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An elliptical initial polarization state is essential for generating mode-locked pulses using the nonlinear polari-
zation rotation technique. In this work, the relationship between the ellipticity ranges capable of maintaining
mode-locked operation against different pump power levels is investigated. An increasing pump power, in con-
junction with minor adjustments to the polarization controller’s quarter waveplate, results in a wider ellipticity
range that can accommodate mode-locked operation. Other parameters such as noise, pulsewidth, and average
output power are also observed to vary as the ellipticity changes.
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Over the last few years, fiber lasers have become the key
focus in the development of new laser applications due to
their significant advantages over their solid state counter-
parts. The key advantages of fiber lasers include their low
weight and compact size, as well as relatively lower losses
and ease of alignment. These characteristics make fiber
lasers a crucial component of today’s optical communica-
tion, carrying terabits of information across continents.
While fiber lasers can be configured to suit multiple ap-

plications, pulsed fiber lasers in particular have recently
garnered substantial attention in generating high energy
pulses. These pulses serve a variety of applications, includ-
ing communications, sensing, manufacturing, and medi-
cine. Pulsing in fiber lasers can be achieved by multiple
active and passive means, with the most common being
Q-switching and mode-locking. Of the two, mode-locking
is preferred for applications requiring high frequency
pulses but at a lower power.
Fiber lasers can be mode locked in three ways; either

actively, passively, or as a hybrid of both. Active
modulation is reliable and offers tunability of various
parameters, but generates a broad pulsewidth[1], and also
requires bulky and expensive components. Passive modu-
lation, on the other hand, modulates the loss and gain of
the laser using saturable absorbers (SAs)[2–5] or by inducing
SA action, such as nonlinear amplifying loop mirrors
(NALMs)[6] and nonlinear polarization rotation (NPR)[7,8].
Pulses generated in this method have pulsewidths shorter
than those generated through active means, typically in the
sub-picosecond region. Another approach would be hybrid
methods, which combine active and passive methods to
generate self-starting mode-locked laser outputs and a
shorter pulsewidth[9].

Generating mode-locked pulses using the NPR
technique requires two key components; namely a polar-
izer and an analyzer[10]. The simplicity and versatility of
the NPR technique can support a large variety of
applications and devices, such as the generation of super-
continuum spectra[11,12], vector solitons[13–15], all-optical
flip-flop memories[16], and also in the development and
fabrication of semiconductor optical amplifiers[17]. Fur-
thermore, the NPR allows for fast saturable absorption.
Recently, Smirnov et al.[18] has demonstrated an all-
normal-dispersion mode-locked fiber laser using the
NPR technique that can support a large variety of out-
puts by adjusting the settings of the polarization control-
ler (PC). Different PC settings yield different spectrum
energies, durations, shapes, and widths. Oliver et al.[19–21]

demonstrated this by measuring the output polarization
state, analyzing the inter-mode beat spectrum and by de-
termining the allowed operating regimes. In this work,
the relationship between pump power levels and the ellip-
ticity of a mode-locked fiber laser of the NPR technique is
successfully demonstrated. The work shows that the
higher the pump power, the wider the degree of ellipticity
that can accommodate a mode-locked operation.

Figure 1 shows the schematic of the experimental setup.
The laser is configured in a ring cavity. A 980 nm laser
diode with a maximum power of 600 mW is used as a pump
source for the laser and is connected to the 980 nm port
of a 980/1550 nm wavelength division multiplexer
(WDM). The common output of the WDM is connected
to a commercially available 65 cm long erbium-doped fiber
(EDF) with a cut-off wavelength between 870–970 nm, a
numerical aperture of 0.21–0.23, and an absorption coeffi-
cient of 20 dB/m at 1531 nm. The output from the EDF is
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now connected to a PC, along with a polarization depen-
dent isolator (PDI) in the cavity. The PC and PDI act
as the analyzer and polarizer for generating the desired
mode-locked pulses using the NPR technique. Further-
more, the PDI has the additional function of eliminating
potential reflection and backscattering from various sources
inside the fiber cavity, thus ensuring the generation of the
mode-locked pulses[7,22]. A 90∶10 optical coupler (OC) is
placed between the PC and the PDI with the common port
connected to the PC’s output, and the 90% port connected
to the PDI’s input. The OC is used to extract a portion of
the signal for further analysis. Finally, the output of the
PDI is connected to the 1550 nm port of the WDM, thus
completing the ring cavity.
The extracted signal is further divided into two equal

portions using another 50∶50 OC. One portion of the
signal is used to analyze the optical characteristics of
the generated pulses, while the remaining portion is used
to analyze the other characteristics of the pulses. Optical
characterization is done using an optical spectrum
analyzer (OSA) with a 0.02 nm resolution, while the
measurement of the pulse characteristics is done using a
photodetector coupled with an oscilloscope (OSC). Other
equipment includes a polarimeter, a two-photon absorp-
tion (TPA) autocorrelator (AC), an optical power meter
(OPM), and a radio frequency spectrum analyzer (RFSA)
for signal-to-noise ratio (SNR) measurements.
To initiate, maintain, and optimize the desired mode-

locked pulses, a PC consisting of half- and quarter-
waveplates is used. This method allows for a shorter cavity.
Additionally, the shorter design also allows for a higher rep-
etition rate to be realized[23,24]. Under the right configuration
and at a sufficiently high pump power, mode locking is ob-
served starting at a pump power of about 37 mW. The total
group velocity dispersion (GVD) of the system is estimated
to be 0.12 ps/nm, with the single-mode fiber (SMF)-28 hav-
ing a dispersion coefficient of 17 ps/nm/km at 1550 nm, and
the EDF having a dispersion coefficient of −14 ps∕nm∕km
at the same wavelength[25,26]. This indicates that the laser is
operating in the soliton regime.

The relationship between the ellipticity and the pump
power is taken for three conditions; e1, e2, and e3. Each
condition corresponds to different ellipticity degrees when
observed using a polarimeter, with e1 being the ellipticity
degree at which the pulse was observed at its cleanest
state, while both e2 and e3 are the pulses obtained at
the upper and lower boundaries, just before the pulses dis-
appear when observed using the OSC. Each condition is
obtained by adjusting the quarter-waveplate only, with
the upper and lower boundaries being defined as the larg-
est and smallest angle of the PC at which mode-locked
pulses can be obtained. For each condition, the pump
power is adjusted between 70–110 mW in increments of
10 mW. Table 1 shows the ellipticity of all three condi-
tions, as well as their azimuth and degree of polarization
(DOP), at a predetermined pump power.

The plot of the ellipticity against the different pump
power levels is given in Fig. 2. As can be seen from the
figure, the increasing pump power results in the ellipticity
also becoming larger for the case of e1 and e2. Both show
an increase in the ellipticity, from between −30° to −35°
at a pump power of 70 mW to between −35° to −40° at a
pump power of 110 mW. The ellipticity of e3 on the other
hand decreases initially, from about −27° to around −15°
as the power increases from 70 to 80 mW, before stabiliz-
ing out at a value of approximately−17° for a pump power
range of between 90 to 110 mW.

This behavior can be attributed to the fact that for
pulse shortening to occur in a mode-locked fiber laser,
the initial polarization ellipse and phase must be properly

Fig. 1. Experimental setup of the proposed system.

Table 1. Ellipticity, DOP, and Azimuth as a Function of
Pump Power

Pump Power
(mW)

Ellipticity, e
(deg.) DOP (%)

Azimuth
(deg.)

70 e1, −34.052 101.182 88.641

e2, −30.884 101.515 −76.789

e3, −28.298 101.795 −69.435

80 e1, −30.624 101.152 −54.777

e2, −34.14 100.708 −59.948

e3, −17.089 100.916 −41.235

90 e1, −34.702 100.361 −59.543

e2, −37.979 100.272 −72.697

e3, −20.214 100.82 −42.592

100 e1, −36.193 100.396 −57.384

e2, −38.9 100.316 −72.155

e3, −19.622 100.64. −40.7

110 e1, −38.927 100.251 −60.201

e2, −41.798 100.446 −89.813

e3, −19.462 100.571 −37.401
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biased[8,27]. The ellipse can be resolved into right- and
left-hand circular polarizations, and as the intensity of
the pulse increases, due to the increasing pump power,
the two components accumulate a different nonlinear
phase shift relative to the intensity of the pulse. More-
over, the shift is directly related to the power difference
between the two circular modes[28,29]. The result is an
intensity-dependent phase shift between the coupled
modes and, therefore, the nonlinear rotation of the
polarization ellipse[30,31]. Feng et al.[32] demonstrated that
the angle of rotation is proportional to the light intensity.
In addition to this, and also depending on the angles
and intensity, there is a region where a higher intensity
pulse will experience higher losses. This, thus, creates
an intensity equalizer. The balance between the inhomo-
geneous loss induced by the NPR and the mode
competition effect of the EDF can create a stable multi-
wavelength oscillation with uniform power distribution
between wavelengths. Moreover, the intensity of the
pulses is also wavelength dependent. Therefore, since
the initial polarization state of a mode-locked fiber laser
using the NPR technique must be elliptical, the mode-
locking operation over a wider degree of ellipticity is also
realized.
The mode-locked pulse characteristics at a pump power

of 90 mW is given in Table 2. It can be seen here that the
ellipticity also influences the pulse width, thereby influ-
encing the other parameters of the pulse as well. Figure 3
depicts an example of a pulse train measured using a fast
photodiode connected to an OSC. The repetition rate of
the laser is around 25 MHz, which corresponds to a cavity
length of 8.2 m and a resulting cavity roundtrip time of

0.4 ns. The pulsewidth also changes, which can be seen
in Fig. 4. Therefore, it can be ascertained that different
ellipticity values yield different pulsewidths. Figure 5
shows the SNR of the pulse at a pump power of
90 mW. The SNR is measured to be 38 dB and is taken
at the highest available resolution bandwidth of
300 Hz, using a 1 GHz bandwidth InGaAs photodetector
connected to the RFSA. The inset of Fig. 5 shows the fre-
quency spectrum up until 1 GHz.

The computed time–bandwidth product (TBP) devi-
ates from an ideal value of 0.315 based on the transform
limited sech2 pulse for a soliton regime. This indicates that
the pulse is chirped, except when the ellipticity is
−20.214°, where the transition from SA action to satu-
rable transmitter action occurs[32]. The presence of the
small peak on the left and another smaller peak on the
right could be attributed to the influence of the environ-
ment towards the laser cavity. This includes air move-
ments and also temperature variations, which would
normally be the case for NPR-based experiments.

Figure 6 shows the optical spectrum taken for ellipticity
values of −34.70°, −37.98°, and −20.21° for e1, e2, and e3,
respectively. e1 and e2 show an almost identical spectrum
with a number of Kelly sidebands symmetrically shown on
both sides. The amplitude of the sidebands varies due to
the gain of the EDF and cavity construction[33]. As for the
optical spectra of e3, Kelly sidebands are more prominent,
while on the other hand the middle part of the soliton spec-
trum becomes barely noticeable. The central wavelength
shift, as can be seen in Fig. 6, is attributed to a Raman-
induced frequency shift[34,35].

Fig. 2. Ellipticity, e1, e2, and e3 at a pump power between 70–
110 mW.

Table 2. Mode-locked Pulse Characteristics at 90 mW at a Different Ellipticity

Ellipticity
e (deg.)

Pulsewidth
(ps)

FWHM
(THz) TBP

Average Output
Power (mW)

Pulse Energy
(nJ)

Peak Power
(W)

−34.702 0.35 0.944 0.3304 0.6194 0.0248 70.79

−37.979 0.34 1.0192 0.3465 0.6281 0.0251 73.89

−20.214 0.71 0.0325 0.0231 0.7925 0.0317 44.65

Fig. 3. Example of a mode-locked pulse from an OSC at 90 mW.
The pulse train is given in the inset.
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In conclusion, the aforementioned work successfully
demonstrates the relationship between pump power levels
and ellipticity in mode-locked operation. The experiment
uses an NPR technique to generate a mode-locked fiber
laser operating at a C-band. As the pump power is

increased from 70 to 110 mW, the ellipticity range that
can maintain mode-locked operation is observed to also
become wider.

It can also be seen that the ellipticity influences other
results, such as noise, average output power, and pulse-
width. Most importantly, it is determined that for any
condition, there exists at least one ellipticity value that
can produce a clean pulse against any pump power.
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GA 010—2014 (ULUNG), and LRGS (2015) NGOD/
UM/KPT.
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