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CW frequency comb generated by four-wave mixing
and cascaded FWM
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Abstract: In order to solve the problem of generating optical frequency comb by mode-locked laser seed
source, a new method to generate optical frequency comb by continuous light source was presented and
the problem of phase mismatch in four-wave mixing and cascaded four-wave mixing with wide spectral
range was solved by using dispersion-flattened highly nonlinear optical fiber. We experimentally
demonstrated efficient generation of an equalized optical comb with nearly 40 nm bandwidth. The comb
was generated by low-power, low-cost, continuous-wave seeds(FP—-LDs) without needing for pulsed laser
sources. The CW frequency comb were generated by four-wave mixing (FWM) and cascaded FWM
whose bandwidth of the spectrum was expanded by nearly 10 times and the linewidth of the frequency
comb was 4.3 MHz with 420 m zero-slope dispersion dispersion-flattened HNLF.
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0 Introduction

The femtosecond laser-based frequency comb has
played a key role in high-precision optical frequency
metrology for a decade. A wideband generation of
frequency combs has been demonstrated in both
crystalline and fiber devices" ™. Although often referred
to as a precise optical frequency ruler, its tick marks
are in fact too densely spaced for direct observation
and individual use, limiting important applications in
remote sensing ™', spectroscopy ¥, clock distribution ',
ranging ", astronomy, photonics to RF frequency
mapping ™ and ultrafast electromagnetic waveform
[12]

control Additionally, in the remote sensing and

remote  transmission, the pulse-width of the
femtosecond laser-based frequency comb is broadening
because of the dispersion when it propagates in the
fiber; the spectral width of the frequency comb is
reduced.

To our knowledge, there is no report about the
CW frequency comb. In this paper, a novel and
simple method to generate the CW frequency comb is
proposed and demonstrated which the tick marks are
40 GHz. Evgeny Myslivets used a beat tone as a seed
source which is generated by two CW lights
previously. The beat tone is a pulsed light. So we use
only one CW light instead of the pulsed beat tone as
the seed source to produce the CW frequency comb.
Well, the CW light

requirements. This technique relies on four-photon

used here needs special
mixing (FPM), so there are at least two discrete
spectrum peak in the spectrum of the CW light which
can generate four wave mixing (FWM) and cascade
FWM effects to form the new frequency side mode,
and new spectrum component. During the FWM and
cascade FWM process, the CW seed source will not
make any change in the time domain, only the
spectrum of the seed source will be broaden because
of the new frequency side mode and the new
spectrum component which generated by the mixing

process.

1 Experiment step

The generation of the CW frequency comb is
shown in Fig.1. FP laser diode is the seed source in
this experiment which the free spectrum range(FSR) is
0.3nm(37.5 GHz frequency interval at about 1 550 nm).
The driving current is 300 mA. According to the
previous discussion, the power of the pump light is
high enough to get a wide bandwidth spectrum of the
CW comb frequency. So the FP—-LD is amplified to
1 W by the erbium-doped fiber amplifier(EDFA). The
the EDFA is EAR -2K -C and its
IPG. The amplified FP light
incidences into the HNLF and stimulates the FWM

model of

manufacturer  is

effect, generating the new sidebands and spectrum
components. As the waves propagate through the
fiber, FWM processes may occur involving the waves
generated previously, creating in this way photons at
further new frequencies. This is referred to as
cascaded or multiple FWM. This frequency cascading
is formed by signals with well defined frequency and
phase differences. Also the cascaded FWM generated
more new sidebands and more spectrum components.
After the effects of the FWM and cascaded FWM, the
output light is a CW, wide bandwidth spectrum
frequency comb. It can be seen in the connected optical
spectrum analyzer (OSA). The model of OSA is Anritsu
MS9740A and the highest resolution is 0.03 nm.

EDFA HNLF

Fig.1 Experiment diagram of generation frequency comb

In order to compare the influences of phase
mismatch to the efficiency of producing the FWM and
cascaded FWM, we used two different types of the
HNLF in the experiment, one is a standard HNLF, the
other is zero-slope dispersion dispersion-flattened
HNLF. The amplified FP light propagates through the
two different types of the HNLF respectively and the
results of the comb were

different frequency
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compared. The length of the two types HNLF is the
same, 420 m, and the nonlinear factor is the same,
10.8(W -km™). The effective area of the two different
types is the same too, 11.6 wm. The only difference is
the slop of the dispersion, the dispersion slop of the
standard HNLF is 0.019 (ps -nm ? -km ™) and the
dispersion slop of the dispersion-flattened HNLF is
0.006 (ps-nm~=-km™). Firstly we used the standard
HNLF to generate the CW frequency comb.

2 Results and discussion

Figure 2 (a) shows the spectrum of the FP-LD
which the 3 dB bandwidth is only 3.180 nm. After the
FWM and cascaded FWM in the HNLF, the spectrum
of the new CW frequency comb is shown in Fig.2(b).
It can be seen that the 3 dB bandwidth is broadened
to 7.709 nm which is nearly three times wider than
the original spectrum bandwidth. Because of the FWM
and cascaded FWM effects, the idler beam and new
generated sidebands expand the spectrum. In order to
compare the effects of the FWM and cascaded FWM
on the spectrum of the FP-LD, the spectrum of FP-
LD which before enters to the HNLF and the
spectrum of CW frequency comb which is output
from the HNLF are both shown in Fig.2(c).

From Fig.2 (c) it can be seen obviously that many
sidebands and new frequency components are generated
by FWM and cascaded FWM. The wavelength lines
which cover the spectrum of 1547-1551.5nm are the
pure pump lights in the FWM and cascaded FWM
effects. The power of these wavelength lines is
reduced. The consumption energy is used to amplify
signal lights and produce new idle lights in the FWM
and cascaded FWM effects.

which cover the spectrum of 1542.5—1 547 nm are the

The wavelength lines

mixing of the pump lights and signal lights. Because
the power of this band is nearly the same, not
changed obviously after the FWM and cascaded FWM
effects. The wavelength lines of 1 542.5 -1 547 nm
firstly act as signal lights and are amplified by the

pure pump lights in the FWM and then act as pump

lights in the cascaded FWM effects. The power of the
amplified lights is declined to amplify the pure signal

lights and generate the idler beam.

(a) o 3.180 nm
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Fig.2 (a) Spectrum of FP-LD, (b) spectrum of the CW frequency
comb after the standard HNLF, (c¢) spectrum of FP—LD
which before enters to the standard HNLF and the spectrum

of CW frequency comb which is output from the HNLF

The rest of the wavelength lines which cover the
spectrum of 1536.5—1542.5nm and 1551.5-1561.5nm
are the pure signal lights and idle lights. The new
idle light beams and new frequency components which
are generated by FWM and cascaded FWM effects are
amplified by 20dB compared with the same wavelength

lines of the FP-LD.
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In order to compare the linewidths of the FP-LD
and the CW frequency comb (the new generated
wavelength lines, the idler beam), we first measured
the linewidths of the FP—-LD. The wavelength lines
are the longitudinal modes in the same cavity so the
linewidths of the multi-wavelength are the same. So
we only need to measure the linewidth of any one
wavelength line to act as the linewidths of the FP-LD.
In our experiments, a tunable filter is used to filter
out a single wavelength line. The FSR of the FP-LD
is 0.3 nm (37.5 GHz), therefore the bandwidth of the
tunable filter is required to be less than 0.3 nm to
filter out only one wavelength. The type of the
tunable filter is OTF-350 which is manufactured by
Santec Company and its minimum filter bandwidth is
0.1 nm.

From Fig.3 (a) it can be seen that the whole
wavelength line is filtered out without any other
wavelength line of the FP-LD. The signal-to-noise
ratio (SNR) is as high as 60 dB. There are some
spurs lines at the bottom of Fig.3 (a) which below
—50 dBm. These spurs are the background noises and
will not affect the linewidth measurement of the FP—
LD. From Fig.3(b) it can be seen that the bottom noise
of FP-LD is —47 dBm which is higher than —50 dBm,
so the spurs are background noises.

For characterization of optical spectral linewidth,
a standard delayed self-heterodyne method for single
wavelength linewidth measurement is used; In our
delayed self-heterodyne measurement system, a length
of 4 km SMF and a microwave spectrum analyzer
(MSA, Agilent Technologies N9010A) are used to
measure the radio frequency (RF) spectra of the CW
light for

characterization of the optical spectral

linewidths. Fig.3 (c) is the RF spectra of the single
beat signals which is picked up by the tunable filter
from the FP -LD. The linewidth of the wavelength
line is 4.3 MHz which means the linewidth of the FP-

LD is 4.3 MHz too.
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Fig.3 (a) Spectrum of the single wavelength which after the
tunable filter, (b) spectrum of the single wavelength
which after the tunable filter and the spectrum of
the FP-LD, (c) RF spectra of the single beat
signals which is picked up by the tunable filter from
the FP-LD

Then, we measured the linewidths of new
generated CW frequency comb with 420 m standard
HNLF. The linewidths of the originally spectrum
component would not change after the FWM and
cascaded FWM effects. So we just need to measure
the linewidths of the new generated wavelength lines,
idler beams. The wavelength lines which cover the
spectrum of 1 551.5-1 561.5 nm are the pure signal
lights and idle lights. The center wavelength of the

tunable filter was set at 1 553.85nm in the experiment.

07060074



bk TR

% 7 3

www.irla.cn

£47T %

From Fig.4 (a) it can be seen that the SNR of
the filtered out wavelength line is 50 dB. The spurs at
the bottom of Fig.4 (a) are also the spectrum of
background noises whose power are below -50 dB.
The spectrum of the CW frequency comb with the
tunable filter (red curve) and without the tunable filter
(black curve) are shown in Fig.4 (b). It can be seen
that the power of the background noises is far smaller
than the power of the bottom noises of the FP-LD.
From Fig.4 (c) we can see that the linewidth of the
filter out wavelength line is 4.3 MHz, so the linewidths
of the new generated spectrum are 4.3 MHz. From
Fig.4 (d) it can be seen that the power of the single
wavelength line is higher than the power of the same
wavelength of the FP-LD by 10 dB without the insert
loss of the filter. The wavelength line is the new
generated sideband and the linewidth of the new
generated CW frequency comb is 4.3 MHz which is
as the same as the linewidth of the FP-LD.
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(b) Spectrum of the CW frequency comb with the tunable filter

(red curve) and without the tunable filter (black curve)
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(c) RF spectra of the single beat signals which is picked up by

the tunable filter from CW frequency comb
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(d) Spectrum of the single wavelength with the tunable filter which
is generated by FWM and cascaded FWM (red curve) and the
FP-LD (black curve)

Fig.4 Spectrum of the CW frequency comb with 420 m
standard HNLF

The zero-slope dispersion dispersion-flattened
HNLF is connected to the amplified FP—-LD which
the length is all the 420 m in the next experiment.
Fig.5 is the spectrum of the CW frequency comb with
420 m zero-slop dispersion HNLF. From Fig.5(a) it can
be seen that the 3 dB bandwidth of the spectrum of
the new generated CW frequency comb is 17.6 nm

which is nearly 6 times more than the 3 dB bandwidth
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(a) Spectra of the CW frequency comb which is output from

420 m zero-slop dispersion HNLF
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(c) Spectrum of the FP—LD (black curve) and the CW frequency
comb (red curve)
Fig.5 Spectrum of the CW frequency comb with 420 m zero-slop
dispersion HNLF

of the FP-LD spectrum, and 3 times more than the 3 dB
bandwidth of the CW frequency comb with 420 m
standard HNLF.

Also we measured the linewidths of new
generated CW frequency comb with the zero-slope
dispersion dispersion-flattened HNLF which the length
is 420 m. As shown in Fig.5. The wavelength lines
which cover the spectrum of 1 560—1 580 nm are the
lights and idle lights. The

wavelength of the tunable filter was set at 1 565.15 nm

pure signal center
in the experiment. It can be seen that the SNR of the
filtered out wavelength line is 50 dB in Fig.6(a).
From Fig.6(b) we can see that the linewidth of the
filter out wavelength line is 4.3 MHz, so the linewidths
of the new generated spectrum by the zero-slope
dispersion dispersion-flattened HNLF are 4.3 MHz. In
order to ensure the filter out wavelength is pure signal
light or idle light, we compare the spectrum of the
FP-LD and the spectra of the single wavelength line

which are both shown in Fig.6(c). From Fig.6(c) it

can be seen that the power of the single wavelength
line is higher than the power of the same wavelength
of the FP-LD by nearly 30 dB without the insert loss
of the filter. The filter out wavelength line is the new
generated sideband and the linewidth of the new
generated CW frequency comb is 4.3 MHz which is
as the same as the linewidth of the FP-LD as the
same with the standard HNLF.
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(b) RF spectra of the single beat signals which is picked up by the

tunable filter from CW frequency comb with 420 m zero-slop

dispersion HNLF
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(c) Spectrum of the single wavelength with the tunable filter which
is generated by FWM and cascaded FWM (red curve) and the
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Fig.6 Linewidth of the CW frequency comb with 420 m zero-slop

dispersion HNLF
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3 Conclusion

In this the method of the efficient

paper
generation of an equalized optical comb with nearly
40 —nm bandwidth is

generated by CW FP-LD seeds without pulsed laser

proposed. The comb was

sources. We analyze the effect of the dispersion slope
on the efficiency of the four-wave mixing and cascade
four-wave mixing effect, and solve the phase
mismatch of the four-wave mixing by using the
dispersion-scattered zero-dispersion fiber to enhance
its efficiency. The bandwidth spectrum of generated
CW frequency comb are expanded by nearly 10 times
with 420 m zero-slope dispersion dispersion-flattened
HNLF. The four-wave mixing and cascading four-
wave mixing effects do not widen the linewidth. The
linewidth of new generated CW frequency comb is

4.3 MHz through experimental testing.
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