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10-GHz Return-to-Zero Pulse Source Tunable in
Wavelength with a Single- or Multiwavelength Output
Based on Four-Wave Mixing in a Newly Developed
Highly Nonlinear Fiber

A. T. Clausen, L. Oxenlgwe, C. Peucheret, H. N. Poulsen, P. Jeppesen, S. N. Knudsen, and L. Griiner-Nielsen

Abstract—n this letter, a novel scheme for a wavelength-tun- D
able pulse source (WTPS) is proposed and characterized. It is | gs.nem  —- Frss CHHE —
based on four-wave mixing (FWM) in a newly developed highly J 1 !
nonlinear fiber between a return-to-zero (RZ) pulsed signal
at a fixed wavelength and a continuous wave probe tunable in il . {
wavelength. The corresponding FWM product acts as the WTPS, : : P |
and is implemented in a 10-Gb/s, 160-km transmission experiment 2 | . 9O A
and in a 40-Gb/s multiplexing/demultiplexing experiment. The
scheme can be expanded to a multiwavelength WTPS, which is = I W arehength Tunable
demonstrated for two wavelengths. The introduced penalty using & i "y
the WTPS compared to the original RZ pulses is negligible. . WTFS
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I. INTRODUCTION SE! _ g

Woavakan g (new W kergeh fam

N FUTURE optical networks, it is expected that picosecon P

return-to-zero pulse sources (RZ-PS) tunable in wave-

length, with a single or multiwavelength output, are needed jfy. 1. (a) Experimental setup of wavelength-tunable pulse source (WTPS).
order to increase the Capacity_ Some schemes that fulfill thes®DFB: gain-switched distributed feedback laser. CW: continuous wave.

; ; ; DFA: erbium-doped fiber amplifier. OBF: optical bandpass filter. PC:
requwemen_ts are, e'g_" _mOde 'OCk'”Q [1] Or ring structures [ jlarization controller. (b) Spectrum of input signals to highly nonlinear fiber
For upgrading an existing RZ-PS with a fixed wavelength {@NLF). (c) Output spectrum from HNLF.
a wavelength-tunable pulse source (WTPS), one suggested
method is using the RZ-PS as the pump in super-continuum

spectral slicing [3]. In this letter, a novel approach for up-
grading to a WTPS is proposed. It is based on the parametrign the actual implementation of the WTPS [see Fig. 1(a)],
process in a newly developed highly nonlinear fiber (HNLRhe RZ-PS is a gain-switched DFB (GS-DFB) laser modulated
between a RZ-PS signal at a fixed wavelength and a continug§{S|g GHz. The full-width at half-maximum (FWHM) of the
wave (CW) probe tunable in wavelength. The FWM produgfyises, after compression in a dispersion compensating fiber
at the output of the HNLF is a replica of the RZ-PS S'Q”%CF), is 6.3 ps. The pulses are amplified and optical band-
and can be tuned in wavelength by tuning the wavelength Mss filtered (OBF) before being launched through an asym-
the CW probe. When the RZ-PS signal acts as the pump infatric coupler (1:10 dB) into the HNLF. The CW source is a
four-wave mixing (FWM) process, the WTPS can be expand@dmmercially available laser source, with a waveleng)
to a multiwavelength WTPS by launching several CW probggning range from 1525 nm to 1610 nm. The CW probe is am-
at different wavelengths into the HNLF. plified but not filtered, hereby simplifying the operation of the
WTPS, when\¢w is tuned. A polarization controller (PC) in
Manuscript received July 27, 2000; revised October 12, 2000. This work wi@nt of the coupler allows for aligning the polarization state
supported in part by the European IST Project METEOR. of the CW probe to be copolarized with the RZ-PS signal. The
A.T. Clausen, L. Oxenlgwe, C. Peucheret, H. N. Poulsen, and P. Jeppesen are . ;
with the Research Center COM, Technical University of Denmark, DK-28080Wer levels at the Input to the HNLF for the RZ-PS S|gna| and
Lyngby, Denmark (e-mail: atc@com.dtu.dk). CW probe are+10 and+5 dBm, respectively, as seen from
S. N. Knudsen, and L. Gruner-Nielsen are with Lucent Technologigpe input spectrum to the HNLF [Fig. 1(b)]. Because the wave-

Il. WAVELENGTH-TUNABLE PULSE SOURCE

D k, Pri ken 680, DK-2605 Brgndby, D k (e-mail: sknud
|u§2$f"gom)_”°rpar o rondby, Denmark (e-mail: sknu SenI@ngth of the RZ-PSXrz = 1553.6 nm) corresponds to the
Publisher Item Identifier S 1041-1135(01)00491-8. zero-dispersion wavelength{) of the HNLF, the RZ-PS is

1041-1135/01$10.00 © 2001 IEEE

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on February 9, 2010 at 07:20 from IEEE Xplore. Restrictions apply.



CLAUSEN et al.: 10-GHz RTZ PS TUNABLE IN WAVELENGTH 71

10 — ‘ 1z 3T

9| | o B
a8 l 1 3
S : 178
b= 3 ~ | — 28 L
256 . “ 4§ 4 7
EE 51— | : ] -3 E
2 :g 4= E ih E -+ % ~_
£§°C E i —s 8 2 5¢ 1
Rl e e = o

¢ i .8 [=aJ

0 | 1 17 I~ — 6 1

1 [ R . ! 3 & on

-50 -40 -30 -20 -10 0 10 20 30 40 3 T i

Detuning (nm) '
Fig. 2. Relative variation in sensitivity, relative conversion efficiency for
HNLF and EDFA gain bandwidth (1535-1570 nm) (marked as grey box) a 9r 7
as function of detuning. 10- _
!’K'(ll{vli’l{l

well suited as the pump in an efficient FWM process [4]. Fur -42-41-40-39-38-37-36-35-34
thermore, the fiber used in this experiment is a newly deve Received power (dBm)

oped HNLF with a high nonlinear coefficient (= 10.6 W—*
km_l)' This is achieved by a high-indgx Germaniu-m-dOpedi 3. (a) Experimental setup of a 10-Gb/s transmission experiment over a
core and degply d_epressed ring, reducing _the effective are{)fg of 160 km of SSMF and 24 km of DCF. (b) BER measurements as function
~12 um?. Dispersion-slopeS, and attenuationg, are 0.022 of received power:®) GS-DFB pulses modulated and receive@;)(GS-DFB
ps/nm/krﬁ’ and 0.87 dB/km, respectively. Due to the large pulses modulated, transmitted, and receivmWTPS pulses modulated and
the needed length of fiber is reduced significantly compared §5"Ved: &) WTPS pulses modulated, transmitted, and received.

ndard dispersion shifted fiber n utiliz he nonlinear
frzzd?uamo,l gesepz_;_? [5?, atneddthzelesg& irL:tthise ?ma;ietmeen?ati one % Ii_mited by the gain bandwidth of the EDFA (also represented
only ~500 m. The advantages of a reduced length of fiber arb: Fig. 2).
a) a reduced impact of environmental influence; and b) a large
FWM bandwidth, when combined with a low slofe[4], [6], V. TRANSMISSION EXPERIMENT
[7]- In the HNLF, a partly degenerated FWM process gener-In Fig. 3(a), the setup of the transmission experiment is
ates new frequencies, as seen at the output spectrum fromshewn. The pulses from the WTPS were externally modulated
HNLF [see Fig. 1(c)]. The wavelength of the FWM signal use(PRBS 2! — 1) in a LiNbO; Mach-Zehnder modulator,
for the WTPS application, containing a replica of the originamplified and launched into two transmission spans, in total
pulses, isA\rpwnm = (2/Arz — 1/Acw) ™! [5]. Consequently, 160 km of standard single mode fiber (SSMF) and 24 km of
by tuning Acw, the wavelength\pwis can be tuned. The con- DCF [8]. In the receiver, the signal was preamplified, optical
verted pulses are optical bandpass filtered and used as the WBRB&dpass filtered (OBF), and detected in an error-detector (ED),
in the experiments. Because the RZ-PS is used as the pumpyhé&h was triggered by an electrical clock-recovery (CR). For
scheme can be expanded to provide multiwavelength WTPS,dnmparison, the same experiment was carried out using the
launching several CW probes at different wavelengths into tbeiginal pulses from the GS-DFB, and the corresponding bit

(a) (b)

HNLF, which is indicated with dots in Fig. 1. error rate (BER) measurements are shown in Fig. 3(b). The
penalty for converting the pulses from 1553.6 nm to 1557
lll. WTPS CHARACTERIZATION nm using the above schemeA€.7 dB. For transmitting the

When tuninghcw from 1546 to 1558 nm, a small increaseOriginal pulses, thg _introduced penalty~dl dB, whereag the
Grow enalty for transmitting the converted pulses-3.7 dB. This is

in pulsewidth, when compared to the pulses from the GS-DF%, ) . ) e
is observed, i.e., FWHM-7 ps with small variations up to explained by an additional OBF in front of the two transmission

ans, which reduce the amplified spontaneous emission noise

+0.4 ps over the tuning range. The converted pulses are ex - :
nally modulated and detected using a 10-Gb/s transmitter afﬁ?’ the amplifiers. In conclusion, the WTPS pulses have

receiver [see TX and RX in Fig. 3(a)]. In Fig. 2, the variation ir?pproximately the same perfgrmance as the original pulses in
sensitivity, relative to the best measured sensitivity, is showntgémS of transmission properties.

a function of the detuningA\¢wm—Arz), showing a maximum
variation of ~1 dB. In order to estimate the tuning range of
the FWM process in the HNLF, a CW pump and probe were To evaluate the WTPS pulses for optical time-division-mul-
launched into the fiber, and the conversion efficiency, defindighlexing (OTDM) systems, the 10-Gb/s modulated signal was
as the power of the generated FWM product at the output of theiltiplexed to 40 Gb/s using fiber delays. The signal was sub-
fiber divided by the power of the input CW pump [6], versusequently demultiplexed to 10 Gb/s using a 10-GHz modulated
the detuning was measured and added to Fig. 2. Measureléctroabsorption modulator (EAM) and detected. In Fig. 4, the
the FWHM bandwidth of the conversion efficiency#68 nm, BER measurements are depicted. The penalty for multiplexing
and estimated to 76 nm assuming symmetry aroyndonse- and demultiplexing the WTPS signal+4¢0.9 dB, which repre-
quently, it is expected that the tuning range of the WTPS walents a negligible increase compared with the penalty for the

V. MULTIPLEXING/DEMULTIPLEXING TO 40 Gb/s
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3 CW probes. The corresponding BER measurements showed a
negligible penalty of 0.3 dB ascribed to insufficient filtering. In
4 conclusion, the principle of WTPS can be expanded to a mul-
tiwavelength WTPS. Pump depletion, bandwidth management,
62 filtering, and crosstalk between the different signals will de-
[FA termine the actual number of available wavelengths generated
@/ with this scheme.
506
Q
ki VII. CONCLUSION
8 Inthis letter, a novel tunable RZ pulse source is proposed. Itis
9 based on four-wave mixing in a highly nonlinear fiber between a
10 RZ pulsed signal at a fixed wavelength and a CW probe tunable

0 B 36 M 3 A B % in wavelength. The pulses from the WTPS show the same per-
Received power (dBm) formance as the original pulses in terms of pulsewidth, transmis-
p sion properties, and for multiplexing/demultiplexing from 40 to
Fig. 4. BER measurements®) GS-DFB pulses modulated and received,lO Gb/s. The tuning ban_dW|dth 1S demonSt_rated over 1‘_1 nm’ but
(O) GS-DFB pulses modulated, multiplexed to 40 Gb/s, demultiplexed @ue to the large bandwidth of the HNLF, i.e., 76 nm, it is be-

10 Gb/s, and receivedm] WTPS pulses modulated and received) WTPS  [jeved that the tuning bandwidth is significantly larger and lim-
pulses modulated, multiplexed to 40 Gb/s, demultiplexed to 10 Gb/s, a

d . ' . .
received. Inset A: eye diagram of WTPS 40-Gb/s signal. Inset B: eye diagré%ﬁd only by the EDFA gain profile. The technique is demon-

of demultiplexed WTPS 10-Gb/s signal. strated to be upgradable to multiwavelength RZ pulse source.
T ‘ T | T ‘ T | T | T | T { T | T l T ‘ T | T | T ‘ !_
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