 dB of On/Off gain. . . . . . . . . . . . . 80

3.7 Trial number and parameters used, when considering a LEAF with a
counter–pumped RFA with 13 dB of On/Off gain. . . . . . . . . . . . . 81

3.8 Pump powers used for trial 8 with provide a On/Off gain around 13 dB
gain for the LEAF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.9 Maximum deviations of the output signal power between the reference
numerical simulations and the WAE model for a SSMF transmission
system with a counter–pumped RFA with 10 dB gain. . . . . . . . . . . 83

3.10 Maximum deviations of the output signal power between the reference
numerical simulations and the WAE model for a LEAF transmission
system with a counter–pumped RFA with 13 dB gain. . . . . . . . . . . 84

3.11 Maximum deviations of the ASE noise output power between the ref-
erence numerical simulations and the WAE for a SSMF transmission
system with a counter–pumped RFA with 10 dB gain. . . . . . . . . . . 85

3.12 Maximum deviations of the ASE noise output power between the ref-
erence numerical simulations and the WAE for a LEAF transmission
system with a counter–pumped RFA with 13 dB gain. . . . . . . . . . . 85

xvii



xviii LIST OF TABLES

3.13 Maximum deviations for the ASE noise output power between the refer-
ence numerical simulations and the WAE with improved ASE noise es-
timation for a SSMF transmission system with a counter–pumped RFA
with 10 dB gain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.14 Maximum deviations for the ASE noise output power between the refer-
ence numerical simulations and the WAE with improved ASE noise es-
timation for a LEAF transmission system with a counter–pumped RFA
with 13 dB gain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.15 OSNR maximum deviation and medium absolute error between the nu-
merical simulations and the WAE model for a SSMF transmission system
with a counter–pumped RFA with 10 dB gain. . . . . . . . . . . . . . . 89

3.16 OSNR maximum deviation and medium absolute error between the nu-
merical simulations and the WAE model for a LEAF transmission system
with a counter–pumped RFA with 13 dB gain. . . . . . . . . . . . . . . 89

3.17 OSNR maximum deviation and MAE between the reference numerical
simulations and the WAE model for a SSMF transmission system with
a counter–pumped RFA with 10 dB gain. . . . . . . . . . . . . . . . . . 90



Chapter 1

Introduction

Fiber optic communication networks revolutionized the telecommunications indus-
try. The use of optical fiber cables enhances the transmission distance between

optical–electrical–optical (OEO) regenerators and enables much higher data rates com-
pared to copper or wireless based networks, due to the useful transmission bandwidth
of the optical fiber. The transmission bandwidth of the fiber is usually located between
1520 nm and 1570 nm, due to a reduced fiber attenuation at these wavelengths. Op-
tical fiber amplifiers, such as erbium–doped fiber amplifiers (EDFAs) and Raman fiber
amplifiers (RFAs) [1, 2], are a key technology to enable long transmission distances
without OEO regeneration [3, 4]. However, due to the fact that signals may have
to travel distances up to a few thousands of kilometers and through several cascaded
amplifiers, optical fiber amplifiers have to be carefully designed, in order to provide
low noise [5]. Optical fiber amplifiers are independent of the modulation format and
allow the simultaneous amplification of several optical signals [6]. In a transparent
optical network, these optical signals are transported entirely in the optical domain,
via all–optical channels called lightpaths, thus avoiding some disadvantages commonly
attributed to OEO regenerators, such as high cost, and limited upgradeability and
scalability of the network [7–9]. With the development and implementation of recon-
figurable optical add/drop multiplexers (ROADMs), optical networks became dynamic
networks, allowing the add/drop of channels at the network node. Despite the ad-
vantages in terms of network management, this feature raises new challenges on the
amplifier design and construction.

This chapter is organized as follows. In Section 1.1, it is given an overview of
key concepts regarding transparent and dynamic optical networks. In Section 1.2,
the motivation for this thesis is explained. Following, in Section 1.3, the objectives
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of this thesis are presented. In Section 1.4, the thesis outline is described. The main
achievements of this thesis are presented in Section 1.5. In Section 1.6, the publications
in the context of this thesis are listed.

1.1 Transparent and Dynamic Optical Networks

Comparing the different fiber optic communication technologies available, transparent
networks based on wavelength–division multiplexing (WDM) are considered to be the
most promising solution to support the exponential growth of required bandwidth at
relatively low cost [9, 10]. A transparent optical network is composed by optical fiber
links carrying a large number of WDM channels. Each channel can be modulated at a
very high data rate [11], and the amplification of WDM channels is done using optical
fiber amplifiers. In a transparent optical network, the network nodes do not need to
process every channel. Therefore, the node can be transparent to the content of the
channel, thus allowing the coexistence of different technologies, such as modulation
formats [9]. For this reason, an increase in the number of channels, or in the channel
data rate, will not have a significant impact on the cost of the network, which improves
the scalability and upgradeability of the network [8]. On the other hand, due to the
reduction of the OEO devices for optical channels regeneration at the network nodes,
the reach of the system is limited by the signal quality [12, 13].

The combination of reconfigurable systems such as ROADM [8], tunable lasers
and receivers, and automatic processes, such as software defined Networks (SDN) [14],
allows the optical network to become dynamic, improving the capacity to respond to
the variation of traffic demands for emerging services. The inclusion of these systems
in optical networks implies the introduction of additional or more sophisticated devices
to manage the optical layer and the lightpath routing. Nevertheless, it was shown that
transparency can lead to a reduction of the capital expenditures (CapEx) [10]. As an
example, it is possible to decrease the network cost by sharing expensive resources of
the optical network, such as optical regenerators. In a transparent and dynamic optical
network, it is possible to automatically assure the survivability of the network if one or
more failures occur on the optical layer. In a near future, it will be possible to change
the network configuration without any human interventions and, consequently, reduce
its operational expenditures (OpEx) [10].

Enabled by the all–optical transmission and the development and implementa-
tion of ROADMs at the network nodes, transparent and dynamic optical networks
can remotely reroute optical lightpaths. As a result of this feature, frequent channels
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add/drop occur at the network nodes, changing the number of lightpaths at a given
transmission link over time. Due to these add/drop events and to the non–ideal dy-
namic properties of optical fiber amplifiers, gain variations can be transfered to other
wavelengths that are not directly affected by the switching operations [15, 16]. Thus,
even surviving channels, i.e. channels not involved directly in the switching operations,
can suffer from gain fluctuations, also known as transient effects, at the output of the
amplifier stage. This fact can lead to a degradation of the signal quality at the receiver
side [17]. In addition, gain fluctuations can accumulate and become critical in a cascade
of amplifiers [18]. Therefore, even a small gain variation can result in significant power
changes at the receivers [19], which can have influence on the system performance [20].
The impact of the transient on signal quality has resulted in the development of several
mitigation techniques [21–24].

1.2 Motivation

The main motivation of this thesis is to analyze and improve models for optical fiber
amplifiers in optical transmission systems in terms of accuracy and computational
speed. This is an interesting topic from a scientific and a commercial point of view,
since optical amplification is one of the key enablers of long haul transmission. In
fact, this thesis was done in collaboration with a hosting company focused on the
development of optical communication systems.

Transparent and dynamic optical networks require accurate planning tools to op-
timize network resources and routing of the lightpaths in real time. In order to provide
accurate results, the network planning tool needs to correctly describe the signal degra-
dation [25]. However, system modeling is not an easy task since an accurate description
of the system can imply a huge computational effort. This is not compatible with a
planning tool that needs to provide results in a short time. For this reason, simpli-
fied models, which trade off accuracy for computation speed, need to be developed
and implemented. In one of the official planning tools for the physical layer from the
hosting company, when considering the use of RFAs in the transmission system, the
models to estimate the gain and noise figure are based on lookup tables for each fiber
type, which were created based on experimental validation. However, the output sig-
nal power and optical signal–to–noise ratio (OSNR) obtained with this method may
present some inaccuracies due to the fact that the gain of the amplifier is not entirely
flat, and depends on several parameters, like pump and signal powers and fiber type.
Moreover, connectors and splices also change the input pump power, which can affect
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the gain of the amplifier. Therefore, as the number of transmission links with RFAs
increases, it is necessary to develop and implement high accuracy models requiring low
computational effort for the gain and amplified spontaneous emission (ASE) noise, in
order to provide reliable results in a short time interval.

Given the extensively growing demand for capacity, the amount of electrical power
required to operate optical networks cannot be overlooked. For this reason, future com-
munication networks should have the ability to support an enormous amount of band-
width in an energy efficient way. The information and communication technology (ICT)
sector already consumes around 8% of the total worldwide electrical power [26]. Con-
sidering that optical networks play an important role in the ICT, it is understandable
that their power consumption cannot be ignored. The reduction of power consumption
in optical networks can be addressed at different levels such as network, applications,
transmission, and components [26, 27]. When considering RFAs, there are some solu-
tions to increase the power consumption efficiency, such as reflecting the pump power
back into the amplifier [28, 29] or hybrid amplification. However, those solutions have
to be compatible with dynamic networks, meaning that the dynamic response due to
channel add/drop has to be similar or smaller than the conventional configuration.
Therefore, a thorough understanding of the transient effects and efficient mitigation
techniques is required, in order to minimize the transient response of an amplifier or
an amplifier stage in an add/drop event.

In a WDM transmission link amplified with EDFAs, power fluctuations of the
surviving channels due to channel add/drops will occur at the output of the EDFAs.
These power fluctuations arise due to total input power variation [30, 31] and are en-
hanced due to the presence of spectral hole burning (SHB) [32] and site dependent
pumping (SDP) [33, 34]. The SHB and SDP are rather small effects in a single EDFA,
however, they can produce a significant signal power fluctuation at the end of the
transmission link, when cascaded in several EDFAs. In fact, some tests performed at
the hosting company showed that this effect is quite complex and difficult to predict.
Moreover, these dynamic effects cannot be easily mitigated by the control systems
currently implemented in amplifiers or in the network. Thus, in order to predict and
optimize the overall system performance under different operational scenarios, numer-
ical models used to describe the EDFAs need to include even second order effects, such
as the SHB and SDP effects.
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1.3 Objectives

The work will be carried out targeting the following objectives:

1. To analyze and develop computational efficient models to describe long haul
WDM transmission systems with counter–pumped RFAs. The simplified mod-
els should be able to estimate the gain and the ASE noise when considering
transmission on the extended C–band with up to, at least, four pumps;

2. To investigate and propose a solution to increase the efficiency of RFAs suitable
for use on transparent and dynamic optical networks. To study designs that allow
reducing the pump power, while still achieving the same gain as the conventional
configurations. In addition, to evaluate the transient response when a power
variation occurs, as well as to study and propose low cost solutions to mitigate
and control the transient response of the RFA;

3. To infer and identify the possible sources of gain fluctuations in EDFAs when
channel add/drop occurs. Moreover, to evaluate the impact of input channel
spectrum allocation on the dynamic response of the EDFA. To propose new
designs to mitigate the gain fluctuations due to SHB and SDP.

1.4 Thesis Outline

The thesis is divided into six Chapters, organized as follows:

• Chapter 2 introduces the RFA and the EDFA, and presents the amplifier models
used in this thesis. First, the main advantages and disadvantages of the RFA and
EDFA, as well as the configurations commonly used, are presented and discussed.
Afterwards, regarding the RFA, the principle of operation and propagation equa-
tions, as well as the numerical models implemented for the steady–state and for
the dynamic regime are presented. Following, experimental validations of the im-
plemented models for the steady–state and dynamic regime models are presented
and discussed. Regarding the EDFA, the principle of operation and the inhomo-
geneous gain broadening effect is discussed. The mathematical models for the
two–level system and three–level system derived from the fundamental equations
considering statistical variations are presented. The implemented mathemati-
cal model for the three–level amplifier is validated using an experimental setup
specifically designed to isolate the SHB and the SDP effects. Finally, the dynamic
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response of an EDFA pumped around 980 nm as function of the pump wavelength
and input channel spectrum allocation is assessed.

• Chapter 3 presents a simplified model for the gain and ASE noise of the RFA,
suitable for use with multiple pumps. To achieve this, the undepleted pump
model (UPM) is customized with the introduction of two new parameters, that
account for the pump–to–pump interactions. These parameters can be adjusted
based on experimental measurements, simulation results, as well as on analytical
expressions. The model is validated with experimental results for different num-
ber of pumps. Using these two parameters, an accurate black–box model for the
gain and ASE noise profile is obtained without increasing the computational ef-
fort of the UPM. Furthermore, it is also discussed and numerically validated the
usability of the proposed model for estimating the OSNR in a transmission link
with WDM signals, for different distances and fiber types. Finally, an efficient
algorithm to design RFAs with low computational requirements is presented. In
the proposed algorithm, the developed simplified model is used for estimating
the amplifier gain, instead of a detailed numerical model (DNM). A genetic
algorithm (GA) is implemented to search for the quasi–optimum solution that
minimizes the gain ripple.

• Chapter 4 proposes an energy efficient counter–pumped RFA suitable for use in
transparent and dynamic optical networks, based on the reflection of the unused
pump power back into the transmission fiber. It is experimentally demonstrated
that reflecting the pump power back into the transmission fiber increases the am-
plifier efficiency. However, it also increases the dynamic response of the amplifier.
Afterwards, the impact of the pump power fluctuations on the surviving chan-
nels transient response is analyzed, considering different pumping configurations,
pumping powers, and fiber lengths. Finally, in order to mitigate and control the
transient response, a new pump–controlled gain–locked system that takes advan-
tage of the amplifier configuration is proposed and validated both numerically
and experimentally.

• Chapter 5 analyzes the impact of changing the input signal spectrum at the input
of the EDFA. Initially, experimental measurements are performed to understand
the dependence of the dynamic response with the pump wavelength, power and
temperature, in the context of input signal spectrum variation. It is shown that,
when pumping within the 1480 nm range, the dynamic response of the amplifier
is sensitive to pump wavelength variations. Afterwards, a model incorporating
the SDP effect in a two–level model of an EDFA is derived and experimentally
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validated. With the proposed model, the dependence of the gain on the pump
wavelength for wavelengths around 1480 nm is described. Finally, the behavior of
SHB and SDP in an EDFA with ideal gain control for different pump wavelengths
around 980 nm and different spectral allocation of input channels is investigated
numerically.

• Chapter 6 summarizes the main results obtained in this thesis, and presents
suggestions for future work.

This thesis comprises also a List of Acronyms, a List of Symbols, a List of Figures, and
a List of Tables.

1.5 Main Contributions

In the author’s opinion, the main achievements reported in this thesis are:

• Proposal and validation of a new simplified model that estimates the gain and
ASE noise at the end of the transmission link, when using a counter–pumped RFA
with several pumps. Since this model increases the accuracy of the estimation
when compared to the traditional look up tables, it allows a better optimization
of the optical network without a significant increase of the processing time of the
tools or routing algorithms. This work was presented to the scientific community
essentially through a publication in the IEEE/OSA Journal of Optical Communi-
cations and Networking [35]. In addition to the above mentioned publication, the
proposed model was incorporated in a network planning software tool supported
by the hosting company.

• Investigation of the dynamic response of an energy efficient RFA configura-
tion. This work shows that the pump–reflecting RFA configuration has a worse
response to channel add/drop compared to the conventional counter–pumped
RFA. Additionally, it is proposed and validated numerically and experimentally
a low cost mitigation technique to control the dynamic response due to chan-
nel add/drop. With the proposed control system it is possible to increase the
efficiency of the RFA without compromising the dynamic regime, thus allowing
the implementation of an efficient low cost RFA suitable for use in dynamic op-
tical networks. This work was published in an article in the Journal of Fiber and
Integrated Optics [36] and a patent was granted for the mitigation technique [37].
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• Experimental assessment of the EDFA dynamic response dependence on pump
wavelength, pump power, and temperature for amplifiers pumped around 1480 nm
and 980 nm. These results show that even when mitigating the gain fluctuations
caused by input power variations, a gain fluctuation will occur due to the varia-
tion of spectral allocation of input signals. It is also shown that gain deviations
on EDFAs pumped around 1480 nm depend on the pump wavelength. Following,
a model which is able to explain the gain deviations dependence on the pump
wavelength around 1480 nm by incorporating the SDP effect in a two–level model
of an EDFA is derived and proposed. This work was published in two letters in
IEEE Photonics Technology Letters [38, 39] and in an article in IEEE/OSA Jour-
nal of Lightwave Technology [40].

1.6 List of Publications and Other Achievements

1.6.1 Journal Articles

• J. Ferreira, D. Fonseca, P. Monteiro, A. Pinto, L. Rapp, “Site dependent pump-
ing effect on two–level EDFAs,” IEEE/OSA Journal of Ligthwave Technology,
vol. 33, No. 2, pp. 285–292, Jan. 2015.

• J. Ferreira, R. Nogueira, P. Monteiro, A. Pinto, “Weighted undepleted pump
model for broadband counter–pumped Raman fiber amplifiers,” IEEE/OSA Jour-
nal of Optical Communications and Networking, Vol. 4, No. 8, pp. 595 – 602,
Aug. 2012.

• J. Ferreira and L. Rapp, “Dynamics of spectral hole burning in EDFAs: depen-
dence on temperature,” IEEE Photonics Technology Letters, Vol. 24, No. 1, pp.
67 – 69, Jan. 2012.

• L. Rapp and J. Ferreira, “Dynamics of spectral hole burning in EDFAs: de-
pendency on pump wavelength and pump power,” IEEE Photonics Technology
Letters, vol. 22, no.6, pp. 1256–1258, Aug. 2010.

• J. Ferreira, M. Fugihara and A. Pinto, “Transient response and control of pump–
reflecting Raman fiber amplifiers,” Fiber and Integrated Optics, vol. 29, no. 1,
pp. 44–61, Jan. 2010.

• B. Neto, J. Ferreira, N. Wada, A. Pinto and P. André, “Evaluation of the
effect of channel add/drop impact on power transients on the performance of a
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10 GB/s DWDM transmission system with hybrid EDFA/Raman amplification,”
Microwave and Optical Technology Letters, vol. 52, no. 6, pp. 1225–1228, Jun.
2010.

• B. Neto, C. Reis, R. P. Diońısio, J. Ferreira, J. A. Lazaro, G. Tosi–Belef, A. N.
Pinto, R. Nogueira, A. Teixeira, J. Prata and P. André, “Assessment and miti-
gation of Erbium–doped fibre amplifiers (EDFA) gain transients in hybrid wave-
length division multiplexing/time division multiplexing passive optical network
(WDM/TDM PON) in the presence of packet–based traffic,” IET Optoelectron-
ics, vol. 4, no. 6, pp. 219–225, Jun. 2010.

1.6.2 Conferences

• J. Ferreira, D. Fonseca, P. Monteiro, A. Pinto and L. Rapp, “Dynamics of SHB
and SDP on 9XX EDFAs: dependence on spectral allocation of input channels,”
in Proc. Inter. Conf. on Transparent Optical Networks - ICTON, Cartagena,
Spain, Vol. Th.A2.3, pp. 1 – 4, Jun. 2013.

• J. Ferreira, D. Fonseca, P. Monteiro and A. Pinto, “Efficient algorithm for
designing broadband Raman fiber amplifiers,” in Proc. Conf. on Telecommuni-
cations - ConfTele, Castelo Branco, Portugal, Vol. 1, pp. 1 – 4, May 2013.

• J. Ferreira, R. Nogueira, P. Monteiro, A. Pinto, “A Simplified gain model for
counter–pumped Raman fiber amplifiers,” in Proc. Symp. on Enabling Optical
Networks - SEON, Aveiro, Portugal, Jul. 2011.

• J. Ferreira, R. Nogueira, P. Monteiro, A. Pinto, “Raman amplifier undepleted
pump model customization to include pump–to–pump interactions,” in Proc.
EUROCON and Conf. on Telecommunications - ConfTele, Lisboa, Portugal,
Vol. 1, pp. 1 - 4, Jun. 2011.

• J. Ferreira, M. Fugihara and A. Pinto, “Energy efficient Raman fiber ampli-
fiers suitable for dynamic optical networks,” in Proc. European Conference on
Networks and Optical Communications - NOC, Faro, Portugal, Jun. 2010.

1.6.3 Patents

• J. Ferreira, A. Pinto and P. Mão–Cheia, “Método e mecanismo para controlo e
mitigação do efeito transitório em amplificadores ópticos de Raman com reflexão
das bombas,” 104930, Dec. 2009.
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1.6.4 Other Contributions

• Inclusion of the simplified model for the gain and ASE noise estimation, presented
in Chapter 3, in a network planning tool used by the hosting company.

• Inclusion of the model for the two–level and three–level EDFA considering the
SHB and SDP effects, presented in Chapter 5 and in Chapter 2, respectively, in
a EDFA simulation tool of the hosting company.
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Chapter 2

Models for Optical Fiber Amplifiers

An optical fiber amplifier is a term commonly attributed to a fiber component that
increases the optical signal power, without performing any optical–electrical–

optical (OEO) conversion. Optical fiber amplifiers can be considered an enabling
technology for dense wavelength–division multiplexing (DWDM) and transparent and
dynamic optical networks, due to the possibility of amplifying several wavelength–
division multiplexing (WDM) channels simultaneously. Nowadays, the most common
optical fiber amplifiers are Raman fiber amplifiers (RFAs) [1] and erbium–doped fiber
amplifiers (EDFAs) [2]. In order to design and operate an optical fiber amplifier to be
used on transparent and dynamic optical networks there are some fundamental para-
meters that need to be considered, such as bandwidth, gain, and output power [2].
Also, system and technological parameters such as noise, signal distortion, packaging,
bulkiness and consumption, need to be addressed. Finally, other extra functionalities,
such as transient mitigation, have to be included to ensure the gain stabilization of the
amplifier [3]. Since optical fiber amplifiers are a key component of optical networks,
their characteristics and the models usually used to simulate their behavior will be
discussed.

In this chapter, we present the RFAs and EDFAs principle of operation, config-
urations and models, which will be used in the following chapters of this thesis. The
experimental validation of the implemented models is also presented in this Chapter.
The models implemented and validated for the RFA, in Section 2.3, were published in
[4, 5], and for the EDFA, presented in Section 2.4, was published in [6].
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2.1 Introduction

RFAs provide a simple and unique technology for the long and ultra–long distances [7,
8]. In a RFA, the gain medium is the optical fiber itself [9]. Therefore, the gain of the
RFA can be distributed over the transmission length. In a RFA, one or more optical
pumps are coupled to the transmission fiber and provide gain to the signals. The
energy of the pumps is transferred to the signals by a nonlinear optical process known
as stimulated Raman scattering (SRS) [1]. In silica fibers, the wavelength subject to
the highest gain is around 13.2 THz afar from each pump wavelength [1]. Therefore,
by a proper selection of pump wavelengths, the RFA may be adjusted to amplify any
given optical wavelength [10]. RFAs have some key advantages, such as the presence of
the Raman gain in every fiber [11], which provides an economical mean of upgrading
the transmission systems, only by changing the transmission link interfaces. Also,
the gain is available over the entire region of the transmission bandwidth. Another
advantage is the fact that the gain ripple can be optimized by adjusting the number,
wavelengths, and power of the pumps [12, 13]. Despite these advantages, a number of
challenges delayed the early adoption of RFAs. RFAs have a relatively low pumping
efficiency and require longer fibers when compared with EDFAs. This disadvantage can
be mitigated using a dispersion compensating fiber (DCF) as amplification medium,
since the DCF has a higher Raman gain than the standard single mode fiber (SSMF).
Another disadvantage is the fast response time of the amplifier, which can be a source
of signal degradation [14]. When compared to EDFAs, RFAs require the use of higher
input pump powers. Finally, some concerns about the laser safety in RFAs can be
raised, due to the need to inject a high pump power into the transmission fiber.

Doped fiber amplifiers use a fiber that is doped with rare earth ions as gain
medium [2]. The pump laser excites the dopant ions of the fiber to a higher en-
ergy level, and these can decay back to a lower energy level by stimulated emission
of a photon at the wavelength of the signal. The fibers can be doped by any small
amount of rare earth element such as erbium, neodymium, ytterbium, thulium [15, 16]
and praseodymium. When the fiber is doped with erbium, the gain region covers the
1550 nm communication window [17, 18], with a relatively flat gain [19, 20]. By using
the proper rare earth ion, doped fiber amplifiers have been designed to operate in the
S–Band (1480-1520 nm), C–Band (1521–1560 nm), and L–Band (1561–1620 nm). It is
possible to increase the pump efficiency or the amplification bandwidth by combining
two or more dopants, such as ytterbium doped fiber combined with aluminum [21, 22].
Solutions for extended C–band with hybrid amplification, where an EDFA and a RFA
are combined, were also proposed [16, 23, 24]. Doped fiber amplifiers are also insen-
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sitive to polarization and have negligible inter–channel cross–talk [2]. Moreover, they
present a high power transfer efficiency from pump to signal wavelength, a high satu-
ration output power, and a low noise figure. Another reason for the success of EDFAs
is the low cost of the pump laser.

One of the problems affecting the RFAs and EDFAs is the generation and ampli-
fication of amplified spontaneous emission (ASE) noise. The excited medium can also
decay spontaneously, this effect is also known as spontaneous emission. This sponta-
neous emission will compete with the stimulated emission and reduce the amplification
efficiency [2]. For this reason, there is always some output power due to the ASE
noise, even without input signals. Typically, the RFA has less noise generation when
compared with the EDFA.

This chapter is organized as follows. In Section 2.2, we describe a typical optical
transmission link, and highlight the amplifier configurations commonly used to extend
the signal reach. In Section 2.3, we discuss the SRS effect and present the RFA prop-
agation equations for the steady–state and for the dynamic–regime. Afterwards, we
introduce the average power analysis (APA) numerical model, which is implemented
to solve the propagation equations for the steady–state and for the dynamic–regime.
A validation of the implemented numerical model and the discussion of its accuracy is
also presented. In Section 2.4, we examine in detail the principle of operation of the
EDFA, focusing on the impact of the inhomogeneous gain broadening. Considering
that the inhomogeneous gain broadening can be described by the statistical variations
of the absorption and emission parameters, we derive and implement the two–level and
the three–level models for the EDFA. An experimental validation of the implemented
model for the three–level model is presented. The dependence of the three–level EDFA
model on the pump wavelength and on channel spacing is also experimentally evaluated
and discussed. Finally, conclusions are summarized in Section 2.5.

2.2 Amplification in an Optical Transmission Link

There are three basic elements in every transmission link: the transmitter, the com-
munication channel, and the receiver. Fig. 2.1 shows a schematic diagram of an optical
transmission link with the basic elements and with the amplifier elements highlighted.
The transmitter and the receiver are located at the network nodes and the communica-
tion channel connects these two points. Several signals in the transmitter are coupled
with an arrayed waveguide grating (AWG) and injected into the transmission fiber. At
the receiver side, the signals are de–multiplexed with an AWG and detected with a
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photodiode. The complexity of both the transmitter and the receiver depends mostly
on the modulation format, number of channels and other requirements [10, 25–27].
Other components, such as couplers, multiplexers, optical fiber amplifiers, and optical
switches, provide the building blocks for more complex transmission links. For instance,
long distance fiber optic transmission may require signal regenerators, signal repeaters,
or optical amplifiers (such as EDFAs and RFAs), dispersion management equipment,
remote monitoring interfaces, and error–correction components. The possibility of
adding or dropping channels in the optical network node is achieved by incorporating
reconfigurable optical add/drop multiplexer (ROADM), and couplers/splitters in the
network node [27–30].

...

Co-pumped RFA Counter-pumped RFA

...
Coupler Coupler

Booster Inline Inline

N-spans

Pre-amplifier

A
W

G

A
W

G

...

Transmitter Receiver

Figure 2.1: Schematic diagram of an optical transmission link with amplification ele-
ments.

Optical fiber amplifiers are extensively used in long distance fiber optic transmis-
sion systems [10, 31, 32]. In Fig. 2.1, we highlight five different solutions in which
optical fiber amplifiers can be used to enhance the performance of optical signals.
First, the output signal power of the transmitter can be increased with a high output
power amplifier, called a booster, before entering a long transmission fiber [3, 33]. An
optical fiber amplifier can also be used as a pre–amplifier, prior to a data receiver, if
the incoming signal is below the minimum/optimum receiver input power. The aim
of the pre–amplifier is to allow the detection of the signal by providing a high gain to
the signals (while still adding a reduced ASE noise), instead of a high launch power,
as is the case of boosters [31, 33]. Inline amplifiers are often used between long spans
of transmission fiber. The use of multiple inline amplifiers in a long optic fiber link
has the advantage of compensating the transmission losses without dropping the op-
tical signal power to very low levels, which would degrade the optical signal–to–noise
ratio (OSNR). Moreover, it avoids the use of high input signal powers at the input of
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the transmission fiber, which would cause the degradation of signals due to nonlinear
effects [34]. These inline amplifiers are sometimes operated under difficult conditions,
where there is high thermal amplitude [35], or where it is virtually impossible to per-
form any kind of maintenance, as in the deep ocean. Moreover, as shown in Fig. 2.1,
it is also possible to use RFAs in a co–pumped or counter–pumped configuration to
extend the signal reach. From all amplification choices, the link/network planner has
to select the proper amplification technologies to ensure that the signals reach the re-
ceiver with enough quality and that all the requirements for the transmission link are
addressed at the lowest possible cost [9].

2.2.1 Pump Configurations for the RFA

RFAs can be distributed or lumped [13, 31, 36]. The first case applies when the trans-
mission fiber is the gain medium. On the other hand, when the gain fiber is a special
fiber, like a DCF, the amplifier is lumped. Several pumping schemes have been pro-
posed to enhance the performance of RFAs [9]. Fig. 2.2 shows three RFA pumping
schemes, where one or more pumps are coupled with the transmission fiber. In the
co–pumped configuration, Fig. 2.2(a), the pumps have the same direction of the sig-
nals propagating in the transmission fiber. Here, an optical isolator (ISO) is usually
used to avoid damaging the components of the transmitter due to pump power reflec-
tions. In the counter–pumped configuration, Fig. 2.2(b), the signal and the pumps
are propagated in opposite ways. An ISO is also used to avoid damaging the compo-
nents of the transmitter. A third pumping scheme can be obtained when pumping in
both directions, called the bidirectional configuration, Fig. 2.2(c). In this configuration
the pumps are located at the beginning and at the end of the transmission fiber [8].
The pumping scheme usually implemented is the counter–pumped scheme [7]. One
of the reasons for using this configuration is based on the fact that the pump lasers
tend to have a large relative intensity noise (RIN) [14], which severally degrades the
signal quality in a co–pumped scheme [37, 38]. Another disadvantage is the fact that
amplifying the signals in a co–pumped scheme can increase the signal power to levels
where the nonlinear effects degrade the signal quality [39]. The bidirectional pumping
scheme has advantages, such as gain flatness and higher gain [40]. However, it has
the disadvantage of using forward and backward independent pumps, increasing the
amplifier cost.

A typical RFA can have more than two pumps in order to obtain an improved
flattened gain. In some configurations, amplification bandwidths of up to 100 nm have
been demonstrated [12, 35], and the transmission bandwidth can fall anywhere from
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Figure 2.2: RFA pump configurations: a) co–pumped; b) counter–pumped; c) bidirec-
tional.

1300 nm to 1650 nm. Recently, a Raman amplifier with a bandwidth of 136 nm was
demonstrated, using a pump and signal interleaved scheme [13], where the higher pump
wavelengths are within the signal band. Some alternative configurations have a high–
order Raman amplification [7], where a pump with a high input power and shorter
wavelength (e.g. 1350 nm) provides gain to a pump or a seed with a lower power and
with a longer wavelength (e.g. 1450 nm), which in turn provides gain to the signals. The
improvement of the performance comes from the fact that in a counter–pumped RFA,
the pump close to the signals is amplified, which can result in an increase of the OSNR
and in the flattening of the gain spectral characteristic [41]. In other configurations
the amplification and the dispersion compensation may be combined in a DCF [31].

2.2.2 Pump Configurations for the EDFA

In the transmission link shown in Fig. 2.1, we can see the presence of a booster,
a pre–amplifier and inline amplifiers. Typically, these amplifiers are either different
configurations of EDFAs or the same configuration at different operating points. The
simplest configuration of an EDFA is the single–stage. Fig. 2.3 shows three amplifier
configurations for the single stage EDFA. This configuration comprises a single coil
of erbium–doped fiber (EDF) with a length L and a pump [42]. The optical pump
is combined with the optical signal in an EDF by a WDM coupler. If the pump is
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co–propagating with the signal, Fig. 2.3(a), it is called a co–pumped EDFA; if it is
counter–propagating, Fig. 2.3(b), it is a counter–pumped EDFA. When the pumps are
injected in both directions, it is a bidirectional EDFA, Fig. 2.3(c). The single stage
design has several advantages, such as lower cost and easier design when compared to
more complex EDFA configurations. However, due to its simplicity, it lacks several
features which are important for the achievement of a controlled output power and a
flatter gain over the C–band.

Coupler

EDF

C- band filter
ISO

Co-pumped EDFA

... ...

(a)

Coupler

EDF

C- band filter
ISO

Counter-pumped EDFA

... ...

(b)

Coupler Coupler

EDF

C- band filter
ISO

Bidirectional EDFA

... ...

(c)

Figure 2.3: EDFA single stage configurations: a) co–pumped; b) counter–pumped; c)
bidirectional.

An evolution of the single stage EDFA configuration is the dual–stage EDFA, as
shown in Fig. 2.4. Here, two coils of EDF are cascaded and between them several
devices can be included, such as an ISO, a variable optical attenuator (VOA), and a
gain flattening filter. The ISO is used to prevent the reflected light from entering into
first stage. The gain flattening filter can be designed based on a simple VOA or based
on more complex filters, with the objective of flattening the gain of the amplifier. The
number of pumps depends on the required output gain. In the example of Fig. 2.4,
the pump power is split between the two coils. Several other components may be
contained in a commercial fiber amplifier, such as fiber couplers and photodetectors
for monitoring of optical power levels, and laser diodes with electronic pump control
to control and mitigate transient effects.

Another EDFA configuration is the remote optically pumped amplifier (ROPA),
where the pump power is injected further away from the EDF. Typically, the EDF is
inserted in the middle of the transmission link and a pump centered around 1480 nm
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is injected at the beginning or at the end of the transmission fiber. Due to the low
attenuation of the silica fiber around 1480 nm when compared with 980 nm region, the
pump power will propagate through the fiber reaching the EDF, where the signals will
be amplified. This configuration can be used in some systems to avoid the inclusion of
active components, such as conventional EDFAs, in the middle of the link [43].

Coupler

EDF

Coupler

EDF

ISO VOA C- band filter

... ...

Figure 2.4: EDFA double stage configuration.

2.3 Model for RFAs

Raman scattering can be understood as an inelastic scattering process, in which the
incident light on a medium is converted to a lower or higher frequency photon. The
process can be described by an excitation of a vibrational mode up to a virtual level,
induced by an incident photon, followed by a de–excitation and emission of a lower
frequency photon [1]. If the medium is already excited it is possible to occur also
the emission of higher frequency photons. The emitted photons can be called Stokes
photons, if they are shifted to lower frequencies, or anti–Stokes photons, if they are
shifted to higher frequencies. Other scattering processes can occur when the light
interacts with a medium, such as Rayleigh scattering, which is an elastic process in
which the photon energy is conserved.

Figure. 2.5 shows a schematic diagram of the vibrational energy levels representing
the Raman scattering process. When considering the emission of a Stokes photon, one
incident photon with the energy Ei = hνi, where h is the Planck constant and νi the
photon frequency, excites a vibrational mode from the ground state to a virtual energy
level. After some time, typically 10−12s [1], a photon of energy Ee =Ei−Ev is emitted
and the vibrational mode returns the first excited vibrational state, Ev. When the
material already has some vibrational modes at the first excited vibrational state,
an incident photon with energy of Ei can excite the vibrational mode to a virtual
energy level, and consequently, a photon is emitted and the vibrational mode returns
to ground level. The emitted photon, called anti–Stokes photon, has the energy of
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the incident photon plus the energy of the phonon present in the material. Since the
anti–Stokes process occurs with a lower probability than the Stokes process, usually it
is not considered in the processes of signal amplification [1].

Stokes Anti-Stokes

( (

Ev = h v

Ei = h i Ee = h( i - v Ei = h i Ee = h i + v

Ground State

1st excited

vibrational state

Virtual

energy level

Energy

(

Figure 2.5: Schematic diagram of the energy levels representing the Raman scattering
resulting on the emission of a Stokes photon and an anti–Stokes photon.

When considering an optical fiber, the Raman emission process can also be stim-
ulated by a signal photon. In this process, a pump photon is converted into a second
signal photon, which is a replica of the first, and the remaining energy produces an
optical phonon. This process is the gain mechanism behind Raman amplification. The
most important parameter characterizing Raman amplifiers is the gain coefficient, gr,
since it describes how the signal power grows due to SRS. Due to the amorphous
nature of silica, which allows a continuum of molecular vibrational frequencies, the
Raman gain curve is fairly broad. In silica fibers, a peak is observable for a frequency
shift equal to 13.2 THz [1]. An important quantity, the Raman gain efficiency of the
fiber, gR, relates Raman gain coefficient with the effective area of the fiber, Aeff ,

gR(ν− ς) = gr(ν− ς)
Aeff

, (2.1)

where gr(ν− ς) is the Raman gain coefficient of the fiber between the frequencies ν
and ς. The small effective area of a DCF (15µm2) is the main reason for its higher
Raman gain efficiency, when compared to a SSMF (80µm2), or with a dispersion shifted
fiber (DSF) (50 µm2).

Also, larger gain coefficients are obtained when the pump polarization state and the
incident light are parallel, with smaller values obtained for perpendicular polarizations
[1]. The copolarized gain is almost one order of magnitude larger than the orthogonal
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polarization gain near the peak of the Raman curve. Nevertheless, a polarization
independent Raman amplifier can be designed by using one pump for each polarization,
to avoid this dependence.

2.3.1 Propagation Equations for RFAs

A mathematical model that describes the time evolution of pumps, signals, and ASE
noise powers (in forward and backward directions) along the fiber is given by the
following set of coupled differential equations [44]

∂P±(z,ν, t)
∂z

∓ 1
vg(ν)

∂P±(z,ν, t)
∂t

=∓α(ν)P±(z,ν, t)±γ(ν)P∓(z,ν, t)

±
∑
ς>ν

{
gr(ν− ς)
KeffAeff

[P±(z, ς, t) +P∓(z, ς, t)]P±(z,ν, t)

± hν gr(ν− ς)
Aeff

[P±(z, ς, t) +P∓(z, ς, t)]Eςν∆ν
}

(2.2)

∓
∑
ς<ν

{
ν

ς

gr(ν− ς)
KeffAeff

[P±(z, ς, t) +P∓(z, ς, t)]P±(z,ν, t)

∓ 2hς gr(ν− ς)
Aeff

[P±(z, ς, t) +P∓(z, ς, t)]Eνς∆ς
}
,

and

Eςν = 1 + 1
exp

(
h(ς−ν)
kBT

)
−1

, (2.3)

Eνς = 1 + 1
exp

(
h(ν−ς)
kBT

)
−1

, (2.4)

where P+(z,ν, t) and P−(z,ν, t) are the optical powers of co–propagating and counter–
propagating pumps and signals, respectively, ν and ς are the pumps or signals frequen-
cies, α(ν) is the attenuation coefficient of the fiber, γ(ν) is the Rayleigh backscattering
coefficient, Keff is the polarization factor between signals and pumps, kB is the Boltz-
mann’s constant, vg(ν) is the group velocity, h is the Planck’s constant, ∆ν and ∆ς
are effective noise bandwidths, and T the absolute temperature of the fiber. For a
total number of pumps, Np, a total number of signals, Ns, and a total number of spec-
tral components for ASE noise for each direction, ∆ν, NASE , the system is formed by
Np+Ns+ 2NASE equations.
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In eq. (2.2), the first two terms on the right hand side refer to the attenuation of
the fiber and Rayleigh backscattering. The third term refers to the gain, and the fifth
term refers to losses due to the SRS. The fourth and sixth terms represent the ASE
noise generation and its dependency on the temperature and amplifier gain.

2.3.2 Average Power Analysis Model: Steady–State Regime

To obtain a steady–state power distribution, the time derivative in eq. (2.2) can be set-
tled to zero. To solve the propagation equation numerically we can use several methods,
such as the shooting method [45], the iterative fourth-order Runge-Kutta (RK4) rou-
tine, or APA [46], among others. Since the propagation equations need to be solved
for a counter–pumped RFA with several pumps and several signals, the convergence
of the shooting method for some cases is not assured [47]. Therefore, we implemented
the APA method [48], which presents a similar accuracy and is computationally more
efficient than the RK4 [46]. In order to implement this method, the length of the
amplifier fiber is divided in S sections, each with a length of ∆z. For small values of
∆z, a stationary distribution inside each section can be assumed [48]. Therefore, the
output pump/signal power at each section end and ASE noise is given by [48]

P±out = P±inG(z,ν), (2.5)

∆P±ASE = 2hνn±sp(z,ν)∆ν(G(z,ν)−1), (2.6)

with n±sp(z,ν) given by

n±sp(z,ν) = C(z,ν) +γ(ν)P∓(z,ν)/2hν∆ν
A(z,ν)−B(z,ν)−D(z,ν)−α(ν) , (2.7)

where P±out is the output power, P±in is the input power, ∆z is the length of the fiber
section, and G(z,ν) is the the section gain. G(z,ν) is given by [48]

G(z,ν) = exp[{A(z,ν)−B(z,ν)−D(z,ν)−α(ν)}z]. (2.8)

Since the amplifier fiber is divided in several small sections, A(z,ν), B(z,ν), C(z,ν)
and D(z,ν), are given by
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A(z,ν) =
∑
ς>ν

gr(ν− ς)
KeffAeff

[P±(z, ς) +P∓(z, ς)], (2.9)

B(z,ν) =
∑
ς<ν

ν

ς

gr(ν− ς)
KeffAeff

[P±(z, ς) +P∓(z, ς)], (2.10)

C(z,ν) =
∑
ς>ν

gr(ν− ς)
2Aeff

[P±(z, ς) +P∓(z, ς)]

1 + 1
exp

(
h(ς−ν)
kBT

)
−1

 , (2.11)

D(z,ν) =
∑
ς<ν

gr(ν− ς)
Aeff

2hς∆ς

1 + 1
exp

(
h(ν−ς)
kBT

)
−1

 . (2.12)

With the objective of minimizing the error factor, the optical power term in each
section can be replaced by its average at each section, using [48]

〈P (ν)〉= P
±
in(ν)G(ν)−1

lnG(ν) , (2.13)

and, for the ASE noise

〈∆PASE(ν)〉= 2hνn±sp∆ν
{
G(ν)−1
lnG(ν) −1

}
. (2.14)

To determine the output powers of the amplifier we need to calculate the power in
each amplifier section for every signal, pump and ASE noise wavelengths. Therefore,

P+
k (zd+1) = P+

k (zd)Gk(zd),

P−k (zd+1) = P−k (zd)/Gk(zd),
(2.15)

where subscript d denotes the sections and Gk(zd) is the gain within ]zd, zd+1], for
the signal, ASE noise, and pumps with the index k. In the case of existing backward
propagating pumps, an iterative process is used, solving the equation for the forward
signals and then for the backward signals. In our implementation, the iteration process
is stopped when the changes between two successive iterations, for all the optical signal
powers, are smaller than 0.001 %.
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Experimental Validation of the Gain Estimation

The experimental setup implemented used to validate the numerical model is presented
in Fig. 2.6. The optical fiber is a SSMF with 40 km and 0.2 dB/km of attenuation
around 1550 nm. The pumps P1, P2, P3, and P4 are coupled to the fiber using an
optical multiplexer (MUX), followed by an optical WDM coupler (backward coupler).
The pumps P1, P2, P3, P4 are centered at 1426 nm, 1444 nm, 1462 nm, and 1487 nm,
with optical powers of 167.5 mW, 106.7 mW, 48.9 mW, and 134 mW, respectively. The
attenuation of the fiber for these wavelengths is 0.25 dB/km, 0.25 dB/km, 0.22 dB/km,
and 0.22 dB/km, respectively. The tunable laser is used as the signal to be amplified,
with -4 dBm of input optical power. The Raman gain coefficient as function of the
frequency spacing between the two waves is obtained using the technique presented
in [49]. This technique is based on fitting measured Raman On/Off gain results with
Gaussian curves. The signal output power is measured with an optical spectrum an-
alyzer (OSA). Assuming fully scrambled polarization states, the Keff is considered
to be two [50], and the wavelength dependent Rayleigh scattering coefficient γ(ν) =
2.3510−25/λ3 [12].

SSMFTunable

Laser OSA

Optical

Isolator
MUX

Backward

Coupler

P1 P2 P3 P4

Figure 2.6: Experimental setup used to measure the amplifier On/Off gain.

The On/Off gain of the RFA amplifier for a wavelength s, Gs, in decibels, is given
by

Gs = 10log10

(
Ps,ON (L)
Ps,OFF (L)

)
, (2.16)

where Ps,ON (L) is the signal output power with amplification (when the pumps are
ON) and Ps,OFF (L) the signal output power without amplification (when the pumps
are OFF).

We measure the On/Off gain with a probe signal from 1515 nm to 1600 nm, and
simulate the setup with the implemented model. Fig. 2.7 shows the On/Off gain for the
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considered setup, obtained with experimental measurements and with the implemented
numerical model. The comparison between the results obtained experimentally and
numerically shows good agreement, with a maximum deviation of 0.3 dB in a window
of 85 nm. These results indicate that the numerical model describes accurately the
proposed system in the steady–state regime.

Figure 2.7: On/Off gain measured for the system presented in Fig. 2.6. The symbols
represent the measured On/Off gain; the line represents the simulation results; the
arrows represent the pumps power.

Experimental Validation of the ASE Noise Estimation

To evaluate the results of the numerical model with ASE noise, we experimentally
measured the ASE noise of a counter–pumped RFA with 2 pumps. Fig. 2.8 shows a
schematic diagram of the experimental setup implemented. The pumps P1 and P2 are
centered at 1426 nm and 1444 nm, with 355.4 mW and 256.8 mW of input pump power,
respectively, and are coupled to the fiber using an MUX, followed by an optical WDM
coupler (backward coupler). A SSMF with 80 km is used with an attenuation coefficient
of 0.25 dB/km and 0.24 dB/km for each pump, respectively, and with 0.20 dB/km for
the signals. The ASE noise power is measured with an OSA, with the resolution
bandwidth of 2.5 GHz, and without signals.

Figure 2.9 shows the output ASE noise power obtained both with experimen-
tal measurements and with the implemented numerical model. Inspection of the figure
shows a difference between the experimental and numerical results in wavelengths rang-
ing from 1510 nm to 1520 nm. From other experimental measurements, we verify that
this difference is due to the attenuation of the WDM coupler between the pumps and
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Figure 2.8: Experimental setup used to measure the amplifier ASE noise.

the fiber at the end of the transmission fiber. By comparing the results from 1520 nm
to 1570 nm, we show that the numerical model describes with good accuracy the gen-
eration and amplification of noise in the amplifier.
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Figure 2.9: Output ASE noise power measured for the system presented in Fig. 2.8.
The crosses represent the measured ASE noise power; the dashed line represents the
simulation results.

2.3.3 Average Power Analysis Model: Dynamic Regime

When considering the time derivative on eq. (2.2), we obtain the time evolution of
signals and pumps in a RFA. Since we are interested in measuring the power variation
of the surviving channels when compared with the output signal powers, the terms
that contribute to the creation of optical noise and Rayleigh backscattering can be
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neglected [51]. Thus, the propagation equations for the RFA can be expressed by

∂P±(z,ν, t)
∂z

∓ 1
vg(ν)

∂P±(z,ν, t)
∂t

=∓α(ν)P±(z,ν, t)

±
∑
ς>ν

{
gr(ν− ς)
KeffAeff

[P±(z, ς, t) +P∓(z, ς, t)]P±(z,ν, t)
}

(2.17)

∓
∑
ς<ν

{
ν

ς

gr(ν− ς)
KeffAeff

[P±(z, ς, t) +P∓(z, ς, t)]P±(z,ν, t)
}
.

To numerically solve the time dependent equations of the amplifier, eq. (2.17), we
customized the APA method according to [51]. In the proposed model, the signals and
pumps are assumed to propagate at the same velocity from section to section, meaning
that the group velocity of the different wavelengths are not included in the model. This
is not a severe limitation for most of the contexts in which it is used, as the signals
propagation time can be assumed to be equal when compared with the transient time.
The length of the amplifier fiber is divided in S sections with a length of ∆z. Knowing
that τ = L/vg is the propagation time of the light in the fiber, dividing τ by S sections
of ∆z, we obtain ∆t, which defines the time taken by the light to transverse each
section ∆z. ∆t and ∆z are related by the equation ∆z = vg∆t. Using ∆t, we can
divide the total time of the simulation into N sections. For small values of ∆z and ∆t,
a stationary distribution can be assumed in ∆z, as well as in ∆t [52]. Therefore we
obtain

P+
k (zd+1, tn+1) = P+

k (zd, tn)Gk(zd, tn), (2.18)

P−k (zd+1, tn+1) = P−k (zd, tn)/Gk(zd, tn), (2.19)

where the subscripts d and n denote sections of distance and time, respectively, and
Gk(zd, tn) is the gain within ]zd, zd+1] at the time instant n, for the signal k.

Using the steady–state power distributions as initial conditions for the system,
when t = 0, we calculate the time and space evolution of the optical powers inside
the amplifier. For each increment in time, ∆t, we redefine the boundary conditions
of the amplifier. Thus, by changing the channels input powers, we reproduce the
channel add/drop. In the case of existing backward propagating pumps, an iterative
process is used, solving the eq. (2.18) for forward signals and eq. (2.19) for backward
signals. Similarly to the numerical model implemented for the steady–state regime,
the iteration process is stopped when the changes between two successive iterations,
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for all the optical signal powers, are smaller than 0.001 %.

Experimental Validation

To perform experimental measurements of the dynamic response of the amplifier pre-
sented in Section 2.3.2, we co–propagate a continuous wave signal, S1, and a modulated
signal, S2. Fig. 2.10 shows a schematic diagram of the experimental setup implemented
to measure the gain deviation of the surviving channel S1 due to the add/drop of the
signal S2. The signal S2 is turned ON and OFF with a frequency of 250 Hz to emu-
late the addition and removal of the signal. This signal is centered at 1600 nm with
4.8 dBm of optical power when the signal is ON. The signal S1 is centered at 1551 nm,
with 1.4 dBm of optical power. The pump wavelengths and powers are the same as the
ones described in Section 2.3.2. An optical filter is used to select the surviving channel
wavelength, in this case, the signal S1. A digital oscilloscope (OSC) is used to detect
the power evolution of the surviving channel.
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Figure 2.10: Experimental setup used to measure the transient effect of a counter–
pumped RFA.

Figure. 2.11 shows the gain deviation of the surviving channel S1 at the end of
the amplifier, which is the difference between the time evolution of the optical power
of the surviving channel and the optical power of the surviving channel on the steady
state regime, when the signal S2 is dropped and added. The results are obtained by
experimental measurements and by numerical simulations. The removal of the 1600 nm
signal occurs at 2 ms, which leads to an increase in power on the continuous signal after
a delay of 193µs, due to the signal propagation in the fiber. After the rising time, a
new steady–state regime is obtained with only one signal, S1, present in the system. At
4 ms the signal S2 is turned ON and, after the propagation delay, we can observe that
the continuous channel falls back to the initial optical power. As shown in Fig. 2.11,
the transient response is accurately described by the simulation results.



32 CHAPTER 2. MODELS FOR OPTICAL FIBER AMPLIFIERS

1.5 2 2.5 3 3.5 4 4.5 5

−0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Time (ms)

G
ai

n 
de

vi
at

io
n 

(d
B

)

 

 

Experimental results
Numerical simulation

Figure 2.11: Gain deviation of the channel centered at 1551 nm as function of time
when one channel is added/dropped: experimental (line) and simulation (dashed line)
results.

2.4 Model for EDFAs

The inclusion of a dopant in a silica fiber, such as erbium (Er3+), originates a local
electric field called ligand field [2]. As a consequence, the Stark effect is induced and
a splitting of the energy levels of the erbium ions occurs [53]. Each energy level has a
total orbital momentum J that splits into a manifold of energy sublevels g = J + 1/2,
where g is the total level degeneracy [2]. However, due to thermalization (Boltzmann
distribution), the population distribution within the manifold is maintained constant,
making possible to consider them as a single energy level [2].

Figure 2.12 shows a simplified diagram of Er3+ energy levels in silica glass. The
ground level is the lowest energy level, E1 (4I15/2). The second level, also known as
the metastable level, E2 (4I13/2), is quite stable and the average lifetime of an electron
at this level is about 10 ms. The third and upper energy level, E3 (4I11/2), is unstable
and an electron pumped into this level will transit very quickly to the metastable level,
E2, without emitting any photon. This is known as a non–radioactive decay. It is also
possible for an electron on the E2 energy level to absorb energy from a pump photon
and be excited to upper energy levels, and then decay to the E3 level and after to the
metastable energy level [2]. This effect is called excited–state absorption (ESA) and
leads to a lower metastable population and, consequently, to a lower gain.

To achieve the population inversion, it is necessary to optically pump the doped
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Figure 2.12: Energy level structure of Er3+ in glass fiber host. EDF can be pumped
either at 980 nm or at 1480 nm.

fiber at a wavelength region corresponding to the energy level transitions. Fig. 2.13
shows the average Giles parameters for the emission, σ̄e, and absorption, σ̄a, as func-
tion of the signal wavelengths for the EDF MP980 produced by OFS [54]. At the
typical pump wavelengths around 1480 nm, the Giles parameter for the absorption is
higher than for the emission and, therefore, the pumping to the energy level E2 will be
efficient [53]. On the other hand, at the typical signal wavelengths, around 1550 nm,
the emission parameter is higher than the absorption and, consequently, the signals
will be amplified if pumping exists. The Stark splitting of E1 and E2 levels makes the
signal emission band as broad as 40 nm, extending from 1525 nm to 1565 nm. Another
region where the pumping of the EDFAs is efficient is around 980 nm. The high energy
of the pumped photons allows the erbium ions in the ground state to be excited to the
upper energy level, E3, as shown in Fig. 2.12. The higher the population inversion,
the lower the noise figure of the amplifier. Thus, 980 nm pumping wavelength is pre-
ferred to design low–noise amplifiers. Despite this, higher power lasers are available
at 1480 nm and, therefore, 1480 nm pumps find applications in amplifiers designed to
produce high gain. Another advantage of the 1480 nm pump is that its power can also
propagate with low loss in silica fiber. The inversion level of a EDFA is mainly set
by the pump power and wavelength. However, as the input signal power increases,
or the pump power decreases, the inversion level will diminish. This effect is known
as gain saturation, where as the input signal power increases, the amplifier saturates
and cannot produce any more output power, reducing the gain of the amplifier. The
saturation is also commonly known as gain compression.

The gain spectrum due to the Stark split of the energy levels can be considered to
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Figure 2.13: Giles parameters for the absorption and emission for the EDF MP980 [54]
measured by the hosting company.

be homogeneously broadened [53, 55, 56]. This has been considered as a good approx-
imation for both erbium–doped silica fibers and erbium–doped fluoride fibers at room
temperature [53, 57, 58], and has been used in almost all the models of EDFAs [53].
However, when placed in a glass host, the spectra of erbium ions are influenced both
by the silica and by any other dopant. This can result in inhomogeneous broaden-
ing contributions, which manifests as spectral hole burning (SHB) and site dependent
pumping (SDP). Recent studies have shown that SHB and SDP effects are small, but
might be important in specific wavelength regions for some applications [59, 60].

Several attempts have been made to describe SHB in EDFA theoretically and
numerically. However, it is still not completely clear the physical interpretation of the
effect. When considering the steady–state regime, the hole shape in EDFAs is not
Lorentzian [60], like in a gas laser. This might suggest that there are additional or
different mechanisms of SHB in EDFA, when compared with the mechanisms in gas
lasers. In [57], SHB is assumed to be due to the wavelength shift of the emission and
absorption spectrum for the different erbium ions. Other works, such as [61], include the
mechanisms of the excitation transfer from one ion to another, assuming that the shapes
of the individual ions are identical, but shifted in wavelength. Others suggest that there
might be a strong dependence of the ion spectrum on the ion orientation [62]. In [63],
the authors concluded that the most important contribution is due to the “standard”
SHB mechanism, similar to the gas laser SHB. The hole in the gain spectrum is the
result of differences in the spectral shapes of the different ions and these ions do not
interact between them. According to [63], even for a high concentration of Er3+ ions



2.4. MODEL FOR EDFAS 35

in silica, the only mechanism that can be responsible for SHB is the “standard” SHB
mechanism. One important consequence of this theory is the particular dependence of
spectral hole burning depth on amplifier compression.

SHB was modeled and described for the steady–state regime in [63]. The two–
level model incorporating SHB proposed in [63] is based on the assumption of statistical
variations of the optical properties among ion sub–ensembles, leading to gain variation,
at a given wavelength, induced by other signals. Mathematically, the gain variation
induced by other signals at a given wavelength can be characterized by a correlation
matrix between the signals. The authors use a technique called modified spectral
subtraction to determine the correlation matrix and verified that the proposed model
presents good accuracy when compared with experimental results. In [64], the authors
extended the steady–state model to the dynamic regime for the two–level EDFA and
obtained reasonable simulation results.

Another manifestation of the inhomogeneous gain broadening is the SDP effect.
When considering the SDP effect, which is also named as “pump mediated inhomo-
geneity” [65], it is assumed that the erbium ions are in different “sites” within the glass
matrix. The local electric field of these sites shifts the energy levels of the erbium ions,
thus modifying the emission and absorption properties of the ions. The manifestation
of the effect is the dependence of the gain spectral shape on the pump wavelength.
In [66], the authors showed that the SDP effect is strongly affected by pump wave-
lengths around 980 nm and needs to be considered together with SHB, in order to
develop a useful model for estimating the EDFA performance. Moreover, in [67], the
authors measured the SDP spectrum for several pump wavelengths around 980 nm and
concluded that the SDP effect has a maximum ripple of several decibels, with depen-
dence on the amplifier compression. In the same study, the authors concluded that the
SDP effect can be described in a similar way to SHB and proposed a method to de-
termine the correlation matrix between the pumps and the signals. When considering
pumps centered around 1480 nm, the SDP effect is assumed to be negligible by some
authors [67].

In [68], the authors extended the model [64] to the third level. The validation
of this approach is presented in [68, 69]. However, due to the fact that the authors
mitigate the power transients with a gain control method, the results are not clear and
some deviations between simulation and experimental results were not explained.
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2.4.1 Two–level System Considering Statistical Variations

Having the advantages of low loss and not exhibiting ESA at the pump wavelength,
the 1460–1500 nm pumping band is an appropriate bandwidth to pump the EDF.
When considering these wavelengths, the highest difference between the absorption
and emission of the erbium ion is centered close to 1480 nm and, thus, these amplifiers
usually operate at 1480 nm. This fact allows us to consider a two–level model [24] for
the EDFA.

We can describe the propagation of light in the EDF as a number of optical beams
of frequency bandwidth ∆νk centered at the optical wavelength λk = c/νk, where k is
the signal index. This notation describes both narrow line beams, such as pump and
signal sources, when it is assumed that ∆νk = 0, and broadband ASE noise, where it
is assumed that ∆ν defines the frequency steps used in the simulation to resolve the
ASE noise spectrum. Then, the integration over the optical frequency is approximated
by a summation over k and the total number of wavelengths is Ntot.

Let us consider that an EDF is composed of several erbium ion sub–ensembles. For
each ion sub–ensemble, i, we can define σak,i, and σek,i, which are the Giles parameters
for absorption and emission, respectively, at a wavelength indexed by k. Considering no
statistical variations of the optical properties of ion sub–ensembles, these parameters
correspond to the average Giles parameters σ̄ek and σ̄ak for emission and absorption,
respectively (see Fig. 2.13). Based on this assumption, the distribution of the pho-
ton flux Īk for the signals, pumps, ASE noise, and the population probability of the
metastable level, N̄2(z, t) in a two–level system, are described by the Giles model [53]

∂Īk
∂z

=
{
uk(σ̄ak + σ̄ek)N̄2− σ̄ak

}
Īk +ukmσ̄ekN̄2∆νk/ζ, (2.20)

∂N̄2
∂t

=−N̄2
Ntot∑
k=1

σ̄ek
Īk
τ2

+
(
1− N̄2

)Ntot∑
k=1

σ̄ak
Īk
τ2
− N̄2
τ2
, (2.21)

where uk indicates propagation direction, +1 for propagation in positive z–direction,
and −1 for propagation on the negative z–direction, Īk(z, t) = pk(z, t)/(hνkζ) denotes
the photon flux divided by the saturation parameter, ζ, and pk denotes the optical
power at wavelength k. Ntot is the total number of signals, ASE noise channels, and
pump wavelengths propagating in the amplifier, νk is the frequency of the lightwave
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with the index k, τ2 is the lifetime of the metastable level, m denotes the degrees
of freedom (2, due to the 2 polarization directions), and ∆νk is the effective noise
bandwidth considered. For signals, this last parameter vanishes (∆νk = 0).

The solutions to eqs. (2.20) and (2.21) are obtained by standard numerical inte-
gration techniques. If ASE noise is small and not included, then coupled propagation
equations for the pump and signal beams are integrated with the noise source terms
set to zero. Employing an effective noise bandwidth ∆ν, propagation equations for
the forward and backward ASE noise can be added. Typical values of ∆ν are 200–
2000 GHz, depending on the fiber composition and operating conditions. This model
was implemented by the hosting company and the simulation tool has been verified in
a large series of measurements during the last years.

Now let us consider that the different ion sub–ensembles undergo a statistical vari-
ation of their optical properties. The statistical variation of emission and absorption
spectra can be taken into account introducing a deviation function ξk,i, which is iden-
tical for both Giles parameters, due to the McCumber relation [2]. When introducing
statistical variations of σek,i, σak,i for a sub–ensemble i, we have [63]

σak,i = σ̄ak
[
1 + ξk,i

]
, (2.22)

σek,i = σ̄ek
[
1 + ξk,i

]
. (2.23)

In eq. (2.22) and (2.23) it is assumed that ξk,i� 1 and
〈
ξk,i

〉
= 0, where the angular

brackets stand for averaging over all erbium ions.

The statistical variations of the emission and absorption characteristics will create
excited subpopulations with different population probabilities. Thus, the population
probability N2,i of the metastable level, often called inversion, for a sub–ensemble is
also a random variable and is given by

N2,i(z, t) = N̄2(z, t) + ∆N2,i(z, t). (2.24)

In eq. (2.24), N̄2(z, t) is the average inversion of the EDFA for a given longitudinal
section z and ∆N2,i(z, t) denotes the variation of the population probability on the
metastable level for a given ion sub–ensemble. The average value of the variation will
be approximately zero, thus 〈∆N2,i(z, t)〉= 0 [63].
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Considering the statistical variations of the ion sub–ensemble, eq. (2.20) and eq. (2.21)
can be written as

∂Ik,i
∂z

=
{
uk
(
σak,i+σek,i

)
N2,i−σak,i

}
Ik,i+ukmσ

e
k,iN2,i∆νk/ζ, (2.25)

∂N2,i
∂t

=−N2,i
Ntot∑
k=1

σek,i
Ik,i
τ2

+ (1−N2,i)
Ntot∑
k=1

σak,i
Ik,i
τ2
− N2,i

τ2
. (2.26)

To describe the distribution of signals, ASE noise and pump powers inside the
EDF, we need to average the propagation and the population probability equations
over all the ion sub–ensembles of the EDF. Thus we can write〈

∂Ik,i
∂z

〉
i

=
〈{

uk
(
σak,i+σek,i

)
N2,i−σak,i

}
Ik,i+ukmσ

e
k,iN2,i∆νk/ζ

〉
i

, (2.27)
〈
∂N2,i
∂t

〉
i

=
〈
−N2,i

Ntot∑
k=1

σek,i
Ik,i
τ2

+ (1−N2,i)
Ntot∑
k=1

σak,i
Ik,i
τ2
− N2,i

τ2

〉
i

. (2.28)

Introducing eqs. (2.22), (2.23), and (2.24) in eqs. (2.27) and (2.28), we obtain

〈
∂Ik,i
∂z

〉
i

=
〈{

uk
(
σ̄ak + σ̄ek

)(
1 + ξk,i

)
(N̄2 + ∆N2,i)

−σ̄ak
(
1 + ξk,i

)}
Ik,i (2.29)

+ukmσ̄ek(1 + ξk,i)(N̄2 + ∆N2,i)∆νk/ζ
〉
i

,

〈
∂N̄2 + ∆N2,i

∂t

〉
i

=
〈
− (N̄2 + ∆N2,i)

Ntot∑
k=1

σ̄e
(
1 + ξk,i

) Ik,i
τ2

+
(
1− N̄2−∆N2,i

)Ntot∑
k=1

σ̄a
(
1 + ξk,i

) Ik,i
τ2

(2.30)

− N̄2−∆N2,i
τ2

〉
i

.

Performing the mathematical calculations, averaging over the entire set of erbium ion
sub–ensembles, and applying

〈
ξk,i

〉
= 0 and 〈∆N2,i〉= 0, we obtain
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∂Īk
∂z

=uk
{(
σ̄ak + σ̄ek

)(
N̄2 +nk2

)
− σ̄ak

}
Īk +ukmσ̄ek(N̄2 +nk2)∆νk/ζ, (2.31)

τ2
∂N̄2
∂t

=− N̄2
(Ntot∑

k

σ̄ekĪk +
Ntot∑
k

σ̄akĪk + 1
)

+
Ntot∑
k

σ̄akĪk−
Ntot∑
k

(
σ̄ak + σ̄ek

)
nk2 Īk, (2.32)

where,

nk2 =〈∆N2,iξk,i〉i. (2.33)

From these calculations, a new mathematical entity arises, nk2, which accounts for
the small variations of the population probability ∆N2,i for a given wavelength. An
equation for the time evolution of nk2 can be derived by multiplying eq. (2.28) by ξk,i

and then averaging over all the ion sub–ensembles. Thus,

〈
ξk,i

∂N2,i
∂t

〉
i

= ∂〈∆N2,iξk,i〉i
∂t

= ∂nk2
∂t

, (2.34)

which finally leads to

τ2
∂nk2
∂t

=−nk2
(Ntot∑
j=1

σ̄ej Īj +
Ntot∑
j=1

σ̄aj Īj + 1
)
− N̄2(A∗k +B∗k)−B∗k), (2.35)

where the following quantities are defined

A∗k ≡
Ntot∑
j=1

σ̄ej ĪjΓs(k,j), (2.36)

B∗k ≡
Ntot∑
j=1

σ̄aj ĪjΓs(k,j), (2.37)

Γs(k,j) =
〈
ξk,iξj,i

〉
i
. (2.38)

The term A∗k accounts for the transitions starting from the metastable level, and
the term B∗k accounts for the transitions starting from the ground level, for all Ntot

signals present in the system. These terms are weighted by a correlation factor, Γs(k,j),
for each term of the summation, where k and j are two wavelengths of Ntot. This
factor depends on two input parameters and is represented by a matrix, named SHB
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correlation matrix.

Determination of the SHB Correlation Matrix

Although strongly desirable, there is currently no model available that allows the cal-
culation of the correlation parameters from fundamental properties of the erbium ions.
Nevertheless, the correlation matrix between the signals Γs(k,j) = 〈ξkξj〉 can be ob-
tained from experimental measurements, as shown in [63]. This technique is based on
the subtraction of a measured ASE noise spectrum, which is approximately free of the
SHB effect by using a signal placed at 1564 nm, from a ASE noise spectrum with a
signal ranging from 1525 nm to 1560 nm. The signal is going to induce the SHB effects
in the ASE noise spectrum around the signal wavelength.

Therefore, to construct the correlation matrix, a reference ASE noise spectrum
approximately free of non–local SHB is generated by a signal channel at 1566 nm with
a pump wavelength centered at 1480 nm. Subsequently, a signal wavelength ranging
from 1525 nm to 1564 nm (2 nm steps) is injected in the amplifier and the signal power
is adjusted in such a way that compression of the ASE noise spectrum is identical
to the reference ASE noise spectrum. The difference between the spectra is going to
reflect the change of inversion of correlated ion sub–ensembles due to SHB. Thus, the
correlation matrix Γs(k,j) is obtained by minimizing the difference between simulation
and experimental results.

Figure 2.14 shows the SHB correlation matrix, Γs(k,j), obtained by the hosting
company. From the results presented we verify that the SHB effect has a higher impact
in wavelengths from 1528 nm to 1533 nm. This means that when a signal centered
around 1530 nm is injected in the amplifier, the gain of the other wavelengths around
1530 nm is going to diminish and a hole in the gain appears, thus the name “hole
burning”. On the other hand, wavelengths above 1560 nm present a small impact on
the remaining wavelengths.

2.4.2 Three–level System Considering Statistical Variations

When pumped at 980 nm, the erbium ion is excited from the ground state 4I15/2 to
the 4I11/2 manifold, where there is a fast non–radiative decay to the level 4I13/2. Due
to this process, high inversion levels can be achieved. Thus, when pumping around
980 nm, it is possible to achieve an increase of gain and a lower noise figure when com-
pared with the amplifier pumped around 1480 nm [2]. However, the attenuation at the
pump wavelength and the ESA effect bring some disadvantages to the 980 nm pump-
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Figure 2.14: Correlation matrix between signals, Γs(j,k). Max(white) = 0.304 and
min(black) = -0.037.

ing scheme. When pumping around 980 nm to perform detail numerical simulations a
three-level system model should be considered for the EDFA.

To model the three–level system, let us assume that there are a total of M light-
waves involved in direct ion transitions from the ground level to the metastable energy
level and vice–versa. These wavelengths are found in the conventional wavelength band
(C–band) and around 1480 nm. Pumps around 980 nm need to be taken into account
in a different way and they are represented by the index l. The three–level system is
derived from the two–level model [53], extended for the three–level according to [2],
having in consideration the ESA effect. In this assumption, the distribution of the pho-
ton flux Īk for the signals, pumps, amplified ASE noise and the population probability
of the metastable level, N̄2(z, t), is given by

∂Īk
∂z

=
{
uk(σ̄ak + σ̄ek)N̄2− σ̄ak(1− N̄3)

}
Īk +ukmσ̄ekN̄2∆νk/ζ, (2.39)

∂Ī980
l

∂z
=
{
ukσ̄al(1− N̄2− N̄3) +ukσ̄

ESA
l N̄3

}
Ī980
l , (2.40)
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∂N̄2
∂t

=−N̄2
M∑
k=1

σ̄ek
Īk
τ2

+
(
1− N̄2− N̄3

) M∑
k=1

σ̄ak
Īk
τ2
− N̄2
τ2

+ N̄3
τ3
, (2.41)

∂N̄3
∂t

=
(
1− N̄2− N̄3

)M980∑
l=1

σ̄al
Ī980
l

τ2
− N̄3
τ3
. (2.42)

where Ī980
l is the photon flux of the pump centered at 980 nm divided by the saturation

parameter, ζ, σ̄ESA is the ESA absorption, N̄3 is the average population probability of
the third level and τ3 is the lifetime of the third level given in [70]. This model was
implemented and validated by the hosting company [71].

Again, let us consider the statistical variations of eqs. (2.22) and (2.23). The
statistical variations of the emission and absorption spectra will create excited sub-
populations with different population probabilities in the third energy level. Thus, the
population probabilities for the sub–ensembles, N3,i, are also random variables. As a
result, we have [68]

N3,i(z, t) = N̄3(z, t) + ∆N3,i(z, t). (2.43)

In eq. (2.43), N̄3(z, t) refers to the average inversion of the EDFA for a given longitu-
dinal section z and ∆N3,i(z, t) denotes the variation of the population probability on
the metastable level for a given ion sub–ensemble. The average value of the variation
will be approximately zero, thus 〈∆N3,i(z, t)〉= 0 [68].

Introducing eqs. (2.22), (2.23), (2.24), and (2.43) in eqs. (2.39), (2.40), (2.41), and
(2.42), averaging over the entire set of erbium ion sub–ensembles, and applying

〈
ξk,i

〉
=

0, 〈∆N2,i〉 = 0 and 〈∆N3,i〉 = 0, the propagations of the photon flux for the signals,
pumps around 980 nm, and ASE noise are given by

∂Īk
∂z

=uk[(σ̄ak + σ̄ek)(N̄2 +nk2)− σ̄a(1− N̄3−nl3)]Īk (2.44)

+ukmσ̄e(N̄2 +nk2)∆νk/ζ,
∂Ī980
l

∂z
=− [σ̄al(1− N̄2−nl2− N̄3 +nl3) + σ̄a

ESA
l (N̄3−nl3)]Ī980

l . (2.45)
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where:

nk2 = 〈∆N2ξk〉,

nl3 = 〈∆N3ξl〉.

The rate equations and variations of the system are given by

∂N̄2
∂t

=−N̄2(A+B+ 1
τ2

)− N̄3(B− 1
τ3

) +B−α−γ, (2.46)

∂N̄3
∂t

=−N̄3(C+ 1
τ3

) +C(1− N̄2)− δ−β, (2.47)

∂nj2
∂t

=−nj2(A+B
1
τ2

)−nj3(B− 1
τ3

)− N̄2(A∗j +B∗j )− (1− N̄3)B∗j , (2.48)

∂nj3
∂t

=−(nj2 +nj3)C+ n3
τ3

+ (1− N̄2− N̄3)C∗j , (2.49)

where,

A≡
M∑
k=1

σ̄ek
Īk
τ2
, B ≡

M∑
k=1

σ̄ak
Īk
τ2
, C ≡

M980∑
l=1

σ̄al
Ī980
l

τ2
, (2.50)

A∗j ≡
M∑
k=1

σ̄ek
Īk
τ2

Γs(j,k), B∗j ≡
M∑
k=1

σ̄ak
Īk
τ2

Γs(j,k), C∗j ≡
M980∑
l=1

σ̄al
Ī980
l

τ2
Γ9xx(j, l), (2.51)

α≡
M∑
k=1

(
σ̄ak + σ̄ek

)
nk2
Īk
τ2
, γ ≡

M∑
k=1

σ̄akn
k
3
Īk
τ2
, (2.52)

β ≡
M980∑
l=1

σ̄aln
l
3
Ī980
l

τ2
, δ ≡

M980∑
l=1

σ̄aln
l
2
Ī980
l

τ2
. (2.53)

According to [67, 68], the completion of this model requires the measurement of
two correlation matrices: one for SHB, Γs(j,k), which was constructed and presented
in Section 2.4.1, and a second correlation matrix for the SDP effect, Γ9xx(l, j) = 〈ξlξj〉,
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which can be measured according to [67].

Determination of the SDP Correlation Matrix

According to the literature, the correlation matrix between the pump wavelengths
around 980 nm and the signals, Γ9xx(l, j), can be determined by a technique presented
in [67]. This technique is based on the subtraction of an ASE noise spectrum of the
pumps around 980 nm with a reference ASE noise spectrum, obtained with a 1480 nm
pump. However, the ASE noise generation is different for the two and three–levels
EDFA. Therefore, the authors corrected this difference numerically. From the subtrac-
tion between these two spectra and by correcting the ASE noise generation, the authors
obtained the SDP spectrum for a given pump around 980 nm. From the obtained SDP
spectrum for each pump around 980 nm it is possible to construct the correlation ma-
trix between pump and signals [67]. This approach is possible if it is considered that
the 1480 nm has a negligible SDP effect [67] and can be used as a reference ASE noise
spectrum.

In our proposed approach [6], we use a different procedure, in order to overcome
the differences in the ASE noise generation between 980 nm and 1480 nm. We measure
the ASE noise profile for the pumps around 980 nm and then subtract the reference
ASE noise spectrum obtained with the numerical model implemented for the three–level
system considering only the SHB effect. This model already describes correctly the ASE
noise generation for the three–level. Therefore, the difference between the experimental
measurements and the numerical model gives us the SDP spectrum for each pump
around 980 nm. Using this approach, we simplify the technique presented [67], and the
assumption that the 1480 nm pump has a negligible SDP effect does not need to be
considered.

To determine the correlation matrix between the pump wavelengths and the sig-
nals, first we measure the ASE noise spectrum for pump wavelengths around 980 nm.
Fig. 2.15 shows the schematic diagram of the experimental setup. The reference sig-
nal is co–propagated with a pump around 980 nm, and injected in a 10 m EDF. The
reference signal is used to control the amplifier gain and is centered at 1564 nm. This
wavelength is chosen because it has a small SHB [63], allowing us to measure just the
SDP effect. The pumps used are centered around 980 nm, 976 nm, and 974 nm. The
reference signal has -10 dBm of input signal power and the pump centered at 980 nm
has 10 mW of input pump power. When changing the pump wavelength, the input
pump power is adjusted to maintain the same gain for the reference channel.
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Figure 2.15: Schematic diagram of the experimental setup used to measure the ASE
noise profile for different pump wavelengths and powers.

Figure 2.16 shows the subtraction of the measured ASE noise spectrum to the sim-
ulated ASE noise spectrum, for pumps centered at 980 nm, 976 nm, and 974 nm, and
maintaining the same gain for the reference signal. As shown, different pump wave-
lengths present different spectra, with different maximum ripples and peak locations.
The maximum ripple obtained is for the 980 nm pump, close to 5 dB, and the lower
for the 974 nm pump, 3.8 dB. Considering the peak location, we verify that the 976 nm
pump has the peak located near 1528 nm and the 980 nm pump close to 1532.5 nm. As
the results show, for the same amplifier gain, the maximum ripple can have a variation
above 1 dB and a peak location difference of more than 4 nm, depending on the pump
considered. These results are consistent with [67].
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Figure 2.16: SDP spectrum of different pump wavelengths with the same gain for the
reference signal, considering a spectral resolution of 0.05 nm.

The SDP spectrum is determined by the difference between the experimental ASE
noise spectrum for each pump and the simulation with the SHB effect already consid-
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ered. Thus, to determine the correlation matrix, we perform iterative guesses on the
each pump, in order to minimize the difference between the simulation model with SHB
and SDP and experimental results. By repeating this process for the different pump
wavelengths considered, it is possible to determine the correlation matrix between the
pump wavelengths and the signal wavelengths.

Figure 2.17 shows the correlation matrix for the SDP effect between the pump
wavelengths from 974 nm to 980 nm and the signals between 1520 nm and 1565 nm.
The minimum value of this matrix is 0.004 and the maximum is 0.15.
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Figure 2.17: SDP correlation matrix, Γ9xx(l, j), between pump wavelengths and sig-
nal wavelengths. The Γ9xx(l, j) comprises values in between 0.004 (white) and the
maximum 0.15 (black).

After constructing the correlation matrix between the pumps and the signals, the
three–level model considering statistical variations of the Giles parameters is concluded.

Experimental Validation

Typically, to experimentally measure the dynamic response due to SHB and SDP, it
is necessary to control and mitigate the power transients created by input channel
power variation [68]. However, the control system that is added to the EDFA can be
a source of inaccuracies [68]. To overcome this, we propose a setup similar to the one
presented in [72], which allows us to measure the SHB and SDP behavior without the
contribution of other dynamic effects [6].

To verify the model and assess the dynamic response of the EDFA due to SHB and
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SDP, we implement the experimental setup presented in Fig. 2.18. In this setup, the
surviving channel is tuned to 1531.2 nm, i. e. the region where the gain deviations due
to SHB and SDP are maximized [63]. Multiplexed with a pump tunable from 974 nm to
980 nm, the surviving channel is launched into a 10 m EDF. Ten additional channels are
added to the setup and, depending on the position of a fast 2x1 switch with switching
time below 1µs, they can be located either on the blue side (blue subband) or on the
red side (red subband) of the C–band. The total power of the ten channels located on
the red subband is adjusted in such a way that the surviving channel experiences equal
gain independently of the switch position on steady–state conditions. At the output of
the amplifier, a filter is used to separate the surviving channel from the other channels
and the pump (suppression > 40 dB). The time evolution of the optical power of the
surviving channel is recorded with a digital oscilloscope (OSC).
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Figure 2.18: Schematic diagram of the experimental setup implemented to measure
the dynamic response of the EDFA.

To verify the model, we measure the power excursion of the surviving channel,
which is the difference between the time evolution of the optical power of the surviving
channel and the optical power of the surviving channel on the steady state regime.
We use pumps centered at 980 nm, 976 nm, and 974 nm. The blue subband channels
have an equal channel spacing of 100 GHz start at 1529.6 nm, with the channel close to
1531.2 nm being skipped. On the red subband there are ten channels with 100 GHz of
channel spacing and the first channel centered at 1556.7 nm. The surviving channel and
the blue subband channels have an input signal power around -9.3 dBm/channel. The
dynamic response of the amplifier is measured when switching from the red subband
to the blue subband, and vice–versa.
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Figure 2.19(a) shows the power excursion of the surviving channel at the output
of the EDFA for gain values close to 0 dB. This small gain value is chosen in order
to get a large compression, which allows to measure both SHB and SDP with high
sensitivity [73]. For the pumps centered at 980 nm, 976 nm, and 974 nm, the results
show a maximum power excursion of about -0.40 dB, -0.33 dB, and -0.30 dB respectively.
Therefore, when the pump is centered at 974 nm or 976 nm, the deviations are between
23% and 20% smaller than when compared with the pump centered at 980 nm. A good
agreement between the simulation result and experimental data is observed, both in
terms of maximum deviation and in transition time, confirming the accuracy of the
proposed simulation model.
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Figure 2.19: a) Power excursions of the surviving channel for different pump wave-
lengths, when switching from the red subband to the blue subband; b) Power excur-
sions for the surviving channel for an EDFA pumped at 976 nm with different input
channel spacing, when switching from the red to the blue subband (on the left) and
from the blue to the red subband (on the right).

We can use the setup to further investigate the SHB and SDP dependence on the
input channel spectra allocation. We measure the amplifier dynamic response for an
input signal spectrum with a channel spacing of 100 GHz and 150 GHz. We start by
measuring the dynamic response for an EDF pumped at 976 nm with a gain close to
zero and using a channel spacing of 100 GHz. Since changing the spectral location
of the channels influences the amplifier gain, the total input signal power of the blue
subband on the measurement with 150 GHz is readjusted, in order to provide the same
gain for the surviving channel. Fig. 2.19(b) shows the power excursions of the surviving
channel when switching from the red subband to the blue subband (on the left), and
when switching from the blue subband to the red subband (on the right). As we can
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see, the power excursions increase by 20% when changing the channel spacing from
150 GHz to 100 GHz. Moreover, there is a good agreement between simulation and
experimental data, therefore confirming the accuracy of the simulation model.

2.5 Conclusions

In this chapter, the principal characteristics of the RFAs and EDFAs were presented
and discussed. An overview regarding the typical amplifier configurations used to
extend the reach of the optical transmission link was also highlighted.

The physical principle of RFA was introduced, as well as the propagation equations.
Furthermore, we presented and implemented the APA for the steady–state and for the
dynamic regime. We experimentally validated the numerical model in the steady–
state and in the dynamic regime, and verified that the implemented model has good
accuracy.

Regarding the EDFA, we discussed the physical principle of the two–level and
three–level system, focusing on the inhomogeneous gain broadening effect, which man-
ifests as the SHB and SDP effects. We derived and implemented the model for the
two–level EDFA and three–level EDFA considering the statistical variation of the Giles
parameters. Two correlation matrices were determined based on experimental results
in order to be possible to implement the model.

Using a proposed experimental setup specifically designed to isolate the SHB and
SDP effects, we were able to validate the mathematical model for the three–level am-
plifier. Finally, we investigated the dependence of the dynamic response of the EDFA
attributable to SHB and SDP on spectral allocation of input channels for three–level
EDFAs. We concluded that, by selecting a pump wavelength centered at 974 nm in-
stead of 980 nm, we could reduce the power excursions by 23 %, and that, by increasing
the channel spacing from 100 GHz to 150 GHz, the power excursions decreased by more
than 20 %.
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Chapter 3

Simplified Model for
Counter–Pumped RFAs

Network planning tools have to explicitly consider the quality of signal in order
to minimize network costs and energy consumption [1]. Due to the computa-

tional effort required by numerical calculations, the simulation of signal degradation
attributable to non–linear effects has to be based on simplified analytical models [2–
5]. In addition to simplicity, these models must have good accuracy when estimating
the signal degradation [6] in order to ensure that the network resources are used effi-
ciently [7]. Simplified models can also be used to develop new routing algorithms that
incorporate the impairments of the physical layer [8] and can be implemented in the
control plane of the network [9, 10]. However, it is also necessary to choose the correct
constraints to evaluate the feasibility of the lightpath [11], such as the gain and noise
figure of optical fiber amplifiers [8, 12]. In order to understand and develop simplified
analytical models to describe the signal degradation, an intrinsic understanding of the
physical effects in the transmission link is required.

In this chapter, we develop a simplified model with low computational requirements
for estimating the gain and amplified spontaneous emission (ASE) noise power of a
counter–pumped Raman fiber amplifier (RFA). This model is suitable for use with
multiple pumps and with a large number of signals. Using the proposed model, we
estimate the OSNR of transmission links with counter–pumped RFA with different
lengths and input signal powers, and compare them with numerical simulations. We
also present an algorithm to design counter–pumped RFAs based on the proposed
simplified model, allowing the reduction of computational requirements. The simplified
model described in Section 3.2 was published in [13, 14] and it was implemented in the
planning tool of the hosting company of the PhD program. The proposed algorithm
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to design counter–pumped RFA presented in Section 3.4 was published in [15].

3.1 Introduction

When modeling a RFA in a transmission link, there are three major interactions [16],
i.e., pump–to–pump interactions, pump–to–signal interactions, and signal–to–signal
interactions, that need to be considered. The signal–to–signal interaction needs to be
taken into account even if the transmission link does not have RFAs [17]. For this
reason, this interaction is usually considered as part of the transfer function of the
transmission fiber and therefore it is not considered in the model of the amplifier.

Several numerical models have been developed to predict and describe the other
interactions. In [18], a detailed numerical model (DNM), the average power analysis
(APA), is presented. Since this model is faster than other numerical methods, as
discussed in Section 2.3.2, it can be chosen for estimating the gain and ASE noise in a
reduced time interval. However, it is still not suitable when dealing with large networks
due to the computation power required by iterative convergence, particularly when a
large number of counter–directional pumps and signals is considered. In [19, 20], the
authors developed a closed integral form of coupled Raman equations, which allows a
reduction of processing time while still maintaining a good accuracy. Nevertheless, it
is still necessary to resort to a recursive propagation through the fiber length, and the
time needed for this process may preclude its utilization in more complex scenarios.

Analytical or semi–analytical approaches to develop simplified models tend to im-
ply a significant number of approximations which, in most cases, decrease the accuracy
of the models. In [21] a model suitable for the small signal regime of a counter–pumped
RFA with a single pump is presented, known as the undepleted pump model (UPM).
In [22], it is developed a model for the gain and noise figure for a multi–pump RFA,
without considering the pump–to–pump interactions. However, as shown in [23], these
interactions tend to be relevant as the number of pumps and their power increases.
Considering this, [23] presented an analytical approximated solution for the gain tak-
ing into account the pump–to–pump interactions, by iteratively solving the propaga-
tion equations for the pumps. These interactions can also be estimated by numerical
or semi–analytical models as shown in [24]. In this case, the interactions between
the pumps and signals are solved using the Runge–Kutta method. In [25], a semi–
analytical model that considers the depleted regime of a RFA with a single pump
and with frequency dependent losses is presented. In [26] the authors stated that the
composite Raman gain can be expressed as the logarithmic sum of the weighted gain
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created by each pump wavelength. These weighting factors are obtained after solving
the propagation equations.

This chapter is organized as follows. In Section 3.2 we customize the UPM [21],
with the introduction of two new parameters in order to account for the pump–to–pump
interactions. These parameters can be adjusted based on experimental measurements,
simulation results, or analytical expressions. Based on this proposal, we also present
and discuss a method to estimate the ASE noise. Using these two parameters, an
accurate black box model for the gain profile and ASE noise is obtained without in-
creasing the computational complexity of the UPM. All proposed models are validated
by numerical simulations using the DNM presented in Section 2.3.2 and by experi-
mental results. In Section 3.3, we use the proposed model to estimate the OSNR of
several wavelength–division multiplexing (WDM) channels in a transmission link with
different lengths, input signal powers and fibers types. The accuracy of the proposed
model is assessed with a comparison with numerical results obtained by the hosting
company. In Section 3.4, we present an efficient algorithm to design RFAs on the fly
with low computational requirements. In the proposed algorithm, instead of solving
the propagation equations with a DNM, we use a simplified model, which allows the
achievement of results in a time efficient manner. The conclusions of this chapter are
presented in Section 3.5.

3.2 Weighted Undepleted Pump Model

In order to develop a simplified model for the counter–pumped RFA suitable for network
planning tools and routing algorithms, we assume that the pump wavelengths and
powers of the amplifiers are known. This is a realistic scenario because usually RFAs
have a limited number of pump configurations. The Raman gain coefficient is also a
parameter that is assumed to be known for every used fiber. Moreover, we assume that
it is possible to know the On/Off gain for a signal centered at a chosen wavelength,
which can be obtained numerically or measured experimentally. Regarding the signals,
we assume that we know all the wavelengths and input powers injected into the fiber.

Due to the fact that we are assuming that signal–to–signal interactions are part
of the transfer function of the transmission fiber, only the pump–to–signal and the
pump–to–pump interactions have to be considered. Also, due to the fact that the
signal–to–signal interactions are not considered in the simplified model, in this section
only one signal, tunable from 1510 nm to 1610 nm, is considered.

To develop a simplified model, we start by separating the contributions of the
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pump–to–signal and pump–to–pump interactions, neglecting second order effects. First,
let us consider the UPM, where a small signal regime is assumed [21]. In this model,
only one pump is considered, thus the counter–pumped RFA output signal power,
Ps(L), is given by

Ps(L) = Ps(0)exp
(
Cs,pPp(L)Leff −αsL

)
, (3.1)

with the effective fiber length, given by

Leff = 1− exp(−αpL)
αp

, (3.2)

where Ps(0) is the input signal power at the beginning of the transmission fiber, Pp(L)
is the input pump power at the end of the transmission fiber, αp is the fiber attenuation
at the pump wavelength, αs is the fiber attenuation at the signal wavelength and L is
the transmission length. The parameter Cs,p is related to the Raman gain efficiency of
the fiber. Generically, for waves i and j centered at frequencies νi and νj , respectively,
Ci,j is given by [27]

Ci,j =


gr(νj−νi)

2Aeff
if νj−νi ≥ 0

−νi
νj

gr(νi−νj)
2Aeff

if νj−νi < 0,
(3.3)

where Aeff is the fiber effective area, gr(νj−νi) is the Raman gain coefficient of the
fiber and νj−νi represents the frequency spacing between the two waves. We used the
technique presented in [28] to determine the Raman gain coefficient of the standard
single mode fiber (SSMF).

In eq. (3.1) only the presence of one pump is considered. However, the UPM can
be extended to support multiple pumps. To achieve this, the contribution of the pump
for the signal output power in eq. (3.1) is replaced by a sum over all pumps. In this
case, the output signal power at the end of the amplifier is given by

Ps(L) = Ps(0)exp
 N∑

i=1
Cs,iPi(L)Leff,i

−αsL
 , (3.4)

where
Leff,i = 1− exp(−αiL)

αi
. (3.5)
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Leff,i is the effective length for each pump wavelength i, Pi(L) is the input pump
power of pump i in the counter–pumped configuration, αi is the fiber attenuation at
the pump wavelength i, and N is the total number of pumps.

With this model, we can take into consideration the contribution of each pump to
the amplifier gain. However, the interactions between the pumps are not considered.
In order to assess the accuracy of eq. (3.4), we perform On/Off gain measurements
and detailed numerical simulations (using the APA model presented in Section 2.3.2),
in a transmission system with a counter–pumped RFA. In Fig. 3.1 a schematic dia-
gram of the experimental setup implemented is presented. Several pump configurations
and pump powers are used. We start with configuration 1 which has four pumps cen-
tered at 1426 nm, 1444 nm, 1462 nm, and 1487 nm, with fiber attenuation coefficients of
0.26 dB/km, 0.25 dB/km, 0.23 dB/km, and 0.23 dB/km, respectively. The input pump
powers are presented in Table 3.1. The pumps P1, P2, P3, and P4 are coupled to the
fiber using an optical multiplexer, followed by an optical coupler. The transmission
fiber is a SSMF with 80 km, an effective area of 80 µm2, and an attenuation coefficient
of 0.2 dB/km around 1550 nm. Since we are interested in measuring the pump–to–
signal and pump–to–pump interactions, a tunable laser operating at 0 dBm is used
as the probe signal to be amplified. We measure the On/Off gain, from 1510 nm to
1610 nm using an optical spectrum analyzer (OSA).

SSMFTunable

Laser OSA

Optical

Isolator
MUX

Backward

Coupler

P1 P2 P3 P4

Configuration 1

Configuration 2

Configuration 3

Configuration 4

x x

x

x x

Figure 3.1: Experimental setup used to measure the amplifier On/Off gain. For each
used configuration, the pump wavelengths not used are marked with a “X”.

Figure 3.2 shows the On/Off gain results as function of the signal wavelength for
configuration 1. The results are obtained with experimental measurements, with the
UPM, eq. (3.4), and with DNM. Inspection of Fig. 3.2 shows that the DNM accurately
describes the experimental data. When comparing the UPM with the experimental or
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Table 3.1: Pump wavelengths and input pump powers of the different RFA configura-
tions. In configuration 4, the input pump powers of the two pumps are always increased
by the same amount.

Pumps
P1− 1426 nm P2−1444 nm P3− 1462 nm P4− 1487 nm

Conf. 1 183 mW 236 mW 88 mW 233 mW
Conf. 2 355 mW 257 mW — —
Conf. 3 398 mW 279 mW 84 mW —
Conf. 4 25 - 500 mW — — 25 - 500 mW

DNM results, we can observe a large deviation, due to the non–linear effect of SRS
between waves that leads to energy transfer between the pumps. This effect between
the pumps is highlighted by observing the linear regression of the results obtained with
each model, presented in Fig. 3.2. The UPM presents a gain with a negative tilt,
whereas the real gain profile presents a positive tilt.
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Figure 3.2: On/Off gain measurements and comparison with numerical models for a
counter–pumped RFA with four pumps and a total pump power of 745 mW: experi-
mental measurements (crosses); detailed numerical results (full line); undepleted pump
model (dotted line); linear regression of the detailed numerical model (dashed line);
linear regression of the undepleted pump model (dashed and dotted line). Inset refers
to the pump wavelengths and pump powers of the RFA.
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3.2.1 Adjustment of the On/Off Gain Tilt

The stimulated Raman scattering (SRS) between pumps changes the pump power
distribution within the fiber, resulting in an amplification of the pumps with higher
wavelengths and in the depletion of pumps with lower wavelengths. We propose to
include this effect on the UPM, eq. (3.4), by correcting the input pump power, in order
to consider the pump–to–pump interactions and, therefore, obtain the correct output
signal power, i. e.,

Ps(L) = Ps(0)exp
 N∑

i=1
Cs,iP

SRS
i Leff,i

−αsL
 , (3.6)

where PSRSi is the corrected input pump power of the pump i, considering the pump–
to–pump interactions. In order to estimate the PSRSi , we use

PSRSi = Pi(L)exp
 N∑
j=1

Ci,jPj(L)1− exp(−αjDint)
αj

 ,
(3.7)

where Dint can be understood as an interaction length between the pumps, in order
to include the effect of amplification or depletion of the pumps due to SRS between
them. Since Dint does not have any physical meaning, in a first approach, we have to
adjust it based on the difference between the proposed model and numerical simulations
or experimental measurements. In order to estimate Dint, based on a measured or
simulated On/Off gain for a given signal s, we start by writing the amplifier On/Off
gain using

Gs = Ps,ON (L)
Ps,OFF (L) =exp

 N∑
i=1

Cs,iP
SRS
i Leff,i

 , (3.8)

where Gs is the On/Off gain for a wavelength s. To simplify this equation, let us
consider the same attenuation coefficient for all the pump wavelengths, therefore,
Leff,i = Leff . Using eq. (3.8), we obtain

ln(Gs)≈ Leff
N∑
i=1

Cs,iPi(L)exp
Leff ′ N∑

j=1
Ci,jPj(L)

, (3.9)

where,
Leff ′ =

1− exp(−αDint)
α

. (3.10)
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Considering a first order of the Taylor expansion of the exponential in eq. (3.9), we
obtain

ln(Gs)
Leff

−
N∑
i=1

Cs,iPi ≈ Leff ′
N∑
i=1

N∑
j=1

Cs,iCi,jPiPj , (3.11)

Expanding the exponentials of Leff and Leff ′ , and solving with respect to the coeffi-
cient Dint, we can write

Dint ≈
ln(Gs)−L

N∑
i=1

Cs,iPi

L
N∑
i=1

N∑
j=1

Cs,iCi,jPiPj

. (3.12)

This expression relates Dint with the measured or simulated On/Off gain for the signal
s. Replacing Gs with an experimental or numerical result, it is possible to obtain
Dint. However, this derivation assumes some approximations, such as the exponential
approximation based on the first order Taylor series. To minimize the possible impact of
the approximations performed, several wavelengths must be compared and the chosen
wavelength, s, should be the one which best adjusts the On/Off gain tilt given by
eq. (3.6), when compared with DNM or experimental measurements.

Let us consider the amplifier shown in configuration 1. By simulating the On/Off
gain at different wavelengths with the DNM and using it on eqs. (3.6), (3.7), and (3.12),
we verify that the wavelength that better adjusts the tilt is 1571 nm. Fig. 3.3 shows
the On/Off gain results as function of the signal wavelength for configuration 1. The
results are obtained with experimental measurements, with the customized undepleted
pump model (CUPM), and with the DNM. Moreover, the linear regressions for the
detailed numerical simulations and for the CUPM are shown. When the CUPM is
tuned using the simulated On/Off gain for the signal 1571 nm, we verify that the gain
tilt is well adjusted. This result is highlighted by the comparison between the linear
regressions of the DNM and of the CUPM, which present the same tilt. However, an
offset of about 2 dB in the gain is still present.

3.2.2 Adjustment of the On/Off Gain Offset

We can adjust the offset in the On/Off gain of the RFA by including another parameter
in the model, i. e.
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Figure 3.3: On/Off gain measurements and comparison with numerical models for a
counter–pumped RFA with four pumps and a total pump power of 745 mW: experimen-
tal measurements (crosses); detailed numerical results (full line); weighted undepleted
pump model (dotted line); linear regression of the detailed numerical model (dashed
line); linear regression of the weighted undepleted pump model (dashed and dotted
line), when adjusting the tilt.

Ps(L) = Ps(0)exp
 N∑

i=1
Cs,iP

SRS
i L′eff,i

−αsL
 , (3.13)

where L′eff,i is given by

L′eff,i = 1− exp(−(αi+αSRS)L)
αi+αSRS

, (3.14)

where αSRS accounts for a gain reduction due to the depletion of the pumps, and Cs,i
is given by eq. (3.3).

We can write the On/Off gain difference between the CUPM, Gt, obtained with
eq. (3.6), and the experimental or numerical result, Gs, for the wavelength s, as

∆Gs = exp
 N∑
i=1

Cs,iP
SRS
i Leff,i


− exp

 N∑
i=1

Cs,iP
SRS
i L′eff,i

 .
(3.15)

Solving eq. (3.15) in order to L′eff,i and considering the first order of the Taylor expan-
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sion of the exponentials, we obtain

L′eff,i =− ∆Gs
N∑
i=1

(Cs,iPSRSi )
+Leff,i. (3.16)

Setting Leff,i ≈ 1/αi, and L′eff,i ≈ 1/(αi+αSRS), we obtain

αSRS = 1
− ∆Gs

N∑
i=1

Cs,iP
SRS
i

+ 1
αi

−αi. (3.17)

Figure 3.4 shows the On/Off gain results as function of the signal wavelength for
configuration 1. The results are obtained with experimental measurements, with the
CUPM, and with the DNM. The linear regressions for the DNM and for the CUPM
are also shown in the figure. We can observe similar results both with the CUPM with
the tilt and offset adjusted based on the gain of a selected wavelength, and the DNM.
This result is highlighted by observing the linear regression of the CUPM and DNM.
With this, we show that when using a proper wavelength, both the tilt and the offset
are well adjusted and the CUPM estimates the gain with good accuracy. We conclude
that the error introduced when deriving the model is compensated by the proper choice
of the reference signal wavelength.

3.2.3 Analytical Expressions for the Two Adjustment Para-
meters

We have shown that it is possible to obtain accurate results for the amplifier gain
based on a customization of the UPM with two extra parameters. These parameters
are estimated based on the comparison with experimental or numerical results, and we
named this method weighted–by comparison (WBC). Nevertheless, it can be useful to
have analytical expressions for Dint and αSRS .

In a first attempt to develop an analytical model to estimate Dint, we can per-
form several numerical simulations and adjust Dint in order to minimize the difference
between the proposed model and numerical simulations. Thus, this parameter can be
found by setting αSRS to zero and minimizing the mean squared error (MSE) between
the gain obtained by this model and the gain obtained from numerical simulations.
The MSE is given by

MSE = 1
N

N∑
i=1

(xi− x̂i)2 (3.18)
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Figure 3.4: On/Off gain measurements and comparison with numerical models for a
counter–pumped RFA with four pumps and a total pump power of 745 mW: experimen-
tal measurements (crosses); detailed numerical results (full line); weighted undepleted
pump model (dotted); linear regression of the detailed numerical model (dashed line);
linear regression of the weighted undepleted pump model (dashed and dotted line),
when adjusting the tilt and offset.

where x̂i is the On/Off gain for each signal wavelength obtained with the numerical
model in decibels, x is the On/Off gain obtained by the proposed model in decibels, and
N is the number of wavelengths in the considered wavelength window. We use the MSE
function because, as it squares the gain deviations, the values with a higher deviation
will have more weight in the error function. Thus, by minimizing the MSE, we are
reducing the deviations between the proposed model and the numerical simulations. By
adjusting Dint, we obtain the solution presenting smaller gain deviations and, therefore,
closer to the numerical simulation results.

We can use the MSE to assess the behavior of Dint as function of the pump
power and the frequency separation between pumps. For these simulations, we con-
sider a 80 km SSMF with an effective area of 80µm2. The pump wavelengths are
centered at 1426 nm, 1444 nm, 1462 nm, and 1487 nm, with an attenuation coefficient
of 0.25 dB/km, 0.24 dB/km, 0.23 dB/km, and 0.23 dB/km, respectively, and are ar-
ranged in different setup configurations. Setup 1 has 3 pumps centered at 1426 nm,
1444 nm, and 1467 nm; setup 2 has two pumps centered at 1426 nm and 1462 nm; and
setup 3 has 3 pumps centered at 1426 nm, 1462 nm, and 1487 nm. The pump power is
increased equally for all the pump wavelengths considered in each setup. The atten-
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uation coefficient for the signals wavelengths is 0.20 dB/km. The optimized value for
Dint is found when the MSE between the gain obtained by the simplified model and
the one estimated by the numerical model is minimized.
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Figure 3.5: Dint as a function of the total input power for a RFA with two and three
pumps.

Figure 3.5 shows the evolution of the parameter Dint as function of the total input
power for a RFA with two and three pumps. It can be observed that Dint decreases
as the total input pump power increases. Also, although setups 1 and 2 have different
number of pumps, the fact that their first and last pumps have the same wavelength
leads to a similar behavior and follows the regression equation of setup 1, which is
obtained by fitting the results obtained for setup 1. On the other hand, setup 3 and
setup 1 have 3 pumps, but different pump wavelength separation between the pump
wavelengths. When comparing the results obtained for these setups, we can see that
the behavior of the curve is different. This suggests that there is a dependency between
Dint and the maximum separation of the pump wavelengths.

Considering that the CUPM should converge for the UPM when the number of
pumps is one, due to the fact that there is no pump depletion when considering only
one pump in the amplifier, we expect that both Dint and αSRS approach zero for this
configuration. Moreover, as shown in Fig 3.5, Dint should be inversely proportional to
the total pump power, and should account for the pump–to–pump interactions. Based
on the stated principles, and only considering known parameters of the system, we find
an analytical expression for Dint that better adjusts the results obtained from several
simulations for different scenarios. That equation can be written as
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Dint ≈
Npumps−1

Ptotal
N∑
j=2
|C1,j |

, (3.19)

where C1,j is the Raman gain efficiency of the fiber between the first pump P1 and the
pump j, Npumps is the number of pumps, and Ptotal is the total input pump power.

After developing an analytical equation for Dint, to complete the model we need
to find a second analytical equation for estimating αSRS . αSRS can be understood as
an extra attenuation at the pump wavelength that accounts for the loss of power due
to the pump depletion. When considering several pumps in a RFA, the pump with
highest depletion is the pump with the smaller wavelength, thus the behavior of the
αSRS should be proportional to the loss of power of the first pump. After simulating
several scenarios with different numbers of pumps and pump powers, we verify that
αSRS can be written as function of the logarithm of the remaining power after taking
into account the depletion of the first pump divided by the input pump power and
further divided by the transmission distance. Therefore, in dB/km,

αSRS ≈−
10
L

log10

(
PSRS1
P1(L)

)
. (3.20)

With eqs. (3.19) and (3.20), we are able to propose a model for the output signal
power of RFAs with different number of pumps and powers, excluding the need to
compare with experimental measurements or numerical simulations in order to adjust
the parameters. This approach is defined as weighted–by analytic expression (WAE)
and it is given by eq. (3.13), and eq. (3.7), and the parameters, Dint and αSRS , obtained
with the analytical expressions eq. (3.19), and eq. (3.20).

Figure 3.6 shows the On/Off gain results as function of the signal wavelength
for configuration 1 considering experimental measurements, the WAE model, and the
DNM. As one can see, the results obtained with the WAE present good accuracy,
although slightly lower than the accuracy achieved when Dint and αSRS are obtained
through comparison with the WBC model, see Fig. 3.4. Nevertheless, based on WAE,
the obtained results do not require any comparison with experimental or numerical
data, which can make this method simpler to use than the WBC model.

3.2.4 Performance Assessment

We have assessed the accuracy of the CUPM adjusted by WBC and WAE, when con-
sidering a counter–pumped RFA with four pumps. However, in order to further assess
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Figure 3.6: On/Off gain measurements and comparison with numerical models for a
counter–pumped RFA with four pumps and a total pump power of 745 mW: exper-
imental measurements (crosses); detailed numerical results (full line); WAE (dotes);
linear regression of the detailed numerical model (dashed line); linear regression of the
WAE (dash and dot line).

the proposed model in scenarios with different number of pumps, pump wavelengths
and powers, we experimentally implement one counter–pumped RFA with two pumps
and one with three pumps, see Fig. 3.1 and Table 3.1. We consider the same assump-
tions for configurations 2 and 3 as the ones presented for configuration 1 in Section 3.2.
We measure the signal On/Off gain for configuration 2 and 3 from 1510 nm to 1570 nm.

Figures 3.7 and 3.8 show the On/Off gain results as function of the signal wave-
lengths for configurations 2 and 3, respectively. The results are obtained with exper-
imental measurements, with detailed numerical simulations, and with the WBC and
WAE models. Inspection of the figures show that the DNM provides good accuracy
when estimating the amplifier gain for the configurations. On the other hand, the
UPM is the most inaccurate, presenting a higher error for configuration 3. Regarding
the WBC and the WAE approaches to estimate the parameters of the CUPM, we ver-
ify that the results obtained have a good accuracy for configurations 2 and 3. Also,
both approaches provide similar results. To further discuss the error of the gain profile
estimation, we measure the mean absolute error (MAE) between the estimated and
measured gain profiles, which is given by

MAE = 1
n

n∑
i=1
|Gi−Gref,i|, (3.21)
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Figure 3.7: On/Off gain measurements and comparison with numerical models for a
counter–pumped RFA configuration 2 with a total pump power of 612 mW: experi-
mental measurements (crosses); detailed numerical results (full line); undepleted pump
model (dotted line); weighted undepleted pump model based on comparison with ex-
perimental or detailed numerical simulation, WBC (dashed line); weighted undepleted
pump model based on analytical expressions, WAE (dashed and dotted line). Inset
refers to the pump wavelengths and pump powers of the RFA.

where Gi is the estimated gain that we want to evaluate in decibels, Gref,i is the
reference gain profile in decibels, and n is the total number of wavelengths measured.

Figure 3.9 shows the MAE of the UPM, the DNM, the WBC model and the
WAE model, when compared with the experimental measurements, for configurations
1, 2, and 3. An analysis of Fig. 3.9 shows that the DNM correctly describes the
experimental measurements for all the setups considered, with a MAE below 0.5 dB.
When considering the UPM, we verify that it presents a higher error than the DNM.
Moreover, this error increases with the number of pumps and respective powers, until
a MAE of 2.8 dB is reached for configuration 1. When comparing the CUPM, adjusted
with WBC and WAE, we verify that, for some configurations, the MAE almost matches
the DNM, which highlights the accuracy of the proposed models. Nevertheless, we
verify that, when using the WBC, typically the error is smaller than when using the
WAE. Regarding configuration 2, the WBC presents a slightly higher error than the
UPM. This happens because the depletion of the first pump is over estimated by the
model. This is due to the fact that, in this configuration, the first pump has a higher
input power than the second and the wavelength separation between them is small,
about 18 nm, which means that the depletion is almost negligible.
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Figure 3.8: On/Off gain measurements and comparison with numerical models for a
counter–pumped RFA configuration 3 with a pump power of 760 mW: experimental
measurements (crosses); detailed numerical results (full line); undepleted pump model
(dotted line); weighted undepleted pump model based on comparison with experimental
or detailed numerical simulation, WBC (dashed line); weighted undepleted pump model
based on analytical expressions, WAE (dashed and dotted line). Inset refers to the
pump wavelengths and pump powers of the RFA.

It is also important to assess the impact of the fiber length on the accuracy of the
proposed model. Therefore, we calculate the MAE as function of the fiber length, for
the UPM, the WBC and for the WAE, when compared with DNM for configuration
1. Fig. 3.10 shows the MAE as function of the transmission distance for the UPM,
the WBC and WAE, when compared against the DNM. The results in the figure
show that, when considering the WBC model, the MAE is below 0.3 dB for all the
distances considered. For the WAE model, the results present a MAE below 0.5 dB
up to 180 km. Moreover, the UPM provides a higher error when compared with the
proposed models. The obtained results for all other configurations are similar to the
ones presented. Therefore, based on the obtained results we verify that the proposed
models maintain the accuracy for transmission distances up to 180 km.

The evaluation of the behavior of the proposed model with the increase of the
total input pump power is also important. To achieve this, we increase the total pump
power in intervals of 100 mW, with power equally distributed for all the pumps in the
amplifier. For this trial, we selected configuration 1 and 4, see Table 3.1, which have 4
and 2 pumps, respectively, and an equal spacing between the first pump and the last
pump. The On/Off gain is estimated using the UPM, the WAE, and the WBC. All
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Figure 3.9: MAE of the On/Off gain for the different models for configurations 1, 2
and 3, when compared with experimental results.

estimations are compared with results obtained with the DNM. Fig. 3.11 shows the
MAE as function of the total input power, for the UPM, the WBC, and WAE, when
compared with the DNM for configurations 1 and 4, see Table 3.1. Considering the
WBC approach, we verify that the obtained MAE is always below 0.4 dB. Regarding
WAE, we conclude that it tends to be suitable for a total pump power of up to 900 mW
and a wavelength separation below 60 nm between the first and last pump, considering
a MAE up to 1 dB. When comparing the WBC and WAE approaches with the UPM,
we verify that the results are significantly improved.

The processing time is also an important factor when validating the applicability
of a simplified model. In Table 3.2 is shown the processing time of each model for
configurations 1, 2, and 3. When considering configuration 1, the processing time to
calculate individually the On/Off gain of 100 signals, by the DNM, with a spacial reso-
lution of 200 m and a convergence criterion of 1x10−6, is longer than 7300 ms, contrary
to the WAE, which takes less than 100 ms. This means that the WAE is more than
70 times faster than the DNM for this configuration. When considering configurations
2 and 3, to calculate individually the On/Off gain of 70 signals, the DNM took more
than 2500 ms and 4700 ms, respectively. When considering the WAE, the process takes
less than 40 ms and 50 ms, respectively. As we can observe, the WAE is faster than
the DNM even in simpler configurations. Also, considering WAE, the processing time
is almost the same, despite the complexity of the RFA configurations. As expected,
when comparing the WAE with the UPM, the computational time is similar for all
configurations considered. Regarding the WBC approach, the computational time is
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Figure 3.10: MAE between the On/Off gain obtained with the UPM, WBC and WAE,
when compared with the DNM, for different transmission distances for configuration
1, see Table 3.1.

not tested because it is necessary to adjust the parameters based on a comparison with
either numerical simulations or experimental measurements. However, after determin-
ing the parameters Dint and αSRS , the computational time for each configuration is
similar to WAE.

Table 3.2: Processing time, in milliseconds (ms), of the models in an Intel T5500
processor at 1.66 GHz with 2 GB of RAM.

Model Conf. 1 Conf. 2 Conf. 3
Detailed Numerical Model (DNM) 7300 2500 4700
Undepleted Pump Model (UPM) 90 35 50
WAE 90 40 50

3.2.5 ASE Noise Model

Some planning tools and routing algorithms are based not only on the amplifier gain
profile, but also on the optical signal–to–noise ratio (OSNR) after the transmission
links. Therefore, it is also important to develop and improve the noise estimation for
the transmission systems.

The ASE noise of the amplifier can be related to the amplifier gain [29, 30]. For
this reason, we can apply the proposed approach to better estimate the ASE noise
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Figure 3.11: MAE between the On/Off gain obtained with the undepleted pump model,
WBC and WAE, when compared with the DNM, for different total input pump powers
for configuration 1 and configuration 4, see Table 3.1.

profile of the RFA. Let us consider a multi–pumped RFA. The net gain, G, is given
by [29]

G= exp(−αsignalsL)
∏
i

gi, (3.22)

where i refers to the pump of the configuration implemented and αsignals the attenua-
tion coefficient of the fiber. Considering the UPM, gi is given by

gi = exp
(
Cs,iPi(L)Leff,i

)
. (3.23)

Using the proposed model, we can estimate gi using

gi = exp
(
Cs,iP

SRS
i L′eff,i

)
, (3.24)

where PSRSi is the corrected input pump power given by eq. (3.7) and L′eff,i is given
by eq. (3.14). Based on [29] and considering the proposed model, the ASE noise power
at the end of the amplifier, L, can be written as

PASE(L) = hνB0


∑
i
Ei ln(gi)∑
i

ln(gi)



1 + αLeff exp(αL)∑

i
ln(gi)

G−
1 + αLeff∑

i
ln(gi)


 ,

(3.25)
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where α is the average attenuation coefficient of the fiber at the pump wavelengths and
Ei is the spontaneous factor, given by

Ei = 1 + 1
exp

(
h∆νi
kBT

)
−1

, (3.26)

and h is the Planck’s constant, kB is the Boltzman’s constant, T is the temperature in
Kelvin, ∆νi is the frequency difference between the i–th pump and signal, and B0 is
the reference bandwidth.

Figure 3.12 shows experimental measurements for the ASE noise power as function
of the wavelength for configuration 1, from 1520 nm to 1590 nm. The ASE noise power
is measured without signals and the reference bandwidth is 2.5 GHz. The ASE noise
power is also numerically simulated with the ASE noise model eq. (3.25), when using
the UPM or the WAE model to estimate the gain of the amplifier. When comparing
the experimental results with the ones obtained using the UPM to estimate the gain of
the amplifier, we verify that there is a deviation between the results higher than 2 dB,
which is not suitable. When comparing the results obtained using the WAE to estimate
the amplifier gain with the experimental results, we verify that the ASE noise powers
are correctly described. However, a maximum deviation of about 1 dB is still present.
This suggests that this model needs further improvements, which will be discussed in
Section 3.3.
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Figure 3.12: ASE noise measured and estimated based on the UPM and on WAE for
the amplifier of configuration 1.
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3.3 OSNR Estimation in a Transmission Link With
a RFA

In Section 3.2 we proposed and validated the WAE model for the gain and ASE noise
generation when considering a different number of pumps and pump powers. However,
only one signal is used to probe the amplifier On/Off gain. In order to verify if the
proposed WAE model can be a good choice of implementation in network planning
tools, further validations are needed when considering WDM channels in transmission
links with different fibers types, input signals powers, and distances.

3.3.1 Insertion Losses and Pump Configuration of the RFA

When including a RFA element in the transmission link, extra losses are introduced
along the signal path. Table 3.3 shows the system losses for pumps and signals due
to the insertion of the RFA element. The signals, going from “line in” to “line out”
connectors, are subject to a loss of 1.2 dB due to couplers and connections inside the
RFA. The pumps are also subjected to a loss between the pump fiber pigtail splice
and the “line in” port of the element, called “pump path loss”. As shown in Table 3.3,
this loss is assumed to be the same for every pump and equal to 1.8 dB. There is an
additional loss between the “line in” port and the transmission fiber, which accounts for
patch panel losses and is assumed to be 0.4 dB. This loss affects both pumps and signals.
Therefore, due to the insertion of the RFA in the transmission system, the signals and
the ASE noise signals at the input of the RFA will have an extra attenuation of 1.8 dB.
This attenuation directly affects the output signal and output ASE noise powers. The
pumps will have an attenuation of 2.3 dB, which will reduce the injected pump power
in the amplifier. Thus, when configuring the pump powers, this value needs to be taken
into account, in order to obtain a gain flattened amplifier.

Table 3.3: System losses due to the insertion of the RFA.

Patch panel (dB) Path loss (dB) Connectors (dB) Total (dB)
Signals 0.4 1.2 0.2 1.8
Pumps 0.4 1.8 0.1 2.3

Table 3.4 shows the pumps wavelengths and maximum output powers of the consid-
ered counter–pumped broadband RFA element. The pumps are centered at 1424 nm,
1435 nm, 1455 nm, and 1472 nm, with a maximum pump power of 360 mW for each
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pump. The RFA is designed in such a way that the pump power for each pump wave-
length is divided by the two orthogonal polarizations of the fiber.

Table 3.4: Pump wavelengths and maximum powers of the considered RFA.

LD# Wavelength (nm) Max. power (mW)
1 1424 360
2 1435 360
3 1455 360
4 1472 360

3.3.2 Transmission Link Model

Since the transfer function of the transmission fiber in the planning tool takes into ac-
count the signal–to–signal interactions, when estimating the On/Off gain of the trans-
mission link we have to separate the contributions of the signal–to–signal interactions
from the On/Off gain of the amplifier. Therefore, the On/Off gain of the transmission
link with Raman amplification is the summation of the On/Off gain between signals,
and the On/Off gain between the pumps and signals. Thus, we have to estimate the
output signals powers and the ASE noise powers by taking into account the different
gains and losses present in the transmission system separately. In order to estimate
the output signal power we need to take into consideration the transmission losses
and the insertion losses of the RFA element, the On/Off gain due to signal–to–signal
interactions and the amplifier On/Off gain. Similarly, to estimate the ASE noise we
have to consider the transmission losses and the insertion losses of the RFA element,
the On/Off gain due to the interaction between the ASE noise, and the generation and
amplification of the ASE noise.

Based on the summation of all of these contributions, the system output signal
power and the output ASE noise power are given by, in decibels,

Pout(s) = Pin(s)−Afiber(s) +Gsignals(s) +GRFA(s)−ARFA, (3.27)

Pase,out(a) = 10Log10(10Pase,trans(a)/10 +aseRFA(a)), (3.28)

where

Pase,trans(a) = Pase,in(a)−Afiber(a) +Gsignals(a)−ARFA, (3.29)

and where Pin(s) is the input signal power, the Afiber(s) is the total attenuation of
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the fiber for the signal index s, Gsignals is the gain or losses due to signal–to–signal
interaction for the signal s along the transmission fiber, GRFA is the On/Off gain of the
amplifier for the signal s, and ARFA is the attenuation caused by including the RFA
in the signal path. Pase,in(a) is the input ASE noise power of wavelength a in linear
units, aseRFA is the ASE noise generation of the RFA for the wavelength a in linear
units, and Gsignals(a) accounts for the On/Off gain for the ASE noise wavelength a

due to interaction between the ASE noise wavelengths.

In order to estimate Pout(s), we assume that the Pin(s) is known, as well as the
transmission losses. Since we do not have any simplified tool or lookup table to estimate
Gsignals, we simulate the impact of the signal–to–signal interaction with the APA model
presented in Section 2.3.2, having the pumps set to zero. Finally, the GRFA is the only
unknown variable in order to calculate Pout(s), which will be calculated using the WAE
model. Regarding the ASE noise output power estimation, the input ASE noise power
is known, and Gsignals(a) is numerically simulated with the APA model, presented in
Section 2.3.2. The ASERFA will be obtained as presented in Section 3.2.5.

3.3.3 WDM Signals Output Power and ASE Noise Output
Power

Let us consider a transmission system with 96 channels starting at 1528 nm and with
50 GHz of channel spacing. Each channel is considered to be a continuous wave (CW)
channel. The fiber length, input signal powers, and the amplifier gain are selected in
such a way that the total attenuation at the end of the transmission link with the RFA
gain still allows the detection of the signals at the receiver. The transmission fiber can
be a SSMF or a large effective area fiber (LEAF). The fiber characteristics are shown
in Table 3.5. Due to the different characteristics of the fiber, the gain provided by the
RFA will be different for both fibers. For that, we consider a gain of 10 dB for the
SSMF and a gain of 13 dB for the LEAF fiber. For each fiber type, several distances,
with a total propagation loss around 20 dB, 25 dB, 30 dB, and 40 dB for the signals
and with different input signal powers are considered, as we can see in Table 3.6 for
the SSMF fiber and in Table 3.7 for the LEAF. For each link, an optimization of the
pump powers is performed in order to minimize the ripple of the output signal power
for the given trial. The initial conditions are the input signal powers and the input
ASE noise powers. In these trials we assume that Pin is adjusted in such a way that,
after the transmission link, the output signal power is flattened. This means that the
input signal power is tilted in an opposite way to the Gsignals.
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Table 3.5: SSMF and LEAF characteristics, gr correspond to the peak Raman gain
coefficient and the attenuation is referred to a wavelength around 1550 nm.

Fiber gr(m/W ) Aeff(m
2) Loss (dB/km)

SSMF 2.8x10−14 80x10−12 0.22
LEAF 3.5x10−14 72x10−12 0.22

Table 3.6: Trial number and parameters used, when considering a SSMF with a
counter–pumped RFA with 10 dB of On/Off gain.

Trial Distance (km) Total loss (dB) Power per Channel (dBm)
1 91 20 -1.1
2 114 25 0.7
3 136 30 2.7
4 182 40 3.2

In order to assess the accuracy of the proposed simplified model, we will compare
the results obtained against numerical simulations performed by the hosting company.
These reference numerical results were obtained based on the model presented in [31].
From these reference results we obtain the output signal power, the output ASE noise
power, and the OSNR at the end of the transmission link.

When using the WAE model to estimate Pout(s) and Pase,out(a), we consider the
same set of conditions used on the reference numerical simulations. This means that the
attenuation, the Raman gain coefficient for each fiber, the input signal power and the
input ASE noise power, are the same as the ones used in the numerical simulations. We
assess the maximum deviation between the the WAE model for the output signal power
and the ASE noise power and the respective simulated value. The maximum deviation
is chosen because it provides a better understanding of the maximum difference between
the reference numerical results and the estimated ones. Regarding the comparison
between the OSNR results we also use the MAE to assess the average error when
considering all signals in the transmission link.

Output Signal Power Estimation

Let us estimate the output signal power according to eq. (3.27) of trial 8, see Table 3.7.
The optimized pump powers used in the RFA element are shown in Table 3.8. In
Fig. 3.13(a), the input signal power in the transmission link as function of the sig-
nals wavelength is given. As discussed, the input signal spectrum is tilted in order to
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Table 3.7: Trial number and parameters used, when considering a LEAF with a
counter–pumped RFA with 13 dB of On/Off gain.

Trial Distance (km) Total loss (dB) Power per Channel(dBm)
5 91 20 -1.1
6 114 25 0.7
7 136 30 2.7
8 182 40 3.2

compensate for the signal–to–signal interactions. We estimate Gsignals using the input
signal power given and the APA model. In Fig. 3.13(b) the On/Off gain due to the
signal–to–signal interactions, Gsignals, as function of the signal wavelength is shown.
Inspection of the figure shows that signals with higher wavelengths have a higher gain,
and signals with a lower wavelength have a higher loss. This happens because sig-
nals with lower wavelength are amplifying signals with higher wavelength. Thus, the
Gsignals has an opposite tilt, when compared with the input signal power.

Table 3.8: Pump powers used for trial 8 with provide a On/Off gain around 13 dB gain
for the LEAF.

Pump Number Pump Powers (mW)
P1 333
P2 262
P3 273
P4 179

To calculate the GRFA(s), we use the WAE model. Fig. 3.14(a) shows the On/Off
gain predicted by the proposed model as function of the signal wavelength. Since this
model does not allow us to consider the signal–to–signal interactions, the On/Off gain
profile is flat. In Fig. 3.14(b), the On/Off gain of the transmission link as function of
the signal wavelengths is shown. The results are obtained with the reference numerical
model and by adding the Gsignals(s) to the On/Off gain estimated by WAE model
GRFA(s). As we can see, the On/Off gain of the transmission system obtained with
Gsignals(s) + GRFA(s) is similar to the On/Off gain of the transmission link obtained
with the reference numerical model.

Having the Gsignals(s), GRFA(s), and knowing the signal losses and the insertion
losses of the RFA, we can calculate the output signal power. Fig. 3.15 shows the
output signal power as function of the signals wavelengths, obtained with the reference
numerical model and with the WAE model. Inspection of the figure shows that the
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Figure 3.13: a) Input signal power considered in trial 8. b) Simulated Gsignals at the
end of the transmission link of trial 8.
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Figure 3.14: a) Estimated On/Off gain using the WAE model for trial 8. b) Reference
and estimated On/Off gain of the transmission link, trial 8.

reference numerical simulation presents an output signal power without any tilt. On
the other hand, the proposed model does have some tilt. However, the difference
between both is very small and with a maximum deviation in the order of 0.2 dB.
When considering Gsignals(s) and GRFA(s) separately, we are introducing a possible
source of error by neglecting the amplification of the signals and its impact on the
Gsignals(s). However, as shown in the figure, the output signal power estimation is still
accurate, when compared with the reference numerical model. Therefore, we verify that
it is possible to use our approach the estimate the On/Off gain of the transmission link.

These steps are repeated for the other trials. Table 3.9 shows the maximum devia-
tion between the WAE model and the reference numerical simulations when considering
a SSMF fiber with a counter–pumped RFA with a gain of 10 dB. When comparing the
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Figure 3.15: Output signal power obtained with the reference numerical model and
estimated using the WAE model for trial 8.

results we can see that, despite the increase of distance and input signal power, the
maximum deviation maintains a constant value below 0.4 dB, meaning that the pro-
posed model is suitable for a higher range of signal powers and transmission distances.
Table 3.10 shows the maximum deviation between the WAE model and the numerical
simulations, regarding the use of a LEAF fiber with a counter–pumped RFA with a
gain of 13 dB. From the results obtained, we verify that the deviation is below 0.5 dB.
When increasing the transmission distance and the input signal power, we can see that
the maximum deviation does not increase considerably for the LEAF fiber. When
comparing both fibers, we verify that the LEAF fiber has a slightly higher error, which
can be related to the fact that the amplifier gain is higher for this fiber. These results
show that the model WAE can be used to estimate the output signal power for the
considered trials.

Table 3.9: Maximum deviations of the output signal power between the reference
numerical simulations and the WAE model for a SSMF transmission system with a
counter–pumped RFA with 10 dB gain.

Trial Distance (km) Total loss (dB) Signal (dBm) Max. dev (dB)
1 91 20 -1.1 0.4
2 114 25 0.7 0.4
3 136 30 2.7 0.3
4 182 40 3.2 0.3
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Table 3.10: Maximum deviations of the output signal power between the reference
numerical simulations and the WAE model for a LEAF transmission system with a
counter–pumped RFA with 13 dB gain.

Trial Distance (km) Total loss (dB) Signal (dBm) Max. dev (dB)
5 91 20 -1.1 0.5
6 114 25 0.7 0.3
7 136 30 2.7 0.3
8 182 40 3.2 0.2

Output ASE Noise Power Estimation

Let us estimate the output ASE noise power according to eq. (3.28), considering the
conditions of trial 8. Fig. 3.16(a) shows the ASE noise input power as function of the
ASE noise wavelength. We calculate ASERFA with the model presented in Section
3.2.5. By summing up all the terms according to eq. (3.28), it is possible to estimate
the output ASE noise power.

Figure 3.16(b) shows the output ASE noise power as function of ASE noise the
wavelength. The results are obtained with the reference numerical model and estimated
using the proposed model. Inspection of the figure shows that there is a significant
difference between the estimated ASE noise output power and the reference numerical
model, higher than 2.5 dB. Despite the length of the transmission fiber, the difference
is too high to be considered useful.
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Figure 3.16: a) Input ASE noise power of trial 8; b) Output ASE noise power of trial
8 obtained with the reference numerical model and estimated using WAE.

Let us perform the calculations for the other trials considered. Tables 3.11 and
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Table 3.11: Maximum deviations of the ASE noise output power between the reference
numerical simulations and the WAE for a SSMF transmission system with a counter–
pumped RFA with 10 dB gain.

Trial Distance (km) Total loss (dB) Signal (dBm) Max. dev (dB)
1 91 20 -1.1 1.5
2 114 25 0.7 1
3 136 30 2.7 0.6
4 182 40 3.2 1.75

Table 3.12: Maximum deviations of the ASE noise output power between the reference
numerical simulations and the WAE for a LEAF transmission system with a counter–
pumped RFA with 13 dB gain.

Trial Distance (km) Total loss (dB) Signal (dBm) Max. dev (dB)
5 91 20 -1.1 1.1
6 114 25 0.7 0.6
7 136 30 2.7 0.9
8 182 40 3.2 2.7

3.12 show the maximum deviation obtained between the estimated ASE noise output
power using the proposed model and the reference numerical model for the SSMF and
LEAF, respectively. When observing both tables, between 114 km and 136 km the
obtained results have a reduced deviation, which indicates that the accuracy of the
model depends on the distance. Thus, it can be possible to tune the proposed model
for the ASE noise with another parameter, dependent on the transmission distance,
αadj , to improve the accuracy of the model. Consequently, the net gain, G, is given by

G= exp(−αadjL)
∏
i

gi. (3.30)

This new parameter, αadj , with units of dB/km, has to be carefully adjusted in
order to accurately estimate the ASE noise output power in each trial. This adjustment
needs to be based on experimental data or on a numerical model. Nevertheless, for each
fiber type we can gather several results from trials with different transmission lengths
and then perform a linear regression to the adjusted values obtained for αadj . With
this approach it is possible to estimate the ASE noise without the need of manually
adjusting αadj . Let us consider the SSMF trials 1, 2, 3, and 4 presented on Table 3.6. By
comparing the ASE noise output power obtained with the proposed model against the
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reference numerical model, it is possible to adjust αadj . Fig. 3.17 shows the manually
adjusted αadj obtained for trial 1, 2, 3, 4, as function of the fiber length of the SSMF.
The obtained results for the trials considering the fiber length can be adjusted by a
linear regression. In the case of the SSMF we obtain the following equation
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Figure 3.17: Manual adjustment of αadj for the SSMF for the trial of Table 3.6. The
line represent linear regression on the values αadj for trial 1, 2, 3, and 4.

αadj = 0.23 + 1.97x10−7L, (3.31)

where L is the total length of the transmission fiber. Adopting a similar approach for
the LEAF fiber, we obtain the following equation

αadj = 0.22 + 2.37x10−7L. (3.32)

With eqs. (3.31) and (3.32) it is possible to estimate the αadj for these two fibers as
function of the fiber length. Fig. 3.18(a) shows the ASE noise power for trial 8, using
eq. (3.32) to estimate αadj . We can see that now the ASE noise is properly estimated
with a maximum deviation smaller than 0.8 dB. The use of a different attenuation
coefficient for the fiber can be justified by the fact that we are over estimating the gain
and, thus, the production of the ASE noise. Using the simulation results for adjusting
αadj is a valid approach since the RFA will be used in a reduced number of situations,
and any variations in terms of signal powers and distances can be interpolated from
these results. However, this process has to be performed for each fiber type to tune the
ASE noise model. The αadj parameter is introduced to estimate the ASE noise power,
therefore there is no impact on the estimation of the amplifier On/Off gain.

Based on eqs. (3.31) and (3.32) we estimate the ASE noise output powers for the
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other trials and compare with the ASE noise output power obtained by the reference
numerical model. Table 3.13 shows the maximum deviation between the estimated ASE
noise power and the reference numerical simulations for the SSMF. As we can see, the
maximum deviation between the numerical simulation and the estimated with the
improved ASE noise model is below 0.7 dB. Table 3.14 shows the maximum deviation
between the improved ASE noise model and the reference numerical model for the
LEAF. The obtained results show a maximum deviation bellow 0.8 dB.
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Figure 3.18: a) ASE noise output power of trial 8 obtained with the improved ASE
noise model and the reference numerical model; b) OSNR at the end of the transmission
link of trial 8 obtained with the simplified model and the reference numerical model.

Table 3.13: Maximum deviations for the ASE noise output power between the reference
numerical simulations and the WAE with improved ASE noise estimation for a SSMF
transmission system with a counter–pumped RFA with 10 dB gain.

Trial Distance (km) Total loss (dB) Signal (dBm) Max. dev (dB)
1 91 20 -1.1 0.6
2 114 25 0.7 0.7
3 136 30 2.7 0.6
4 182 40 3.2 0.6

3.3.4 OSNR Estimation When Considering the Propagation
of WDM Signals

After estimating the output signal power and the output ASE noise power for each
signal, it is possible to calculate the OSNR at the end of the transmission link. The
OSNR is given by
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Table 3.14: Maximum deviations for the ASE noise output power between the reference
numerical simulations and the WAE with improved ASE noise estimation for a LEAF
transmission system with a counter–pumped RFA with 13 dB gain.

Trial Distance (km) Total loss (dB) Signal (dBm) Max. dev (dB)
5 91 20 -1.1 0.5
6 114 25 0.7 0.7
7 136 30 2.7 0.8
8 182 40 3.2 0.8

OSNR = 10log10

(
Pout(s)

Pase,out(a)

)
(3.33)

Therefore, using trial 8 as an example, Fig. 3.18(b) shows the OSNR at the end of the
transmission link obtained with the reference numerical model and when estimating
with the proposed model. When comparing with the OSNR obtained by the reference
numerical model we can see that the maximum deviation is 0.77 dB and the MAE is
0.3 dB. These values are within the considered limits of 1 dB.

We perform the calculations for all the other trials. Table 3.15 shows the maxi-
mum deviation and the MAE when comparing the proposed model with the reference
numerical model. As we can see, the OSNR at the end of the transmission link is es-
timated with a maximum deviation of 0.4 dB and a MAE of 0.18 dB. When observing
the increase of the input signal power and distance, we can notice that the variation
is not significant and the results are still accurate. These errors are smaller than the
output signal power and the output ASE noise power estimation maximum deviation
individually, since both estimations have a deviation which is related to the gain of
the amplifier. Regarding the OSNR deviations when considering the LEAF fiber, Ta-
ble 3.16, we verify that the errors are slightly higher than when comparing with the
SSMF fiber, with a maximum deviation of 0.8 dB and a MAE below 0.4 dB.

We are also interested in changing the input signal power and inferring the impact
on the OSNR estimation when considering the same distance. Therefore, two extra
simulations with -2 dBm and 2 dBm of input signal power for a SSMF with a distance
of 114 km are simulated. Table 3.17 shows the obtained results. When comparing trial
2 with trials 9 and 10 we can see that, despite a significant change in input signal
power, the error when estimating the OSNR has negligible influence.

By comparing these trials, we show that using the WAE model to estimate the
OSNR of WDM signals provides accurate results. Thus, when using the WAE model,
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Table 3.15: OSNR maximum deviation and medium absolute error between the numer-
ical simulations and the WAE model for a SSMF transmission system with a counter–
pumped RFA with 10 dB gain.

Trial Distance (km) Signal (dBm) MAE (dB) Max. dev (dB)
1 91 -1.1 0.11 0.22
2 114 0.7 0.14 0.3
3 136 2.7 0.16 0.35
4 182 3.2 0.18 0.38

Table 3.16: OSNR maximum deviation and medium absolute error between the numer-
ical simulations and the WAE model for a LEAF transmission system with a counter–
pumped RFA with 13 dB gain.

Trial Distance (km) Signal (dBm) MAE (dB) Max. dev (dB)
5 91 -1.1 0.21 0.50
6 114 0.7 0.26 0.55
7 136 2.7 0.37 0.73
8 182 3.2 0.30 0.76

the OSNR at the end of the transmission link can be estimated in a reduced time
interval without increasing the processing time of the planning tool.

3.4 Efficient Algorithm for Designing Broadband
RFAs

In a near future it will be possible to adjust in real time several characteristics of the
RFAs, such as number of pumps, pump wavelengths, and powers. This feature will
allow to optimize the amplifier gain according to the characteristics of the transmission
link, such as the number and input power of signals, in the case of network reconfig-
urations or end of life planning. Therefore, it is important to search for algorithms
to design RFAs with low computational requirements, suitable for implementation on
the control layer of the amplification element. However, this is a complex problem,
because the propagation equations do not have an analytical solution and the search
for optimal solutions depends on several parameters, such as number of pumps, pump
powers and wavelengths, fiber length, and fiber type. Thus, developing an algorithm
to enable a fast search for the solution which minimizes the gain ripple is important.
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Table 3.17: OSNR maximum deviation and MAE between the reference numerical
simulations and the WAE model for a SSMF transmission system with a counter–
pumped RFA with 10 dB gain.

Trial Distance (km) Signal (dBm) MAE (dB) Max. dev (dB)
9 114 0 0.15 0.33
10 114 3 0.13 0.29

There are several heuristics to search for the optimized configuration for the pumps
wavelengths and powers, such as simulated annealing algorithm, genetic algorithm
(GA) and neural networks algorithm [32, 33]. In each of these approaches, the solutions
given by the heuristics have to be tested until a solution that minimizes the objective
function is found. Thus, for each attempt, it is necessary to numerically simulate the
power evolution for the pump wavelengths in the RFA, which is time consuming. On
the other hand, as discussed in Section 3.1, in order to implement analytical models
for the RFA, some approximations, such as neglecting the pump–to–pump interactions,
have to be considered. However, as shown in [23], the pump–to–pump interactions are
an important effect as the number of pumps and the pump power increases, meaning
that it is mandatory to include the pump–to–pump interactions in the model for a
broadband RFA. In order to account for this effect and estimate the On/Off gain of
the RFA we propose the use of the simplified model developed, the WAE model.

3.4.1 Optimization Method

From all the available heuristics we will use the GA, since it is very efficient when
the solution space is significantly large and the function is highly non–linear [33]. The
GA is a heuristic based on the theory of natural evolution and has the following steps:
generation of an initial population, encoding, evaluation, selection, crossover, mutation,
and decoding [33]. The GA modifies a set of solutions from the initial population
repeatedly, in an attempt to improve the set in each iteration. In general, the fittest
individuals of any population are used to crossover, giving rise to next generation
(offspring). To increase the population diversity, mutations can also be applied. GAs
have been shown to solve linear and nonlinear problems by exploring all regions of the
state space and exponentially exploiting promising areas through mutation, crossover
and selection operations applied to individuals in the population.

We want to design a flat gain RFA for a desired gain given by the user. Since we
will use a GA to minimize only one objective function, we selected the MSE function
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between the estimated gain and the desired gain. We use the MSE function because it
squares the gain deviations, giving more weight to wavelengths with higher deviation.
Therefore, the GA will try to decrease the difference between the higher and the lower
gain of the RFA. In this case, the MSE is given by

MSE = 1
M

M∑
i=1

(xi− x̂i)2, (3.34)

xi = Fi(λ1, ...,λN ,P1, ...,PN ), (3.35)

where xi is the gain for the channel i and x̂i is the intended gain of the RFA in decibels,
and M is the number of channels. In eq. (3.35), Fi is the propagation function, which
in this case can be the DNM, or the simplified model which is the WAE model.

3.4.2 Benchmark Between the APA Model and the WAE

Without loss of generality, we intend to design a counter–pumped RFA with four
pumps, to provide an average gain of 10 dB with the lowest possible ripple for the
extended C band, ranging from 1530 nm to 1595 nm. The maximum pump power of
each pump is limited to 500 mW. We choose seven channels at different wavelengths
in the extended C band to test the solutions given by the GA. They are centered at
1531 nm, 1541 nm, 1551 nm, 1561 nm, 1571 nm, 1581 nm, and 1591 nm. This optimiza-
tion problem has eight variables, divided in four pump wavelengths and four pump
powers.

After the optimization process, we analyze the gain ripple deviation, which is the
difference between the maximum gain and the minimum gain. Since we are using 4
pumps, we consider that the obtained solutions are acceptable when the gain ripple is
smaller than 1.3 dB [34].

We use an initial population size of 300, and the termination criterion is the number
of generations, in this case 20 generations. The options used for the GA are based on
[32]. The considered counter–pumped RFA has 150 km of SSMF, with an attenuation
of 0.25 dB/km for wavelengths smaller than 1450 nm, 0.23 dB/km for wavelengths from
1450 nm to 1500 nm and 0.2 dB/km for wavelengths higher than 1500 nm. Since we are
not interested in accounting for the signal–to–signal interactions, the signals have an
input power of -13.8 dBm. The computer used for these simulations is an Intel T5500
processor at 1.66 GHz with 2 GB of RAM.
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When using the GA with APA numeric model to solve the propagation equa-
tions for 4 pumps and 7 signals, we verify that the optimization program takes more
than 9 minutes to calculate 20 generations and minimize the objective function. The
obtained gain ripple is 1.2 dB for the extended C band. Fig. 3.19 shows the obtained so-
lutions for the pump powers and wavelengths, and the amplifier On/Off gain, GOn/Off,
as a function of the signal wavelength.
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Figure 3.19: On/Off gain as function of the signal wavelength obtained for RFA using
the GA with the APA model. The pump powers and wavelengths used are also shown.
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Figure 3.20: On/Off gain as function of the signal wavelength obtained for RFA using
the GA with the simplified model, WAE, and the comparison with the gain given by
the APA model using the same pump powers and wavelengths.

When using the GA with the simplified model, WAE model, we verify that a
solution is obtained in less than 8 seconds, and the achieved ripple for the simplified
model is 1.1 dB, see Fig. 3.20. To validate the accuracy of the solution given by the
simplified model, we use the pump powers and wavelengths provided by the simplified
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approach and simulate the amplifier with the APA model. The results obtained with
the APA model are presented in the same figure. We verify that the ripple obtained
with the APA model is about 1.2 dB, which is very similar to the one given by the
simplified model. Similar results are obtained for other configurations with different
number of pumps, fiber lengths and number of signals. Thus, the simplified model
provides a solution with good accuracy.

3.5 Conclusions

In this chapter, a novel model to estimate the On/Off gain and ASE noise of a trans-
mission link with RFA amplification with multiple pumps was proposed. This model
is based on a customization of the undepleted pump power model with two extra para-
meters, Dint and αSRS , to account for the pump–to–pump interactions. Two methods
were proposed to adjust these parameters, one based on the comparison with experi-
mental data or detailed numerical simulations, WBC, and the other based on analytical
expressions, WAE. The second method is simpler to implement, because it can be used
without comparison with experimental or numerical simulations. When comparing the
WAE with experimental measurements and detailed numerical simulations, we found
that this model provides accurate results for a total input pump power of up to 900 mW,
a wavelength separation of up to 60 nm between pumps, and a transmission distance
of up to 180 km. The WAE model presents an improved computational processing per-
formance without losing significant accuracy for the most used pump configurations.
In fact, it was verified that the model can be more than 70 times faster than the DNM.

We used the proposed WAE model to estimate the OSNR of WDM signals at the
transmission link with a counter–pumped RFA, when considering different fiber types,
fiber lengths and input signals powers. The obtained results were compared with the
results obtained by a reference numerical model. From the comparison between both,
we verified that the On/Off gain was properly estimated. However, the accuracy of the
ASE noise power estimation was not enough. To overcome this, an extra parameter
αadj was introduced to adjust the estimation of the ASE noise output power. With
the introduction of this parameter, we verified that the proposed model estimates the
OSNR of the WDM signals at the end of the transmission link with a good accuracy.
Thus, the proposed simplified model can be implemented in planning tools, providing
an accurate estimation of the OSNR, without increasing the computational require-
ments of the tool.

We also presented an efficient algorithm to design counter–pumped RFA with low
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computation requirements. To minimize the gain ripple of the RFA, we implemented a
GA to search for the quasi–optimum solutions for the pump powers and wavelengths,
and used the APA model or the WAE model to simulate the signal propagation. The
goal of the task was to assess how much time can be saved if the WAE model is
used to estimate the gain of the amplifier. Therefore, the properties of the GA were
not investigated and were the same for both trials. We verified that the APA model
took more than 9 minutes to find a solution. On the other hand, the WAE only took
8 seconds, meaning that a solution was found more than 50 times faster than when
using the APA model, with a similar ripple to the one obtained for with the APA
model. Thus, the proposed algorithm is suitable for designing RFAs in systems with
computational constraints.
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Chapter 4

Energy Efficient RFA Configuration

Given the extensively growing demand for traffic, the amount of energy required to
operate optical networks cannot be overlooked. Therefore, future communication

networks should have the ability to support an enormous amount of bandwidth in an
energy efficient way. This problem should be address not only at the planning level, but
also at the component level. By increasing the efficiency of amplifiers, we can contribute
to reduce the power consumption of optical networks. However, the proposed solutions
have to be compatible with transparent and dynamic optical networks.

In this chapter we study and investigate the steady–state and the dynamic regime
of an energy efficient Raman fiber amplifier (RFA) named pump–reflecting RFA. Af-
terwards, a mitigation technique to control the dynamic response of the amplifier due
to channel add/drop is proposed. This work was published in [1, 2] and also a patent
was granted for the mitigation technique presented in Section 4.4 [3].

4.1 Introduction

Considering the optical fiber amplifiers, there are already solutions to increase the
efficiencies of the erbium–doped fiber amplifier (EDFA) and RFA [4–7]. Regarding
RFAs, the amplification medium is usually the transmission fiber itself or, sometimes, a
dispersion compensating fiber (DCF) used in the transmission system. This means that
usually the amplifier is not designed to take advantage of all the injected pump power,
specially when using DCF, because the fiber length is short. Therefore, several solutions
were proposed in order to increase the RFA efficiency. For example, in [7, 8], the authors
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use the remaining pump power to pump an EDFA. Another solution is proposed in [4],
where a fiber–Bragg grating (FBG) or a fiber–mirror reflector (FMR), positioned at
the opposite side of the pump, with a peak reflectivity at the pump wavelength, is used
to reflect the remaining pump power back into the amplifier. The amplifier becomes
bidirectionally pumped, but using only one pump. This configuration is analyzed in [9]
in the steady–state regime and it is concluded that this pumping scheme increases
the amplifier efficiency by increasing the gain of the amplifier. Thus, in order to
obtain the same gain as in conventional configurations, it allows a reduction in the
required pump power, improving important parameters such as the optical signal–to–
noise ratio (OSNR). However, with the development of dynamic optical networks,
channels add/drop will occur in the transmission link and at the input of the amplifier,
and, due to that, power fluctuations of the surviving channels will occur at the output
of the RFA. Regarding these power fluctuations, previous work concluded that the
transient effect in RFA occurs due to the combination of two phenomena [10]. There
is a small but fast response due to signal–to–signal Raman crosstalk, which can either
increase or decrease the signal power of the surviving channel, depending on the relative
position of the add/drop channel. There is also a larger and slower response due to
pump readjustments, which occurs on a time scale determined by the length of the
amplifier.

An analytical study of the transient phenomenon attributable to the input power
variation in a RFA is presented in [11]. In [12], the authors studied the influence of
some parameters, such as the pump powers, signal input powers, and different fiber
lengths on the transient response of a counter–pumped RFA. In [13], the transients in
co–pumped and counter–pumped RFAs are investigated. It is shown that the transient
effect in a co–pumped RFA is more pronounced and faster than in a counter–pumped
amplifier. In [14] the authors analyzed the transient effect in a bidirectional amplifier,
with two independent pumps, and they concluded that the use of a low power forward
pump allows the improvement of the overall static and dynamic performance of the
amplifier.

Transient effects due to input power variation, known as power transients [15], in
RFA can be mitigated using several techniques, such as dummy channels (to replace the
dropped channels), all–optical–gain–clamped (AOGC) [16–18] and pump–controlled
gain–clamping system [19, 20]. When using dummy channels, at the dropping event,
extra lasers are activated in order to minimize the power drop along the fiber. By doing
this, the pump fluctuations are reduced and the impact on the surviving channels is
minimized. However, since extra channels need to be injected into the amplifier, the
cost will increase.
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When considering AOGC, there are two methods to implement this mitigation
technique. The first method is based on the re–injection of a percentage of a chosen
wavelength back into the amplifier, forming a fiber ring [18, 21]. The second technique
is based on using two FBG tuned at a selected wavelength [16, 17], creating a resonant
optical cavity. The selected wavelength does not carry any information and, due to
the successive reflections inside of the transmission fiber, its power will increase by
consuming pump power until a stationary regime is reached. In a dropping event,
when properly tuned, the selected channel will consume the extra gain of the amplifier,
and the surviving channels will experience smaller power fluctuations. The selected
channel does not need to be a laser, since it is possible to use an amplified spontaneous
emission (ASE) noise wavelength to construct the optical feedback system. Performing
this will avoid the need of including more lasers in the system, which would increase the
amplifier cost. One major disadvantage of AOGC is the restriction of the amplifier gain,
since the selected channel will consume optical power from the pump and, consequently,
reduce the efficiency of the amplifier [20].

Another transient mitigation technique is the pump–controlled gain–clamping sys-
tem [19, 20]. The transient control can be accomplished using photodiodes to monitor
the behavior of the amplifier, and a processing system together with an actuator to
control the pump power. The monitoring can be performed by measuring the total
signal input power of the transmission system or by using one or more probe channels.
Note that the signals that are being monitored cannot be removed from the transmis-
sion link, limiting the network reconfiguration. The information retrieved from the
monitoring channels can be used in an algorithm in order to directly control the pump
power. When the power of a surviving channel or a probe channel increases, the con-
trol system decreases the pump power, in order to compensate for the increase in gain
caused by the removal of signals. This contributes for the surviving signal to fluctuate
as little as possible. The same is valid when signals are added. A disadvantage of this
system is the response time. In fact, between reading a fluctuation and controlling
the transient response, a few milliseconds can elapse. This time interval can be un-
acceptable, specially when implementing this technique in a co–propagating amplifier,
since the rise time of the surviving channels in co–pumped amplifiers is much smaller
than the counter–pumped RFA [22]. On the other hand, it is noticed that an increase
in the number of pumps and signals leads to more complex mitigation mechanisms,
because more monitoring channels and more complex algorithms are needed in order
to effectively mitigate power fluctuations in surviving channels. An advantage of this
method is that the technique does not restrict gain, thus allowing a higher efficiency of
the amplifier. The disadvantage of this control system is the increased amplifier cost,
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caused by the requirement of extra devices to retrieve information from the amplifier
and adjust the pump power.

This chapter is organized as follows. In Section 4.2, we experimentally imple-
ment the pump–reflecting RFA and observe an increase on the gain of the amplifier,
although associated with an increase in the transient response. In Section 4.3, we ana-
lyze numerically, using the model described in Section 2.3.3, the dynamic behavior of a
pump–reflecting RFA and assess the impact of reflecting the pump power back into the
amplifier on the surviving channels transient response. The dependence of the transient
response on the RFA configuration, pump power and distance is further discussed. In
order to implement a low cost solution to mitigate the transient effect, in Section 4.4
we propose a new approach to implement a pump–controlled gain–clamping system,
taking advantage of the amplifier configuration. The proposed mitigation technique is
validated numerically and experimentally. Following this approach, an efficient low–
cost RFA, suitable for dynamic optical networks, is obtained. The conclusions of this
chapter are presented in Section 4.5.

4.2 On/Off Gain and Dynamic Response

In order to investigate the increase in efficiency and the dynamic regime of the pump–
reflected RFA when compared with the conventional counter–pumped RFA, we ex-
perimentally implemented a counter–pumped RFA with 4 pumps. Fig. 4.1 shows the
schematic diagram with the experimental setup to be implemented. Since it is ex-
pensive to implement four FBG centered at each pump wavelength when testing the
pump–reflecting RFA, we choose to implement a FMR with 99% of reflection between
1420 nm and 1490 nm. Whenever we want to test the conventional counter–pumped
RFA, we remove the FMR, and connect an optical isolator (ISO).

In the case of the pump–reflecting counter–pumped amplifier, all of the unused
pump power will be reflected back at the beginning of the amplifier fiber, meaning that
the extra pump power will be re–injected into the amplifier. The circulator is used in
the pumps path in order to avoid any damage to the pumps and also, by connecting the
output 3 to a photo–diode, to monitor the pump behavior in the dynamic regime. Since
in this case we are interested in measuring the increase in gain due to the reflection of
the pump power when compared with the conventional counter–pumped RFA, we will
use the same input pump power for each pump in both configurations. The pumps
used for this experiment are centered at 1426 nm, 1444 nm, 1462 nm, and 1487 nm with
167.5 mW, 106.7 mW, 48.9 mW, and 134 mW of input pump power, respectively. The
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Figure 4.1: Schematic diagram of the 1) pump–reflecting RFA, and 2) conventional
counter–pumped RFA.

fiber used is a 40 km length standard single mode fiber (SSMF), with an effective area
of 80µm2 and with an attenuation coefficient of 0.25 dB/km at the pump wavelengths
centered at 1426 nm and 1444 nm and 0.23 dB/km for the rest of the pumps. The
attenuation coefficient for the signals is 0.20 dB/km.

Depending of the type of measurement, On/Off gain or dynamic response due to
channel add/drop, different devices need to added to the setup.

4.2.1 Measurement of the On/Off Gain

To study the gain increase due to the reflection of the pump powers, we experimentally
compared the behavior of the pump–reflecting RFA with the conventional counter–
pumped RFA. Fig. 4.2 shows a schematic diagram of the experimental setup imple-
mented to measure the amplifier On/Off gain of a conventional counter–pumped RFA,
and of the pump–reflecting RFA using the same pump powers. A laser tunable be-
tween 1515 nm and 1610 nm, with an input signal power of 0 dBm is used to measure
the On/Off gain of the amplifier. The channel output power is measured with an
optical spectrum analyzer (OSA).

Figure 4.3 shows the measured On/Off gain as function of the signal wavelength
for the conventional counter–pumped RFA, and for the pump–reflecting RFA when
using the same pump powers. By including the FMR in the amplifier, the gain of the
amplifier increases in more than 1 dB when compared with the conventional counter–
pumped RFA. Since the pump powers are the same for both configurations, we confirm
that, by reflecting the pump power, the efficiency of the amplifier in the steady–state
regime is increased.
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Figure 4.2: Schematic diagram of the experimental setup implemented to measure the
amplifier On/Off gain of 1) the counter–pumped RFA, 2) the pump–reflecting RFA.

4.2.2 Measurement of the Dynamic Response

In order to measure the dynamic response of the pump–reflecting pumping scheme and
the conventional counter–pumped RFA we need to include the addition or the removal
of several channels. In this case we use an add/drop channel with a higher power than
the surviving channel, in order to emulate the drop of two channels. Fig. 4.4 shows
a schematic diagram of the setup implemented to study the dynamic regime. We
implemented two signals, S1, centered at 1551 nm with 1.6 dBm of input optical power,
and S2, centered at 1601 nm with 4.5 dBm of input optical power. The signal S2 is a
square wave modulated with 250 Hz of frequency to reproduce the channel add/drop.
The fiber and the pump powers used are the same as stated before. An optical filter
centered at the signal wavelength, S1, is implemented before the oscilloscope (OSC).
Again, to switch between the conventional RFA and the pump–reflecting RFA, we need
to change the ISO for the FMR. The oscilloscope is used to measure the surviving
channel power deviations and the reflected pump power deviations, when the amplifier
configuration is the pump–reflecting RFA. Since we are interested in improving the
gain of the amplifier, we use the same pump power, both with and without the pump
reflection.

Figure 4.5(a) shows the surviving channel gain deviation, channel S1, as function of
time, when channel S2 is add/drop, with and without the reflection of the pumps. The
drop of channel S2 occurs at 0 ms and the add at 2 ms, and it is repeated periodically.
The surviving channel transient response does not start at 0 ms, but rather presents a
delay around 193µs, due to the propagation time of signals along the fiber. An analysis
of the figure shows that the gain deviation of the pump–reflecting RFA is 20 % higher
when compared with conventional counter–pumped RFA configuration. Fig. 4.5(b)
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Figure 4.3: Experimental measurements of the On/Off gain of the amplifier with and
without the pump reflection.

Figure 4.4: Experimental setup for measuring the transient effect of the amplifier with
and without the pump reflection.

shows the total reflected pump power deviations of the pump–reflecting RFA. Results
show that the drop of the S2 channel will increase the reflected pump power. This
observation reflects the fact that the pump suffers from less depletion when the channels
are dropped from the system. Because of this increase in the reflected pump power,
the transient response of the surviving channel will be higher when compared to the
counter–pumped RFA. These experimental results show that the pump–reflecting RFA
has a worse response due to channel add/drop, when compared to the conventional
pumping schemes. This could lead to stronger signal degradation if this configuration
is applied to dynamic optical networks.
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Figure 4.5: a) Surviving channel gain deviations as function of time when the signal
S2 is add/drop, considering a counter–pumped RFA or a pump–reflecting RFA; b)
Reflected pump power deviations as function of time, due to channel add/drop, at the
output of the circulator.

4.3 Numerical Evaluation of Pump–Reflecting RFAs

In order to analyze the pump–reflecting RFA behavior, we perform numerical simula-
tions using different parameters for the amplifier, such as RFA configuration, pumping
power, and different length. Since we are performing simulations, instead of using
a FMR, we use a FBG, with an ideal reflectivity coefficient, R = 1, and centered at
the wavelength of the pump. We investigate the counter–pumped RFA with a FBG,
Fig. 4.6(a), and the co–pumped RFA with a FBG, Fig. 4.6(b). In order to have a
reference behavior for the RFA, we also investigate the conventional counter–pumped
RFA, co–pumped RFA and the bidirectional RFA. In the bidirectional configuration,
the pumps on both sides are independent from each other.

In these simulations, unless otherwise stated, we consider the use of a SSMF with
40 km of length with an effective area of 80µm2 and a pump centered at 1450 nm, with
an attenuation of 0.22 dB/km. We use three channels, S1, S2, and S3, with wave-
lengths centered at 1550 nm, 1551 nm, and 1552 nm, respectively, with an attenuation
of 0.20 dBm/km, and with 0 dBm of input signal power per channel. To reproduce the
add/drop of channels, both signals S2 and S3 are turned ON and OFF with a frequency
of 250 Hz.
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(a)

(b)

Figure 4.6: a) Counter–pumped and b) co–pumped schematic diagram of a RFA with
a FBG to reflect the unused pump power.

4.3.1 Modeling the Pump–Reflecting RFA

In order to simulate the behavior of the RFA, we will use the average power analysis
(APA) numerical model, presented in Section 2.3.3. However, in order to describe the
pump–reflecting RFA, we need to take special attention to the boundary conditions.
To reflect the pump power, we insert a FBG centered at the pump wavelength in the
opposite side of the pump. Because of this, the pump power that reaches the end of
the amplifier in the opposite side of the pumps is reflected back into the amplifier. In
the case of a counter–pumped RFA with reflection, the reflected pump wavelength has
the following boundary conditions,

P−pump,i(L,t) = Ppump,i(t), (4.1)

P+
refle,i(0, t) =RP−pump,i(0, t), (4.2)

where, Ppump,i is the power of pump i, P−pump,i(L,t) is the injected pump power in
the end of the transmission fiber, P−pump,i(0, t) is the optical power of pump i in the
backward direction at the beginning of the amplifier, R is the reflectivity coefficient of
the FBG and P+

refle,i(0, t) is the reflected pump power at the beginning of the amplifier.
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In the case of a co–pumped RFA with reflection, the reflected pump wavelength has
the following boundary conditions

P+
pump,i(0, t) = Ppump,i(t), (4.3)

P−refle,i(L,t) =RP+
pump,i(L,t), (4.4)

where P+
pump,i(0, t) is the injected pump power at the beginning of the transmission

fiber in the forward direction, P+
pump,i(L,t) is the optical pump power of pump i in the

forward direction at the end of the amplifier, and P−refle,i(L,t) is the reflected pump
power of pump i at the end of the amplifier in the backward direction.

4.3.2 Steady–State Regime

For the evaluation of the steady–state regime of the pump–reflecting RFA, we compare
three configurations: the conventional counter–pumped amplifier with 700 mW of pump
power; the pump–reflecting counter–pumped RFA with the same pump power as the
conventional configuration; and the pump–reflecting counter–pumped RFA with the
pump power reduced to 625 mW in order to maintain the same gain as the conventional
amplifier.

Figure 4.7 shows the On/Off gain as function of the input signal power, for a signal
centered at 1550 nm in the steady–state regime and with the considered configurations.
Results show that the pump–reflecting counter–pumped RFA with the same pump
power as the conventional counter–pumped amplifier enhances the On/Off gain up to
2 dB, when the amplifier is not saturated. In order to provide the same gain as the
conventional counter–pumped amplifier for a total input power of 4.8 dBm, the input
pump power in the amplifier with FBG can be reduced by 75 mW. Thus, if the goal is
to provide the same On/Off gain as in the conventional counter–pumped amplifiers, the
configuration with the FBG allows a reduction of pump power. This fact can also lead
to an improvement in the amplifier noise figure [4]. In Fig. 4.7, we can also observe
a difference between the On/Off curves for the conventional counter–pumped RFA
and the pump–reflecting counter–pumped RFA with the pump power adjusted. This
difference occurs because the configuration with the FBG behaves as a bidirectional
amplifier and, therefore, the relationship between the amplifier gain and the input signal
power is slightly different compared to the conventional counter–pumped RFA. These
results allow us to conclude that the inclusion of a FBG in the system increases the
efficiency of the Raman amplifiers in the steady–state regime. Further investigations
show a similar behavior for the co–pumping schemes.
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Figure 4.7: On/Off gain for a counter–pumped RFA amplifier (Fig. 4.6(a)), with and
without the FBG, as function of the input signal power for the channel centered at
1550 nm; LSMF = 40 km;λp = 1450 nm; λs = 1550 nm.

We also analyze the relationship between the improvement in gain (the difference
between the On/Off gain of amplifier with and without the FBG), as a function of the
fiber length. We consider a pump power of 600 mW and a signal centered at 1550 nm
with 0 dBm of optical power. Since we are interested in assessing the improvement of
the On/Off gain, the pump power is the same in both configurations. Fig. 4.8 depicts
the difference between the On/Off gain of the amplifier with or without the FBG, as
function of the transmission length. Analysis of the figure shows that the improvement
in the gain of the amplifier will depend on the fiber length. This happens because, as
the fiber length increases, the unused pump power decreases, reducing the pump power
reflected back by the FBG.

4.3.3 Dynamic Regime

The transient response of a RFA is mainly influenced by the pumping scheme, the
pump power, and the length of the fiber [12]. To compare the behavior of the dynamic
regime between different pumping schemes, we need to ensure that the amplifier gain
is approximately the same in all configurations. Therefore, we reduce the pump power
of the pump–reflecting Raman amplifiers in order to establish a similar On/Off gain,
when all channels are turned ON. For the counter–pumped RFA with a FBG, the pump
power should be reduced from 700 mW to 625 mW, and for the co–pumped RFA with
a FBG, from 700 mW to 635 mW.
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Figure 4.8: Improvement in the On/Off gain between the amplifier with and without
a FBG, as function of the fiber length. λp = 1450 nm; Pp,in = 600 mW; λs = 1550 nm.

To analyze the impact of including a FBG in a counter–pumped amplifier, Fig. 4.6(a),
and in a co–pumped amplifier Fig. 4.6(b), we compare the following pumping schemes:

I – counter–pumped RFA with a pump power of 700 mW;

II – bidirectional pumped RFA with two independent pumps with the same pump
wavelength, but different powers: forward and backward pump powers of 75 mW
and 625 mW;

III – counter–pumped RFA with a FBG, with a pump power of 625 mW.

IV – co–pumped RFA with a pump power of 700 mW;

V – bidirectional pumped RFA with two independent pumps with the same pump
wavelength, but different powers: forward and backward pump powers of 635 mW
and 63.5 mW;

VI – co–pumped RFA with a FBG, with a pump power of 635 mW.

All schemes present approximately the same On/Off gain for the surviving channel
when all signals are present in the fiber. Note that the FBG is only considered in cases
III and VI. In case II the forward pump has the same input power as the reflected
pump power in case III. Regarding case V, the backward pump has the same pump
power as the reflected pump power in case VI.
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Figure 4.9 shows the gain deviation of the surviving channel centered at 1550 nm,
as function of time, when channels S2 and S3 are added/dropped for the configurations
I, II, and III. The drop of these two signals occurs at 0 ms and the addition at 2 ms.
The surviving channel in case I has a gain deviation of 0.6 dB with a rise time of 247µs
(between 10 % and 90 % of the maximum value of the deviation). In case II the behavior
of the transient is similar to case I. When the FBG is included in the amplification
system, case III, the results show that the gain deviation is higher, around 0.7 dB,
with a rise time of 316µs. Despite the longer rise time, which can be an advantage
to mitigate the transient effects, the gain deviations are higher, showing that this
configuration has a worse response to the channels add/drop, when compared with the
others pumping schemes. With this analysis, we can conclude that the increase in the
transient response occurs due to the fluctuations in the reflected pump power that are
re–injected into the fiber.
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Figure 4.9: Gain deviation of the surviving channel as function of time, when 2 out
of 3 channels are added/dropped. LSMF = 40 km; λp = 1450 nm; λs = 1550, 1551,
1552 nm; Ps,in = 0 dBm/channel.

Figure 4.10 shows the gain deviation of the surviving channel centered at 1550 nm
for the considered co–pumped schemes, IV, V, and VI as function of time, when signals
S2 and S3 are add/drop. As it is shown, the transient response in case IV has a rise
time of 6.4µs, and a gain deviation of approximately 0.9 dB. In case V the surviving
gain deviations are smaller, 0.8 dB, with a rise time of 9.3µs. When the FBG is used,
in case VI, the results show that the gain deviation is up to 1.1 dB, with a rise time of
199µs. This corresponds to an increase of the gain deviation in more than 25%, when
compared with a conventional co–pumped RFA.
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Figure 4.10: Surviving channel, S1, gain deviation as function of time, when 2 out of 3
channels are added/dropped, in co–pumped schemes. LSMF = 40 km; λp = 1450 nm;
λs = 1550, 1551, 1552 nm; Ps,in = 0 dBm/channel.

We can also observe that the co–pumped RFA with a FBG, case VI, has a higher
gain deviation than when compared to the counter–pumped RFA with a FBG, case
III. In Fig. 4.11 we present the gain deviation of the reflected pump power, in the
opposite side of the pump, as function of time for the counter–pumped RFA and co–
pumped RFA, when the last 2 out of 3 channels are added/dropped. Results show that
the reflected pump power fluctuation in the co–pumped RFA with a FBG, case VI, is
higher. This is due to the faster saturation of the co–pumped configuration relative to
the counter–pumped configuration [12]. Consequently, a variation in the input signal
power has a higher impact in the depletion of the pump power.

Figure 4.12 shows the reflected pump power of case III and case VI, as function
of total input power for only one channel centered at 1550 nm. Results show that the
increase in the input signal power depletes the pump power faster in the co–pumped
RFA with a FBG, case VI, when compared to case III. When the input power changes
from 4.8 dBm to 0 dBm (drop of 2 channels), the reflected pump power increases to
11.8 mW for the co–pumped amplifier RFA with a FBG, case VI, and to 4.8 mW in the
case of the counter–pumped RFA with a FBG, case III. This increase in the reflected
pump power leads to a higher transient response of the co–pumped RFA with FBG,
case VI. Moreover, the transient effect in co–pumped configurations is quicker than
the counter–pumped configurations, which makes the mitigation of the transient effect
hard to achieve. Therefore, in the following analysis, we will focus exclusively in the
counter–pumped RFA with a FBG, Fig. 4.6(a).
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Figure 4.11: Gain deviation of the reflected pump power at the opposite side
of the pump as function of time for the counter–pumped RFA and co–pumped
RFA, Fig. 4.6(a) and Fig. 4.6(b) respectively, when the last 2 out of 3 channels are
added/dropped. LSMF = 40 km; λp = 1450 nm; λs = 1550, 1551, 1552 nm; Ps,in =
0 dBm/channel.

Different Pumping Power

In order to investigate the impact of reflecting the pump power in the transient re-
sponse, we simulate three scenarios using different backward pump powers for the
conventional counter–pumped RFA: (a) 300 mW, (b) 600 mW, and (c) 800 mW. And,
for each of these scenarios we simulate the behavior of the counter–pumped RFA with
a FBG, Fig 4.6(a). The pump power in the pump–reflecting RFA is reduced in order
to assure that, for each scenario, the two pumping configurations have approximately
the same On/Off gain.

Figure 4.13 shows the surviving channel gain deviation as function of time, when
the channels S2 and S3 are added/dropped, for scenarios (a) 300 mW, (b) 600 mW,
and (c) 800 mW. Results show the contribution of the reflected pump power to the
increase of the gain deviation related to the counter–pumped RFA is about 36 %, 24 %,
and 19 % for scenarios (a), (b), and (c), respectively. Therefore, the fluctuations of
the reflected power have a small impact on the surviving channels power transients
as the pump power increases. This happens because, as the pump power increases,
the depletion of the pump has a smaller impact. The rise time of the conventional
counter–pumped RFA is about 234µs, 245µs, and 244µs, for scenarios (a), (b), and
(c), respectively. For the counter–pumped RFA with a FBG, the rise time is around
283µs, 311µs, and 319µs for scenarios (a), (b), and (c), respectively. When comparing
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Figure 4.12: Reflected pump power for a RFA counter–pumped with 625 mW of pump
power and with a FBG and a RFA co–pumped with 635 mW of pump power with a
FBG, Fig. 4.6(a) and Fig. 4.6(b), respectively, as function of the signal input power.
LSMF = 40 km; λp = 1450 nm; λs = 1550 nm.

these configurations we can conclude that the rise time is higher in the configurations
that include FBG. This happens because both the pump and the signal take longer to
achieve a new steady–state power distribution, due to the reflection of the pump power
fluctuations back into the amplifier. When analyzing the dependence of the rise time
on the input pump power, we conclude that an increase in the pump power will not
have a significant impact in the rise time of the transient response.

Different Length

We investigate the transient response as a function of the fiber length. We simulate
different scenarios with 40 km, 60 km, and 80 km of fiber length. The pump has an
optical power of 600 mW for the amplifier without a FBG, and it is reduced for the
amplifier with a FBG, in order to maintain the same On/Off gain as the conventional
counter–pumped RFA for each fiber length. Fig. 4.14 shows the surviving channel gain
deviation as function of time. Considering the intensity of the transient effects, results
show that, for distances of 40 km, 60 km, and 80 km, the increase in the transient
effect in the amplifier with a FBG is around 24 %, 13 %, and 6 %, respectively, when
compared to the counter–pumped RFA. These results also show that, as the length of
the fiber increases, the impact of the FBG on the RFA is smaller. The rise time for
the conventional counter–pumped RFA is about 245µs, 322µs, and 368µs, for a fiber
length of 40 km, 60 km, and 80 km, respectively. In the case of the counter–pumped
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Figure 4.13: Surviving channel gain deviation as function of time, when 2 out of 3
channels are add/drop, when scenarios a) pumped with 300 mW, (b) pumped with
600 mW, and (c) pumped with 800 mW considering. The two pumping schemes in each
scenario have approximately the same On/Off gain.

RFA with a FBG, the rise time is about 310µs, 377µs, and 398µs, for the fiber length
of 40 km, 60 km, and 80 km, respectively. As the fiber length increases, the rise time
also increases in both configurations. This happens because the propagation time in
the fiber for the signals and pumps increases and thus the time that the amplifier takes
to reach a new steady–state power distribution also increases.

4.4 Mitigation and Control of the Power Transients

In order to develop an efficient RFA suitable for dynamic optical networks, it is neces-
sary to find a solution that mitigates the transient effect due to the channels add/drop.
We propose a solution based on a pump–controlled gain–clamping technique. With
this technique, we are able to operate close to the maximum possible gain, when all
signals are present [20].

In a pump–reflecting RFA, when an add/drop occurs, the reflected pump power
and the surviving channel output power will have different transient responses. How-
ever, the transient response of the reflected pump power will be proportional to the
transient effects on the surviving channels. Therefore, by monitoring the reflected
pump power after the propagation through the fiber, we can extract information re-
garding the evolution of the powers inside the amplifier without using probe channels
or signals. By monitoring the reflected pump power after the propagation on the fiber,
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Figure 4.14: Surviving channel gain deviation for a distance of 40 km, 60 km and 80 km,
as function of time, when 2 out of 3 channels are add/drop. The two pumping schemes
for each distance have approximately the same On/Off gain.

we are monitoring the impact of several effects, such as pump depletion, pump power
reflections, Rayleigh backscattering and noise generation. However, it is important to
understand that the main objective is not to mitigate the power fluctuations in the
reflected pump power, but rather to use the information retrieved from the reflected
pump power to control the input pump power and mitigate the surviving channel power
fluctuations.

Electronic 
processing

Figure 4.15: Schematic diagram of pump–reflecting RFA with transient control.

In Fig. 4.15, a schematic diagram of the proposed control system that mitigates
the transient response in a pump–reflecting RFA is presented. It consists of an optical
circulator, a monitoring system and an electronic processing module at the end of the
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amplifier. The pump power is injected through both the circulator and the WDM back-
ward coupler positioned at the end of the transmission fiber, in the opposite direction
of the signals. At the beginning of the amplifier, the unused pump power is reflected in
the forward direction by the FBG. Due to the bidirectionality of the WDM backward
coupler, the reflected pump power is removed from the transmission fiber at the end
of the amplifier. Finally, the reflected pump power is redirected to the photodetector
on the optical circulator. Based on the information acquired, it is possible to control
the input pump power with a feedback control loop.

4.4.1 Numerical Assessment

In order to validate this technique in terms of applicability, we analyze the amplifier
behavior numerically. The pump control is performed using a negative–feedback control
loop, based on a proportional–derivative (PD) control. The time evolution of the
backward input pump power, P−in(t), is given by [20]

P−in(t+dt) = P−in(t) +Kp[P+
refle(t)−P

+
refle(0)]

+Kd
d

dt
[P+
refle(t)−P

+
refle(0)],

(4.5)

where P+
refle(t) is the reflected pump power at the end of the amplifier, P+

refle(0) rep-
resents the stationary value of the reflected pump when all channels are present. The
coefficients Kp and Kd represent the gains of the proportional and differential errors
used in the negative–feedback system [20], respectively. These coefficients must be
carefully chosen in order to achieve a fast elimination of surviving channel fluctua-
tions and avoid unwanted oscillations of the surviving channel. To determine these
coefficients, we follow the Ziegler–Nichols method [23]. According to this method, we
start by setting Kd to zero, and then increase Kp, in a step–by–step basis, until a
periodic oscillation of the surviving channel is reached. At this point, the propor-
tional gain constant obtained is denoted as Kc and the oscillation period as Pc. Based
on these coefficients the starting values for Kp and Kd are given by Kp = 0.6Kc and
Kd = 0.075KcPc [23]. The optimum values of Kp and Kd are found by adjusting each
coefficient until an acceptable power fluctuation of the surviving channels is obtained.

Let us consider three input channels, S1, S2, and S3, with an input signal power of
0 dBm/channel, a backward pump with a wavelength centered at 1450 nm with 625 mW
of input pump power, and a FBG centered at the pump wavelength at the beginning
of the amplifier fiber, identical to case III from Section 4.3.3. The fiber used is a SSMF
with 40 km of fiber length. The dropping of channels S2 and S3 occurs at 0 ms and the
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adding of these channels at 4 ms. By applying the Ziegler–Nichols method, Kc = 0.8
and Pc = 1.5x10−3 s are obtained as starting point for the optimization process. After
the optimization process, in which we evaluate the behavior of the surviving channel
after the add/drop, we obtain Kp = 0, and Kd = 7.848x10−5. Fig. 4.16 shows the gain
deviation of the surviving channel as function of time, with and without the control
system. With the control system, the power fluctuations of the RFA are kept below
0.2 dB, when two channels are dropped. Consequently, a new steady state is reached
and the input pump power is reduced by the control loop to approximately 600 mW.
When only one channel is dropped, the gain deviations of the surviving channels are
smaller, below 0.1 dB. At 4 ms, when the channels are added to the system, we can ob-
serve that the control system will increase the pump power and the initial steady–state
is reached.
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Figure 4.16: Surviving channel gain deviation as function of time of a counter–pumped
RFA with a FBG, with and without the pump–control gain–clamping technique.

By monitoring the reflected pump power and applying the PD control, we are able
to successfully mitigate the transient effect in the surviving channel. Similar results
are obtained for other scenarios considering a different number of channels dropped
and fiber length.

4.4.2 Experimental Validation

Figure 4.17 presents the experimental setup implemented to evaluate the feasibility
of the proposed method to control the transient effect, based on monitoring the re-
flected pump power. Two signals are used, centered at 1551 nm and 1601 nm, with
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1.76 dBm and 6.02 dBm of input optical power, respectively. The signal centered at
1601 nm is a square–wave modulated to reproduce the add/drop of this channel. As
a pump we use a butterfly laser controlled by a Newport 5005 laser diode controller
module (Newport Corp., Irvine, California, USA). This laser is centered at 1490 nm
and has an input optical power of 85 mW at the steady–state regime. An optical filter
centered at 1551 nm is used to filter the modulated channel at the end of the fiber.
We use a DCF with 5 km of fiber length, and attenuation coefficients of 0.93 dB/km,
0.92 dB/km, and 1.8 dB/km for the wavelengths centered at 1551 nm, 1601 nm, and
1490 nm, respectively. The reflection is done using a WDM coupler and a fiber mirror
reflector, with a reflectivity of 99% from 1420 nm to 1490 nm, at the beginning of the
fiber. The reflected pump power, at the output 3 of the circulator, is monitored by a
HP8153A series power meter (Agilent, Santa Clara, California, USA) with a sampling
time of 20 ms. The power meter and the butterfly laser controller communicate with
the computer by means of a general purpose interface bus (GPIB). On the computer,
a program is developed using LabView, in order to retrieve the information from the
power meter and calculate the output power with a PD emulator. The PD controls
the current of the laser according to the power fluctuation of the reflected pump at
the end of the transmission fiber. A digital OSC detects the surviving channel power
fluctuations at the end of the amplifier.

Figure 4.17: Experimental setup used to measure and control the transient effect of a
pump–reflecting counter–pumped RFA.

In the implemented setup, the pump control is performed using a feedback loop,
implemented in the control unity (which is a computer). The time evolution of the
backward input pump power, P−in(n+ 1), is now discretized with a sampling time of
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20 ms and therefore eq. (4.5) becomes

P−in(n+ 1) = P−in(n) +Kp[P+
refle(n)−P+

refle(0)]

+Kd

[P+
refle(n)−P+

refle(n−1)]
∆t ,

(4.6)

where P+
refle(n) is the reflected pump power at the end of the amplifier, P+

refle(0)
represents the stationary value of the reflected pump when all channels are present and
∆t the sampling interval.
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Figure 4.18: a) Surviving channel gain deviation at the oscilloscope in a channel drop
scenario, when the feedback control loop coefficient Kc is equal to 1.5 and Kd is equal
to 0; b) Surviving channel gain deviation at the oscilloscope in a channel drop scenario,
when the feedback control loop coefficient Kc is equal to 0.97 and Kd is equal to 0.34.

The reflected pump power is obtained from experimental measurements where
there are additional transmission effects (e.g. power reflections due to the fiber splices
and connectors) that were not taken into account in the numerical simulations. For
this reason, the adjustment of Kp and Kd in order to be able to mitigate the surviving
channel transient response is more difficult. Let us consider a drop scenario, where
the channel centered at 1601 nm is removed. Following the Ziegler–Nichols technique,
we start by maintaining Kd = 0 and increase the Kp until a steady oscillation of
the surviving channel is achieved. Fig. 4.18(a) shows the surviving channel power
fluctuation as function of time when the proportional gain, Kc, is 1.5. As we can see,
the surviving channel is oscillating with a period around 3 s which is the Pc.

Based on the results obtained, we manually adjust the Kp and the Kd with different
combinations, in order to allow a smooth mitigation of the power fluctuation of the
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surviving channel. Fig. 4.18(b) shows the surviving channel gain deviation when the
drop of the channel centered at 1601 nm occurs at t=0 s, when considering Kp= 0.97
and Kd = 0.34. As we can see, the surviving channel returns to the initial steady–state
power 8 s after the removal event. The settling time is high because of all the delay
associated with the control system.

Now, let us consider an drop/add scenario, where the channel centered at 1601 nm
is removed and then added to the fiber. Due to the fact that the control system is
limited by the sampling time of the power meter and the response time of the laser
diode controller, a low add/drop frequency is used to modulate the 1601 nm channel,
in this case, 0.11 Hz. Fig. 4.19 shows a comparison between the surviving channel
gain deviation as function of time with and without control. In this case, after the
adjustment the Kp is 0.5 and the Kd is 0. As we can see in the figure, with control the
surviving channel returns to the initial steady state before the next add/drop event.
The oscillation of the surviving channel obtained is caused by the slow response time
and the delays of the control system. Nevertheless, and despite of the system delay,
the transient effect is mitigated before it reaches its higher value.
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Figure 4.19: Experimental results of the surviving channel gain deviation as function
of time of a counter–pumped RFA, with and without the pump–control gain clamping
technique channel add/drop.

The experimental results obtained show that it is possible to control the surviving
channel power fluctuations based on the information retrieved from the reflected pump
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power. Furthermore, based on the experiments made we estimate that it is possible to
control the transient in a shorter time interval with the development of a fast control
system.

4.5 Conclusions

Future communication networks should have the ability to support an enormous amount
of bandwidth in an energy efficient way. One step further in that direction is the in-
crease of the efficiency of optical amplifiers, such as RFA. However, these efficient
amplifiers need to be compatible with dynamic networks.

Using a FMR or a FBG to reflect the unused pump power back into the amplifier
fiber has advantages in the steady–state regime, namely a higher efficiency. However,
when considering the dynamic regime, the amplifier has a worse response to channel
add/drop. Experimental results showed that the dynamic response of a pump–reflected
RFA increased in more than 20 %, when compared with the conventional pumping
scheme.

We investigated the pump–reflecting RFA based on a numerical implementation
of the propagation equation for the RFA that includes the time and space variation.
The transient response dependence on the amplifier configuration, on input pump
power, and on the distance was analyzed. Results showed that the pump–reflecting
co–pumping scheme has a worse dynamic response than the pump–reflecting counter–
pumped RFA. Also, that the impact of reflecting the pump power on the transient
effect diminished with the increase of the input pump power and with the increase of
the fiber length.

We presented a new technique to implement a pump–controlled gain clamping
technique, that allows to obtain an efficient low cost RFA with transient control. The
mitigation technique is based on the control of the input pump power, using a negative–
feedback control loop based on the monitoring of the behavior of the reflected pump
power at the same side of the pump. With this control scheme, there is no need for extra
lasers and WDM couplers. We showed numerically that in the considered setup, the
power fluctuations of the surviving channel were about 0.7 dB, when transient response
was not controlled. On the other hand, when transient control was applied, these
fluctuations were maintained bellow 0.2 dB. Finally, we experimentally implemented
this technique to a pump–reflecting counter–pumped RFA, and we were able to mitigate
and control the power fluctuations of the surviving channel, demonstrating that this
proposal can be successfully implemented. Despite, the low response time of this
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solution and also the short length of the DCF, we were able to reduce the transient
effect before reaching its highest value. With this control system it is possible to use a
FBG that will increase the efficiency of the RFA without compromising the dynamic
regime, allowing the development of an efficient low cost RFA suitable for dynamic
optical networks.
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Chapter 5

Dynamic Response due to SHB and
SDP in EDFAs

Nowadays, as margins in network design are decreasing in order to reduce the
network cost, it is important to study all effects, even those previously assumed

to be small and non–relevant. Together with gain fluctuations caused by the variation
of the input signal power, gain fluctuations induced by changing the input signal spec-
trum, due to spectral hole burning (SHB) and site dependent pumping (SDP), are also
important in erbium–doped fiber amplifiers (EDFAs). When considering these effects,
even if we assume that the transients caused by input power variation are perfectly
compensated by the transient control system, we observe gain fluctuations that appear
in our experiment as power fluctuations on the surviving channel. As these power
fluctuations propagate through several cascaded amplifiers, their impact will increase.

In this chapter, we experimentally assess the dynamical response dependence due
to SHB and SDP effects on pump wavelength, pump power, and temperature of EDFAs.
Following, to describe the dependence on the pump wavelength measured for EDFAS
pumped around 1480 nm, we derive and validate a model that includes the SDP effect
in a two–level EDFA. Finally, an investigation of the dynamic response due to SHB
and SDP in an ideal gain–controlled EDFA pumped around 980 nm is presented. Part
of this work was performed during an internship at Technical University of Munich.
The results presented in Section 5.2 were published in [1, 2], the model presented in
Section 5.3 was published in [3], and the results presented in Section 5.4 in [4].
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5.1 Introduction

Gain fluctuations arising from total input power variation have been characterized ex-
tensively [5, 6]. The fundamental differential equations describing the amplifier behav-
ior for the steady–state and for the dynamic regime for two–levels EDFAs (energy levels
up to 4I13/2 populated) are derived in [7]. This model is suitable for amplifiers pumped
at wavelengths around 1480 nm and for small pump powers around 980 nm. Several
solutions to mitigate and control the gain fluctuations due to input power variation
were proposed [8, 9]. With respect to the contributions of SHB to gain fluctuations,
several studies have been published [10, 11]. Nevertheless, most of these publications
focus on its impact on steady–state performance. Experimental data presented in [12]
confirms that the depth of induced spectral holes increases with amplifier compres-
sion. On the other hand, there are few reports analyzing the dynamics of SHB [13–15],
and all of those studies have a strong focus on the verification of mathematical mod-
els. Besides that, only few solutions to mitigate and control this effect have been
proposed [16]. When considering the SDP effect, it has been demonstrated that even
small pump wavelength variations around 980 nm lead to significant changes on the gain
profile [17, 18]. Furthermore, it was verified that the SDP effect is large for 980 nm
band pumping when compared with the 1480 nm band pumping, which is considered
small or negligible [13, 19].

In the steady–state regime, the effect of very low temperatures on the hole width
was investigated in [20]. Temperature variations can lead to severe performance degra-
dation in cascades of EDFAs, mainly at shorter wavelengths [21]. Several investiga-
tions regarding the impact of temperature also indicate that using pump wavelengths
around 1480 nm leads to larger variations of gain and noise figure, as opposite to pump-
ing at around 980 nm [22, 23]. Furthermore, it has also been shown that the gain in
the L–band is generally more sensitive to temperature changes of the erbium–doped
fiber (EDF) coil than the gain in the C–band [24]. Available models for spectral hole
burning [11, 25] still cannot provide answers to several questions related to the influence
of different physical parameters, such as temperature. Thus, conducting experiments
is often still the only way to characterize these effects.

This chapter is organized as follows. Section 5.2 describes the experimental assess-
ment of the dependence of the dynamic response of an EDFA due to SHB and SDP on
pump wavelength, pump power and temperature. Afterwards, in Section 5.3, we de-
rive and propose a model which incorporates the SDP effect in a two–level model of an
EDFA. With the proposed model, the dependence of the gain on the pump wavelength
is taken into account, for pumps wavelengths around 1480 nm. Experimental mea-
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surements of the dependence of gain fluctuations on pump wavelength, pump power,
and channel power are presented and discussed. In Section 5.4, we investigate the
behavior of SHB and SDP in an EDFA with ideal gain control for different pump
wavelengths around 980 nm and spectral allocation of input channels. The conclusions
of this chapter are presented in Section 5.5.

5.2 Measurements of the Dynamic Response of an
EDFA

Typically, the effect of SHB and SDP becomes clearly noticeable only in a cascade of
amplifiers. Therefore, in order to obtain a measurement signal that can be measured
with enough accuracy given the limitations of the experimental setup implemented,
such as low signal power signals at the input of the EDFA, the single EDF used in our
experiment is operated at a very low gain. This way, a high compression is achieved
and the gain variations induced by SHB and SDP became more pronounced [11].

5.2.1 Dependence on the Pump Wavelength and Pump Power

A schematic diagram of the implemented experimental setup, which is based on [15],
is shown in Fig. 5.1. We improve the switching device in order to decrease the probe
fluctuations caused by switch imperfections. One probe channel at 1531.3 nm and one
pump lightwave with variable wavelength co–propagate through an EDF of 10 m length.
Ten additional polarization scrambled channels are launched into the EDF. Depending
on the position of a fast 2x1 switch with transient time below 1µs, the channels are
located either on the blue side or on the red side of the C–band. At the output of
the EDF, the pump and the additional channels are suppressed by an optical filter.
Power fluctuations of the probe channel are detected by a photodiode and a digital
oscilloscope.

The input powers of the probe and the ten additional channels in the blue subband
equals -11 dBm per channel. The power of the ten channels in the red subband is
adjusted in such a way that the probe channel experiences equal gain independently of
the switch position on steady–state conditions. In case of a switching time significantly
smaller than the time constant of the EDFA, power transients due to a change of
the average population inversion can be completely eliminated. In the discussion of
the results, the impact of imperfections of the switch on the measurement results is
considered.
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Figure 5.1: Experimental setup used for characterization of the dynamical properties
of SHB and SDP.

Dependence on the Pump Wavelength

The dynamic response of the amplifier is measured when switching from the red sub-
band channels to the blue subband. Since the goal is to assess the pump wavelength
dependency, the gain of the probe channel remains unchanged during the series of
measurements. This is achieved by adjusting the pump power at several pump wave-
lengths to yield the reference gain of the probe channel. The pump power launched into
the EDF is in the order of magnitude of 10 mW. The pump wavelength dependency
is determined by using different pumps. In addition to several pumps with emission
wavelengths in the 1480 nm range, a pump at 980 nm is also taken into consideration.
In the latter case, population of the third energy level comes into play, whereas a two
level model is sufficient when pumping in the 1480 nm range.

Temporary gain variations induced by SHB and SDP are shown in Fig. 5.2 for
different pump wavelengths. For pump wavelengths around 1465 nm and 1480 nm,
there are small differences regarding the magnitude of these variations, with slightly
larger variations for smaller pump wavelengths. In addition, the magnitude of the
gain variations drops by approximately 20 % when using 1495 nm pumping instead of
the 1480 nm pump wavelength. For comparison purposes, gain variations for a 980 nm
pump are also shown. In contrast to the configuration with 1480 nm pumping, the
magnitude almost doubles, which corresponds to an increase of 0.08 dB.

Additional measurements and investigations have been performed, in order to
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Figure 5.2: Measurement results showing gain variations induced by SHB and SDP for
different pump wavelengths. Details of the curves within the first 2 ms are illustrated
in the inset.

prove that the observed gain variations are, in fact, due to SHB and SDP. First, the
single pump at 1495 nm is replaced by two polarization multiplexed pumps at the same
wavelength. The corresponding curve in Fig. 5.2 labeled “1495 nm polmux” confirms
that polarization effects such as polarization hole burning (PHB) play no role in our
experiment.

Some fluctuations may also result from the redistribution of the population prob-
ability of the metastable level, called inversion in the following. Simulations are per-
formed using the Giles model [7] introduced in Section 2.4.1 without considering the
SHB and SDP effects, in order to investigate the possible impact of the redistribution
of the inversion along the fiber. Fig. 5.3 shows the inversion along the fiber axis for
several time instants of the transition. The two broader lines in the figure represent
the two switch positions on steady–state conditions. In both cases the average value
of the inversion is identical. Switching from the red to the blue subband channels
will cause a redistribution of the population inversion of the amplifier, with the in-
termediate distributions displayed in light gray. Since the speed of the redistribution
might be different at the different locations, some temporary variation of the average
inversion, resulting in gain variations, might occur. Additionally, the switch from the
red subband to the blue subband is not ideal. As illustrated in the inset of Fig. 5.4,
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there is a short term drop in the input power. These power drops can give rise to some
overshoots. The quantification of the contribution of these two potentially disturbing
effects can be performed by simulating the dynamic response of the two–level EDFA
without considering the SHB and SDP effects. Simulation results displayed in Fig. 5.4
reveal that the contribution of the temporary input power drop, as well as the redis-
tribution of the inversion to the overall gain variations, is in the order of 10−3 dB, and
thus negligible.

0 1 2 3 4 5 6 7 8 9 10

40

50

60

70

80

Position [m]

In
ve

rs
io

n
 [

%
]

 

 
Blue channels on
Red channels on

Figure 5.3: Distribution of the inversion along the EDF length for the two switch
positions. Gray curves show intermediate distributions during the transient event.

In summary, the results clearly demonstrate that the measured gain variations
have to be assigned to the SHB and SDP effects. The magnitude of gain variation
for pumping at 980 nm is almost twice the value observed in the case of pumping in
the 1480 nm range. Furthermore, the experiment revealed that there is also a pump
wavelength dependency in the 1480 nm range.

Dependence on the Pump Power for 1480 nm Pumping

In order to investigate the influence of the pump power dependency on SHB and SDP
dynamics, we maintain the powers of the signals and the probe channel at the input of
the amplifiers at the same level. However, the pump power at 1480 nm has been varied
from 7 mW to 57.2 mW. Results presented in Fig. 5.5 show a maximum gain variation
of about 0.13 dB for the smallest considered pump power of 7 mW. With larger pump
powers, the magnitude of the gain variations decreases and drops to slightly less than
0.04 dB, at a pump power of 57.2 mW. This is expected since it has already been shown
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Figure 5.4: Gain variations originating from the redistribution of the inversion along
the axis of the EDF and the intermediate total input power drop (simulation results
without SHB and SDP). The inset shows the non–ideal switching from the red subband
to the blue subband.

in steady–state experiments that the depth of SHB and SDP induced holes decreases
with decreasing compression. However, this experiment shows that this rule is also
applicable to SHB and SDP dynamics.

At zero, on the time axis, a narrow peak caused by the intermediate input power
drop for higher pump powers can be observed. The magnitude of this peak increases
with increasing pump power due to the fact that EDFA dynamics becomes faster at
larger pump powers [26]. For verification purposes, simulations neglecting SHB and
SDP are performed using the Giles model [7]. Dashed curves added to the afore-
mentioned figure represent the obtained numerical results. The comparison of the
experimental data (solid curves) and simulation results (dashed curves) reveals a good
agreement, regarding the magnitude of the peak, and confirms the above drawn con-
clusions. With higher pump powers, the gain variations induced by SHB and SDP
become narrower. Thus, similar to other transient effects in EDFs, dynamics of SHB
and SDP becomes faster at higher pump powers.

5.2.2 Dependence on Temperature

A schematic diagram of the experimental setup implemented is shown in Fig. 5.6. In
order to study the dependence of the dynamic response of SHB and SDP on tempera-
ture, the EDF coil is placed in a temperature chamber. The temperature ranges from
-60◦C to 100◦C. A temperature sensor attached directly to the fiber provides accurate



134 CHAPTER 5. DYNAMIC RESPONSE DUE TO SHB AND SDP IN EDFAS

−1 0 1 2 3 4 5 6 7 8

−0.14

−0.12

−0.1

−0.08

−0.06

−0.04

−0.02

0

0.02

Time [ms]

G
ai

n 
va

ria
tio

n 
[d

B
]

Without SHB

7.
0 

m
W

10
.0

 m
W

13
.0

 m
W16
.0

 m
W

20
.0

 m
W

25
.0

 m
W

 

 

7.0 mW | −2.2 dB
10.0 mW | 0.1 dB
13.0 mW | 2.3 dB
16.0 mW | 3.7 dB
20.0 mW | 4.7 dB
25.0 mW | 6.0 dB
30.0 mW | 6.7 dB
40.0 mW | 8.7 dB
50.0 mW | 10.1 dB
57.2 mW | 10.8 dB

Figure 5.5: Gain variations for different pump powers at 1480 nm. Solid curves repre-
sent experimental data, whereas dashed curves show simulations results without SHB
and SDP. In the legend, the used pump power, as well as the resulting amplifier gain,
are indicated for each curve.

temperature measurements.

One probe channel centered at 1531.1 nm and one pump are co–propagating in a
widely used commercial EDF with 10 m length. In addition, ten polarization scrambled
signals are launched into the fiber. Depending on the switch position, they are either
located on the blue side or on the red side of the C–band. The input power of the
probe and of the other channels on the blue side of the C–band equals -8.0 dBm per
channel, whereas the total power of the red band is adjusted to provide equal gain at
the probe channel wavelength for both switch positions. Thus, the steady–state gain
of the probe channel is identical for both switch positions. Throughout one run of
the experiment the power levels of all involved laser diodes (all signals and pump) are
constant. This way, any influence from control parameters is avoided. At the output
of the EDF, the pump and the additional signals are suppressed by an optical filter
(isolation >40 dB). The remaining power of the probe channel is detected by means
of a photodiode. Using an oscilloscope, power variations of the probe channel at the
output of the EDF are recorded.

Temperature variations lead to changes of the cross sections for emission and ab-
sorption. Thus, amplifier gain and pumping efficiency changes. Since gain compression
will influence the impact of SHB and SDP [11], this effect has to be canceled out, in



5.2. MEASUREMENTS OF THE DYNAMIC RESPONSE OF AN EDFA 135

cw
 l

a
se

rs
 b

lu
e 

su
b

b
a

n
d

cw
 l

a
se

rs
 r

ed
su

b
b

a
n

d

2x1 
switch

Polarization 
Scrambler

Coupler
Coupler

Surviving channel

Polarization 
Scrambler

Pump 
laser

Temperature 
chamber

Photo-
diode

Oscillos-
cope

Channel 
selection 

filter

Wavelength

P
o
w

er

Wavelength

P
o
w

er

Wavelength

P
o
w

er

Wavelength

P
o
w

er

Erbium 
Doped 
Fiber

M
u

lt
ip

le
x
er

M
u

lt
ip

le
x
er

1

2

1

1

2

2

Figure 5.6: Experimental setup used for characterization of the dynamical response of
SHB and SDP at different temperatures.

order to only analyze the effect of SHB and SDP. To keep the gain compression con-
stant, the input pump power is readjusted for each trial, providing always the same
gain for the probe channel.

Depending on the pump wavelength, different energy levels of the erbium ions are
involved in the amplification mechanism. When using pump light around 1480 nm,
only the lowest two energy levels (ground level 4I15/2 and metastable level 4I13/2) are
relevant. However, a third energy level 4I11/2 comes into play if the pump wavelength
λpump is close to 980 nm. In the following, experimental data for both pump wave-
lengths are presented. Independently of the pump wavelength, the pump power is
adjusted to provide almost zero gain (0.4 dB) for the probe channel.

The plot on the left side of Fig. 5.7 shows the temporary gain deviations due to SHB
and SDP for different coil temperatures, ranging from -36 ◦C to 64 ◦C and for pumping
at 1480 nm. These gain variations can be well fit by two exponential functions with
time constants around 0.3 ms and 0.9 ms, respectively. When using a pump wavelength
of 980 nm, the smaller time constant increases with increasing temperature and changes
by up to ±15 % within the considered temperature range. In contrast, the larger time
constant barely changes for temperatures below 24 ◦C, and decreases slightly at higher
temperatures (maximum variation 6 %). When using a 1480 nm pump, the maximum
variation of the time constants is smaller (maximum variation 8 %). Moreover, both
time constants show a trend to larger values with increasing temperature.
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Figure 5.7: Measurement results showing gain deviations induced by SHB and SDP
at different temperatures for an EDF pumped at 1480 nm (left side, two energy levels
involved) and 980 nm (right side, three energy levels involved).

The magnitude of the peak value of the undershoot diminishes with increasing
temperature. The transition time is only slightly dependent on temperature (maximum
deviation from value at 24 ◦C: 5.2 %) with a trend to increased values for increasing
temperature. It takes approximately 3.2 ms for the gain to return to the steady–sate
value (deviation less than 10 % of peak value). The correspondent results for a pump
wavelength of 980 nm are represented on the right side of Fig. 5.7. Again, the peak
value of the undershoot decreases with increasing temperature and the transition time
(≈3.0 ms) is similar to the time determined for 1480 nm pumping. The dependence of
the transition time on temperature is very weak (maximum variation 3.5 %).

The maximum magnitude of the undershoots versus temperature is illustrated
on the left side of Fig. 5.8 for both pump wavelengths. On the right side, the de-
viation of the maximum magnitude from the value at 24 ◦C is shown. For 980 nm
pumping, the measurement data can be well fitted by a linear function with a slope
of 3.1×10−4 dB/◦C. Comparing to the linear fit function, a polynomial of degree three
provides a better fitting for a pump wavelength of 1480 nm. The slope of the result-
ing curve equals 2.2× 10−4 dB/◦C at 24 ◦C. Thus, the temperature dependence is by
a factor of 1.4 larger when using a 980 nm pump. Taking into account the fact that
the absolute magnitude is larger by a factor of 2.7 for the three level system, the rel-
ative change of the peak value with temperature is smaller for pumping at 980 nm. It
is determined a relative change of 0.145 %/◦C, for a pump emitting light at 980 nm,
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whereas the relative change equals 0.26 %/◦C for pumping around 1480 nm.
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Figure 5.8: The left side plot indicates the maximum magnitude of gain deviations
versus temperature for an EDF pumped at 980 nm and 1480 nm, respectively. The
right side plot shows the deviation of the maximum magnitude of the gain deviation
of each measurement regarding the maximum magnitude measured at 24◦C.

Stabilizing the EDF coil temperature at around 25 ◦C is advantageous when consid-
ering the pumping efficiency [22]. However, this solution requires the implementation
of heating and cooling capabilities. Therefore, the set point of the temperature quite
often corresponds to the maximum temperature that might occur during operation.
Typically, this temperature value is around 55 ◦C. In this way, a simple heater is suffi-
cient. The presented investigation reveals that this solution is also advantageous when
considering the magnitude of dynamic gain variations induced by SHB and SDP.

5.3 Site Dependent Pumping Effect on Two–level
EDFA

In Section 5.2, the dependence of the dynamic response on the pump wavelengths
around 1480 nm is measured. These results show that, in addition to SHB, there is
another source of statistical variations in the amplifier related to the pump wavelength,
even when pumping an EDF at wavelengths around 1480 nm. Experimental work
presented in [19] suggests that this behavior is due to the effect of SDP induced by
wavelengths in the 1480 nm range.
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5.3.1 Two–level Model Considering SHB and SDP Effects

As presented in Section 2.4.1 when considering the statistical variations for the two–
level model, we obtain

∂Īk
∂z

=uk
{(
σ̄ak + σ̄ek

)(
N̄2 +nk2

)
− σ̄ak

}
Īk +ukmσ̄ek(N̄2 +nk2)∆νk/ζ, (5.1)

τ2
∂N̄2
∂t

=− N̄2
(Ntot∑

k

σ̄ekĪk +
Ntot∑
k

σ̄akĪk + 1
)

+
Ntot∑
k

σ̄akĪk−
Ntot∑
k

(
σ̄ak + σ̄ek

)
nk2 Īk, (5.2)

where,

nk2 =〈∆N2,iξk,i〉i, (5.3)

and

τ2
∂nk2
∂t

=−nk2
(Ntot∑
j=1

σ̄ej Īj +
Ntot∑
j=1

σ̄aj Īj + 1
)
− N̄2(A∗k +B∗k)−B∗k), (5.4)

where the following quantities were defined

A∗k ≡
Ntot∑
j=1

σ̄ejIjΓ(k,j), (5.5)

B∗k ≡
Ntot∑
j=1

σ̄ajIjΓ(k,j), (5.6)

Γ(k,j) =
〈
ξk,iξj,i

〉
i
. (5.7)

In order to include the pump dependency verified in the experimental results pre-
sented in Section 5.2, we have to include the pump wavelengths in Ntot. Following,
we can separate the total number of wavelengths, Ntot, in two subgroups: one related
to the pump wavelengths, where Np is the number of pump wavelengths, and the
other related to the signal wavelengths or ASE noise, where Nsig/ASE is the number
of signal wavelengths or the ASE noise channels. By separating the pump and signal
wavelengths we obtain

A∗k ≡
Nsig/ASE∑
s=1

σ̄esĪsΓs(k,s) +
Np∑
p=1

σ̄epĪpΓ14xx(k,p), (5.8)
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B∗k ≡
Nsig/ASE∑
s=1

σ̄asĪsΓs(k,s) +
Np∑
p=1

σ̄apĪpΓ14xx(k,p), (5.9)

and

Γs(k,s) =
〈
ξk,iξs,i

〉
i
, (5.10)

Γ14xx(k,p) =
〈
ξk,iξp,i

〉
i
, (5.11)

where s and p are signals or ASE noise wavelengths of the C–band and pump wave-
lengths around 1480 nm, respectively. In eqs. (5.8) and (5.9), the first term takes into
account the effect of the signal wavelengths present in the amplifier on the signal wave-
length indexed by k, whereas the second term determines the influence of the pump
wavelengths on this signal wavelength. Physically, we can associate the first term of
eq. (5.8) and eq. (5.9) with the SHB effect and the second term of both equations with
the SDP effect. Following this derivation, we need to characterize two correlation ma-
trices to describe the system, one correlation matrix between wavelength k and the
signals, Γs(k,s) (eq. (5.10)), and a second correlation matrix between the signal k and
the pump wavelengths, Γ14xx(k,p) (eq. (5.11)). The impact of SHB on the pumps, i.e.
the impact of the pumps on itself, is neglected. Methods to obtain these correlation
matrices are presented in the Section 5.3.2.

Note that eq. (2.20) and eq. (2.21) are particular cases of eqs. (5.1) and (5.2), re-
spectively, neglecting statistical variations of the optical characteristics of the ion sub–
ensembles, i. e. σek,i = σ̄ek, σak,i = σ̄ak and N2,i = N̄2. Also, if we set Γ14xx(k,p) to zero
in eqs. (5.8) and (5.9), meaning that we do not consider a dependence of the statistical
variations on the pump wavelength, we obtain the model presented in Section 2.4.1,
referred as the two–level model with SHB [11]. In Section 5.3.3, we will compare
the predictions of the model without SHB and SDP [7], the prediction of the model
with SHB [11], and the predictions of the proposed model with SHB and SDP, with
experimental results.

5.3.2 Correlation Matrices Γs(k,s) and Γ14xx(k,p)

In order to implement the proposed model, we need to independently characterize two
correlation matrices, one related to the SHB effect and another related to the SDP
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effect. This is performed by isolating the two effects.

In Section 2.4.1, we characterized the correlation matrix between the signals, Γs(k,s),
using the modified spectral subtraction technique presented in [11]. Since both spectra
are measured using the same pump wavelength and power, they are similarly affected
by the SDP effect. Therefore, when subtracting them we are minimizing the impact of
the SDP effect on the final result. Because of this, it is possible to describe the spectral
difference with Γp(k,p) = 0, i.e. using only the correlation matrix Γs(k,s). With the
knowledge of Γs(k,s) we have a model capable of predicting the amplifier behavior con-
sidering the SHB effect. Of note, the results obtained so far only describe accurately
the difference between spectra of an EDFA, when maintaining the same pump power
and wavelength. When using different pump powers or pump wavelengths, deviations
are observed, which means that the SDP effect needs to be taken into account.
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Figure 5.9: ASE noise spectra measured for pumps placed at 1435 nm, 1455 nm,
1470 nm, 1480 nm and 1490 nm, considering a spectral resolution of 0.05 nm.

The determination of the second correlation matrix is also based on ASE noise
spectra. For this purpose, we use a low power signal co–propagating with a pump
placed at 1480 nm with 10 mW of input power into a 10 m EDF. The low power signal
is used to monitor the gain of the amplifier and is placed at 1564 nm, with -10 dBm
of input power. We chose 1564 nm, because it is located on the spectral region where
the SHB effect is negligible [11], and therefore the ASE noise is not affected by the
SHB effect due to the presence of this signal. We measured the optical power of
the ASE noise spectrum with an optical resolution bandwidth of 0.05 nm. We repeat
the measurements for additional pump wavelengths (1435 nm, 1455 nm, 1470 nm, and
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1490 nm). Due to the pump efficiency dependence on the pump wavelength, we need to
adjust the pump power to keep the gain constant for the reference signal. In order make
sure that the ASE noise spectrum closely follows the gain of the amplifier, the EDF
is operated at high average inversion of the active fiber. Fig. 5.9 shows the ASE noise
spectrum of the amplifier for all used pump wavelengths. We can observe that each
pump wavelength produces a different ASE noise spectrum. Such variations reflect the
presence of the SDP effect, but modifications of the inversion profile can also influence
the ASE noise spectrum. In general, the inversion profile depends on the powers and
wavelengths of all interacting lightwaves. Redistribution of the inversion level induced
by changing the signal wavelength has been illustrated in [1]. Similarly, changing the
pump wavelength also leads to a modified inversion profile, which finally results in a
modified ASE noise spectrum, although the average inversion is stabilized at a constant
level.

In order to characterize SDP, it is important to separate the contribution of this
effect from other known effects. Therefore, we determine the difference between the
measured ASE noise spectrum and the ASE noise spectrum obtained from simulations
for each pump wavelength. The simulation results already include the dependence of
the ASE noise spectrum on the distribution of the inversion along the active fiber and
the SHB effect. The first effect is already taken into account by the basic equations
provided in [7] and SHB has been implemented in the simulation tool following the
technique described in [11]. Thus, these effects cancel out and deviations between
experimental data and simulation results are in principle only due to the SDP effect.
In the following, the correlation matrix Γp(k,p) is adapted to match the simulation
results with the experimental data.

Since the relationship between the ASE noise spectrum and the corresponding line
of the correlation matrix is monotonous but not strictly linear, we apply an iterative
procedure described in the following. In the beginning, we start with a correlation
matrix with all elements initialized to zero. During one iteration, we simulate the
resulting ASE noise spectrum for the current correlation matrix, determine the differ-
ence of measured and calculated ASE noise spectra for a pump with a given wavelength
indexed by p, and add this difference multiplied by a scaling factor to the column p

of Γp(k,p). The value of the scaling factor is chosen to be smaller than the value re-
quired to eliminate the difference completely. Thus, convergence of the technique is
guaranteed. This step is repeated iteratively until a stopping criterion is fulfilled. The
stopping criterion has been chosen to ensure a maximum deviation of 10−5 dB between
the spectra, for wavelengths from 1528 nm to 1566 nm. This process is repeated for all
pump wavelengths.
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In Fig. 5.10, the SDP correlation matrix between the wavelengths of the pump
and the signals, Γp(k,p), is shown. Due to the fact that pump wavelengths shorter
than 1470 nm and longer than 1490 nm have low efficiency and that the noise figure is
significantly increased [27], we exclude this wavelength range from the characterization
of the correlation matrix. Experimentally, we consider pumps at 1470 nm, 1480 nm,
and 1490 nm. In order to increase the resolution of the correlation matrix, we perform
a linear interpolation to the matrix values between the measured pump wavelengths.

5.3.3 Experimental Validation and Discussion

The schematic diagram of the implemented experimental setup is presented in Fig. 5.11.
A surviving channel placed at 1531.2 nm is launched into a 10 m EDF. The signal is mul-
tiplexed with a co–propagating pump, placed either at 1470 nm, 1480 nm, or 1490 nm.
An additional channel is added to the amplifier and, depending on the position of
two synchronized fast switches, with switching times below 1µs, this signal is located
either on the blue side or on the red side of the C–band. By adjusting the power of
the red channel, the surviving channel experiences the same gain, independently of
the switching position, when reaching steady–state conditions. At the output of the
amplifier, several filters are used to separate the surviving channel from the other chan-
nels and the pump (suppression > 40 dB). The time evolution of the surviving channel
is recorded with a digital oscilloscope (OSC). The input power of the pump is set to



5.3. SITE DEPENDENT PUMPING EFFECT ON TWO–LEVEL EDFA 143

provide a low gain for the surviving channel in order to obtain a large compression,
which allows to measure SHB and SDP with high sensitivity [15]. With this setup, it
is also possible to perform subband switching from 10 channels on the blue subband of
the C–band, to 10 channels on the red subband of the C–band and vice–versa, as we
will discuss later.
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Figure 5.11: Experimental setup implemented to measure the power excursion of the
surviving channel due to the variation of the input signal spectrum in a co–pumped
EDFA.

We measure the power excursion of the surviving channel, defined as the difference
between the transient and the steady–state responses, when switching between the blue
and red channel and vice–versa. Since the gain of the surviving channel is constant,
the power excursion of the surviving channel is attributable to SHB and SDP.

Subband Transitions With a Single Channel in Each Subband

In the first set of measurements, we measure the power excursion of the surviving
channel at the output of the EDF for different pump wavelengths, blue channel powers
and pump powers. We use a blue channel placed at 1530.1 nm and a red channel placed
at 1564 nm. Note that the input signal power of the red channel is always adjusted, in
order to keep the steady–state gain of the surviving channel equal to the gain of the
surviving channel when the surviving channel is co–propagated with the blue channel.

Pump Wavelength Dependence

In this experiment, we measure the power excursion of the surviving channel when dif-
ferent pump wavelengths are used. The surviving channel, with -9 dBm of input optical
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power, is co–propagating with the blue channel, with 2 dBm of input optical power.
We adjust the pump placed at 1480 nm to provide a gain of 1.5 dB for the surviving
channel. Afterwards, we change the pump wavelength to 1490 nm and 1470 nm, and
adjust the input pump power to provide the same gain for the surviving channel as
before.

Figure 5.12 shows the power excursion of the surviving channel, when using a pump
placed at 1480 nm, 1470 nm, and 1490 nm, for the transition from the red channel to the
blue channel (on the left) and from the blue channel to the red channel (on the right).
These results are obtained either experimentally or by means of simulations, taking
into account different combinations of the relevant effects. First, neither SHB nor
SDP (simulation without SHB+SDP) are considered. In a second step, only the SHB
effect (simulation with SHB) is taken into account. Finally, SHB and SDP are both
included in the numerical calculations (simulation with SHB+SDP). The experimental
results presented in Fig. 5.12 show a clear dependence of the power excursion on the
pump wavelength. When analyzing the transition from the red channel to the blue
channel, the power excursion of the pump placed at 1470 nm is 14% higher than the
power excursion induced at a pump wavelength of 1480 nm. On the other hand, the
power excursion for the pump placed at 1490 nm is 10% smaller. When observing the
simulated results without considering the SHB and SDP effects, no power excursion
is predicted. This happens because, by keeping the gain of the surviving channel
constant, the input power variation does not induce changes of the average inversion
and, thus, no excursion is predicted. Considering only the SHB effect, the power
excursion is clearly visible. However, the obtained curves do not describe accurately
the maximum power excursion of the surviving channel or the dependence on the pump
wavelength. Simulations including SHB and SDP reveal that the power excursion for
the pump placed at 1480 nm is correctly described for both transitions. Furthermore,
the increase of the power excursion of the pump placed at 1470 nm is also correctly
estimated, and the same applies for the decrease of the power excursion due to the use
of the pump placed at 1490 nm. Additionally, when analyzing at both transitions, the
power excursions provided by the model are not symmetrical in terms of maximum
deviation and transition time, which is also observed in the experimental results. By
comparing with the experimental measurements, we confirm that the proposed model
accurately describes the maximum power excursions and the transient times, as well
as the pump wavelength dependency.

There is a significant difference between the experimental results and the results
predicted in the model considering SHB only. These results confirm that the SDP
effect significantly influences the dynamics of amplifiers and needs to be considered
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Figure 5.12: Power excursion of the surviving channel at the output of the EDF pumped
at 1480 nm, 1470 nm and 1490 nm due to the transition from the red channel to the
blue channel and vice–versa. Solid lines represent experimental data, whereas dotted
lines illustrate simulation results without considering the SHB and SDP effects. Dash–
dotted lines show simulation results when considering the SHB effect only, whereas
dashed lines mark simulation results including SHB and SDP.

when pumping EDFs around 1480 nm.

Channel Power Dependence

In this experiment, we measure the impact of changing the input signal power of the
blue channel on the power excursion of the surviving channel, for the transition from
the red channel to the blue channel. We set the surviving channel input signal power
to -5 dBm and the input signal power of the blue channel to 2 dBm. The pump placed
at 1480 nm is adjusted to provide a gain of 1 dB to the surviving channel. For each
measurement the blue signal input power is reduced by 2 dB and the pump power is
adjusted to maintain the same gain.

In Fig. 5.13, the experimental and simulation results for different channel powers
are presented. As we can observe, the experimental results show that as the blue
channel power diminishes, the magnitude of power excursions also reduces. For a blue
signal power of 2 dBm, the power excursion reaches -0.1 dB and for -2 dBm it reaches
-0.06 dB. As the blue channel power is reduced, we can see that the transient time
increases. This is due to the fact that we need to reduce the pump power to maintain
the same gain for the surviving channel. Again, no power variations are predicted when
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neglecting SHB and SDP. When considering the simulation with SHB only, we can see
that the general behavior is captured. However, the maximum power excursion and
the transient times are not correctly described. On the other hand, when considering
simulation results taking into account SHB and SDP, we can verify that they are
accurately describing the experimental results in terms of maximum power excursion
and transient times.
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Figure 5.13: Power excursion of the surviving channel at the output of the EDF pumped
at 1480 nm, due to the transition from the red channel to the blue channel, for blue
channel powers of 2 dBm, 0 dBm, and -2 dBm. Solid lines represent experimental data;
dotted lines illustrate simulation results without considering the SHB and SDP effects;
dash–dotted lines show simulation results when considering the SHB effect; dashed
lines visualize simulation results considering the SHB and SDP effects.

Pump Power Dependence in Configurations with Counter–Propagating Pumps

In this experiment, we investigate the behavior of EDFAs with counter–propagating
pumps. The setup is similar to the one presented in Fig. 5.11, with the exception that
the pump is launched into the EDF at the output and propagates within the EDF in
opposite direction to the signals (see Fig. 5.14). The surviving channel has -9 dBm
and the blue channel power has 2 dBm of input signal power. The pump wavelength
is placed at 1480 nm and its power is increased in order to provide different gains for
the surviving channel. The gain variations for the transition from the blue channel to
the red channel are considered.

Figure 5.15 shows the maximum magnitude of the power excursion for the tran-
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Figure 5.14: Experimental setup used to measure the power excursion of the surviving
channel due to the variation of the input signal spectrum in an EDFA configuration
with counter–propagating pump.

sition from the blue channel to the red channel, as the gain of the surviving channel
increases. The maximum power excursion is the peak value of the power excursion
curve, independently of the time point at which it is reached. The results are derived
from experimental measurements (limited to 8 dB of gain due to experimental con-
strains), simulations neglecting SHB and SDP, simulations with the SHB effect, and
simulations with the SHB and SDP effects. The experimental measurements show
that, as the surviving channel gain increases, the power excursion decreases down to a
certain gain where the overshoot becomes an undershoot. In contrast to the experimen-
tal data, simulation results neglecting SHB and SDP show almost no gain variations.
When considering the SHB effect only, the maximum power excursions at lower gains
are not correctly described. On the other hand, when comparing the experimental
results with the proposed model including both SHB and SDP we can see that the
model accurately describes the measurement results. As the gain increases, we verify
that both models tend to vanishing power excursions. This happens because, as the
pump power increases, the compression of the amplifier becomes smaller and thus the
impact of SHB and SDP decreases. This is also the reason why the differences between
both models decrease as the gain increases. This behavior is confirmed for other pump
wavelengths and powers by repeating the experiment.

Subband transitions with 10 channels

In this subsection, instead of transmitting single high power channels in the blue and
the red subband, we place 10 low power channels in each of the subbands. The first
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Figure 5.15: Maximum power excursion of the surviving channel at the output of
the EDF pumped at 1480 nm, for the transition from the blue channel to the red
channel for different gains. Squares are used for experimental data; inverted triangles
indicate simulation results neglecting SHB and SDP; rhombuses stand for simulation
results when considering the SHB effect only; circles illustrate simulation results when
considering the SHB and SDP effects.

channel in the blue subband starts at 1529.1 nm and all channels have a uniform spacing
of 50 GHz to their respective neighbors. The first channel of the red subband is located
at 1554 nm and the same uniform channel spacing is applied. The signal power of the
blue subband is around -11 dBm/channel and the surviving channel has -10 dBm of
input signal power. The pump is co–propagating with the signal and it is placed at
1480 nm. The input pump power is adjusted to provide a gain of 1.5 dB.

Figure 5.16 shows the power excursion for the transition from the red subband to
the blue subband (on the left) and from the blue subband to the red subband (on the
right) obtained from experimental measurements, simulations without the SHB and
SDP effects, simulations with the SHB effect only, and simulations including SHB and
SDP. Simulation results without SHB and SDP reveal a small power excursion due to
the adjustment of the inversion inside the EDF. Regarding the simulation with the
SHB effect, we can see that the calculated power excursion deviates significantly from
the experimental results. In particular, the transition from the blue to the red subband
shows larger discrepancies. When the simulation is done considering the SHB and SDP
effects, we can see that the model describes with good accuracy the red subband to
the blue subband transition in terms of maximum power excursion and transient time.
When observing the transition from the blue subband to the red subband we confirm
that the measured results are accurately estimated by the model considering the SHB
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and SDP effects. Thus, with the above results, we show that the SDP effect needs to
be included in order to accurately simulate both transitions. Also, we confirm that the
proposed model is suitable for simulating a high number of channels in each subband.
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Figure 5.16: Power excursion of the surviving channel at the output of the EDF pumped
at 1480 nm, due to the transition from the red channel to the blue channel and vice–
versa. Solid lines represent experimental data, dotted lines stand for simulation results
neglecting SHB and SDP, the dash–dotted lines represent simulation results when con-
sidering the SHB effect only, and, finally, dashed lines illustrate simulation results
taking into account SHB and SDP.

5.4 Dynamic Response of EDFAs Pumped Around
980 nm

In this section we are interested in investigating the behavior of SHB and SDP in gain
controlled EDFAs, in case of subband switch (see Fig. 5.17 (a)), and channels drop (see
Fig. 5.17 (b)) by means of simulations using the model presented in Section 2.4.2. In all
scenarios, it is assumed that the power add/drop happens within an infinitesimal short
period of time. To control the transient effects resulting from input power variations, we
implement an ideal feedforward control, which adjusts the pump power immediately
after the event, to provide to the surviving channel on the steady–state conditions
exactly the same amount of gain as before. In all scenarios we consider an EDFA stage
with a single fiber with 10 m of length, pumped around 980 nm and with the described
ideal feedforward control loop. The surviving channel is centered at 1531.3 nm, and
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the input power of the surviving channel and the other channels is -12 dBm/channel.
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Figure 5.17: a) Schematic diagram of the input channel profiles before and after the
event for scenario 1) and scenario 2); b) Schematic diagram of the input channel profiles
before and after the channel drop. c)Schematic diagram for an ideal power transient
control system. At the add/drop event the pump power is instantly adjusted to main-
tain the gain of the surviving channels.

Figure 5.17 (c) shows a schematic diagram of an ideal feedforward gain control
system. At the instant of the channel drop or add, the pump power is adjusted in order
to maintain the same gain for the surviving channel. By doing so, we are mitigating the
power transients due to input power variation in an ideal manner. However, some gain
deviations can occur due to the re–arrangement of the local population inversion in
the active fiber. Therefore, in order to extract the SHB and SDP behavior, we perform
each simulation twice, one considering the SHB and SDP effects and the other without
the effects. The power excursions of the surviving channel due to SHB and SDP are
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obtained when subtracting both simulations.

5.4.1 Behavior of the SHB and SPD Effects on Gain Con-
trolled EDFAs

We start by investigating a subband switch from the red subband to the blue sub-
band (scenario 1), and from the blue subband to the red subband (scenario 2), see
Fig. 5.17 (a). We consider that 23 channels with a spacing of 100 GHz will be dropped
from one subband and other 23 channels will be added in the other subband, at the
same time instant.
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Figure 5.18: a) Power excursions for the surviving channel at the output of the EDFA
for scenario 1) pumped at 980 nm and 974 nm; and scenario 2) pumped at 980 nm
and 974 nm; b) Power excursions for the surviving channel at the output of the EDFA
pumped at 980 nm and 974 nm for the different channel profiles: scenario 1); scenario
2); scenario 3).

Figure 5.18 (a) shows the power excursions for the surviving channel when con-
sidering scenario 1) and scenario 2), see Fig. 5.17 (a), for a gain close to 3 dB for the
surviving channel, when pumping at 980 nm and 974 nm. As shown, the power excur-
sions induced by the pump centered at 980 nm are higher than for the pump centered
at 974 nm. Also, when changing from the red subband to the blue subband, we have
a higher deviation when compared with switching from the blue subband to the red
subband.

After investigating the subband switch, we simulate a total channel drop and
investigate how the spectral allocation of the input channels influences the dynamic
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response. Before the drop, 23 channels are co–propagated with the surviving channel,
in different spectral regions of the C–band: scenario 1) uniformly distributed over all
C–band; scenario 2) distributed on the blue subband with a channel spacing of 100
GHz; scenario 3) distributed on the red subband with a channel spacing of 100 GHz (see
Fig. 5.17 (b)). After the drop, only the surviving channel is present. These scenarios
are tested for a pump centered at 980 nm and 974 nm.

Figure 5.18 (b) shows the power excursion of the surviving channel, when chang-
ing the spectral location of the input channels, where the pump power is adjusted to
provide a gain of about 15 dB for the surviving channel. The results clearly show that
the spectral allocation influences the dynamic behavior of the amplifier. Therefore, de-
pending on channels position before the drop, the dynamic response can have different
behaviors. This is clearly seen when comparing scenario 2 and 3, where for the same
gain we can have an overshoot or an undershoot. On the other hand, there is not a
significant difference between pump wavelengths in the scenarios investigated.

In Fig. 5.19 we show the maximum overshoot and minimum undershoot for the
scenarios 2) and 3) pumped at 980 nm, as function of the surviving channel gain. We
can see that, for small gains, both scenarios only have overshoots, where scenario 2)
has higher deviations. However, as the gain increases, the overshoot of scenario 2)
decreases and higher undershoots appear on scenario 3).
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Figure 5.19: Maximum overshoot and minimum undershoot for the scenarios 2) and
3) pumped at 980 nm as function of the surviving channel gain.
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5.5 Conclusions

In this chapter the dependency of the dynamics of EDFAs governed by SHB and SDP
on pump wavelength and pump power was experimentally investigated. The magni-
tude of gain variations when pumping at 980 nm was almost twice the value observed
in the case of pumping in the 1480 nm range. Furthermore, a small difference between
1465 nm and 1480 nm pumping was observed, whereas moving the pump wavelength
to 1495 nm led to a decrease of the gain variations of approximately 20 %. In addi-
tion, it was shown that the magnitude of gain variations induced by SHB scales with
gain compression, similarly to the depth of the spectral holes observed in steady–state
experiments. Furthermore, data for different pump powers showed that dynamics of
SHB becomes faster at higher pump powers.

Temperature dependency of the effect of SHB and SDP on the dynamics of EDFAs
was investigated. It was shown that gain variations induced by SHB and SDP decrease
with increasing temperature, independently of the number of involved energy levels
of the erbium ions. The measurements results hereby presented reveal that an EDFA
pumped at 980 nm is more sensitive to temperature variations than an EDFA using only
two energy levels for signal amplification. However, the relative change is smaller for
the EDFA using a pump wavelength of 980 nm. For a temperature variation of ±10 ◦C,
the relative change of the maximum gain deviations equals ±2.6 % and ±1.45 % for the
two and three–levels EDFA, respectively. We also verified that no significant difference
with respect to transition time was observed. Furthermore, the transition time is only
slightly dependent on temperature. This investigation showed that when operating the
EDFA at a temperature value around 55 ◦C is also advantageous when considering the
magnitude of dynamic gain variations induced by SHB and SDP.

Furthermore, we derived and presented a model that incorporates the SDP ef-
fect for the two–level system EDFA. The proposed model is based on a correlation
matrix between the pump wavelength and the signals wavelengths, which takes into
account the dependence of the gain spectrum on pump wavelength. Experimental mea-
surements of the surviving channel power excursion were performed for several pump
wavelengths, channel input powers and pump powers, and number of signals consid-
ered. By comparing the simulations results with the experimental measurements, we
confirmed that the proposed model describes the measured power excursions with good
accuracy. Moreover, the differences between simulation results and experimental data
were significantly reduced when compared to simulations taking into account SHB only.
Additionally, it was shown that obtaining accurate results for various operating con-
ditions requires taking this effect into account, even if only two power levels of the
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erbium ions are involved.

Further simulations were performed to investigate the behavior of SHB and SDP
in an EDFA with ideal gain control. We verified that in a subband switch, changing
from the red subband to the blue subband causes higher deviations than when changing
from the blue subband to the red subband of the C–band. Also, in a drop scenario,
the overshoots and undershoots of the surviving channel depend higher on the input
channels spectral allocation and on the gain of the amplifier than the pump wavelength.
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Chapter 6

Conclusions and Future Work

In this thesis, we analyzed the steady–state regime and the dynamic response of
optical fiber amplifiers in the context of transparent and dynamical optical networks.

In this chapter, we overview the developed work, and summarize the main conclu-
sions of this thesis. Finally, in Section 6.2 some topics for future studies are presented.

6.1 Conclusions

Chapter 2 introduces the fundamentals regarding Raman fiber amplifiers (RFAs) and
erbium–doped fiber amplifiers (EDFAs), which were used in this work. The state
of the art, configurations, and use cases for RFAs and EDFAs were highlighted and
discussed in the beginning of the Chapter. Following, the physical principle of RFA
was introduced, as well as the propagation equations of signals, amplified spontaneous
emission (ASE) noise and pumps in the amplifier. Furthermore, we presented and
implemented the average power analysis (APA) for the steady–state and for the dy-
namic regime. We experimentally validated the numerical models in the steady–state
and in the dynamic regimes and a good accuracy was obtained for both. Regarding
the EDFA, we presented the physical principle of two– and three–levels system am-
plification. Moreover, the inhomogeneous gain broadening, which manifests as the
spectral hole burning (SHB) and site dependent pumping (SDP) effects was discussed.
Following, we derived and implemented the model when considering inhomogeneous
broadening of the amplifier gain for the two- and three–level EDFA. Using an exper-
imental setup specifically designed to isolate and assess the SHB and SDP behaviors,
we were able to validate, with good accuracy, the model derived and implemented for
the three–level amplifier. Also, the dependence of the dynamics of SHB and SDP on
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spectral allocation of input channels was investigated experimentally for three–level
EDFAs. We concluded that, by selecting a pump wavelength centered at 974 nm in-
stead of 980 nm, we can reduce the power excursions by 23 %, and that by increasing
the channel spacing from 100 GHz to 150 GHz the power excursions decrease by more
than 20 %.

The development and implementation of a simplified model to estimate the gain
and ASE noise of a broadband counter–pumped RFA suitable for use with multiple
pumps and with a large number of signals was described in Chapter 3. The proposed
model was based on the customization of the undepleted pump model (UPM), with the
introduction of two new parameters. These parameters were used to account for pump–
to–pump interactions, and could be adjusted either based on the comparison with
experimental data or detailed numerical simulations, weighted–by comparison (WBC)
model, or based on analytical expressions, weighted–by analytic expression (WAE)
model. The second method was simpler to implement, because it could be used without
comparison with experimental or numerical simulations. When comparing the WAE
with experimental measurements and detailed numerical simulations, we found that
this model provides accurate results for a total input pump power up to 900 mW, a
wavelength separation up to 60 nm between pumps, and a transmission distance up to
180 km. The proposed model showed an improved computational performance without
losing significant accuracy for the most common pump configurations. In fact, it was
verified that the model can be more than 70 times faster than the detailed numerical
model, APA, introduced on Chapter 2. We used the proposed WAE model to estimate
the OSNR of WDM signals at the transmission link with a counter–pumped RFA,
when considering different fiber types, fiber lengths and input signals powers. The
obtained results were compared with the results obtained from a reference numerical
model. From the comparison between both, we verified that the On/Off gain was
properly estimated. However, the accuracy of the ASE noise power estimation was
not enough. To overcome this, an extra parameter αadj was introduced to adjust the
estimation of the ASE noise output power. With the introduction of this parameter,
we verified that the proposed model estimates the OSNR of the WDM signals at the
end of the transmission link with a good accuracy. Thus, the proposed simplified model
can be implemented in planning tools, providing an accurate estimation of the OSNR,
without increasing the computational requirements of the tool. Afterwards, in the
end of Chapter 3, we presented an efficient algorithm to design RFAs on the fly with
low computational requirements. In the proposed algorithm, instead of solving the
propagation equations with a detailed numerical model, we used a simplified model,
the WAE, allowing to obtain the results in a time efficient manner. We implemented a
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genetic algorithm (GA) to search for the quasi–optimum solution that minimizes the
gain ripple. Results showed that the simplified model takes less time, below fifty times
less that the APA model, to achieve an optimized solution with good accuracy.

An efficient counter–pumped RFA suitable for dynamic networks was proposed
and validated in Chapter 4. This amplifier was based on the reflection of the unused
pump power back into the amplifier fiber, called pump–reflecting RFA. We experi-
mentally verified that the pump–reflecting RFA presents an increased On/Off gain,
when compared to the conventional counter–pumped RFA of about 1 dB. However,
we also observed experimentally that the transient response due to channels add/drop
was higher for this configuration, an increase of more than 20 %, making this ampli-
fier unsuitable for dynamic networks. In order to better understand the impact of
reflecting the unused pump power on the amplifier behavior, several scenarios were
investigated in the steady–state and in the dynamic regimes. Results showed that the
impact of reflecting the pump power on the transient effect was higher in a co–pumped
RFA with a fiber–Bragg grating (FBG) than in a counter–pumped RFA with a FBG.
Also, the impact of reflecting the pump power in the transient response of the counter–
pumped RFA with an FBG decreased with the increase of the input pump power and
with increased fiber length. In order to mitigate and control the transient response of
the amplifier, we implemented a pump–controlled gain–clamping mitigation technique.
The technique was based on the monitorization of the reflected pump power and on
the use of that information to adjust the input pump power, in order to control the
power fluctuation of the surviving channel. A theoretical analysis showed that in the
considered setup, the power fluctuations of the surviving channel were about 0.7 dB
when transient response was not controlled. On the other hand, when transient control
was applied, these fluctuations were maintained bellow 0.2 dB. As a proof of concept,
we also performed an experimental implementation of this technique. Despite the low
response time of the implemented setup as well as the low length of the dispersion com-
pensating fiber (DCF), we were able to reduce the transient effect before it reached its
higher value. With this control system we demonstrated that this new proposal was
effective, allowing the development of an efficient low cost RFA suitable to dynamic
optical networks.

The EDFA dynamic response due to SHB and SDP caused by the variation of
spectral allocation of input signals was analyzed in Chapter 5. The dependency of the
dynamic response of EDFA pumped around 1480 nm and 980 nm governed by SHB
and SDP on pump wavelength, pump power, and temperature was investigated ex-
perimentally. Experimental results showed that the magnitude of gain variations with
pumping at 980 nm was almost twice the value observed in the case of pumping in
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the 1480 nm range. In addition, the dependency of SHB and SDP dynamics on pump
power was demonstrated, and we verified that the dynamics of SHB and SDP become
faster at higher pump powers. Moreover, it was also observed that the magnitude of
gain variations induced by SHB and SDP scales with gain compression, similarly to
the depth of the spectral holes observed in steady–state experiments. Furthermore,
we showed for the first time that the dynamic response for EDFAs pumped around
1480 nm range presented a dependence on pump wavelength. Regarding the depen-
dency on temperature, it was shown that gain variations induced by SHB decreased
with increasing temperature, independently of the number of involved energy levels of
the erbium ions. Presented measurement results revealed that an EDFA pumped at
980 nm was more sensitive to temperature variations than an EDFA using only two
energy levels for signal amplification. However, the relative change was smaller for the
EDFA using a pump wavelength of 980 nm. For a temperature variation of ±10 ◦C,
the relative change of the maximum gain deviations was equal to ±2.6 % and ±1.45 %
for the two and three–level EDFA, respectively. Afterwards, we derived and presented
a model that incorporates the SDP effect for the two–level system EDFA. The pro-
posed model was based on a correlation matrix between the pump wavelength and the
signals wavelengths, which took into account the dependency of the gain spectrum on
pump wavelength. Experimental measurements of the surviving channel power excur-
sion were done for several pump wavelengths, channel input powers and pump powers,
configurations and number of signals considered. By comparing the simulations results
with the experimental measurements, we confirmed that the proposed model describes
the measured power excursions with good accuracy. Moreover, differences between
simulation results and experimental data were reduced significantly when compared to
simulations taking into account SHB only. Furthermore, it was shown that obtaining
accurate results for various operating conditions requires taking the SDP effect into
account, even if only two power levels of the erbium ions are involved. Further sim-
ulations were done to investigate the behavior of the SHB and SDP in an ideal gain
controlled EDFA pumped at 980 nm. Preliminary results showed that, in a subband
switch, commuting from the red subband to the blue subband causes higher deviations
than changing from the blue subband to the red subband of the C–band. Also, in a
drop scenario, the overshoots and undershoots of the surviving channel depended on
the input channels spectral allocation and on the gain of the amplifier.
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6.2 Future Work

From the work presented in this thesis and considering the related developments pub-
lished recently in the literature, the following topics are suggested as future work:

• Development of simplified models to estimate the gain and ASE noise of EDFAs.
Nowadays, the estimation of the gain deviations from the target gain in EDFAs
is based on look–up tables. In principle, this estimation should be improved by
developing a model that predicts the gain deviations from the targeted operating
gain.

• Implementation of the mitigation technique proposed in Chapter 4 in a higher–
order counter–pumped RFAs. By doing so it might be possible to improve the
efficiency of the amplifier without compromising the dynamic response. As an
extra feature, it might be possible to use the information retrieved from the
reflecting pump power and use it as a fail safe mechanism. If the fiber is damaged
or broken, the control mechanism detects the power variation and immediately
turn off the pumps.

• Investigation of an improved physical description of the SHB and SDP effects.
Despite the investigations performed, a physical meaning and a description of
these effects are still unclear. Therefore, it would be interesting to study the
SHB and the SDP effects from a physical point of view. An outcome of this
study might be the derivation of the correlation matrix from theoretical results.

• Investigation of the impact of the SHB and SDP effects on the transmission link
with Monte Carlo simulations. Using the models derived for the two and three–
levels EDFA, it is possible to evaluate the impact of the SHB and SDP on the
transmission link. The identification of the worst case scenario can be used to
reduce the impact of those effects on the signal quality.

• Investigation of a mitigation technique for the SHB and SDP effects. Some
literature already points out the fact that the impact of the SHB and SDP in
the transmission link is important. For this reason, it is interesting to find and
propose a solution to control and mitigate these effects.
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