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Abstract—A theoretical study of the dynamics of short high–
concentration gain-clamped Er3+ -Yb3+ codoped fiber amplifiers
is presented. The effect of various parameters on the transient
power excursions and relaxation oscillation frequency of a given
signal input channel when other signal channels are added or
dropped from an initial steady-state configuration is analyzed. In
particular, the effects of Er3+ clustering, Yb3+ concentration,
fiber length, lasing wavelength, pump wavelength, pump power,
and cavity losses are shown. The numerical results demonstrate
the importance of Yb3+ sensitization in achieving stable gain–
clamped operation in a range of operating conditions. It is shown
that the amplitude of power excursions is typically small, e.g., less
than 0.1 dB, provided that the amount of Er3+ ions in the clusters
is kept small.
Index Terms—Erbium (Er), gain clamping, optical fiber amplifiers, wavelength-division multiplexing (WDM), ytterbium (Yb).

I. I NTRODUCTION

S

3+

HORT Er -doped fiber amplifiers (EDFAs) are attractive,
low-cost, and compact devices for optical communication
applications in the wavelength range of 1.55 µm. To increase
the gain per unit length along the typically centimeters-long
fiber, high Er3+ concentrations are required. This requirement
limits the achievable gain due to the presence of Er3+ ion–ion
interactions [1]. It is thus preferable to employ glasses that have
a small homogeneous upconversion coefficient, e.g., phosphate
glass, as the host material for short EDFA [2], [3]. Another
important requirement for short fiber amplifiers is to maximize the pump absorption along the fiber and hence improve
the amplifier conversion efficiency. To this end, Er3+ -Yb3+
codoped fiber amplifiers (EYDFAs) allow to increase the pump
efficiency of Er3+ ions, as Yb3+ codoping provides an indirect
energy-transfer mechanism from the Yb3+ to the Er3+ ions.
Also, Yb3+ has a very broad absorption spectrum extending
from approximately 850 to 1000 nm (compared with the more
narrow absorption bands of Er3+ , e.g., at 976 nm). These
properties have led to the recent realization of efficient and short
EYDFAs [4].
An important design issue for fiber amplifiers that operate
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multiplexing (WDM) applications, is the limitations of the
power transients of the amplified signals when saturation conditions change [5]. This consideration is of particular importance
in access/metro WDM networks where input signal channels
are being added or dropped due to reconfiguration. One method
to achieve automatic stabilization is to introduce a lasing channel outside the signal bandwidth to clamp the length-averaged
amplifier population inversion and, hence, the gain [6], [7].
In considering the gain-clamping mechanism, one should take
into account that the fraction of clustered Er3+ ions can be
quite significant in high-concentration fibers [8], [9]. This can
render gain clamping to be ineffective due to laser self-pulsation
induced by the Er3+ clusters [10]–[12]. Yb3+ codoping can
stabilize the lasing channel, as it increases the pump efficiency
and counteracts the negative effect of Er3+ ion–ion interactions [12]. In addition, the improved pump absorption in short
EYDFAs allows to realize cladding-pumped fiber geometry
with higher output powers [13]. This can be useful for power
boosting applications [14].
Previous theoretical works have studied the dynamic behavior of low-concentration gain-clamped EDFAs, e.g., [15]–[18].
The dynamics of gain-clamped EYDFAs was recently considered in [19], [20] both experimentally and with an approximate
model. In particular, it was demonstrated that increasing the
effective pump power or decreasing the fiber length can limit
the surviving channel power transients of relatively long (i.e.,
meters) gain-clamped EYDFAs. Our goal in this contribution
is to further extend these works and to study the dynamic
characteristics of short (i.e., centimeters), high-concentration,
gain-clamped EYDFAs, operating in the gain-flattened regime.
We propose this configuration as a compact, cost-effective,
automatically gain-stabilized, optical amplifier for WDM metro
networks, with transmission latency that is considerably smaller
compared with longer amplifiers. We demonstrate the effects of
Er3+ clustering, and the effect of the Yb3+ concentration, on
the dynamics of such amplifiers. We also consider the effect of
various important amplifier design parameters, such as the fiber
length, laser wavelength, pump wavelength, pump power, and
cavity losses, on the dynamic performance. For this purpose, we
employ a comprehensive coupled propagation-rate equations
model, which we have recently introduced [21]. Our model
takes into account the energy transfer between the Yb3+ and
Er3+ ions, the presence of Er3+ clusters, as well as amplified
spontaneous emission (ASE) in the vicinity of the signal and
pump wavelengths. The model assumes homogeneous broadening mechanisms, and therefore, it does not account for the
static contribution of the spectral hole burning to the dynamic
power excursion [15].
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This paper is organized as follows. In Section II, we briefly
give the main assumptions leading to the theoretical model
for the Er3+ -Yb3+ codoped fiber, which was given in detail
in [21]. In particular, we discuss the choice of model parameters. In Section III, we consider some numerical examples
for cladding-pumped, gain-clamped EYDFAs that operate in
the conventional band (C-band) of the Er3+ gain spectrum.
Conclusions are drawn in Section IV. In the Appendix, we
introduce a recursive finite-difference solution scheme for the
dynamic spectral power densities propagation equations, which
takes in account the exact boundary conditions at the fiber ends.
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TABLE I
PARAMETERS USED IN THE NUMERICAL CALCULATIONS

II. T HEORETICAL M ODEL
We assume a step-index fiber geometry of length L, with
distributed Bragg reflector (DBR) mirrors on either side that
provide optical feedback in selective wavelengths for automatic
gain clamping [7]. The light that is amplified and generated
±
(z, t, λ) and
in the cavity, with spectral power densities PEr
±
PYb (z, t, λ), due to transitions by either the Er3+ or Yb3+ ,
respectively, propagate in both the forward (positive) and backward (negative) z-direction. It is assumed that the fiber is
single mode at any wavelength in the vicinity of a signal wavelength λs . The power that propagates in the radiation modes is
neglected because it is much weaker than the power guided
in the fundamental mode. Therefore, the coupling of the light
field with the fiber core can be described by the power filling
factor Γ(λ) of the fundamental LP01 mode. An approximate
expression for this parameter is derived in [22]. The pump
power Pp+ (z, t) at wavelength λ = λp is injected into the fiber
at z = 0 and propagates along the forward z-direction. For
single-clad fibers, we assume that the pump power filling factor
Γp satisfies Γp  Γ(λp ). For double-clad fibers, we assume that
the first cladding geometry favors rapid pump modes mixing
along the fiber length (e.g., by placing the core offset the center
of cladding) [23]. In this case, we might assume that pump
absorption is essentially uniform with an effective pump power
filling factor that is approximately given by Γp  Acore /Aclad .
Here, Acore is the fiber core area, and Aclad is the first cladding
area (including the core).
The fiber core is uniformly doped with Er3+ and Yb3+ with
concentrations NEr and NYb , respectively. Our model takes
into account pump absorption by Er3+ and Yb3+ ions, forward
and backward energy transfer, ASE, and scattering losses [21].
The model assumes physical clustering of Er3+ ions. That is,
the fiber core contains two types of ion populations, namely,
homogeneously mixed Er3+ and Yb3+ ions and a clustered
population of Er3+ ions that are not coupled to the Yb3+
ions and therefore are not excited by the Yb3+ energy transfer
[21]. The fraction of Er3+ ions in clusters is given by k. We
model homogeneous and intracluster upconversion of Er3+ ions
using a quadratic term in the rate equations [24], with rate
coefficients C2 and C̄2 , respectively (cf. Table I). We note that
C2 depends strongly on the host glass properties [25], and
we assume that it increases linearly with the Er3+ concentration [2]. The cross-relaxation coefficients R61 and R35 for
the forward and backward Yb3+ -Er3+ energy-transfer process,
respectively, are assumed to be of the same magnitude [26] and

to depend linearly on the Yb3+ concentration [2]. We note that
the existence of Yb3+ clusters and cumulative energy-transfer
losses to the Er3+ 2 I13/2 state can be significant in silica-based
EYDFAs [27]. However, further experimental data are required
to elucidate the relative strength of this loss mechanism in highconcentration phosphate-based EYDFAs. To be on the safe side,
we restrict the calculations to relatively low Yb3+ -Er3+ ratios,
e.g., NYb /NEr ≤ 5, so that every Yb3+ ion can be assumed to
be coupled to the nearby Er3+ ions only [28].
The model includes signal and pump scattering losses α
and single-ion transitions between levels i and j that are characterized by wavelength-dependent emission and absorption
cross sections σij (λ), as well as finite transitions lifetimes τij
[21]. We consider the ASE power induced by the 2 F5/2 −2 F7/2
transitions of Yb3+ in the range of 900–1060 nm and the ASE
power induced by the 4 I13/2 −4 I15/2 transitions of Er3+ ions
in the range of 1417–1649 nm. The propagation equations
for the Er3+ and Yb3+ ASE spectral power densities, and for
the pump power, are given by [21, Eqs. (11)–(13)], whereas
the set of time-dependent rate equations for the homogeneous
and clustered ion populations is given by [21, Eqs. (1)–(8)].
To solve these equations, we divide the ASE spectrum into
discrete channels of width ∆λ = 1 nm, whereas the width
of a channel in the signal bandwidth is ∆λs  ∆λ. Thus,
±
(z, t, λs )∆λs .
the signal power is given by Ps± (z, t) = PEr
We assume throughout this work that the signal channels
are injected into the fiber at z = 0, i.e., in forward pumping
configuration. The following boundary conditions are imposed
on the lasing wavelength of the Er3+ spectral power densities:
+
−
PEr
(0, t, λ) = R1 (λ)PEr
(0, t, λ)

(1a)

+
−
(L, t, λ) = R2 (λ)PEr
(L, t, λ).
PEr

(1b)
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Fig. 1. Gain versus the signal wavelength for two different relative number of
Er3+ ions in clusters (k). The fiber core area is Acore = 1.96 × 10−11 m2 ,
the numerical aperture NA = 0.21, the injected signal power Ps+ (0) =
−30 dBm, the pump power Pp+ (0) = 224 mW, and the Er3+ and Yb3+
concentrations NEr = 3.02 × 1026 m−3 and NYb = 1.96 × 1026 m−3 ,
respectively [4]. Other parameters are given in Table I. The solid lines represent
the numerical solution, whereas the rectangles represent experimental data
obtained from [4].

Here, the terms R1 and R2 are the power reflectivities at z = 0
and z = L, respectively. We assume that the DBR mirrors can
produce a very narrow reflectivity bandwidth, e.g., ∼ 0.1 nm, so
that it is sufficient to consider a single wavelength reflectivity
at the boundaries [29]. Thus, the reflected power represents an
average over the excited axial modes. To obtain steady-state
solutions, we employ an iterative procedure: integration along
the forward and backward propagation directions until the
overall signal and ASE power densities are converged [21].
For the time-dependent cases, we use a finite-difference
approximation with two separate grids, i.e., 1) one for the ions
and 2) one for the photons, with the ions grid shifted by halftime-step ∆t/2 and half-spatial-step ∆z/2, with respect to the
photons grid. The finite-difference approximations are given in
the Appendix, where we also describe the integration procedure
of the equations with the given boundary conditions (1).
The validity of the model equations has been demonstrated
in the case of continuous-wave high-power EYDFAs [30] and
Q-switched cladding-pumped Er3+ -Yb3+ codoped fiber lasers
[31], with relatively low Er3+ concentrations and negligible
clustering. To show the effect of clustering, we depict in Fig. 1
the small-signal gain of a 4.4-cm-long core-pumped, highconcentration EYDFA. A similar configuration was studied
experimentally in [4] under continuous-wave conditions. We
note the excellent agreement between the experimental results
and the numerical calculation for a wide range of signal
wavelengths, provided that the fraction of clustered Er3+ ions
is assumed to be k = 0.17. Smaller values of k tend to increase
the gain in the entire bandwidth of the signal wavelengths.
III. E XAMPLES
In this section, we consider a set of examples for claddingpumped, gain-clamped, C-band EYDFA near the 976-nm pump

transition. Unless otherwise stated, we assume that the parameters for the calculations are given in Table I. These parameters
correspond to an efficient phosphate-based Er3+ -Yb3+
codoped fiber. The input signal band consists of ten equally
spaced spectral channels in the range 1544–1562 nm, with
width ∆λs = 0.375 pm. This choice is based on the theoretical
gain spectrum of Er3+ in phosphate glass, which shows that
the gain ripple (cf. Fig. 1) can be minimized by properly
selecting the amplifier parameters (e.g., pump power and fiber
length) to achieve a particular average population inversion.
It is assumed that the input pump power is Pp+ (0) = 2 W,
whereas the total input power of the signal is Pstotal = 0 dBm,
equally distributed among the signal channels. We assume that
the Bragg gratings select the lasing wavelength at 1586 nm.
The power reflectivities of the DBR mirrors are R1 = 0.98
and R2 = 0.04 at z = 0 and z = L, respectively. Note that R2
should be selected small enough to provide high gain for the
signal while maintaining stable gain-clamping conditions.
In what follows, we consider the effect of dropping or adding
nine out of the ten signal channels from an initial steadystate regime. We assume that the signal power decreases (or
increases) instantaneously, as this constitutes the worst case
failures in WDM network amplifiers [16]. To this end, the
steady-state solutions are used as the initial conditions for the
subsequent time evolution.
The amount of Er3+ clustering in high-concentration Er3+ Yb3+ codoped fibers is somewhat ambiguous. In principle,
it depends on several factors, e.g., the Er3+ and Yb3+ concentrations, and the fiber processing. In particular, high Er3+
concentration and low Yb3+ -Er3+ ratio favor Er3+ clustering
[28]. To illustrate the effect of Er3+ clustering on the dynamics
of gain-clamped EYDFAs, we depict in Fig. 2 the transient
response of a surviving channel (λs = 1562 nm) when nine
channels are dropped at t = 0 from initial steady-state conditions. When the signal channels are dropped, the surviving
channel output power exhibits transient power excursions due
to the relaxation oscillation in the lasing channel [15]. We note
that in the limit of negligible amounts of clustered Er3+ ions
(e.g., k  0), the power transients damp into a constant steady
state after a few hundred microseconds. Thus, the dynamic
behavior is similar to low-concentration gain-clamped EDFA
[15]–[18], but with typically smaller power excursions. With increased amount of Er3+ clustering, the period of the relaxation
oscillation increases, and there is no oscillations’ damping. In
fact, there is a limiting value of k, kcr  0.1, for achieving
damped oscillations in the laser and the surviving signal output
power. For values of k higher than this value, e.g., k = 0.14, the
amplitude of the oscillations in the laser power increases with
time [10], and self-pulsation in the signal power is generated
[see Fig. 2(a)]. We note that the pumping process builds up
the inversion of the homogeneous Er3+ average population
between successive pulses [see Fig. 2(b)], whereas the inversion of the clustered Er3+ ions becomes depleted in this time
interval. Thus, self-pulsation in the signal power is established
for effective pumping rates too weak to counteract the fast
upconversion process in the clustered Er3+ ions during the laser
channel relaxation oscillation. It is worth to mention, however,
that although an increased amount of Er3+ in clusters wastes
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Fig. 2. Transient response of (a) the λs = 1562 nm channel output power
and (b) the normalized length-averaged inversion of the homogeneous Er3+
population (left side) and the clustered Er3+ population (right side). Here, nine
out of ten channels are dropped at t = 0 from initially steady state, for two
different relative number of Er3+ ions in clusters (k). The Yb3+ -Er3+ ratio
is NYb /NEr = 1, and the fiber length is L = 16.5 cm, for which the gain is
approximately flat.

the laser power, and therefore reduces the lasing efficiency,
clustering has only a small effect on the amplifier characteristics
(e.g., the signal gain, gain flatness, and noise figure) because the
overall Er3+ population inversion is approximately fixed.
Fig. 3 depicts the transient response of the channel at λs =
1562 nm when channels are added at t = 0 to an initial steadystate regime. Here, we also note the similarity between the
dynamic behavior of nonclustered gain-clamped EYDFA and
the low-concentration gain-clamped EDFA [15]–[18]. The amplification process of the signal saturates the homogeneous
Er3+ inverted population below the threshold value, and the
recovery time of the signal power undershoot depends on the
pump efficiency [17]. Increasing the number of clustered Er3+
ions also increases absorption losses. This, in turn, increases the
undershoot in the signal output power [see Fig. 3(a)]. In fact, we
note that for the k  0.15 case, the pumping process rebuilds
the average inversion of the homogeneous Er3+ ion population toward the laser threshold [see Fig. 3(b)], and the λs =
1562 nm channel power relaxes toward a constant steady-state
regime only after several tens of microseconds. We conclude
that clustered Er3+ ions act as a distributed saturable absorber
that inhibits stable gain-clamping conditions if the clustering
ratio is too high and the pump power is not strong enough.
For example, the delay in the onset of relaxation oscillation
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Fig. 3. Same as Fig. 2 when nine channels are added at t = 0 from initially
steady state. The Yb3+ -Er3+ ratio is NYb /NEr = 3.

(calculated from t = 0 until the first oscillations peak) increases from ∆toc  18.9 µs to ∆toc  60 µs for k  0.12 and
k  0.15, respectively.
Next, we consider the effect of the Yb3+ -Er3+ ratio on the
dynamic response of the amplifier. The Yb3+ concentration
has only a small effect on the Er3+ population inversion and
hence on the static gain-clamped amplifier characteristics, e.g.,
the gain flatness. However, the dynamic behavior of highconcentration gain-clamped EYDFAs depends strongly on the
value of the Yb3+ concentration. Fig. 4 depicts the transient
response of the λs = 1562 nm channel output power when
channels are (a) dropped and (b) added at t = 0 from an
initial steady-state regime. Here, different Yb3+ -Er3+ ratios are
assumed for k = 0.17 clustering. For a relatively small Yb3+ Er3+ ratio (e.g., NYb /NEr = 1.5), the power in the surviving
channel following channels’ removal shows steady oscillations
without damping [cf. Fig. 4(a)]. On increasing the Yb3+ concentration, the effective pumping rate also increases, and the
oscillation period decreases with time. For the given k, there
is a limiting value of Yb3+ -Er3+ ratio (NYb /NEr )cr  2.6 for
which the transient behavior changes from nondamping oscillations into damped oscillations. For sufficiently high Yb3+ -Er3+
ratio, e.g., NYb /NEr = 5, the relaxation oscillation in the laser
channel are strongly damped, resulting in constant output power
of the surviving signal within few hundred microseconds. We
also note that for high Yb3+ concentrations, the inverted ions
population increases near z = 0, with increased reabsorption
losses. This, in turn, increases the initial undershoot in the
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Fig. 5. Calculated stability diagram as function of the Yb3+ -Er3+ ratio
(NYb /NEr ) and the relative number of Er3+ ions in clusters (k). The
circles represent the exact numerical solution, whereas the solid line denotes a
parabolic interpolation to the exact solution. The fiber length is L = 16.5 cm.

Fig. 4. Transient response of the λs = 1562 nm channel output power, when
nine channels are (a) dropped and (b) added at t = 0 from initially steady
state, for different Yb3+ -Er3+ ratios. The fiber length is L = 16.5 cm, and
the relative number of Er3+ ions in clusters is k = 0.17.

surviving signal output power in the add case [cf. Fig. 4(b)]
and delays the onset of relaxation oscillation.
Fig. 5 depicts the parameter kcr (the limiting value for the
onset of instability) as function of the Yb3+ -Er3+ ratio. We
note that kcr increases monotonically with the Yb3+ -Er3+ ratio
because stronger effective pumping power is required to bleach
the upconversion process in Er3+ clusters and to converge to a
constant steady state (cf. Fig. 2). We conclude that the presence
of Yb3+ ions tends to stabilize the surviving signal output in
high-concentration gain-clamped EYDFAs, even with a large
number of Er3+ clusters. These results are in qualitative agreement with perturbation analysis of the Er3+ -Yb3+ codoped
system [12].
Fig. 6 summarizes the dependence of the amplitude of
the power excursions (defined as the absolute sum of the
maximum overshoot and undershoot of the surviving signal
power [18]) and the relaxation oscillation frequency (average
of the initial 100 periods) on the fiber length. There exists
a fiber length for which this amplitude is the smallest one.
This particular length is different for the drop and add cases.
For shorter or longer fiber lengths, the compensating laser
power becomes smaller, and the laser oscillations deplete the
inverted population of Er3+ ions more efficiently upon channel

Fig. 6. Dependence of the amplitude of power excursions of the λs =
1562 nm channel (solid line) and the average relaxation oscillation frequency
(dashed line) on the fiber length L.

removal, which, in turn, increases the amplitude of power
excursions. We note that the dynamic response of a fiber with
lengths from L  8 cm (lower limit for laser threshold) to
L  17.5 cm is acceptable, as the amplitude of power excursions is less than a fraction of decibel in both the add
and drop cases [15]. In particular, the dynamic response of
a fiber with a flattest gain (L  16.5 cm) allows acceptable compromise between flatness and dynamic performance
when designing high-concentration gain-clamped EYDFAs.
The relatively small amplitude of the power excursions demonstrated in Fig. 6 is a consequence of the high Er3+ concentration assumed in our calculations. If one assumes a lower
Er3+ concentration, e.g., NEr = 4 × 1026 m−3 , one obtains
different minimum power excursions amplitude ∼ 0.12 dB,
with fiber length of L  19 cm, in the drop case. We also
note that the increase in the power excursions in longer fiber
lengths is more significant in the add case than in the drop case.
In particular, for fibers longer than L  20 cm, reabsorption
losses become significant, and stable gain-clamping conditions
cannot be obtained without additional increase in the pump
power. For such long fibers, the delay in the onset of relaxation

Authorized licensed use limited to: University of Surrey. Downloaded on June 15, 2009 at 05:09 from IEEE Xplore. Restrictions apply.

YAHEL et al.: ANALYSIS OF HIGH-CONCENTRATION GAIN-CLAMPED Er3+ -Yb3+ CODOPED FIBER AMPLIFIERS

2195

Fig. 7. Dependence of the amplitude of power excursions of the λs =
1562 nm channel (solid line) and the worst channel noise figure (dashed line)
of gain-flattened EYDFA on the lasing wavelength. The solid line represents a
B-spline interpolation to the exact numerical solution.

oscillation is much bigger than the oscillations period (∆toc >
3Toc ), so that the contribution of the initial signal undershoot
to the amplitude of power excursions becomes dominant. The
dependence of the relaxation oscillation frequency on the fiber
length is an interplay between the average gain, propagation
time, lasing power, and saturation power [18]. In particular,
on increasing the fiber length, the average inversion along
the fiber (and hence the average gain) decreases, whereas the
round-trip time of propagation in the cavity increases. Thus,
the average relaxation oscillation frequency of the surviving
channel decreases on sufficiently increasing the fiber length
[18]. Furthermore, it is higher in the drop case than in the add
case, in agreement with the results for low-concentration gainclamped EDFAs [15], [17].
In the next examples we consider EYDFA with optimal
length, i.e., for which the gain flatness is maximized [21]. Fig. 7
shows the effect of the feedback laser wavelength on both the
ASE-induced worst channel noise figure [36] and the amplitude
of the power excursions. The noise figure dependence on the
laser wavelength is a consequence of both the signal gain
and the amount of ASE propagating in the signal band. In
particular, the ASE power depends on the spatial variation of
the population inversion along the fiber length [36]. The noise
figure is higher at shorter laser wavelengths, where the power
of the compensating laser is stronger, and is nearly constant
for longer wavelengths, i.e., for λ > 1575 nm. On the other
hand, the amplitude of the power excursions depends mainly
on the spectral properties of the gain and generally increases at
the longer laser wavelengths. In particular, on increasing the
lasing wavelength, the lasing process becomes less efficient
due to the decrease in the Er3+ emission cross section. Also,
reabsorption due to excess of Er3+ clusters becomes weaker,
which increases kcr and stabilizes gain-clamping conditions.
We conclude that choosing a laser wavelength in the spectral
range from λ  1594 nm to λ  1600 nm allows minimum
amplitude of power excursions in both the add and drop cases,
with acceptable noise figure performance.
The effect of the Yb3+ concentration on the dynamics of
gain-clamped EYDFA is further illustrated in Fig. 8. Here, we

Fig. 8. Dependence of the amplitude of power excursions of the λs =
1562 nm channel (solid line) and the average relaxation oscillation frequency
(dashed line) of gain-flattened EYDFA on the pump wavelength λp . Two
different Yb3+ -Er3+ ratios are shown in (a) drop and (b) add cases. The solid
line represents a B-spline interpolation to the exact numerical solution.

show the dependence of the dynamic parameters on the pump
wavelength for two values of Yb3+ concentrations. In the drop
case, the amplitude of power excursions is generally smaller
near the peak Er3+ and Yb3+ absorption band, i.e., around
λp = 976 nm [Fig. 8(a)]. On the other hand, in the add case,
the amplitude generally increases at λp = 976 nm in the limit
of large Yb3+ -Er3+ ratio [Fig. 8(b)]. The amplitude increase is
substantial at shorter pump wavelengths in the limit of smaller
Yb3+ -Er3+ ratios. In this case, less efficient pump absorption
along the fiber, and hence, larger reabsorption losses result in
increased contribution of the initial signal power undershoot to
the excursions amplitude. Furthermore, under these conditions,
kcr is smaller, and gain-clamping becomes unstable in the
presence of excess Er3+ clustering. We also note that for both
the add and drop cases, the relaxation oscillation frequency
has a maximum close to λp  976 nm and that the frequency
of oscillations increases on employing higher Yb3+ -Er3+ ratio. Thus, short fibers with high Yb3+ concentration allow
more stable gain-clamping conditions over a somewhat broader
pumping bandwidth, with reduced sensitivity of the power
excursion to variations in the pump wavelength compared with
gain-clamped EDFAs. It is worth mentioning, however, that in
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the gain-clamping regime, the choice of the pump wavelength
almost does not affect the Er3+ inversion and, hence, the cavity
design, i.e., the optimal flattest gain fiber length [21].
Finally, we consider the effect of the pump power and cavity
losses on the gain-clamped EYDFA dynamics. These important
design parameters allow extending the dynamic range of input
signal powers for which particular gain-clamping conditions
can be achieved. On decreasing the output mirror reflectivity
at the laser wavelength from R2 = 0.04 to R2 = 0.02, the
signal amplification becomes more efficient, and the average
gain increases from ∼ 19 to ∼ 23 dB, respectively. However,
increasing the losses also increases the length of a gain-flattened
fiber to ∼ 20 cm, and the threshold pump power for achieving
gain-clamping conditions increases from Pp+ (0)  0.7 W to
Pp+ (0)  1.8 W, respectively. For weak pumping just above the
threshold, the power excursions are more severe, in particular,
for mirror reflectivity R2 = 0.02, where the amplitude of power
excursions can be as high as ∼ 0.18 dB. On increasing the pump
power, the amplitude of power excursions decreases, and the
relaxation oscillation frequency increases. In conclusion, we
note that the effect of increasing the pump power is similar
to increasing the Yb3+ concentration, i.e., it increases kcr
and, hence, suppresses self-pulsation in the presence of excess
Er3+ clustering. However, because pumping of Er3+ is mainly
indirect, the effect of pumping in suppressing self-pulsation
depends heavily on the Yb3+ -Er3+ energy-transfer efficiency.
Furthermore, increasing the pump power reduces the signal
conversion efficiency because the gain is fixed.
IV. C ONCLUSION
Time-dependent rate-propagation equations were used to
study the dynamic features of high-concentration gain-clamped
short EYDFAs, operating in the gain-flattened regime. Our
results suggest that centimeters-long EYDFAs are attractive
candidates for reconfigurable WDM networks, provided that
the number of Er3+ ions in clusters is kept small. In particular,
we demonstrated that the amplitude of power excursions in
the surviving channel is typically small, e.g., less than 0.1 dB,
for a wide range of practical operating conditions. These
power excursions are much smaller than the corresponding
figures in conventional gain-clamped EDFAs [15]–[18] and
relatively long gain-clamped EYDFAs [19], [20]. Also, polarization effects are expected to be considerably smaller in
circular, short EYDFAs compared with the recently proposed
high-concentration Er3+ -doped waveguide amplifiers for similar WDM applications [37]. We suggest that further engineering
of the glass host properties may extend the gain bandwidth of
short EYDFAs.
We have shown that the noise penalty due to gain-clamping
becomes smaller on selecting a feedback laser channel with
wavelength sufficiently longer than the WDM signal bandwidth, i.e., λ > 1575 nm. On the other hand, increasing the
laser wavelength also increases the amplitude of the dynamic
power excursions, in particular in the add case.
The dynamic characteristics of the relaxation oscillations in
the surviving signal are strongly dependent on the effective
pumping rate of the Er3+ ions and on the degree of Er3+

clustering. In particular, a high number of Er3+ ions in clusters
result in unstable gain-clamping conditions. This instability is
characterized by undamped oscillations of the surviving signal
in the drop case and deep signal power undershoot in the add
case. Increasing the Yb3+ -Er3+ ratio allows achieving stable
gain-clamping conditions over a broader bandwidth of pump
wavelengths, with lower sensitivity of the dynamic power excursions to fluctuations in the pump wavelength. Furthermore,
employing higher Yb3+ concentrations increases the pump absorption and reduces the period of relaxation oscillations. This,
in turn, effectively suppresses clustering-induced nondamping
oscillations in the laser channel, provided that the Yb3+ concentration is higher than a certain limiting value that depends on
the degree of Er3+ clustering. On the other hand, reabsorption
losses become more significant, increasing the initial signal
output power undershoot in the add case. Thus, the optimum
fiber length is a compromise between acceptable dynamic
performance and the efficiency of the pump absorption.
A PPENDIX
F INITE -D IFFERENCE A PPROXIMATIONS
The rate of change of the spectral power densities per unit
±
(z, t, λ) that are emitted and amplified due to
wavelength PEr
3+
Er transitions is given by [21]
±

±


dPEr
(z, t, λ) 
= Γ(λ) N2 (z, t)+ N̄2 (z, t) σ21 (λ)
dz



− σ12 (λ) N1 (z, t) + N̄1 (z, t) −α
±
× PEr
(z, t, λ)+Γ(λ)P0 (λ)σ21 (λ)


× N2 (z, t) + N̄2 (z, t)
(A1)

±
±
±
where dPEr
(z, t, λ)/dz ≡ ∂PEr
/∂z ± (n/c)∂PEr
/∂t, and n is
the refractive index of the core. Here, the terms N2 (N̄2 ) and N1
(N̄1 ) correspond to the excited and ground state populations of
homogeneous (clustered) Er3+ ions, respectively. The spectral
power density term P0 (λ) in (A1) represents the contribution of
the spontaneous emission to the two orthogonal polarizations of
the guided mode [21]. To solve (A1), we assume equally spaced
intervals along the z-axis with spatial points zj = j∆z (j =
1, 2, . . . , jmax ) and time points ti = i∆t (i = 1, 2, . . . , imax ).
We use two different grids to discritize the photons and ions
equations [21], which are half-step ∆t/2 and half-step ∆z/2
staggered in time and space, respectively. Thus, the spectral
±
)i,j are defined at point (i, j) of the
power densities (PEr
photons grid and at wavelength λ. We obtain finite-difference
approximations, e.g., as follows:


 +
 +
n 1
PEr i−1,j−1 Gi,j +
PEr i,j =
2c ∆t

 +
n 1
+ PEr i−1,j
2c ∆t

 +
1
n 1
−
+ PEr i,j−1
+ Fi,j
∆z
2c ∆t

−1
1
n 1
+
− Gi,j
(A2)
·
∆z
2c ∆t
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−
PEr
i,j−1




n 1
=
Gi,j +
2c ∆t

 −
n 1
+ PEr i−1,j−1
2c ∆t

 −
1
n 1
−
+ PEr i,j
+ Fi,j
∆z
2c ∆t

−1
1
n 1
+
− Gi,j
·
∆z
2c ∆t




where Q1 and Q2 are two constants independent of the initial
+
+
)i,1 , and (P̃Er
)i,1 is the new value obtained for
guess (PEr
+
(PEr )i,1 after one round trip in the cavity. The exact value for
+
+
+
(PEr
)i,1 satisfies (P̃Er
)i,1 = (PEr
)i,1 , and therefore

−
PEr
i−1,j



(A3)

where Fi,j and Gi,j are quantities defined on point (i, j) of the
ions grid and are given by


Fi,j ≡ Γ(λ)P0 (λ)σ21 (λ) (N2 )i,j + (N̄2 )i,j
Gi,j
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(A4)



1
≡ Γ(λ) (N2 )i,j + (N̄2 )i,j σ21 (λ)
2



− σ12 (λ) (N1 )i,j + (N̄1 )i,j − α . (A5)

+
PEr


i,1

=

Q2
.
1 − Q1

(A9)

To calculate the constants Q1 and Q2 , we start with an initial
+
+ (1)
guess for (PEr
)i,1 , namely, (PEr
)i,1 , and solve (A2) and (A3) to
(2)

(3)

+
+
obtain (PEr
)i,1 after one round trip and (PEr
)i,1 after the next
round trip. The calculated values must satisfy (A8), so that the
+
)i,1 is
unknowns Q1 and Q2 can be solved, and the exact (PEr
+ (1)
obtained from (A9). In particular, for (PEr )i,1 = 0, we find that




+

PEr

 2
+ (2)
PEr
i,1
≡ 

 + (3) .
+ (2)
2 PEr i,1 − PEr
i,1


i,1

(A10)

(1)

Note that for the polarized signal channels, we multiply the
RHS of (A4) by a factor of 1/2. Similarly, it is straightforward
to obtain finite-difference approximations for the Yb3+ spectral
power densities and the pump power, which have the same form
as (A2) and (A3), but with modifications to (A4) and (A5).
To solve the finite-difference equations, we assume that
the terms Fi,j and Gi,j are all known for the row i of the
±
)i−1,j are known
ions grid. Furthermore, we assume that (PEr
+
−
)i,j ] is also
for all values of j and that (PEr )i,j−1 [or (PEr
known. Under these assumptions, the numerical solution of
(A2) and (A3) on row i of the photons grid starts from the
boundary j = 1(z = 0) or j = jmax (z = L). However, in
case that both R1 (λ) = 0 and R2 (λ) = 0, e.g., in lasers, the
boundary condition (1) is given in an implicit form. That is,
+
)i,1 given in terms of the unknown
e.g., at j = 1, we have (PEr
−
quantity (PEr )i,1 . To express the boundary conditions exactly
in an explicit form, we employ (A2) in a recursive manner for
+
+
+
)i,j−1 , (PEr
)i,j−2 , . . . , (PEr
)i,2 to obtain
(PEr


+
PEr


i,j

 +
+
+
PEr i,1 + Vi,j
= Ui,j

(A6)

+
+
+
and Vi,j
are constants independent of (PEr
)i,1 . Thus,
where Ui,j
+
in (A6), the term (PEr )i,j is expressed as a linear function of an
+
−
)i,1 . A similar expression for (PEr
)i,j−1 can
initial guess (PEr
be derived from (A3), i.e.,



−
PEr


i,j−1

 −
−
−
PEr i,jmax + Vi,j−1
= Ui,j−1

(A7)

−
−
and Vi,j−1
that are indepenwith constant coefficients Ui,j−1
−
dent of (PEr )i,jmax . Assigning j = jmax in (A6) and j = 2 in
−
)i,jmax =
(A7), and using the boundary conditions (1), i.e., (PEr
+
+
−
R2 (λ)(PEr )i,jmax and (PEr )i,1 = R1 (λ)(PEr )i,1 , we obtain
+
P̃Er

i,1

 +
= Q1 PEr
+ Q2
i,1

(A8)

(2)

+
+
+
)i,1 and the calculated (PEr
)i,j and (PEr
)i,j
The exact (PEr
+
from the two round trips are used to find the exact (PEr )i,j
along the fiber for all j = 1. To this end, we note that both
+ (1)
+ (2)
+
(PEr
)i,j and (PEr
)i,j satisfy (A6), so that the constants Ui,j
(1)

+
+
and Vi,j
are known in principle. Again, for (PEr
)i,1 = 0, we
find that for all j = 1


 + (1) 
+ (2)
−
PEr i,j  + 
PEr
 +
 + (1)
i,j
 P
PEr i,j = 
 + (2)
Er i,1 + PEr i,j .
PEr i,1
(A11)
+
−
Similarly, because also (PEr
)i,j−1 depends linearly on (PEr
)i,1 ,
we find that for all j = 1


 − (1) 
− (2)
−
PEr i,j−1
PEr
 −
i,j−1

PEr i,j−1 = 
 + (2)
PEr i,1



+
PEr



i,1

 − (1)
+ PEr
.
i,j−1

(A12)

Thus, using (A11) and (A12), we calculate the exact values
+
−
(PEr
)i,j and (PEr
)i,j−1 with the exact boundary conditions. We
note that if R1 (λ) = 0 and/or R2 (λ) = 0, the whole procedure
is not necessary because the power at row i is exactly known, at
least, on one of the two boundaries.
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