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Demonstration of intermodal four-wave mixing
by femtosecond pulses centered at 1550 nm in an
air-silica photonic crystal fiber

Jinhui Yuan, Member, IEEE, Member, OSA, Zhe Kang, Feng Li, Xianting Zhang, Xinzhu Sang, Guiyao
Zhou, Qiang Wu, Binbin Yan, Kuiru Wang, Chongxiu Yu, Hwa Yaw Tam, Senior Member, |IEEE,
Fellow, OSA, and P. K. A. Wai, Fellow, IEEE, Fellow, OSA

Abstract—In this paper, we demonstrated experimentally the

intermodal four-wave mixing effect by launching femtosecond
pulses centered at 1550 nm into deeply normal dispersion region in

the fundamental guided-mode of an air-silica photonic crystal fiber
with two zero dispersion wavelengths. When intermodal
phase-matching condition is satisfied, the energy of the pump
waves at 1550 nm in the fundamental guided-mode is converted to
the anti-Stokes waves around 1258 nm and Stokes waves around
2018 nm both in the second-order guided-mode. When
femtosecond pulses at input average power P, of 90 mW are
propagated inside 22 cm long photonic crystal fiber, the conversion
efficiency 5,5 and #, of the anti-Stokes and Stokes waves generated
are 85 and 6.8%, respectively. We also observed that the
influences of the fiber bending and walk-off effect between the
fundamental and second-order guided-modes on intermodal

four-wave mixing-based frequency conversion process are very
small.

Index Terms—Photonic crystal fiber, intermodal four-wave

mixing, anti-Stokes waves, Stokes waves

. INTRODUCTION

FOUR-wave mixing (FWM) facilitates energy coupling
between the involved optical waves propagated at different
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frequencies and modes, in which two pump photons are
converted to one up-shifted signal (anti-Stokes) photon and to
one down-shifted idler (Stokes) photon. Most previous studies
on FWM in optical fibers and photonic crystal fibers (PCFs)
[1]-[4], including non-degenerate and degenerate cases, are
intramodal, i.e. the anti-Stokes and Stokes waves are generated
within the same guided-mode as the pump wave [5]-[10]. In
intramodal FWM processes, the phase-matching condition
requires the wavelengths of the pump pulses to be located near
the zero dispersion wavelengths (ZDWs) of the guided-modes
of optical fibers or PCFs, so it is difficult to achieve a reasonable
balance between the fiber design and the choice of the pump
lasers. In addition, when the pump pulses are injected close to
the ZDWs, supercontinuum (SC) generation [11]-[15] would
greatly limit the energy conversion process and severely
contaminate the output optical spectra of generated anti-Stokes

and Stokes waves. In contrast, the intermodal FWM processes
can occur between different guided-modes, because the

phase-matching condition does not depend on the ZDWs of
optical fibers or PCFs. Thus, for intermodal FWM processes,

even if the pump pulses in the fundamental guided-mode are
launched at the wavelengths far away from the ZDWs of optical
fibers or PCFs, the anti-Stokes and Stokes waves can still be
generated through the intermodal phase-matching condition
between the fundamental and higher-order guided-modes.

Since it was firstly observed in an optical fiber by Stolen et
al. in 1974 [16], the intermodal FWM effect, which is
considered as a frequency conversion process at the initial stage
of the intricate nonlinear dynamics during SC generation, has
been studied theoretically and experimentally in optical fibers
[17]-[19] and PCFs [20]-[25] when the pump short pulses are
operated at wavelengths of 532, 800, and 1064 nm. Compared
with those wavelengths, the pump wavelength at 1550 nm is
located in the lowest loss transmission window of the silica
optical fibers, where the laser and optical communication
techniques are mature. Thus, by the intermodal FWM effect, the
energy conversion of the laser pulses at 1550 nm into other
near-infrared wavelengths, which are not covered by the
available mode-locked lasers, could provide the desired light
sources for all-wave-bands optical communication and
near-infrared photonics and spectroscopy. Recently, we have
preliminarily reported the intermodal FWM-based frequency
conversion of femtosecond pulses at 1550 nm [26].

Page 10 of 16



Page 11 of 16

©CoO~NOUITA,WNPE

Journal of Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 2

In this paper, based on the previous work [26], the
intermodal FWM effect is experimentally demonstrated in detail
when femtosecond pulses centered at 1550 nm are launched into
deeply normal dispersion region of the fundamental
guided-mode of a tailor-made air-silica PCF with two ZDWs.
The intermodal phase-matching condition is achieved between
two pump photons at 1550 nm in the fundamental guided-mode,
one anti-Stokes photon around 1258 nm and one Stokes photon
around 2018 nm both in the second-order guided-mode. The
related nonlinear optical process is analyzed. In addition, the
influences of the PCF bending and intermodal walk-off effect
are also considered.

Il. PCF PROPERTIES AND EXPERIMENT

The air-silica PCF is designed and fabricated from the silica
material, which is highly purified by the combined method of
rectification and adsorption [27]. Inset 1 of Fig. 1 shows the
cross-sectional structure of the PCF. The air holes in the
cladding region are arranged in a hexagonal lattice. The core

diameter is 2.1 um, and the relative air hole diameter is 0.86. Fig.

1 shows the group-velocity dispersion curves calculated for the
fundamental (1st) and second-order (2nd) guided-modes of the
PCF. As seen from Fig. 1, both the dispersion curves are convex
within the anomalous dispersion regions. Moreover, for the 1st
and 2nd guided-modes of the PCF, the two ZDWs are
respectively located at wavelengths of 761 and 1328 nm, and
727 and 1420 nm.

150 L L

— st guid'ed-mode
— -2nd guided-mode
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-300+
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Fig. 1. The calculated group-velocity dispersion curves of the fundamental (1st)
(the black-solid curve) and second-order (2nd) (the red-dashed curve)
guided-modes of the PCF. The black and red solid dots respectively show the
dispersion values of the 1st and 2nd guided-modes measured with the pulse
time-delay method. Inset 1 shows the cross-sectional structure of the PCF used.
The spatial guided-mode shapes of the 1st and 2nd guided-modes calculated at
1550 and 1258 nm are shown in the insets 2 and 3, respectively.

Fig. 1 shows the dispersion values of the 1st (black solid
dots) and 2nd (red solid dots) quided-modes measured with the
pulse time-delay method. From Fig. 1, the measured dispersion
values are consistent with the results from calculation. For the
1st guided-mode, the nonlinear coefficient y calculated at
wavelength of 1550 nm is up to 0.052 W'm™. Insets 2 and 3 of
Fig. 1 show the corresponding spatial 1st and 2nd guided-mode
shapes, which are calculated at wavelengths of 1550 and 1258
nm, respectively. When femtosecond pulses centered at 1550
nm are used as the pump in the experiment, they work in the

normal dispersion region far away from the second ZDWs of the
considered two guided-modes, and the ZDWs-independent
intermodal FWM process between the two guided-modes
considered could occur.

The experimental set-up is shown in Fig. 2. The PCF used is
pumped with a fiber femtosecond laser at center wavelength of
1550 nm with <200 fs pulse duration, >10 kW peak power, and
50 MHz repetition rate. We used a grating-based compressor in
order to introduce the initial positive-chirp, which can broaden

the pump pulses to ~370 fs. As the pump pulses are broadened,
the peak power reduces rapidly. Thus, the contribution of

nonlinearity on the intermodal phase-matching condition could
be neglected. After the pump pulses are broadened, they are

coupled into the PCF under test by the combination of an optical
collimator and a 40x objective with the numerical aperture of
0.65. The coupling efficiency can be up to 63%. In the
beginning, the pump beam is launched close to the central axis
of the PCF core by adjusting the distance between the
microscope objective and the input tip of the fiber (the offset
pumping technique [28], [29]). At this time, the 1st
guided-mode can be selectively excited. By the cut-back method,
the measured propagation loss of the PCF is ~0.74 dB/m at 1550
nm. The output optical spectra from the PCF which is collected
by another 40x microscope objective, is coupled into a span of 1
m long large-mode-area fiber with a propagation loss lower than
0.5 dB/km at 1550 nm, and then fed to an optical spectrum
analyzer (OSA, Avaspec-NIR-256). Such a short fiber length
has negligible effect on the output powers of all optical waves
observed.

Grating-based
i comprcssor 40x  PCF  40x
I I

[ =
4 E & z
Fiber femtosecond laser Optical ~ <
collimator

Fig. 2. The experimental set-up.

I11. RESULTS AND DISCUSSION

In order to achieve intermodal FWM, the intermodal
phase-matching condition between the two pump photons in the
1st quided-mode, an anti-Stokes photon in the 2nd guided-mode,
and a Stokes photon also in the 2nd guided-mode must be
satisfied [17], [20], [21], [24], [25]. Thus, the intermodal
phase-mismatching parameter Jf should equal to zero, i.e.,
0B=2p01(@p)-Bo2was)-Poa(ws)=0, where oi(@p), Boxwss), and
Poa(ws) are the propagation constants at the optical frequency wy,
Was=wptQ, and w=wy-Q of the considered pump wave,
anti-Stokes wave, and Stokes wave, respectively, and Q
corresponds to the Stokes frequency shift. The subscripts 01 and
02 represent the 1st and 2nd guided-modes considered,

respectively. In the calculation, 8 can be obtained from the
propagation constants of the three optical waves involved, and
the corresponding propagation constants can be calculated from
the effective refractive indices of the 1st and 2nd guided-modes,
which can be derived from group-velocity dispersions of the two
quided-modes shown in Fig. 1. In addition, we note that the
nonlinear contribution to the phase-matching condition in
intermodal FWM can be neglected if the pump peak power is
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low [18], [24]. [25]. In this work, we broaden the initial pum

pulses from <200 fs to ~370 fs by introducing a positive chirp.
Thus, it is not necessary to include the contribution of
nonlinearity to p.

When femtosecond pulses at center wavelength of 1550 nm
and input average power P,=30 mW are launched into the
deeply normal dispersion region above the second ZDW of the
1st guided-mode of the PCF used, the calculated 5 reaches zero
at the near-infrared and mid-infrared wavelengths of 1258.5 and
2017.5 nm, respectively, as shown in Fig. 3(a), corresponding to
©Qof ~6690 cm™. Fig. 3(b) shows the output optical spectra from
three spans of PCFs with lengths 42, 32, and 22 cm, respectively,
which are recorded by the OSA. From Fig. 3(b), the initial pump
spectra are broadened by the normal dispersion and self-phase
modulation (SPM) effect, and part of the pump powers is
converted by the intermodal FWM process to the anti-Stokes
and Stokes waves centered at wavelengths of 1258 and 2018 nm
during propagation along the longitudinal direction of the PCF.
The experimental results are consistent with the calculation
results given in Fig. 3(a). Moreover, we observed that as the
lengths of the PCF are respectively reduced from 42, to 32, and
to 22 cm by the cut-back method, the output powers of the
generated anti-Stokes and weaker Stokes waves are gradually

enhanced. The increases of the output powers of the anti-Stokes
and Stokes waves as the PCF lengths are reduced are mainly due
to the wavelength-dependent propagation loss which decreases
when the fiber length decreases. Therefore, the fiber length
should be appropriately chosen in order to maximize the output
powers of the anti-Stokes and Stokes waves. Although shorter
fiber length reduces the propagation losses and might further
improve the output powers of the anti-Stokes and Stokes waves,
the fiber length cannot be too short because of measurement
limitation in the experiment. The 22 cm lenagth of the PCF is the

shortest length used in the experiments. Insets 1 and 2 of Fig. 3(b)
show the evidently different far-field guided-mode shapes at the

wavelengths of the residual pump and anti-Stokes wave, which
are observed from a span of 22 cm long PCF using a
black-and-white CCD camera. Thus, the residual pump and
anti-Stokes wave are propagated in the 1st and 2nd
guided-modes of the PCF, respectively, agreeing well with the
calculation results shown in the insets 2 and 3 of Fig. 1.
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Fig. 3. (a) The phase-mismatching parameter Jf calculated for femtosecond
pulses at center wavelength of 1550 nm and input average power P;,=30 mW,
Jp=0 at wavelengths of 1258.5 and 2017.5 nm, corresponding to the Stokes
frequency shift of ~6690 cm™. (b) The output spectra measured for PCF lengths
of 42 cm (the black-solid curve), 32 cm_(the red-dashed curve). and 22 cm (the
blue-dashed-dot_curve). respectively, under the same pump condition. The
output far-field shapes of the residual pump and anti-Stokes wave for the PCF
length of 22 cm, which are recorded by a black-and-white CCD camera, are
shown in the insets 1 and 2, respectively.

Fig. 4(a) shows the observed output spectra when
femtosecond pulses at 1550 nm and P,,=30, 60, and 90 mW are
propagated inside a span of 22 cm long PCF. As P,, increases
from 30, to 60, and to 90 mW, respectively, we note that the
output powers of the generated anti-Stokes and Stokes waves
are constantly increased, but the anti-Stokes and Stokes
wavelengths A, and As at 1258 and 2018 nm are extremely
insensitive to the variation of P,,. The insensitive property of /s
and A to the variation of P, is also seen from Fig. 4(b), and
attributed to the negligible nonlinearity contribution on §4. Such
a property is beneficial in obtaining the stable-wavelength
signals by a pump laser source that suffers from the fluctuation
of the output power. Moreover, the anti-Stokes and Stokes
waves, which are generated in the anomalous and normal
dispersion regions of the second-order guided-mode, undergo
the spectral broadening because of soliton dynamic and the
combined influence of the dispersive and SPM effects.
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Fig. 4. (a) The output spectra measured when femtosecond pulses at center
wavelength of 1550 nm and input average power P,,=30 mW (the black-solid
curve), 60 mW (the red-dashed curve). and 90 mW (the blue-dashed-dot curve),
respectively, are propagated into a span of 22 cm long PCE. (b) The
dependences of the generated anti-Stokes and Stokes wavelengths Zas(black
solid squares) and Zs (red solid circles) on Pay. (c) The dependences of the
generated anti-Stokes and Stokes wave conversion efficiency #.s (black solid
squares), #s (red solid circulars), and power P, (black solid up-triangles), Ps

(red solid down-triangles), on Pay.

At the output end of the PCF, the output powers of the
anti-Stokes and Stokes waves generated can be measured with
the combination of optical filters at different wavelengths and an
optical powermeter. Fig. 4(c) shows the dependences of the
anti-Stokes and Stokes wave power P, and P and the
corresponding conversion efficiency #,s and #s, which are
defined as the power ratio of spectrally-isolated anti-Stokes and
Stokes waves and the incident pump, on P,,. Taking the pump
coupling efficiency of 63% into account, P, is measured to be
0.61, 2, and 4.82 mW, and P,to be 0.32, 1.4, and 3.86 mW for
P.=30, 60, and 90 mW, respectively. The corresponding 7, are
increased from 3.2, to 5.3, and to 8.5%, and # are from 1.7, to
3.7, and to 6.8%, respectively. Thus, the anti-Stokes and Stokes
waves are efficiently generated through the intermodal FWM
process. The theoretical calculation result of 7, is 11.3% for the
PCF length of 22 cm and P,,=90 mW when the pump depletion,
a constant nonlinearity coefficient, and no loss are considered
[5], [6], [30]. The difference from the experimental result (8.5%)
could be resulted from the intrinsic absorption loss of the silica
material, coupling loss of the second-order guided-mode to
other higher-order guided-modes, and leaky and scattering
losses, which could be mainly induced by the large PCF
core-cladding index contrast and the PCF geometric structure
fluctuation along the propagation direction. Certainly, when we
consider a very short piece of preform for only 22 cm long PCF
during the fabrication, the influence of the PCF non-uniformity

could be neglected. In future work, by optimizing the
parameters of the PCF geometric structure and the pump pulses,
it is believed that the conversion efficiency of the intermodal
FWM-based nonlinear process can be significantly enhanced.

Pg (MW)
N
h

—u— Stokes wave power
—a— Anti-Stokes wave power

9 12 15 18
R (mm)

Fig. 5. The measured dependences of the generated Stokes and anti-Stokes
wave power Ps (black solid squares) and Pgs (red solid triangles) on the PCF
bending radius R at the entrance end changed from 18, to 15, to 12, and to 9 mm
for femtosecond pulses at 1550 nm with average input power P=90 mW
propagation in a span of 22 cm long PCF.

Because the PCF used in the experiment has a large relative
hole diameter in the cladding region, the leaky loss of the
spontaneously established Stokes waves, which propagate in the
second-order guided-mode and play a crucial role in the
unseeded FWM, is greatly reduced if the PCF is bent. Thus, the
energy conversion process based on the intermodal FWM effect
is expected to be insensitive to the PCF bending at the entrance
end. Fig. 5 shows that for femtosecond pulses at 1550 nm with
P.=90 mW, P is reduced from 3.86, to 3.23, to 2.05, and to
0.06 mW, and P, is reduced from 4.82, to 4.51, to 3.83, and to
2.72 mW, respectively, when the bending radius of the PCF R is
changed from 18, to 15, to 12, and to 9 mm, respectively. The
variation rates of P and P, with R are 0.422 and 0.233 mW/mm,
respectively. Compared to the results reported in Ref [25],
where the corresponding variation rates for the Stokes wave
around 1445 nm and the anti-Stokes wave around 553 nm are
0.247 and 0.13 mW/mm, respectively, the influence of the PCF
bending in this work can be completely acceptable especially
when considering the Stokes and anti-Stokes waves located
around the longer wavelengths of 2018 and 1258 nm.

Next, we considered the intermodal walk-off effects
between the 1st and 2nd guided-modes of the PCF used
[23]-[25]. The intermodal walk-off factor D;, can be written
as Dy, =1v§" (1) -1/v? (1), where y{’(2) and v?(1) correspond to
the group-velocities of the 1st and 2nd guided-modes, respectively.
The calculated Dy, is shown in Fig. 6. It can be seen from Fig. 6
that Dy, at the pump wavelength of 1550 nm is ~5.08x107
ps/mm. Moreover, the initial positive-chirp, which is introduced
to the incident pump pulses by the grating-based compressor,
broadens evidently the pump pulses from <200 fs to ~370 fs.
Therefore, the intermodal walk-off effects are effectively
suppressed, and noticeable intermodal FWM-based frequency
conversion process can be achieved in a longer walk-off length
in which all involved optical waves are well co-propagated.
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Fig. 6. The calculated intermodal walk-off factor D1, between the 1st and 2nd
guided-modes of the PCF.

IV. CONCLUSION

In summary, we demonstrated experimentally intermodal
FWM effect by launching femtosecond pulses at 1550 nm into
deeply normal dispersion region of the 1st guided-mode of an
air-silica  PCF with two ZDWs. By the intermodal
phase-matching condition, the anti-Stokes and Stokes waves
both in the second-order guided-mode are efficiently generated.
In addition, the influences of the PCF bending and intermodal
walk-off on intermodal FWM are confirmed to be very small.
The results will provide an effective way to achieve effective
PCF-based frequency conversion from the pump wavelength at
1550 nm to wavelengths that cannot be achieved by existing
mode-locked lasers.

REFERENCES

[1] P. st.J. Russell, “Photonic Crystal Fibers,” Science, vol. 299, pp. 358-362,
2003.

[2] J. C. Knight, “Photonic crystal fibres,” Nature, vol. 424, pp. 847-851, 2003.

[3] P. St. J. Russell, “Photonic Crystal Fibers,” IEEE/OSA J. Lightw. Technol.,
vol.24, no.12, pp.4729-4749, 2006.

[4] L. P. Shen, W. P. Huang, and S. S. Jian, “Design of photonic crystal fibers
for dispersion-related applications,” IEEE/OSA J. Lightw. Technol., vol.21,
no.7, pp. 1644-1651, 2003.

[5] K. S. Abedin, J. T. Gopinath, E. P. Ippen, C. E. Kerbage, R. S. Windeler, and
B. J. Eggleton, “Highly nondegenerate femtosecond four-wave mixing in
tapered microstructure fiber,” Appl. Phys. Lett., vol.81, no.8, pp.1384-1386,
2002.

[6] A. V. Husakou, and J. Herrmann, “Frequency comb generation by
four-wave mixing in a multicore photonic crystal fiber,” Appl. Phys. Lett.,
vol.83, no.19, pp.3867-3869, 2003.

[7]1 T. T. Yang, C. Shu, and C. Lin, “Depolarization technique for wavelength
conversion using four-wave mixing in a dispersion-flattened photonic
crystal fiber,” Opt. Express, vol.13, no.14, pp.5409-5415, 2005.

[8] J. E. Sharping, “Microstructure Fiber Based Optical Parametric
Oscillators,” J. Lightw. Technol., vol.26, no.14, pp.2184-2191, 2008.

[9] D. Nodop, C. Jauregui, D. Schimpf, J. Limpert, and A. Tinnermann,
“Efficient high-power generation of visible and mid-infrared light by
degenerate four-wave-mixing in a large-mode-area photonic-crystal fiber,”
Opt. Lett., vol.34, no.22, pp.3499-3502, 2009.

[10] A. Herzog, A. Shamir, and A. A. Ishaaya, “Wavelength conversion of
nanosecond pulses to the mid-IR in photonic crystal fibers,” Opt. Lett.,
vol.37, no.1, pp.82-84, 2012.

[11] J. M. Dudley, G. Genty, and S. Coen, “Supercontinuum generation in
photonic crystal fiber,” Rev. Mod. Phys., vol.78, pp.1135-1184, 2006.
[12] J. M. Dudley, and J. R. Taylor, “Ten years of nonlinear optics in photonic

crystal fibre,” Nature Photon., vol.3, pp.85-90, 2009.

[13] A. Boucon, D. Alasia, J. C. Beugnot, G. Mélin, S. Lempereur, A. Fleureau,
H. Maillotte, J. M. Dudley, and T. Sylvestre, “Supercontinuum Generation
From 1.35 to 1.7 . m by Nanosecond Pumping Near the Second
Zero-Dispersion Wavelength of a Microstructured Fiber,” IEEE Photon.
Technol. Lett., vol.20, no.10, pp.842-844, 2008.

[14] A. M. Wang, B. Zhang, J. Hou, H. F. Wei, W. J. Tong, J. Luo, and Z. G.
Zhang, “Visible Supercontinuum Generation with Sub-Nanosecond
532-nm Pulses in All-Solid Photonic Bandgap Fiber,” IEEE Photon.
Technol. Lett., vol.24, no.2, pp.143-145, 2012.

[15] D. Ghosh, S. Roy, and S. K. Bhadra, “Efficient Supercontinuum Sources
Based on Suspended Core Microstructured Fibers,” IEEE J. Select. Topics
Quantum Electron., vol.20, no.5, pp.7600108-1-8, 2014.

[16] R. H. Stolen, J. E. Bjorkholm, and A. Ashkin, “Phase-matched three-wave
mixing in silica fiber optical waveguides,” Appl. Phys. Lett., vol. 24, pp.
308-310, 1974.

[17]A. Mussot, T. Sylvestre, L. Provino, and H. Maillotte, “Generation of a
broadband  single-mode  supercontinuum in a  conventional
dispersion-shifted fiber by use of a subnanosecond microchip laser,” Opt.
Lett., vol.28, no.19, pp.1820-1822, 2003.

[18] J. Cheng, M. E. V. Pedersen, K. Charan, K. Wang, C. Xu, L.
Griiner-Nielsen, and D. Jakobsen, “Intermodal four-wave mixing in a
higher-order-mode fiber,” Appl. Phys. Lett., vol.101, pp.161106-1-4, 2012.

[19]H. Pourbeyram, E. Nazemosadat, and A. Mafi, “Detailed investigation of
intermodal four-wave mixing in SMF-28: blue-red generation from green,”
Opt. Express, vol.23, no.11, pp.14487-14500, 2015.

[20] C. Lesvigne, V. Couderc, A. Tonello, P. Leproux, A. Barthélémy, S.
Lacroix, F. Druon, P. Blandin, M. Hanna, and P. Georges, “Visible
supercontinuum generation controlled by intermodal four-wave mixing in
microstructured fiber,” Opt. Lett., vol.32, no.15, pp.2173-2175, 2007.

[21] T. Sylvestre, A. R. Ragueh, M. W. Lee, B. Stiller, G. Fanjoux, B. Barviau,
A. Mussot, and A. Kudlinski, “Black-light continuum generation in a
silica-core photonic crystal fiber,” Opt. Lett., vol.37, no.2, pp.130-132,
2012.

[22] F. Poletti, and P. Horak, “Description of ultrashort pulse propagation in
multimode optical fibers,” J. Opt. Soc. Am. B, vol.25, no.10,
pp.1645-1654, 2008.

[23] F. Poletti, and P. Horak, “Dynamics of femtosecond supercontinuum
generation in multimode fibers,” Opt. Express, vol.17, no.8, pp.6134-6147,
2009.

[24] H. Tu, Z. Jiang, D. L. Marks, and S. A. Boppart, “Intermodal four-wave
mixing from femtosecond pulse-pumped photonic crystal fiber,” Appl.
Phys. Lett., vol.94, pp.101109-1-3, 2009.

[25] J. H. Yuan, X. Z. Sang, Q. Wu, G. Y. Zhou, F. Li, X. Zhou, C. X. Yu, K. R.
Wang, B. B. Yan, Y. Han, H. Y. Tam, and P. K. A. Wai, “Enhanced
intermodal four-wave mixing for visible and near-infrared wavelength
generation in a photonic crystal fiber,” Opt. Lett., vol.40, no.7,
pp.1338-1341, 2015.

[26]J. H. Yuan, Z. Kang, X. T. Zhang, X. Z. Sang, B. B. Yan, F. Li, K. R. Wang,
C. X. Yu, H. Y. Tam, and P. K. A. Wai, “Experimental demonstration of
intermodal four-wave mixing by femtosecond pump pulses at 1550 nm,”
presented at the Conf. Laser Electro-Optic, San Jose, CA, USA, 2016,
Paper JTUSA.131.

[27] X. Z. Hu, L. S. Zou, and Y. X. Liu, Fiber Optic Cable and Engineering
Application (Academic, 1998).

[28] R. Cherif, M. Zghal, L. Tartara, and V. Degiorgio, “Supercontinuum
generation by higher-order mode excitation in a photonic crystal fiber,”
Opt. Express, vol.16, no.3, pp.2147-2152, 2008.

[29] J. H. Yuan, X. Z. Sang, C. X. Yu, Y. Han, G. Y. Zhou, S. G. Li,and L. T.
Hou, “Highly efficient anti-Stokes signal conversion by pumping in the
normal and anomalous dispersion regions in the fundamental mode of
photonic crystal fiber,” IEEE/OSA J. Lightw. Technol., vol.29, no.10,
pp.2920-2926, 2011.

[30] G. P. Agrawal, Nonlinear Fiber Optics (Academic, 2013).

Jinhui Yuan received the B.S. and M.S. degrees from Yanshan
University, Qinhuangdao, China, in 2005 and 2008, respectively.
In 2011, he received the Ph.D. degree from Beijing University
of Posts and Telecommunications (BUPT), Beijing, China.

Page 14 of 16



Page 15 of 16

©CoO~NOUITA,WNPE

Journal of Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6

Now he is with the BUPT as an associate professor. He is
also a Hong Kong Scholar at the Photonics Research Centre,
Department of Electronic and Information Engineering, The
Hong Kong Polytechnic University. His current research
interests include photonic crystal fibers, silicon waveguide, and
optical fiber devices. He is the Members of IEEE and OSA. He
has published over 100 papers in the academic journals and
conferences.

Zhe Kang received the B.S. degree from Wuhan University of
Technology, Wuhan, China, in 2006, the M.S. degree from
Dalian Polytechnic University, Dalian, China, in 2012, and the
Ph.D. degree from Beijing University of Posts and
Telecommunications, Beijing, China, in 2015.

Currently he serves as the postdoctoral fellow in The Hong
Kong Polytechnic University. His research interests include
ultrafast nonlinear optics and nonlinear silicon photonics based
all-optical signal processing.

Feng Li received the B.S. and Ph.D. degrees from University of
Science and Technology of China, Hefei, China, in 2001 and
2006, respectively.

After that, he joined the Hong Kong Polytechnic University
as a postdoctoral fellow. Currently he is a research fellow the
Hong Kong Polytechnic University. His research interests
include fiber lasers, especially multiwavelength lasers and mode
locked lasers, nonlinear fiber optics, supercontinuum generation,
and nonlinear dynamics in optical devices and optical systems.

Xianting Zhang received the B.S. and M.S. degrees from
Beijing University of Posts and Telecommunications, Beijing,
China, in 2013 and 2016, respectively. Currently he is pursuing
his Ph.D. degree at The Hong Kong Polytechnic University.

His research interests include fiber lasers, optical signal
processing, and nonlinear fiber optics.

Xinzhu Sang received the B.S. degree from Tianjin University,
Tianjin, China and the M.S. degree from Beijing Institute of
Machinery, Beijing, China, in 1999 and 2002, respectively, and
the Ph.D. degree from Beijing University of Posts and
Telecommunications (BUPT), Beijing, China, in 2005. Now he
is with the BUPT as a professor.

From December 2003 to March 2005, he was with
Optoelectronics Research Centre, Department of Electronic
Engineering, City University of Hong Kong as a research
assistant. From July 2007 to July 2008, he worked in University
of California at Irvine as a postdoctoral research scholar. His
current research interests include novel photonic devices,
optical communication and optical interconnect. Prof. Sang is a
senior Member of Chinese Institute of Communication, a
committee of Holography and Optical information Processing,
Chinese Optical Society, and a member of OSA.

Guiyao Zhou received the B.S. degree from Jilin University,
Jilin, China, in 1996, and received the M.S. and Ph.D. degrees
from Yanshan University, Qinhuangdao, China, in 2003 and
2007, respectively.

He as a professor is currently working in South China
Normal University. His current research interests include the
photonic crystal fibers and optoelectronic devices.

Qiang Wu received the B.S. and Ph.D. degrees from Beijing
Normal University and Beijing University of Posts and
Telecommunications, Beijing, China, in 1996 and 2004,
respectively.

From 2004 to 2006, he worked as a senior research associate
in City University of Hong Kong. From 2006 to 2008, he took
up a research associate post in Heriot-Watt University, United
Kingdom. From 2008 to 2014, he worked as a Stokes lecturer at
Photonics Research Centre, Dublin Institute of Technology,
Ireland. Currently he is an associate professor at Northumbria
University, United Kingdom. His research interests include
photonics devices and fiber optic sensing.

Binbin Yan received the B.S. and M.S. degrees from Beijing
University of Posts and Telecommunications (BUPT), Beijing,
China, in 2003 and 2005, respectively. In 2009, she received the
Ph.D. degree from BUPT.

Now she is with the BUPT as a lecturer. Her research
interests include photonic devices and fiber optic sensing.

Kuiru Wang received the B.S. M.S. degrees from Beijing
University of Posts and Telecommunications (BUPT), Beijing,
China, in 1984 and 1990, respectively. In 2009, she received the
Ph.D. degree from BUPT.

Now she is with the BUPT as a professor. Her current
research interests include optical fiber communication and
photonic devices.

Chongxiu Yu graduated from the Beijing University of Posts
and Telecommunications (BUPT), Beijing, China, in 1969.
Now he is with the BUPT as a professor. She is engaged in
university education and research work and has been the
Principal Investigator of many projects supported by China 863
plan, the National Natural Science Foundation and the National
Ministry of Science Technology, and so on. Up to now she has
published more than 300 papers. Her Research interests are the
optical fiber communication, photonic switching, and
optoelectronics technology and its applications.

Prof. Yu is the Members of Chinese Institute of
Communication, Committee of Fiber Optics and Integral Optics,
and Chinese Optical Society.

Hwa Yaw Tam (SM’09) received the B.S. degree and Ph.D.
degrees from The University of Manchester, Manchester, U.K.,
in 1985 and 1990, respectively.

From 1989 to 1993, he was with Hirst Research Center,
GEC-Marconi Ltd. in the U.K., first as a Research Scientist,
then as a Senior Research Scientist working on WDM systems
and fiber amplifiers. He also worked briefly for
Marconi-Italiana of Italy as a consultant before joining the
Department of Electrical Engineering of the Hong Kong
Polytechnic in January 1993. Currently, he is a Chair Professor
of Photonics with the Department of Electrical Engineering, The
Hong Kong Polytechnic University, where he is also the



©CoO~NOUITA,WNPE

Journal of Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

Director of the Photonics Research Centre, Faculty of
Engineering. His current research interests are silica and
polymer fibre fabrication, FBGs and FBG-based transducers,
fiber amplifiers, optical communication systems, and all-optical
signal processing. He has authored or coauthored about 400
papers and holds eight patents in the areas of fiber optics.

Prof. Hwa Yaw Tam is the Fellow of the Optical Society of
America (OSA), and the Senior Member of the Institute of
Electrical and Electronics Engineers (IEEE).

P. K. A. Wai (SM’96) received the B.S. (Hons.) degree from
the University of Hong Kong in 1981, and the M.S. and Ph.D.
degrees from the University of Maryland, College Park, in 1985
and 1988, respectively.

In 1988, he joined Science Applications International
Corporation, McLean, VA, where he was a Research Scientist
involved with the Tethered Satellite System project. In 1990, he
became a Research Associate with the Department of Physics,
University of Maryland, College Park, and the Department of
Electrical Engineering, University of Maryland, Baltimore
County. In 1996, he joined the Department of Electronic and
Information Engineering, The Hong Kong Polytechnic
University. He became Chair Professor of Optical
Communications in 2005. Currently he is the Vice President
(Research Development). His research interests include soliton,
fiber lasers, modeling and simulations of optical devices,
long-haul optical fiber communications, all-optical packet
switching, and network theories. He is an active contributor to
the field of photonics and optical communications, having
authored or coauthored over 300 international refereed
publications. Currently he is an associate editor of Journal of
Lightwave Technology.

Prof. P. K. A. Wai is the Fellows of the Institute of Electrical
and Electronics Engineers (IEEE) and Optical Society of
America (OSA).

Page 16 of 16



