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Gain variation induced by power transient in thulium-doped fiber
amplifier at 2 um and its reduction by optical gain clamping technique

MA Khamis*, K. Ennser

Electronic and Electrical Engineering, Swansea University, Swansea, UK.

Abstract

This paper investigates the dynamic behavior of a thulium doped fiber amplifier (TDFA) operating in the 2 pm region for reconfigurable
wavelength division multiplexing (WDM) systems. We show deleterious channel power fluctuations may be generated by input power
variation at the amplifier and we propose the use of an optical gain-clamping technique. The investigated system consists of 20 channels
with -4 dBm total input power. Our findings revealed that the effects of power transients due to channel reconfigurations are significantly
reduced by a lasing feedback signal. Simulation results show that a power excursion of 4.3 dB is produced after dropping 19 channels when
the amplifier gain is unclamped and only 0.0062 dB when the amplifier gain is clamped. The dynamics of GC-TDFA are mainly influenced
by the value of the pump power factor and thus the laser signal achieves a stronger stabilization condition with increasing pump power
factor. Hence, optical gain clamping is a simple and robust technique to control the power transient in the thulium-doped fiber amplifier of

WDM systems at 2 pm.
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1. Introduction

Over the past few decades, telecommunication networks
are rapidly being driven toward the exponentially
increasing capacity of internet traffic. The quests for
increasing transmission capacity have motivated interest in
radical new approaches to data transmission [1]. The region
of 2 um wavelength is attracting growing attention as a
potential new window of data transmission for several
reasons. First, hollow-core photonic band-gap fibers are a
new form of transmission medium, which offer low loss
window at 2 pum [2, 3]. In addition, thulium-doped fiber
amplifiers (TDFAs) have recently been characterized and
developed for optical communications, indicating low noise
amplification and high gain in this spectral region [4].
Furthermore, the emission spectrum of the ’F, — 3H6
transition in TDFA covers about 30 THz (1700-2100 nm)
of amplification bandwidth in a single device more than
two times that of the erbium-doped fiber amplifier
(EDFA) with the same configuration and complexity [5].
To exploit the large amplifier bandwidth, WDM
technology can be used. However, due to channel addition
or dropping in dynamic optical WDM networks, the input
power in the amplifier varies with time and it may cause
gain transients in the optical amplifier [6-8]. As a result,
gain variations lead to an increase in power excursion,
which is defined as the ratio of maximum power to
minimum power of the surviving channel. The TDFA
dynamics restrict the distance of WDM transmission and
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could cause problematic transients in communication
networks at 2 um [1]. When considering optical burst
switching network, the input power variations can produce
burst distortions. Power variations influence the gain of the
optical amplifier when it operates in the saturation region.
These variations in the amplifier gain lead to dynamic
power fluctuations of surviving burst channels [9]. As a
result, the signal-to-noise ratio of the received channels
degrades. This problem accumulates when using cascade
optical amplifiers [10]. Thus, the future of WDM in optical
communication networks needs to provide control of
dynamic amplifier gain variation.

To reduce this effect, several methods have been
developed [11-16]. A simple and robust method is to clamp
the amplifier gain via a lasing feedback signal. This method
has been initially proposed and investigated for erbium-
doped amplifiers in the 1550 nm region [11-14]. Later it
has been experimentally demonstrated for TDFA in S-band
[15], which has achieved a gain variation of 1.2 dB for
input dynamic range from -21 to -6 dBm. However, no
comprehensive investigation of gain-clamped TDFA for a
new transmission window at 2 um has been done yet. In
this paper the theoretical model of gain-clamped scheme
for TDFA in WDM reconfiguration network is presented.
The proposed model is based on a laser configuration. The
numerical investigations evaluate effects of the pump
power in both power excursion and oscillation time.



2. Gain clamped TDFA modelling

Our model is based on the dynamic model expressed in
a laser point of view at two-level system. This model
describes the dynamic behavior of laser transition and
already applied in Erbium- doped fiber amplifier to
investigate the optical gain clamping [17]. According to
theoretical models [18-21], thulium doped fiber transitions
also behave as two energy levels when pumped at 1.558
pm. Thus in our case, we can apply this dynamic model to
thulium doped fiber amplifier in order to study the dynamic
behavior at add/drop channels of WDM systems. The rate
equations of TDFA are given by:
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Where Ny is the ion concentration of thulium, N; and N,
are the ions concentration of levels *H¢ and °Fj,
respectively, V is the active volume, 17 is the fluorescence
time of °F, energy level, G is the signal gain, and Gy is the
pump gain, which are given by Eq. (3) and (4),
respectively:

Gp _ erL(aepNz -0,,N) 3)
G, =e

T L(00 Ny =0y N ) 4)

Where I', and I are the overlapping factors of the pump
and signal wavelength, c,, and o, represent the absorption
cross-section of the pump and the signal wavelength, and
G¢p and o represent the emission cross-section of the pump
and the signal wavelength. Also, L is the length of the
thulium-doped fiber and A.y is the effective area of the
thulium fiber core. In Eq. (1), Fs and F, are the laser and the
pump flux, respectively. The pump flux can be related to
the laser threshold as follows:

F,(t)=x()F,, (5)

Note that the factor x is set to unity for unclamped
amplifier and greater than a unity for the clamped case. F,
is the pump flux at laser threshold, which is given by:
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The OGC-TDFA design consists of two couplers, one
narrowband filter, one variable attenuator (VA) and the
thulium amplifier, which are connected together in a
closed-loop configuration as shown in fig. 1. The lasing
feedback signal builds up in the ring cavity, which forms a
laser system. The rate equations for the laser systems, i.e.,
the optically clamped TDFA, including input channels as a
perturbation are as follows:
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Where F, G, represent laser flux and gain, respectively,
T is the round-trip time in the lasing cavity and o is the
loss of laser cavity. It is seen from the above models that
add/drop channels can be described as negative pump
power fluctuations because the thulium inversion decreases
since signal photons are amplified.
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Fig. 1. Thulium doped-fiber amplifier in ring laser configuration.

3. Results and discussion

A MATLAB program is developed to study the dynamic
behavior of the TDFA. It is assumed that the total input
power is -4 dBm for 20 channels and each channel power
being -17 dBm. To focus on the dynamics the channels are
fixed at 1950 nm and the total power is varied according to
the number of dropped or added channels as in [1]. In our
simulations, we chose a commercial thulium fiber
(TmDF200 from OFS) as an active fiber which was
experimentally tested at [1,4] and offer good amplification
characteristics such as high amplifier gain, broad
bandwidth and low amplification noise. This fiber is co-
doped with alumina that reduces the effect of concentration
quenching and also enhances the fluorescence time of °F,
energy level.



The spectroscopy parameters of this fiber and our model
are as follow [19,22]: A,=1558 nm, surviving channel
(A)=1950 nm, laser wavelength (Ar)=1930 nm, I')=I'y =
0.7, 171=650 ps, Ny=8.4x10" m™, L=4 m and A.=3x10"
m?, finally the absorption and the emission cross-section of
the pump, the signal, and the laser wavelength are taken
from [22] and as follow: csal,ZZXIO’25 mz, 6,5=0, 0,,=0 and
6.=2.1x10% m” Note that the calculated pump power at
threshold for all below cases equals 22.75 dBm.

3.1 Impact of pump power level

The pump power level, defined by the factor x, is the
main parameter that affects the dynamic performance of the
gain-clamped amplifier. Figures 2 and 3 show the effect of
the pump power factor in both oscillation time and power
excursion of the surviving channel for a drop of 19 out of
20 channels. Here, the oscillation time is defined as a time
when the surviving channel power reaches the saturation
value.

It is seen that by increasing the value of the pump power
factor, both power excursion and oscillation time reduce
due to increase in the pump power making the laser signal
reach stability earlier. However, increasing the power
factor means increasing the pump power. For the purpose
of studying the dynamics we assume x = 1.3.
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Fig. 2. Oscillation time of the surviving channel versus the pump power
factor for dropping 19 out of 20 channels.
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Fig. 3. Variation of the power excursion of the surviving channel versus
the pump power factor for dropping 19 out of 20 channels.

3.2 Channel power oscillation after a perturbation

The next investigation is to study the power-oscillation
dynamics after a perturbation. In our study, a perturbation
refers to a change in the number of channels being
amplified. The power-excursion variation when 19 out of
20 channels are dropped is shown for a clamped gain
amplifier in fig. 4 and for an unclamped gain amplifier in
fig. 5. It is clearly seen that a peak value of the surviving
channel power excursion is 4.3 dB for the unclamped gain
amplifier. As for the clamped gain case, the power
excursion is restricted to only 0.0062 dB.
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Fig. 4. Output power variation of the surviving channel for dropping 19
out of 20 channels at unclamped amplifier
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Fig. 5. Output power variation of the surviving channel for dropping 19
out of 20 channels at gain clamped amplifier.

Our result for unclamped amplifier is consistent with the
experimental findings of a previous study [1]. The value of
power excursion at unclamped gain is approximately the
same with a small variation due to a few unknown
parameters of TDFA used in [1]. The results from both
studies confirm the gain dynamic characteristics of an
unclamped TDFA and the considerable influence of drop
channels on the power excursion of the surviving channel.

In comparison to typical EDFA in the C-band the power
excursions in TDFA are smaller due to different
characteristics of thulium fiber parameters. In addition, the
required thulium-doped fiber length is shorter due to high
thulium ions concentration and this will stabilize the OGC-
TDFA quicker. A short feedback loop length (laser cavity)
offers fast transient recovery time due to short photon
cavity lifetime as an erbium doped waveguide
amplifier (EDWA) [17]. Furthermore, the measure spectral
hole burning SHB in TDFA at room temperature is lower
than four times in EDFA [23] and consequently it has
smaller SHB depth. These characteristics make the OGC
technique more efficient when applied to TDFA.

3.3 Power excursion for Add/Drop channels

Figure 6 illustrates the output power excursion values for
two different channel drop conditions. For a drop of 19 out
of 20 channels, the maximum power excursion and the
oscillation time of the surviving channel are about 0.0062
dB and 2.5 ms, respectively, when compared with 0.0005
dB and 1.75 ms for a drop of 2 out of 20 channels.
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Fig. 6. Output power variation of the surviving channel after dropping 19
and 2 out 20 of channels in GC-TDFA (x=1.3).

Figure 7 shows the power excursion after adding 4 and 6
channels in the 20 channels WDM system. The maximum
power excursions are 0.02 dB and 0.044 dB after adding 4
and 6 channels, respectively. Because of the operating
principle of GC-TDFA in the saturation regime, any adding
channels to the WDM system leads to increase in the input
signal power and possibly decrease in the gain. Hence, the
power excursion increases with increasing number of
channels that are added for the reason that the laser has a
weaker stabilization condition when it is perturbed, as
apparent in Fig. 7. In addition, the oscillation time in the
case of channel addition is longer than in the case of
channel dropping due to the output power is higher, and
therefore operating in a higher slope point of the gain
curve. Furthermore, the relaxation oscillation frequency is
inversely proportional to the ratio of maximum power
excursion and the amount of power added or dropped in the
system. In other words, the larger the number of channels
added or dropped in a system, the smaller is the oscillation
frequency [24].
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Fig. 7. Output power variation of the surviving channel in OGC-TDFA
after an addition of 4 and 6 channels to the 20 channels (x=1.3).



In case more input power is added to the system, the
pump power factor may not stabilize the optical amplifier
and a larger value needs to be considered. To verify this, 8
channels are added to the 20-channel system for x =1.3 and
x = 1.4. From the data in fig. 8, it is shown that the pump
power factor of 1.3 is insufficient to stabilize the optical
amplifier because of the higher slope in the gain-saturation
regime as the input power increases and therefore the
system is more unstable and requires a stronger laser signal
and consequently a higher pump factor.
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Fig. 8. Output power variation of the surviving channel in OGC-TDFA
after an addition of 8 channels to the 20 channels (x=1.3 and 1.4).

4. Conclusion

In summary, a theoretical study of gain-clamped TDFA
in the 2 pm region is thoroughly investigated. Amplifier
gain and surviving channel power have been investigated in
20 WDM channels system by varying the input signal
power in TDFA via adding or dropping channels. The
modelling and simulations of unclamped and optical gain-
clamped TDFA for application in WDM networks are
performed.

It can be clearly observed that if the pump power factor
is increased for GC-TDFA, the power excursion and the
oscillation time are reduced because the laser achieves a
stronger stabilization condition at high pump power. When
19 out of 20 channels are dropped, the output power
excursion is about 4.3 dB when the gain amplifier is
unclamped and only 0.0062 dB when the gain amplifier is
clamped. The power excursion at unclamped gain is
approximately the same with the experimental findings of a
previous study. The results from both studies confirm the
gain dynamic characteristics of unclamped TDFA and the
big influence of drop/add channels on the power variation
of the surviving channel.

Our findings revealed that the effects of power transients
due to channel reconfigurations are significantly reduced
by a feedback laser signal. Moreover, the dynamics of GC-
TDFA are mainly influenced by the pump power factor,
and the laser signal achieves a stronger stabilization

condition with increasing pump power factor. The design
of the GC-TDFA should take into account the maximum
input power variation to guarantee a stable dynamic
control. As a conclusion, optical gain-clamping is an
effective technique to eliminate power excursions due to
the dynamic behavior of TDFA for optical WDM
transmission system in the 2 pm region. Our work can also
be applied to other applications where the input power at
the TDFA operating at 2 pm region varies over time.
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