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Abstract—We demonstrate a four-wave-mixing based wave- = o T Lons Blors  Lonsos
length converter using a 15-m highly nonlinear holey fiber (HF) (:g D—D—ug r~—1—
with a high stimulated Brillouin scattering (SBS) threshold. con polarizer
Error-free efficient wavelength conversion of 10-Gb/s nonre- Amp 15 ber
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turn-to-zero signal over a~10-nm bandwidth is reliably achieved.
Our 15-m HF has a nonlinearity coefficienty ~ 70(410)
W—1. km~! and an SBS threshold of more than 130 mW. The
high SBS threshold is achieved by applying structural variation
to the HF along its length during the fabrication process. No
modulational-instability-induced intensity noise on the converted
signals is observed due to the normal dispersion of the HF.
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Fig. 1. Experimental setup. Inset: Cross-sectional SEM image of the high SBS
threshold HF used within these experiments.

OLEY FIBER (HF) technology has advanced signifi-

cantly in recent years and has resulted in the productiotixing (FWM). FWM is particularly attractive for wavelength
of high quality of HFs with low loss [1] and ultrahigh non-conversion due to its relative transparency to both bit rate and
linearity [2]. HFs with an effective nonlinearity 18- 100 modulation format. Highly efficient, broad-band wavelength
times higher than standard single-mode silica fibers can genversion based on FWM in optical fiber requires high
achieved due to the large refractive index contrast betweg@nlinearity, low dispersion, a low dispersion slope, and a short
silica and air. Using such fibers, it thus becomes possible fiber length so as to reduce the phase mismatch between the
implement nonlinear telecommunication devices with reduc#eteracting waves [7], [8]. The reduction of stimulated Brillouin
length/power requirements relative to similar devices based s¢attering (SBS) effects is a key issue in such devices and is
conventional optical fiber. A number of nonlinear HF-basetequired to suppress SBS-induced pump power loss [9].
devices have already been demonstrated including amongdn this letter, we demonstrate FWM-based tunable conversion
others a Raman amplifier [3], a nonlinear thresholding devi¢tsing a highly nonlinear HF with a high SBS threshold. The high
for optical code-division multiple-access systems [4], and $BS threshold is obtained due to broadening of the Brillouin
high-speed optical time-division multiplexing demultiplexetineshape through structural variation along the fiber length [10].
[5]. Our 15-m HF has a nonlinearity coefficiept~ 70(+10) W—!-

A high-speed wavelength converter is likely to be akm™'.Themeasured SBS threshold is more than 130 mW which
essential nonlinear device within high capacity all-optica$ over three times higher than that of a uniform pure silica fiber.
wavelength-division-multiplexing (WDM) networks, andError-free wavelength conversion over~al0-nm bandwidth
there is, thus, considerable interest in the development @ffa 10-Gb/s nonreturn-to-zero (NRZ) data rate is obtained
practical wavelength converters. We recently investigated tiith good efficiency. Modulation-instability-related amplitude
applicability of HF technology to this area and demonstratéwise associated with the wavelength conversion process is
a high-performance HF-based WDM wavelength convertgvoided by ensuring that the HF has normal dispersion [11].
using a cross-phase modulation (XPM) and filtering approach
[6]. Error-free and almost penalty-free conversion operation Il. EXPERIMENTAL SETUP AND RESULTS
was readily achieved in the experiments. An alternative, andypg schematic of our experiment is shown in Fig. 1. Both the
more flexible approach, is, however, based on four-waygmy and the signal beams were derived from tunable contin-

uous-wave (CW) external cavity lasers operating in the range

Manuscript received September 27, 2002; revised December 2, 2002. 1530~ 1580 nm. The signal beam at a fixed wavelength of
The authors are with the Optoelectronics Research Centre, Univ?_r550 nm was modulated with 82— 1-pseudorandom data se-

. INTRODUCTION

sity of Southampton, Highfield, Southampton, SO17 1BJ, U.K. (e-mai . .
jhléorc_soton_acfjk)_ 9 P ( guence at a data rate of 10 Gb/s and then combined with the

Digital Object Identifier 10.1109/LPT.2002.807928 pump beam using a 50/50 coupler. The two beams were then
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amplified using an Er—Yb amplifier with a maximum saturated Resolution Bandwidth: 1MHz
power of~700 mW and then lens coupled into our 15-m-long " 1 1
HF with a coupling efficiency 0&20%. Polarization controllers : L .
(PCs), a polarizer, and @2 plate were used to ensure that both Il
beams were launched onto a single polarization axis of our po-
larization maintaining HF, which had a beat lengthd@f.5 mm

and a polarization extinction ratio of 17 dB.

We obtained a highly nonlinear HF with a high SBS threshold
by ensuring structural nonuniformity along its length during ! ‘
the fiber fabrication process through variation of the external Tl il
fiber diameter [10]. The structural variation of the HF was not 965 970 975 980 585 690 0.5
precisely specified in this instance. We simply switched off the Frequency (GHz)
active diameter feedback control ordinarily used when drawing @
fiber. This resulted in an HF with larger than normal diameter
fluctuations. A cross-sectional scanning electron microscope
(SEM) image of the HF used in this experiment is shown in
the inset of Fig. 1. The core diameterid.2 yum and the outer
diameter is~150 ym. The measured loss was 190 dB/km at
1550 nm and thus the effective length of the 15-m HF was
only 11 m. We measured the nonlinearity coefficiento be
~T70(£10) W=. km~!, which is ~40 times higher than that
of conventional dispersion shifted fibers (DSFs), using a direct
CW measurement of the nonlinear phase shift suffered by a beat
signal propagating in the fiber. The measurement procedure is 0k _ B B .
fully described in [12]. The accurate derivation of the nonlinear 0 20 40 60 80 100 120 140
coefficienty from the measured phase shift is dependent on Pump Power (mW)
measurements of the fiber loss and optical coupling. These (b)
measurements are somewhat more difficult to measure with #fg. 2. (a) Radio frequency trace of the beat signals between spontaneous
curacy using HF, and thus, the error quoted is somewhat lar@aliouin scattered beam and the pump, using the 15-m-long HF described in
than might be considered usual for the technique when appl@@i 1(a). (b) SBS and transmitted pump power as a function of launched pump
to standard fiber types. Such a high nonlinearity allows for PWer. using a 20-m length of nominally the same fiber.
reduction in the device length which is one of the key factors
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required in order to achieve broad-band wavelength conversion -15 T - — -
[7], [8]. The measured group velocity dispersion (GVD) of the e R

HF is ~—30 ps/nm/km at a wavelength of 1550 nm. Due to @ -20} M AN

the relatively short length of the fiber, and relatively narrow P; /: o
operating bandwidth of our measurement setup, we were 2 5l vz \
unable to get a reliable measurement of the dispersion slope. ;g / @ 1 ] =
Our best estimate from numerical simulations of the structure {5 0l w 2 [ - | \
would be that the average zero-dispersion wavelength along § / § N \
the fiber would be located around 1550 nm, although it should & sl / & [ S 1 "
be appreciated that this is likely to vary along the fiber length 2 = 1539 1542 1545 1548 1651 1554 1557
due to the structural nonuniformity. The predicted average S Wavelength (nm)
dispersion slope is approximately0.6 ps/nm/km. We then ~405 5 3 0 3 P 9
characterized SBS properties of the 15-m-long HF. We first Wavelength Detuning (nm)

measured the spontaneous Brillouin scattering lineshape of

the 15-m HF using a hetrodyne-detection technique that rel.ﬁ&. 3. Measured conversion efficiency versus wavelength detuning relative
upon beating the spontaneously scattered light with the puma fixed signal wavelength of 1550 nm. The inset shows the output FWM
beam [10]. Fig. 2(a) shows the measured spontaneous Brillogpgctrum after the HF only (input signal&t= 1550 nm, pump a = 1547
spectrum. A non-Lorentzian lineshape comprising two distin¢t"”

peaks with~75-MHz frequency separation is clearly observed

and results from the structural nonuniformity along the fibgmaximum pump power inside the H=:130 mW). The SBS
length. The spontaneous Brillouin 3-dB bandwidth of one dhreshold of a 20-m length of nominally the same fiber was
the two peaks is seen to be approximately 50 MHz, which iseasured to be-100 mW, as shown in Fig. 2(b), which is
over five times broader than would be expected for a siliG@ound two times higher than would be expected for a silica
fiber with a uniform cross-sectional profile [10]. The SBSiber with a uniform cross-sectional profile.

threshold of the 15-m HF we used for wavelength conversionThe HF output spectrum is shown in the inset of Fig. 3. The
was estimated to be higher than 130 mW since we were unablavelengths of the initial signal and the pump beams are 1550
to observe SBS due to the limited output power of our amplifiend 1547 nm, respectively. A strong FWM wavelength converted
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I1l. CONCLUSION

We have experimentally demonstrated an HF-based tunable
wavelength converter using FWM. Error-free wavelength con-
version of 10 Gb/s NRZ data signals over&0-nm bandwidth
was reliably achieved using just 15 m of highly nonlinear HF
with a high SBS threshold. Although our HF-based FWM wave-
length converter show slightly worse performance in terms of
conversion efficiency and tuning bandwidth compared to the re-
sults achieved with highly nonlinear fiber [7], the use of a highly
nonlinear HF with lower and flatter GVD should allow for fur-
ther improvements. However, nonuniform HF technology of-
fers significant advantages in terms of reduced device length,
reduced power requirements, and ease of use since it eliminates

Fig. 4. Measured BER versus received optical power for Wavelengme n?ed TOF actlve_schemes to reduce pump-power loss caused
conversion of a 10-Gb/s NRZ signal at a wavelength of 1544 nm. Inset: El Brillouin scattering.

diagrams.

signal is clearly evident at a wavelength of 1544 nm despite
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compression-tunable two-stage apodized fiber Bragg grating
(FBG) filter with a 3-dB bandwidth of 0.55 nm and a 30-dB
bandwidth of 1.5 nm to efficiently suppress the input signal [y
and pump beams and to pick out the wavelength converted
signal [6]. A ~40-dB extinction ratio between the idler and
the pump was achieved. 2

Fig. 3 shows the measured conversion efficiency, which is de-
fined as the ratio of output wavelength-converted signal power
to the input signal power. A maximum conversion efficiency of 3]
—16 dB was achieved over a 3-dB bandwidth~dfO nm.

In order to analyze the system impact of using our HF-based
FWM wavelength converter in practical WDM applications,
we performed bit-error-rate (BER) measurements on the wave-
length converted channel at 1544 nm (see the inset of Fig. 3).
Fig. 4 shows both the measured BER and eye diagrams fof!
both the 10-Gb/s NRZ input signal and wavelength converted
output signal. We obtained error-free (BER 10~?) wave-
length conversion performance with~a2-dB power penalty
relative to that of the back-to-back input signal. The conversion
efficiency will be a function of pump wavelength, and the
BER performance will also depend on the pump and signall’]
wavelengths since the HF is operated in a wavelength regime in
which the dispersion slope is relatively high and the net GVD [g]
is small.

A small amount of timing jitter and intensity noise is ob- (9]
served from the eye diagrams, which we believe to be due
to polarization coupling in this highly birefringent small core
fiber. However, since the fiber had normal dispersion, no mod[lo]
ulational-instability-induced intensity noise was observed [11].
In order to ensure the benefits of the use of normal disper-
sion fibers in the realization of this sort of nonlinear fiber [11]
devices, we performed similar FWM-based wavelength con-
version experiments using an HF with an anomalous dispersion
of +10 ps/nm/km. The intensity noise, which can be attributed?!
to modulational instability in anomalous dispersion regime,
was so severe that BER measurements could not be performed.

(6]
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