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Abstract—We demonstrate an optical approach to control four
wave mixing (FWM) conversion bandwidth based on gak

transparent stimulated Brillouin scattering (SBS) n fiber. By

introducing self-compensation of optical gain/loss with

frequency-locked SBS pump and Stokes waves, the FWphase
matching condition can be flexibly controlled throigh SBS
induced refractive index change without affecting e signal
power. The conversion efficiency has been enhanceg bp to 9.3
dB for an idler outside the original conversion badwidth. The 3-
dB bandwidth is enlarged from 11.04 nm to 15.62 nnresulting
in 41% increase from its original value. Our techngue can be
adopted to other applications of parametric processs where
phase matching is not automatically satisfied.

Keywords-Four-wave mixing; stimulated Brillouin scattering;
optical wavelength conversion; optical phase matching

. INTRODUCTION

A significant number of optical processing and gt
approaches rely on fiber nonlinearities, among thicur-
wave mixing (FWM) offers the benefits of transpamgrto
modulation format, bit rate, and protocol. FWM Hasind
applications in wavelength conversion and multicastable
delay, logic operation, regeneration, ultrafasticiing, format
conversion, parametric amplification and oscillati§l1-3].
Despite the many applications, FWM has the downsifie
limited operation bandwidth since the phase matghin
condition can hardly be satisfied for interplayfigjds that are
spectrally far apart. In this paper,
experimentally the use of gain-transparent stinedld@rillouin
scattering (SBS) to control purely the phase diffiee among
the fields, offering a degree of freedom to suppm@senlarge
the FWM conversion bandwidth without changing theuit
FWM pump or signal powers. SBS has been activedd us
realize slow light in fibers [4, 5]. In 2008, byp@ying SBS
slow light to a FWM pump, Mateo et al. demonstratetical
control of FWM phase-matching condition [6]. Howeue the
experiment, both the real and imaginary parts ef3BS gain
coefficient were inevitably modified. While the igiaary part
influences the phase-matching condition simply o SBS
induced refractive index change, the real part dimaes the
situation by introducing a nonlinear phase term dnd

we demonstrate

increasing the idler power through amplificationtbé FWM
pump. In practice, it is crucial to have full caitof the phase-
matching condition without disturbing other paraenstof the
FWM process. This was merely examined by simulaitioj]
where the real part of the SBS gain has been intally
removed. Even so, only a negligible improvemenkes$ than
1 dB was predicted in the conversion efficiencyeTBBS
effect was insignificant because the simulationdgtwas
confined to an operating range within the origirgxdB
conversion bandwidth, where the phase velocitiesthaf
interplaying fields are already nearly matched.

In this paper, we experimentally demonstrate therob of
FWM phase-matching condition entirely through gain-
transparent SBS induced index change. Consequentical
powers of the signal and the FWM pump are not sftecWe
have observed a pronounced enhancement of 9.3 dBein
conversion efficiency associated with a 41% enlag® in the
3-dB bandwidth.

The principle of our scheme is illustrated in FigHere vy
is the Brillouin frequency shift,zt is the frequency spacing
between SBS pump and signal, and between signaS&a&i
Stokes wave, {d) is the complex Brillouin gain coefficient
with & being the normalized frequency detuning from the
Brillouin resonance. The signal and the FWM pump
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Fig. 1. Principle of FWM bandwidth enlargement gsgain-transparent SBS.
vg: Brillouin frequency shift; g frequency spacing between SBS pump and
signal, and between signal and SBS Stokes wa{&; gomplex Brillouin gain
coefficient withd being the normalized frequency detuning.



copropagate in an optical fiber and generate arer idl

wavelength. At the same time, the SBS pump and eStok respectively. During the experiment,

waves are directed to the same fiber from the dppend.
Optical gain and loss are introduced on the signalthe
counter-propagating SBS pump and Stokes wavessctrggly.
It is worth mentioning that simultaneous gain andslon a
single optical carrier has previously been usect#dize an RF
photonic phase shifter [7]. The real parts of SB& @nd loss
(Re[a(0)] and — Re[g0)]) cancel each other, while the
imaginary parts (Im[gd)] and —Im[g(d)]) add together to
strengthen SBS induced index change. The phaseataisrin
FWM under SBS can be approximated by [6]:

K = DK+ 2yPrum — 21m[g, (9)]Psss 1)
where Ak is the linear phase mismatch,is the nonlinear
coefficient of the fiber,Pryy and Psgs are average powers of
the FWM and SBS pumps, respectively. The last tariqg. (1)
represents the SBS induced phase mismatch and ean
adjusted by tuning the frequency spacigg Hence, the phase-
matching condition can be controlled without afiegtthe
power of the signal. When the scheme is appliedrtadler
wavelength beyond the original 3-dB conversion adth,
one can expect a significant power enhancementughro
minimizing the phase mismatch. Thus, enlargementhef
conversion bandwidth can be achieved.

lll.  EXPERIMENT

Our experimental setup is shown in Fig. 2. The ougd a
laser 1 at 1549.84 nm is split into two branchdse Tipper
branch is amplified by an erbium-doped fiber angli{EDFA)
to — 6.48 dBm and serves as the signal. The lowendh is
modulated by an electro-optic intensity modulat&OM)
biased to suppress the optical carrier and drivenfeequency
fre. The carrier suppression ratio is over 23 dmiie two

HNLF are measured to be 9.698 GHz and 50 MHz,
all the operation
wavelengths are in the normal dispersion regionoymizing

the driving frequencyrr, the conversion efficiency (CE) can
be maximized for different FWM pump wavelengthsotigh
minimizing the phase mismatch. Therefore, the FWM
conversion bandwidth can be enlarged.

IV. RESULTS ANDDISCUSSION

We first investigate the performance of this teghmi in
controlling phase matching when the FWM pump wavgtle
is fixed at 1546.94 nm. Fig. 3 (al) shows the FWidcsrum
when the SBS pump and Stokes waves are turnedBgff.
optimizing the polarization state of the FWM pumg obtain
a CE of —17.68 dB. Next, the SBS pump and Stokegsvare
turned on with a power of 16 dBm. A maximum CE &6:35
dB is achieved at a driving frequengy £9.717 GHz while a
minimum CE of —30.24 dB is obtained at £9.667 GHz. The
two corresponding FWM spectra are depicted in Fi@2) and
(a3), respectively. Comparing Fig. 3 (a2) with 3)(athe
limited enhancement of 2.33 dB in the CE is ex@diby the
fact that the idler wavelength is within the origi3-dB FWM
conversion bandwidth. Thus, the initial FWM process
already quasi-phase-matched. It is also verifiechfanother
perspective that the matching condition can be llyota
destroyed by SBS induced phase mismatch, as shotig.i 3
(a3). The frequency response of the CE is showkign3 (b).
Each RF driving frequency results in a differentSSBBduced
phase term, thus allowing precise control of the @E the
driving frequency is varied, the signal power isnitared with
an optical spectrum analyzer (OSA). The resultiss alotted
in Fig. 3 (b) The power variation is within 1.4 dB, confirming
nearly gain-transparent operation. The slight vama may
originate from non-perfect Lorentzian lineshape tife
Brillouin gain, resulting in non-ideal compensatiofi SBS

sidebands act as the SBS pump and Stokes waves aftfain and loss [7]. To further investigate the effafcthe power

amplification by an EDFA. A FWM pump is providedfn
another tunable laser Zhe pump is amplified to 16.48 dBm
by an EDFA. It is then combined with the signalotigh a 3
dB coupler. The signal together with the FWM pump are
directed to a 1 km highly nonlinear fiber (HNLF) &le FWM
takes place in the presence of the counter-propag&BS
pump and Stokes waveBhe HNLF has a nonlinear coefficient
of 11/(W-km), a dispersion coefficient of —0.4 psi( km) and
a dispersion slope of 5.7x¥@s/(nnf-km) at ~1550 nmit has
no zero-dispersion wavelength over the range 001611620
nm. The Brillouin frequency shift and gain bandwidthtioé
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Fig. 2. Experimental setup for the extension offkéM conversion bandwidth
by SBS. TL: tunable laser; EOM: electro-optic irgigyn modulator; EDFA:
erbium-doped fiber amplifier; PC: polarization aatier; BPF: band pass filter;
HNLF: highly nonlinear fiber; ISO: isolator; OSAptical spectrum analyzer.

of SBS pump and Stokes waves, we measure the CE at
different power levels and depict the results i Bi(c). The
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Fig. 3. Experimental results of phase matchingrobbly gain-transparent SBS
at a FWM pump wavelength of 1546.94 nm. (al)—(a8asdired FWM spectra
without SBS (W/O SBS), with gain-transparent SBSnfiaximum conversion
efficiency (W/ SBS MAX) and with gain-transparenBS for minimum
conversion efficiency (W/ SBS MIN); (b) conversi@fficiency and signal
power as a function of the RF driving frequengy; f(c) maximum and
minimum conversion efficiency versus the powersSBfS pump and Stokes
waves; (d) the signal power versus the powers & Smp and Stokes waves.
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Fig. 4. Measured FWM spectra without SBS (W/O SB&} gain-transparent
SBS for maximum conversion efficiency (W/ SBS MAXhd with gain-
transparent SBS for minimum conversion efficiendy GBS MIN) at a FWM
pump wavelengths of (a) 1552.94 nm and (b) 154884

black dashed line indicates the CE (-17.68 dB) authSBS
corresponding to the case in Fig. 3 (al). Forhal$BS power
levels, the maximum and minimum CE are achievedzat
=9.717 GHz andgf =9.667 GHz, respectively. As the SBS
power increases, the maximum CE increases fron2116. —
15.35 dB; while the minimum CE decreases from -2@®0—

much weaker than the degradation in CE. This is tduthe

aforementioned quasi-phase matching condition a¢ th

particular idler wavelength. We also measure théatian of
the signal power versus the power of SBS pump &oleS
waves, as shown in the Fig. 3 (d). During the mesmant, the
driving frequencyis fixed at 9.717 GHz. For SBS power
ranging from 0 to 16 dBm, the signal power remaifmost
constant with a maximum fluctuation of around 0.48.
Above 16 dBm, the signal power starts to increapédty. The
observation can possibly be explained by saturatfoenergy
transfer from the signal to the SBS Stokes wavens€quently,
SBS loss of the signal is not sufficient to cartbel increasing
SBS gain. In order to maintain a constant sigralgr, we
limit the power of the SBS pump and Stokes wavebead6
dBm in our following experiments.

We next tune the FWM pump wavelength to 1552.94 n
located at the long wavelength side of the sigaslshown in
Fig. 4 (al)—(a3). The corresponding CE are —17%%8,92 and
—29.45 dB. Similar to the case of pump wavelength546.94
nm (Fig. 3), limited enhancement of the CE is eixgd by
original quasi-phase matching condition of the afirg
wavelengths. To obtain a large CE enhancementFthi&/
pump wavelength is tuned to 1545.94 nm. The signaip
spectral spacing is 1 nm larger than that showhign 3. The
measured FWM spectra are depicted in Fig. 4 (beravia
lower reference level is used in the OSA to cleatipw the
change in CE. The measured CE without SBS is —2dB,2
much lower than that in Fig. 3 (al). The reasothés idler
wavelength is out of the original 3-dB conversicantwidth
and thus the initial FWM process is far from qualsase-
matched. When the SBS pump and Stokes waves aliedapp
the CE is enhanced to a maximum value of —17.9%ladR
=9.717 GHz. A significant enhancement of 9.3 dBhsained.
Also, the CE can be suppressed to a minimum vdlu@@38

dB at & =9.667 GHz. The large enhancement of CE implies

the feasibility of enlarging the 3-dB FWM conversio
bandwidth by using this technique.
experimental result of enlarging the bandwidth bging
transparent SBS. The signal wavelength is fixeth49.84 nm
while the FWM pump wavelength is tuned. The blagiases
plot the CE versus the pump wavelength without SBi&
original 3-dB conversion bandwidth is 11.04 nm antivice
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Fig. 5 shows the
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Fig. 5. Conversion efficiency versus the FWM pumgvelength without and
with gain-transparent SBS in achieving maximum CE.

that of 5.52 nm in the scale of sweeping the purapelength.
Next, the SBS pump and Stokes waves are introduittda
total power of 16 dBm. For each FWM pump wavelentik
driving frequency gr is tuned to maximize the CE. The result
is shown by the red circles in Fig. 5. It is cl¢bat the CE
enhancement is larger as the operation wavelesgtarther
away from the central region covering the 3-dB @sion
Bandwidth. Near the central region, the FWM prodsspiasi-
phase-matched even without SBS. Away from the redioe
phase matching condition degrades significantly tmts CE
enhancement through gain-transparent SBS phasmlkcimnbf
crucial importance. The maximum CE enhancement3siB
and occurs at a pump wavelength of 1545.94 nm. 3rt8
FWM conversion bandwidth with SBS is increased B84m
to 15.62 nm, corresponding to 41% enlargement. Exeatal
study on the control of FWM bandwidth for real dates been
performed and the results will be presented.

V.

In conclusion, we have experimentally demonstrates
dynamic control of FWM phase matching conditiondain-
transparent SBS induced refractive index changee Th
presented here can be wused to
increase/decrease the FWM conversion bandwidttho&tjh
the control of phase-matching is evaluated in thetext of
conventional degenerate FWM, we believe its impact
significant in other applications where the preasatrol of
optical phase velocity is necessary.

CONCLUSION
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