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Quad-Wavelength Fiber Optical Parametric
Oscillator With Equally Distributed Dispersion

Xie Wang, Chi Zhang, Jianbing Xu, Xiaoming Wei, and Kenneth Kin-Yip Wong, Senior Member, IEEE

Abstract— We demonstrate a 10-GHz quad-wavelength pulse
source based on fiber optical parametric oscillator with equally
distributed dispersion. By adopting two spools of single-mode
fiber inside the cavity with nearly the same dispersion, simul-
taneous mode-locking at two different wavelengths with the
wavelength spacing of around ~1.9 nm in the L-band is achieved.
Owing to the parametric process between the pump and the two
mode-locked signals, two idlers are generated in the S-band with
the same wavelength spacing. Hence, simultaneous generation of
10-GHz pulse train at four different wavelengths located in both
S- and L-band is obtained. The wavelength of the generated pulse
trains can be tuned over 67 nm, from 1504 to 1536 nm and from
1575 to 1610 nm, with the wavelength span of around ~106 nm.

Index Terms— Optical parametric amplifier, optical parametric
oscillator, optical fiber laser.

I. INTRODUCTION

ULTIWAVELENGTH pulsed fiber lasers are of great
interest for their wide applications in WDM communi-
cation systems, optical fiber sensing, optical signal processing,
and optical instrumentation. In the previous efforts pursuing
multiwavelength pulsed fiber laser [1]-[4], the tuning range
of the output pulse was usually confined to the C— band due
to the properties of the gain medium. Fiber optical parametric
amplifier (FOPA) [5] based on y® nonlinear effect of optical
fiber offers remarkable properties such as high gain, wide gain
bandwidth, and ultra-fast response, which result in spectacular
performance of fiber optical parametric oscillator (FOPO) in
terms of the wavelength tunability and output power [6].
In our previous work [7], we have first demonstrated mul-
tiwavelength pulsed FOPO with two separated cavities which
is relatively inefficient. The wavelength location of the two
oscillating signals should be fine-tuned separately to suppress
the gain competition which results in large wavelength spacing
(~25 nm) and narrow wavelength tuning range specified by
the Eq. (1) in [7].
In this Letter, we demonstrate a 10-GHz quad-wavelength
FOPO with narrower wavelength spacing and wider tuning
range in a single cavity. By utilizing the equally distributed
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Fig. 1. Experimental setup of the quad-wavelength pulsed FOPO.

dispersion inside the cavity, simultaneously mode-locking
at two different wavelengths with the wavelength spacing of
around 1.9 nm in the L— band is achieved. In addition to the
generation of two mode-locked pulse trains in the L— band,
we can also obtain two other pulse trains in the S— band
due to the parametric process. Hence, simultaneous generation
of 10-GHz pulse train at four different wavelengths can be
obtained more efficiently than our previous work. By adopting
a gain fiber with a positive £ which can generate the flat and
broadband gain spectrum [8], the tuning range of the generated
pulse trains is over 67 nm, from 1504nm to 1536 nm and from
1575 nm to 1610 nm, with the wavelength span of around
106 nm.

II. PRINCIPLE AND EXPERIMENTAL SETUP

The operating principle is as follows. Suppose that pulses
at wavelength 41 and A in the L— band are simultaneously
mode-locked in the cavity, the wavelength spacing between
these two pulses is decided by [9]

1
fDs(L1 + L2)
where f is the modulation frequency, Dy is the dispersion
parameter of the single-mode fiber (SMF), L and L; are the
fiber length of SMF1 and SMF?2 in Fig. 1, respectively. Eq. (1)
also indicates that the round trip time difference between
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A1 and A, is exactly 1/f =100 ps. Note that in order to achieve
dual-wavelength active mode-locking, pulses at wavelength
A1 and Ay should pass through the time-gating element
(a LiNbO3 Mach-Zehnder modulator (MZM) in our case)
simultaneously. Then after passing through the MZM and
SMF2 in Fig. 1 (before launching into the highly-nonlinear
dispersion-shifted fiber (HNL-DSF)), the time separation
between pulses at 11 and A, should be
Ly
AT = AADsLy = ——— 2)
f(L1+ Ly)

If we assume that Liequals to L, the pulses at A; and A,
should be separated by the time of 1/2f = 50 ps after
passing through the MZM and SMF2. Thus the gain compe-
tition between each other can be nearly perfectly suppressed
when passing through the HNL-DSF [2], [4]. Owing to the
parametric process between the pump and A;, Ay in the
HNL-DSF, we can also obtain two other idler wavelengths at
A3 and A4 in the S-band. Hence, simultaneous generation of
10-GHz pulse at four different wavelengths was obtained at the
output of the HNL-DSF. Note that we can potentially mode
lock more than two wavelength if we select proper ratio of
Lito Lj.

The experimental setup of the FOPO is shown in Fig. 1.
The parametric pump was obtained from a CW tunable laser
source (TLS) with a fixed wavelength of 1555.5 nm. In order
to suppress the stimulated Brillouin scattering (SBS) in the
HNL-DSF, the pump was phase dithered with a 10-Gb/s
27-1 pseudo-random binary sequence (PRBS) via a phase
modulator (PM). The polarization controller (PC1) was used
to align the state-of-polarization (SOP) of the pump with
the transmission axis of the PM. Afterwards, the pump was
amplified by two stage erbium-doped fiber amplifiers (EDFA1
and EDFA2) to about 32 dBm. A tunable bandpass filter
(TBPF) was inserted between two EDFAs to reduce the ampli-
fied spontaneous emission (ASE) noise. Then the amplified
pump was coupled into the cavity through the wavelength-
division multiplexing coupler (WDMC1). Before launching
into the HNL-DSF, the pump passed through a circulator
(CIR) to ensure unidirectional operation in the cavity and
the reflected power due to the SBS was monitored by a
power meter. The gain medium was a 150-m long HNL-DSF,
which had a nonlinear coefficient of 30 W~ lkm~!, zero-
dispersion wavelength (ZDW) of 1554 nm, dispersion slope of
0.02 ps/nm2/km, and f®of 5.0x 10~ ps*/km. The WDMC2
was used to filter out the high power pump. A 90/10 cou-
pler in the cavity provided 90% feedback and 10% output.
The variable bandwidth tunable bandpass filter (VBTBPF1)
with in-band group-velocity dispersion (GVD) of 0.4 ps/nm
was operated in the L— band to restrict the lasing wavelength.
A LiNbO3 MZM driven by a 10-GHz clock signal was
inserted in the cavity to achieve active mode-locking. PC3 was
employed due to the polarization dependence of the MZM.
Note that the intracavity GVD was provided by two spools of
single-mode fiber (SMF1 and SMF2) with the fiber length of
1.31 km and 1.45 km, which had a dispersion of 17 ps/nm/km
and a dispersion slope of 0.06 ps/nm’*/km at 1550 nm.
The optical delay line (ODL) was used to adjust the cavity
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Fig. 2. The optical spectra of the (a) L—band and (b) S—band pulse trains
measured at a 5-minute interval.
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Fig. 3. The waveform of the time- and wavelength-interleaved pulses in the
(a) L—band and (b) S—band; the waveform of the generated pulses at (c)
1592.2 nm, (d) 1520.5 nm, (e) 1590.3 nm, and (f) 1522.3 nm. Time scale: 50
ps/div.

length. The PC2 and PC4 were used to align the SOP of
the oscillating signal with that of the pump. The VBTBPF2
operating in S— or L— band was used to filter out the desired
pulse trains. The total cavity loss excluding the MZM was
measured to be around 13 dB. The FOPO output spectrum
was monitored by an optical spectrum analyzer (OSA) through
a 99/1 coupler after the cavity output. The waveform of the
output was recorded by a digital communication analyzer
(DCA).

III. RESULTS AND DISCUSSIONS

Fig. 2 shows repeated scan of the optical spectra measured
after the 99/1 coupler by the OSA. As can be observed, two
oscillating signals at 1590.3 nm and 1592.2 nm in the L— band
were simultaneously mode-locked and reasonably stable.
The wavelength and power variation were within 0.4 nm
and 1 dB over this time period. Long term stability of the
cavity can be achieved by adopting polarization-maintaining
components and feedback loops. The wavelength spacing
was around 1.9 nm, which agreed well with the theoretical
predication (1.87 nm) from Eq. (1). In addition to these two
oscillating wavelengths in the L-band, we can also obtain two
other idler wavelengths at 1522.3 nm and 1520.5 nm in the
S— band. Fig. 3(a) and 3(b) show the time- and wavelength-
interleaved waveforms in the L— and S— band when we
tuned the bandwidth and wavelength of the VBTBPF2 to
filter out the both wavelengths simultaneously. These two
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Fig. 4. Optical spectra measured after the 99/1 coupler when tuning the
center wavelength of the VBTBPF1.
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Fig. 5. Optical spectra of the generated pulse train in the S—band when

tuning the electrical delay of the PRBS. The insets show the corresponding
waveform of (a) black solid line and (b) red dashed line. In both (a) and (b),
the leading pulse was at 1520.1 nm and the trailing pulse was at 1521.9 nm.
Time scale: 25 ps/div.

time- and wavelength-interleaved pulse trains are intrinsically
synchronized because of the nature of the parametric process.
As can be observed in Fig. 3(a) and Fig. 2(a), pulse trains
at 1590.3 nm and 1592.2 nm are separated by nearly 50 ps
which are in good agreement with our theoretical predication
and there is no spurious four-wave mixing between each
other. It also indicates the gain competition in the HNL-DSF
has been suppressed. Note that these time- and wavelength-
interleaved pulses may also find application in optical signal
processing [10]. Fig. 3(c)-3(f) show the waveforms of 10-GHz
pulse trains at 1592.2 nm, 1520.5 nm, 1590.3 nm and
1522.3 mm respectively when we changed the bandwidth and
wavelength of the VBTBPF2. The corresponding pulsewidths
were measured to be 25 ps, 25.5 ps, 23.2 ps and 24.6 ps.
The corresponding time-bandwidth products were calculated
to be around 0.591, 0.529, 0.495 and 0.732, which indicates
the pulses are chirped. This is mainly due to the relatively
long cavity length and pump phase modulation. The chirp on
the pulses may be compensated by adopting a segment of
dispersion-compensating fiber after the cavity output [11].
Coarse wavelength tuning was achieved by setting the center
wavelength of the VBTBPF1 (with the bandwidth of ~4 nm)
and within the bandwidth of the VBTBPFI, fine wavelength
tuning can be achieved by adjusting the ODL. Fig. 4 shows the
optical spectra measured after the 99/1 coupler. The achievable
tuning range is over 67 nm, from 1504nm to 1536 nm and from
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1575 nm to 1610 nm, with the wavelength span of around
106 nm. Further tuning was only limited by the tuning range
of our VBTBPF inside the cavity. The generated pulse trains
exhibit more noise when locating at the edge of the FOPA
gain spectrum since the parametric gain is more sensitive to
perturbation of the pump power at the edge [12]. Further
improvement can be achieved by pursuing different fibers to
tailor the gain shape and bandwidth of the FOPA.

Finally, we investigate the impact of pump phase modulation
on the spectra and pulse quality of the generated idlers by
solely tuning the electrical delay of the 10-Gb/s PRBS signal.
Note that the two oscillating pulse trains were separated by
nearly 50 ps before launching into the HNL-DSF. A phase
jump in the pump will introduce idler spectrum broadening
and parametric gain variation, and then degrade the generated
pulse train [13]-[15]. We first tuned the electrical delay to
ensure that the pulse train at 1520.1 nm was generated without
the phase jump in the pump. As can be observed from
Fig. 5 (a) and the black solid line, the pulse train at 1520.1
nm has better quality and narrower spectrum. Then we tuned
the electrical delay by around 50 ps so that the phase jump
in the pump occurred during the generation of pulse train
at 1520.1 nm, in this case the pulse train at 1521.9 nm
will in turn exhibit better quality and narrower spectrum as
shown from Fig. 5(b) and red dashed line. Better performance
can be achieved by adopting more advanced SBS suppression
technique such as the strain-based method [16].

IV. CONCLUSION

In conclusion, we demonstrated a 10-GHz quad-wavelength
FOPO. Simultaneous generation of pulse trains at four differ-
ent wavelengths in S— band L— band can be obtained by
utilizing equally distributed dispersion inside the cavity. The
tuning range was over 67 nm, from 1504 nm to 1536 nm and
from 1575 nm to 1610 nm, with the wavelength span of around
106 nm. The proposed scheme has the potential to mode-lock
more than two wavelengths if we change the length ratio of
Lito L, and become an efficient and useful multiwavelength
pulsed source out of C— band.
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