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Abstract An experimental analysis of the dynamical behavior of a pump-modulated
Erbium-doped fiber laser (EDFL) with single fiber Bragg grating has been carried
out and reported in this paper. The linear laser cavity here resembles a Fabry Perot
interferometer. While varying the modulation frequency with a consistent signal
amplitude and pump power, a wide range of features were observed which include:
bifurcation, regions of optical bi-stability, period doubling, intermittently chaotic
paths to chaos and chaos. Based on the region of chaos observed around the resonant
frequency, the propensity of the laser to be used as a sensor to detect acoustic waves
is briefly discussed, as the EDFL displayed tunable sensitive frequency capability.

Keywords EDFL · Pump modulation · Bifurcation

1 Introduction

Erbium-doped fiber lasers (EDFL) are known to have very outstanding features
such as single-mode operation, high amplification, self-pulsations, high sensitivity to
external disturbances, etc. These characteristics have made them a good laser source
for many applications including optical communication, medicine, science and
technology, reflectometry, pipeline sensing, intrusion zone identification, airborne
acoustic sensing, etc. [1–6]. The characteristic of “high sensitivity to external distur-
bances” has gainedmore focus over the years as it leads to nonlinear dynamics during
pump or loss modulation [7], which has an immense range of applications. Exper-
imental pump modulation has been carried out on fiber lasers doped with Erbium
by various authors [8–20]; however, our configuration is different from theirs and is
quite simple and affordable. More so, it is customizable as other optical devices or
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fiber can be attached to the laser set-up to alter the length of the cavity, reflectivity
or loss in the cavity [6].

In this paper, a study of the dynamical behavior of a single-mode Erbium-doped
fiber laser (EDFL) is carried out and reported. The dynamic behavior of the EDFL
is triggered by the laser diode pump modulation. The EDFL having a linear cavity is
pump-modulated experimentally and its dynamical behavior is examined. Compared
to the linear cavity set-up by other researchers where two reflectors are employed,
only one fiber Bragg grating (FBG) is attached to the Erbium-doped fiber sensing
arm to serve as a mirror to reflect the photons back to the laser cavity. During
pump modulation, bifurcation, optical bi-stability, including period doubling and
the intermittently chaotic paths to chaos are observed at various pump modulation
frequencies with a constant signal amplitude. When the pump modulation frequency
is modulated within a certain range, chaos occurs. Pump modulation is actually an
easy and straightforward approach to modulate the laser output power in order to
examine the behavior exhibited by regulating the laser diode pump power using
a function generator and an oscilloscope. Similar studies have been implemented
on the dynamics of Erbium-doped fiber ring lasers in which these behaviors were
also exhibited [8–18, 20, 21]. Nevertheless, research on the nonlinear dynamics of
fiber lasers doped with Erbium is inexhaustible due to its many evolving potential
applications. Based on the behaviors observed, the EDFL has a high propensity to
be used as a sensor as it demonstrated high sensitivity at its resonance frequency.

This paper is organized such that: the introduction is presented in Sect. 1 and
Sect. 2 gives details of the EDFL experimental set-up. In Sect. 3, the results of
the experiments are reported graphically and explained in details; Sect. 4 is the
conclusion.

2 Experimental Set-Up of the Pump-Modulated EDFL

The experimental set-up of the EDFL is displayed in Fig. 1 which resembles a Fabry
Perot interferometer. The linear laser cavity consists mainly of a 980/1550 nm high-
performance wavelength division multiplexer (WDM) coupler and an Erbium-doped
fiber (EDF) as an active or gain medium (3 m length, core of 8 μm diameter, clad of
125 μm diameter) all in one box. As part of the laser cavity, a 3 m long bare fiber is
attached to the EDF which is called a single-mode fiber (SMF) acting as a sensing
arm to detect acoustic waves and vibration. Attached to the other side of the SMF is
a single side fiber Bragg grating (FBG), which has a center wavelength of 1550 nm
± 0.3 nm, > 99% reflectivity, > 5 dB SLSR and bandwidth of < 0.3 nm @ 3 dB.
The entire laser cavity length is about 10 m from the photodetector end to the FBG
end. This cavity design takes less space and is affordable as no expensive devices
are required. It should be noted that no polarizer is used in this set-up.

The working principle of our EDFL under pump modulation is very simple. A
function generator (GWINSTEK GFG-8020H) is used to modulate the frequency
and optical power of the 980 nm pump laser and a digital oscilloscope (MEGURO
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Fig. 1 Experimental set-up for pump modulation

MO-1020, 20MHz) is used to monitor the modulation wave pattern. The modulation
waveform of the pump laser is sinusoidal. A single wavelength 980 nm pump laser
diode (Gooch & Housego EM595, with maximum pump power of 245 mW) emits
980 nm photons into theWDM and theWDM couples the photons into the EDF. The
Erbium ions in the EDF absorb the photons of 980 nmwavelength and spontaneously
emit photonswithwavelength ranging from1520 to 1560 nm.However, only photons
of 1550 nmwavelength are reflected by the FBG back to the laser cavity and received
by a high-speed photodetector (PD)made by THORLABS (DET08CFC/M). The PD
changes the optical output to electrical output, so as to monitor the output light in
waveforms on a PC via an oscilloscope (PicoScope 6 (3000 series)). The green and
orange arrows in Fig. 1 symbolize the optical path of 980 and 1550 nm wavelengths.

3 Experimental Results

The optical spectrum of the EDFL was viewed using an optical spectrum analyzer
(OSA) (AnritsuMS9740A0.6 – 1.75μm).With good launched pumppower, the laser
emission is obtained at 1549.7 nm ≈ 1550 nm, which matches the wavelength of the
FBG. With continuous pumping of the laser, the lasing light remains uninterrupted.

After analyzing the optical spectrum of the lasing light, pump modulation exper-
iments were carried out to observe the dynamic behaviors exhibited by the EDFL.
During the experiments, optical output of the pump laser diode is modulated by the
harmonic signal (A sin (2πf t)) of the external modulation applied from the function
generator to the laser diode driver, where A and f are the modulation amplitude and
frequency, respectively [8]. The resonant peak displayed in the electrical frequency
spectrum when the pump power is adjusted is the resonant frequency of the laser
cavity which increases as the pump power is increased. The EDFL can actually have
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many resonant frequencies due to the long resonator cavity. Hence, for our pump
modulation experiment, the pump power was fixed at 52.6 mW, corresponding to
19 kHz resonant frequency of the laser cavity, and the amplitude (A) of the signal was
fixed at 0.4 V (corresponding to 33 mW pump power). Direct modulation of the laser
diodewas then carried out bymodulating the frequency from0 to 45 kHz via the func-
tion generator. PicoScope 6 was used in observing the laser optical output features in
time and frequency domains. The pump laser output power linearly depends on the
current from the laser diode. Maximum peak-to-peak amplitude of the laser intensity
was recorded for each modulation frequency variation from 0 to 45 kHz and vice
versa to get the graph in Fig. 2b which shows the dynamic behavior of the EDFL.

During frequency modulation, resonant peaks, bifurcation and three regions of
optical bi-stability (where three resonant transmission states exist and are unwa-
vering) were attained. On increasing the modulation frequency from 0 to 45 kHz
(indicated by a blue line in Fig. 2b), the lasing light exhibited its first resonant peak
at 5 kHz and repetitive resonant peaks at 9, 12, 17 and at 29 kHz. When the modu-
lation frequency was decreased from 45 to 0 kHz (indicated by an orange line in
Fig. 2b), resonant peaks were also observed but at 6, 9, 12 kHz and 20 kHz causing
a delay (hysteresis) between the laser systems’ input and output as a result of the
alteration in route. The hysteresis curve created three optical bi-stability regions. The
second bi-stable region (10–17 kHz) is wider than the first (5–7 kHz) and the third
(19–29 kHz) is wider than the second.

Fig. 2 a Time domain plots for the EDFL spectrum at different modulation frequencies; b graph
showing the dynamical behaviors of the EDFL obtained by sweeping the modulation frequency
from 0 to 45 kHz and vice versa
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The time domain of the EDFL optical output was captured at different modulation
frequencies and plotted in Fig. 2a with dashed lines showing the respective frequen-
cies for each plot from (i) to (vii). When the modulation frequency is below 6 kHz,
a lasing waveform with the resemblance of an amplitude modulation is obtained as
shown in Fig. 2a (i) for 4 kHz. At 7 kHz (Fig. 2a (ii)), peaks are seen on the crest
of each sinusoidal wave which reduces to 2 peaks in each sinusoidal wave at 8 kHz
modulation frequency. At 9 kHz to 10 kHz, a period-doubling bifurcation repeating
after every 3 long pulses and 1 short pulse is seen (Fig. 2a (iii)). The behavior goes
back to 3 peaks on the crest of a sinusoidalwaveformat 11 kHzmodulation frequency,
just as in 7 and 8 kHz. From 12 to 13 kHz, three stable lasing peaks are generated
repetitively as shown in Fig. 2a (iv); two long peaks and a small peak. On increasing
the pumpmodulation frequency to 14, 15 and 16 kHz, 2 tiny peaks appear on the crest
of a single sinusoidal wave repeatedly. From 17 to 20 kHz, a period-doubling chaotic
route observed as resonantly enhanced pulses repeating after a series of pulses exist
as shown in Fig. 2a (v) leading to chaos at 21 kHzmodulation frequency (Fig. 2a (vi)).
Thus, the first region of chaos is marked from 17 to 21 kHz in Fig. 2b. At the region
of chaos, the EDFL is most sensitive to external perturbations and forms some high
intensity pulses. Chaos is indicated as irregular lasing peaks appearing at a particular
frequency or range of frequencies and arises from the interaction of the population
inversion with the intensity of the laser cavity [17]. From 22 to 34 kHz modulation
frequency, the dynamic behavior changed again to period-doubling bifurcation with
a higher order repetition of pulses. Chaos is seen to occur again at 35 kHz to 37 kHz
modulation frequency. After the chaotic region, resonantly enhanced higher order
repetition pulses leading to stable pulsation are obtained from 38 to 45 kHz. The exis-
tence of these routes to chaos and the occurrence of an irregularity after a series of
period doubling shows that there is always a tendency for chaos to arise as expected
in a pump-modulated EDFL for some variations of the modulation frequency and a
constant pump power.

Resonant frequency aids in the characterization of the sensitivity of the EDFL as a
sensor to acoustic wave modulation, although this is not the main focus of this paper.
At the resonant frequencies of the EDFL, the system tends to oscillate at a maximum
amplitude because of the periodic disturbance occurring at the same period of one
of its natural frequencies. As said earlier, the resonant frequencies of the laser cavity
can be regulated by varying the laser pump power from 0 to 245 mW (maximum
limit of the laser diode). For the experiment carried out in this paper, the optical
laser pump power was set at 52.6 mW to obtain a resonance frequency of 19 kHz.
The background noise spectrum of the EDFL indicating the resonant peak at 19 kHz
modulation frequency has been matched into Fig. 2b (indicated by the green line).
It is clearly seen that irregular lasing peaks commonly called chaos occurs between
modulation frequencies of 17–21 kHz, wherein 19 kHz is the resonance frequency.
It can be deduced that at the resonance frequency of 19 kHz, the EDFL has a high
propensity to be used as a sensor to detect ultrasonicwaves at a low frequency and can
thus be used for either gas, water or oil pipeline monitoring and leakage detection
which is the proposed use of this sensor. Other possible applications include bio-
mimicking and multi-stable switching. Also, one of the advantages of the EDFL
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sensor is its tunable sensitive frequency capability for acoustic wave sensing as the
distribution of the resonant frequency at various pump power levels indicates a shift
to a higher frequency with respect to the pump power increase [6]. Furthermore,
theoretical simulation using the rate equations in MATLAB has been carried out and
a comparison with the experiments showed similar results and would be published
in another article. Similar comparison carried out by other authors actually showed
a good agreement between their theoretical and experimental results [7–9, 12, 14].

4 Conclusion

In this paper, pump modulation has been carried out in the EDFL system to aid
in the understanding of its behavior when exposed to external disturbances. Pump
modulation on the EDFL performed from low to high frequency and from high to
low frequency showed the existence of period-doubling bifurcation, intermittently
chaotic paths to chaos, chaos and optical bi-stability. The existence of these routes
to chaos shows that there is a tendency for chaos to obviously occur in an EDFL.
Results from the experiments have also shown that chaos occurs at the resonance
frequency of the EDFL which shows that it has a high propensity to be used as a
sensor to detect ultrasonic waves at a low frequency and can thus be used for pipeline
monitoring and leakage detection.
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