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For the first-time, we experimentally observed a novel
type quasi-coherent noise-like pulses in a simplified
nonlinear polarization evolution mode-locking fiber
laser when appropriate polarization was maintained for
the lasing light through a three-dimensionally rotatable
polarization beam splitter inside the cavity. The degree
of first-order coherence was evaluated after an
interferogram measurement. Evolution of the measured
shot-to-shot spectrum revealed that the noise-like pulses
possess quasi-coherence. Self-started ultrafast soliton
pulses switching to quasi-coherent noise-like pulses at
higher pump power levels were due to the preservation
of the soliton features, mainly the Kelly sidebands in the
spectrum. Quasi-coherent noise-like pulses with average
power of 56.58 mW and 10.4% slope efficiency were
achieved with single pulse energy of 3.22 nj.
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Special mode-locked pulses called the noise-like pulses (NLP) was
first demonstrated in an erbium-doped fiber (EDF) laser by
Horowitz et al,, [1] and it attracted interests in both research and
applications owing to their extraordinary features. Compared to
the soliton pulses (SP), the NLP could possess high energy which
could reach up to a level of pJ, and wider pulse duration which
could reach hundreds of nanoseconds. NLP with various pulse-
shapes were also demonstrated in fiber lasers [2], that includes
Gaussian-, rectangular-, trapezoidal-shaped pulses and bunched-
pulses. Due to these versatile properties, NLP found potential
applications in the fields of micromachining [3], supercontinuum
generation [4], and low spectral coherence interferometry [5].
Generally, NLP have a compact wave packet profile that contains
a bunch of ultrashort pulses with random intensity and duration in
the time domain, and a smooth and broad spectrum in the

frequency domain. Due to the random tiny pulses within its wave
packet, there was no measurable phase coherence in the NLP that
were generated in different configurations of mode-locked fiber
lasers that were reported so far in the literature. Runge et al, [6]
measured the pulse-to-pulse fluctuations in the NLP by monitoring
the single-shot spectrum, and found that the fringe visibility
showed no phase coherence in the NLP regime. However, Kwon et
al, [7] observed a weak spectral interference pattern between two
consecutive NLP, and reported the feasibility of partially-coherent
NLP. Same research group, theoretically studied the shot-to-shot
coherence of laser pulses in different quasi-mode-locking regimes,
and reported that both the laser cavity configuration and the net-
cavity dispersion play critical roles in the generation of partially-
coherent NLP [8]. To our knowledge, until now, no experimental
demonstration of the generation of NLP with high amount of
partial phase coherence (quasi-coherence) was observed.

In this work, we report the first-time experimental observation
of a novel quasi-coherent NLP with Kelly sidebands spectrum in a
simplified mode-locked fiber laser setup with a 3D rotatable
polarization beam splitter (PBS) within its cavity. The output
characteristics of the NLP were investigated for different pump
powers, which assisted in the understanding of the dynamics of
the proposed mode-locked fiber laser that can be switched from
SP regime to stable quasi-coherent NLP regime. The measured
interferogram indicated that the first-order coherence of the
generated NLP was greatly improved due to the preservation of
the soliton features, mainly the Kelly sidebands in its spectrum.

Different from other nonlinear polarization evolution (NPE)
mode-locked lasers, the bulk optical devices like half-wave and
quarter-wave plates were not included. Instead, a 3D rotatable PBS
was deployed on a horizontal surface within the cavity. Schematic
of the fiber laser setup is shown in Fig. 1. The polarization states of
the optical signal lasing in the laser cavity could be fine-tuned by
three-dimensional maneuvering of the PBS position. The gain was
provided by a 1 m long EDF (EDFL-980-HP, Nufern), which was



pumped by a 976 nm laser diode (LD) through a 980/1550 nm
wavelength-division multiplexer (WDM). An in-line polarization
controller (PC) was included to enhance the mode-locking. Two
fiber collimators were used for positioning and coupling of the
light signal, with a coupling efficiency of about 75%. A polarization-
insensitive isolator (PI-ISO) was added for unidirectional light
propagation in the laser cavity. Total cavity length was ~11.64 m
with a net-cavity dispersion of -0.338 ps? indicating that the
mode-locking operated in the anomalous dispersion regime.
Output spectrum and pulse-train were monitored by an OSA
(AQ6370D, Yokogawa, resolution 0.02 nm) and a real-time 59 GHz
bandwidth oscilloscope (DPO-75902SX, Tektronix) connected via
an ultrafast response InGaAs photodiode detector (UPD-15-IR2-
FC, >25 GHz bandwidth). The RF of laser operation was monitored
by a signal analyzer (N9030B, Agilent) which has a bandwidth of 3
Hz - 50 GHz.

Mirror2

Fig. 1. Schematic of a simplified NPE mode-locked fiber laser. OSA -
optical spectrum analyzer; OC1, 0C2, 0C3 - 3-dB optical couplers.

In this proposed NPE mode-locked fiber laser, the polarization
states of the transmitted beam from the PBS were regulated by
maneuvering the PBS along z axis [9]. The SP were generated in
the fiber laser, when the PBS was steered about 4.5 degrees
clockwise. Mode-locked multi-pulse state SP was self-stared when
the pump power was raised to 135 mW. Then, the pump power

was lowered to 100 mW for the cavity to mode-lock single stable
SP. When the pump power was reduced to 70 mW, the cavity went
out of mode-locking. Measured output spectra are depicted in Fig.
2(a), where the red and blue curves, represent the continuous-
wave (CW) signal and SP. On the SP spectrum, Kelly sidebands
were observed and the 3-dB spectral bandwidth was measured as
6.84 nm. The monitored pulse-train and RF spectrum (resolution
bandwidth 1 Hz) are shown in Figs. 2(b) and 2(c). Measured SP
period was ~56.95 ns which corresponds to the cavity roundtrip
time. The pulse repetition rate was 17.55882 MHz which coincides
to the fundamental repetition rate. Signal-to-noise ratio (SNR)
measured above 90 dB indicated a highly stable SP operation in
this cavity. A wideband RF spectrum up to 1.5 GHz presented in Fig.
2(c) inset disclosed that the SP operation was very stable. The
corresponding intensity autocorrelation (AC) trace is shown in Fig.
2(d). The full width at half maximum (FWHM) pulse duration was
~460.1 fs, that was calculated through a sech? profile fit for the
measured pulse. The time-bandwidth product calculated as 0.4
was nearly the transform-limited value 0.315 of a chirp-free sech?-
shaped pulse.

When the pump power was further increased to 225 mW, the
soliton state switched to a different stable pulsating mode-locked
state in the cavity. Measured spectral and temporal characteristics
of the new state are depicted in Figs. 2(e)-2(h). In the frequency
domain, compared to the SP state the new state possessed a
broadband spectrum and increased intensity, as shown in Fig. 2(e)
and more interestingly, a series of spikes were observed. The
spectral spikes were related to the Kelly sidebands. The phase-
matching condition of the Kelly sidebands can be calculated as

27N = D[2x (o +1/ %), where N is the order of the sidebands
with an angular frequency offset of @ from the central frequency
®,, 1.763t is the FWHM of the SP duration, and D = 47/(w} - o})
is the net-dispersion of the cavity, with @, , as the frequency offset
of the two adjacent spikes from the central frequency [10].
Measured central frequency @, = ~836911 THz, and the

computed right and left frequency locations of the spikes shown in
Fig. 2(e) were R1=0.936, R; = 1.936, R3 = 2.953, R+ = 4.04, Rs =5.049,
Rs = 6.061, L1 = 0966, L = 2.044, L3 =3.022, L+ = 4.078. As
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Fig. 2. Output features of SP (a-d) and NLP (e-h): (a), () output spectrum; (b), (f) pulse-train; (c), (g) RF spectrum; (d), (h) intensity AC trace.

expected, the calculated frequency locations of the spikes
coincided with the OSA recorded spectrum, revealing that the
spikes on the spectrum belonged to Kelly sidebands that met the
phase matching conditions. Measured output pulse-train is shown
in Fig. 2(f), in which the adjacent pulses temporal separation was
same as that of the SP, but intensity fluctuations were observed in
the profile of the pulse-train, which implied that the single pulse
energy of this state was not steady. Pulse repetition rate was
17.55898 MHz, as presented in Fig. 2(g), and it was about 160 Hz
frequency shifted compared with that of the SP. SNR measured as
55-dB indicated that this novel mode-locking can operate reliably,
but the stability was less than the soliton state. Finer details of the
laser pulse are presented in Fig. 2(h). A double-scale structure with
a narrow pulse peak (~499.1 fs) riding on top of a broad pedestal
was observed, which is a typical feature of NLP. Hence this mode-
locked operation is classified as the NLP regime. However,
different from the previous reported results [2, 6-8], the intensity
of the measured narrow pulse peak was much higher than its
pedestal, and the intensity ratio between the narrow pulse peak
and the pedestal was about 14. This feature implies that the soliton
characteristics were preserved in the observed NLP that played a
dominant role in the dynamics of this state. Mainly, the Kelly
sidebands occurred as spikes on the NLP spectrum confirmed the
soliton feature in this state, which was first time observed in NLP
generated in any mode-locked fiber lasers reported so far.

To investigate other characteristics of the SP and NLP lasing in
the cavity at different pump power levels, average laser output
powers were measured. As depicted in Fig. 3(a), the entire mode-
locking operation can be divided into three regimes: SP regime,
unstable regime and NLP regime. In the SP regime with the self-
start threshold pump power of 135 mW, the mode-locked pulse(s)
average power linearly increased with a slope efficiency of 11.67%
for increasing pump power. The maximum output power reached
was 19.45 mW at a pump power of 180 mW. Stable single SP lased
for the pump power range of 70-100 mW and between 100-180
mW; stable multi-pulse SP lased. In the pump power range of 180-
225 mW, the switching between SP and NLP regimes happened
randomly, and hence termed as unstable regime. Stable NLP lasing
started from a pump power amount of 225 mW. In the NLP regime,
the output power grew linearly with a slope efficiency of 10.4%,
and an average power of 56.58 mW was achieved at a maximum
achievable pump power of 540 mW of the source used. Within the
saturation limit of the available pump source, the measured pulse
energy of the NLP at fundamental repetition rate, linearly
increased from 1.36-3.22 n]. Higher energy NLP beyond this range
maybe feasible in the proposed fiber laser with high powered
pump source. Various regimes output signal spectra at different
pump powers are presented in Fig. 3(b). Measured spectral
profiles of SP and NLP regimes were different. Their respective
spectral intensity value increased with increasing pump power,
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Fig. 3. Pump power VS average output power (a) and spectra (b).

without causing any changes in their spectral profile or bandwidth.

In a mode-locking soliton spectrum, Kelly-sidebands are formed
because of the interference superposition between the soliton
pulses and dispersive waves, when their relative phase changes by
an integer multiple of 2m per cavity roundtrip time. Thus, the
presence of Kelly-sidebands is a strong evidence for the coherence
of the mode-locked pulses. In order to evaluate the first-order
phase coherence of the cavity signal, a fiber Michelson
interferometer was constructed to measure the cross-coherence of
adjacent pulses, as shown in Fig. 1. Using single-mode fiber, one
arm of the interferometer was constructed longer than the other
by exactly one half of the cavity roundtrip time. The signals in the
respective arms were collimated, and 100% reflected by two
separate gold-coated mirrors. For the finer adjustments of the
temporal overlap between the two signals at the interferometer
output, one of the mirrors was mounted on a precise translation
stage. An in-line PC was used to maintain same polarization states
between the interfering signals from both arms. The spectral
interference fringes were measured through OSA, that recorded
every sweep with an ensemble average of >3x10¢ interference

events from which the first-order coherence g} between
adjacent pulses was calculated with [11]:

| 20( /1)| _U D+ LDV D (1)
12 21, (A, (A)]"?

where /, ,(A) represent the measured spectral intensities from

two arms. The fringe visibility /(1) is computed using the
measured maximum and minimum fringe intensities as
Vi) =1, D)1, (DU, (A)+I,(A)] . Before the spectral
interference measurements were made, precise adjustments were
carried out for the temporal overlapping between adjacent pulses
to select adequate fringe spacing. Figure 4(a) depicts the spectral
interference pattern and first-order coherence of the SP. Nearly

~100% spectral modulation depth suggested high degree of phase
coherence in SP regime, and the calculated first-order coherence

gis ~0.945 over the major portion of the spectrum. With

increase in pump power; switching happened from SP to NLP, for
the spectral interference pattern and first-order coherence to be
transformed as shown in Fig. 4(b). Contrary to the earlier report
[9], the interference pattern was still present in almost the entire
spectrum of the NLP. But the modulation depth was less than that
in SP regime, indicating the degradation of pulse-to-pulse phase
coherence in the NLP regime. Noticeable fluctuations were
observed in the first-order coherence, and high coherence values



were found at the locations where Kelly-sidebands were present.
The zoomed-in snapshots of spectral regions at 1528-1533 nm
and 1548-1553 nm are shown in Figs. 4(c) and 4(d), and the
corresponding average first-order coherence values were
calculated as ~0.462 and ~0.652, respectively. Though the phase
coherence of NLP underwent some degradation compared to the
SP, the first-order coherence value throughout the spectrum was
found to be above ~0.408. The presence of Kelly sidebands
acknowledges the coherence of the mode-locked signal and the
strength of the first-order coherence determines the quality of the
coherence. Even though, shot-to-shot coherence properties in
quasi-mode-locked regime were already theoretically investigated
[8], spectra obtained through simulations were different from the
measured NLP spectra. Due to short cavity length of around 12 m,
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Fig. 4. Measured spectral interference pattern and calculated first-
order coherence: (a) SP regime; (b) NLP regime.

the dynamics of collapse of solitons and interactions between sub-
pulses within a packet were evaded [12, 13]. This resulted in the
lasing of relatively more regular soliton pulses even during the
NLP regime, which maintained the coherence of the NLP. Besides
every pulse of the NLP, weak sub-pulse was observed. Peak power
ratio of ~0.05 was maintained between sub-pulse to main-pulse
for various pump powers. These sub-pulses were the coherent
part (SP) of the NLP that did not collapse or completely merge with
the main pulse and provided the quasi-coherency for the NLP. The
main pulse and the sub pulse were coupled and simultaneously
mode-locked in the fiber laser cavity at the same wavelength.

A single-shot spectrum measurement was carried out through a
time-stretch dispersive Fourier transform technique (TS-DFT) [14,
15] in a 1 km long dispersion-compensating fiber (DCF) with a
dispersion of ~178.4 ps?, corresponding to a spectral resolution of
~0.11 nm. The real-time spectral profiles of 1000 consecutive
roundtrips were obtained in a single-shot capture, and the
reconstructed sequence of the spectral evolution is shown in Fig. 5.
It is evident that the soliton single-shot spectrum almost replicated
the OSA measured spectrum shown in Fig. 5(a). The single-shot
soliton spectrum was indistinguishable from each another,
resulting in a stable output spectrum with good phase correlation.
In contrast to the almost invariable soliton spectrum, the NLP
spectrum exhibit fluctuations [Fig. 5(b)]. Despite good profile

exhibited in each single-shot spectrum, the spectral intensity
distribution was quite different from the earlier reported
incoherent NLP [2, 6]. Most of the NLP spectral energy was
confined in and around the central wavelength with no incoherent
sidebands in the shot-to-shot spectra measured by TS-DFT [16],
which is a familiar characteristic of soliton spectrum. This is
another evidence apart from the appearance of Kelly sidebands
(spikes) on the NLP spectrum to confirm that the NLP possessed
more of SP characteristics including the phase coherence.

To conclude, in a simplified NPE fiber laser with 3D rotatable
PBS, we experimentally demonstrated the mode-locking of quasi-
coherent NLP with Kelly sidebands in its spectrum. By adjusting
the pump power, the self-started pulses can switch from soliton
state to NLP state that maintained most features of solitons. To our
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Fig. 5. Single-shot spectral evolution for (a) SP and (b) NLP regime.
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knowledge, this was the first-time experimental observation of
high-energy noise-like ultrafast laser pulses with a high amount of
coherence due to preservation of soliton properties. We believe
that the reported results introduced a novel nonlinear operation
regime of mode-locked ultrafast fiber lasers that can provide useful
insights into the quasi-coherent NLP ultrafast fiber laser designs
and applications.
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