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Two gain-switched Fabry—Pérot laser diodes have been used in a self-seeding scheme for widely tunable dual-
wavelength optical short pulse generation. The wavelengths and their spacing can be tuned in a flexible man-
ner by adjustment of the wavelength-selective elements that consist of a fiber Bragg grating and a tunable

optical filter.

The side-mode suppression ratio of the output pulses achieved is better than 26 dB over a

wavelength-tuning area of approximately 30 nm. © 2004 Optical Society of America
OCIS codes: 140.0140, 140.3520, 300.0300, 300.6260.

1. INTRODUCTION

There has been increased research interest in multiwave-
length optical short pulse generation as it provides an ef-
ficient means to achieve wavelength-division multiplex-
ing and time-division multiplexing simultaneously and
hence is advantageous for many optical fiber communica-
tion and optical fiber sensor applications. Optical short
pulses can be generated by mode locking laser diodes’?
that are compact and reliable. In addition, narrow opti-
cal pulses with low timing jitter can be obtained.>® Mul-
tiwavelength optical short pulses can also be produced by
use of laser diode arrays and multichannel grating cavity
lasers.”® However, the laser diodes used in mode locking
require a specially designed structure or antireflection
coating on the laser internal facet. In contrast, only com-
mercially available Fabry—Pérot (FP) laser diodes are
used in the self-seeding system, which is simple and
economic.>!* To stimulate a multiwavelength operation,
one or more wavelength-selective devices such as diffrac-
tion gratings and fiber Bragg gratings (FBGs) must be
used in the laser external cavity. The selected wave-
length elements are required to be fed back into the gain-
switched FP laser diode. Provided that each of the feed-
back wavelengths arrives during the pulse build-up time,
a simultaneous multiwavelength optical short pulse emis-
sion can be obtained. To enable a tunable multiwave-
length operation, the repetition frequency of the driving
electrical signal to the laser diode and the optical path
lengths corresponding to the selected wavelength ele-
ments have to be adjusted in a combined manner as both
the variation of driving frequency and of optical path
length could lead to a wavelength shift or a change in the
number of operating wavelengths. The adjustment can
be performed either by fixing the repetition frequency
first and then changing the external cavity length or ini-
tially keeping the cavity length unchanged and then start
to vary the repetition frequency before fine tuning the
repetition frequency and the cavity length again. Flex-
ible tuning of the wavelengths and their spacing over a
large wavelength region is essential for a wide range of
system applications. However, the wavelength-tuning
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range in self-seeding is limited by the spectral width of
the FP laser diode used and the tuning capability of the
wavelength-selective elements. The wavelength-tuning
range or the largest wavelength spacing that can be
achieved in a multiwavelength self-seeding system is
typically less than 20 nm.%1°

We present a self-seeding system that uses two gain-
switched FP laser diodes for generation of dual-
wavelength optical short pulses with large and flexibly
tuned wavelength spacing. The wavelength selection
branch of the system consists of a FBG and a tunable op-
tical filter. A side-mode suppression ratio (SMSR) of bet-
ter than 26 dB across a wavelength-tuning range of ap-
proximately 30 nm can be obtained. The system
effectively extends the research reported in Ref. 11 by
supporting a flexible and convenient dual-wavelength
tuning.

2. EXPERIMENT

The experimental configuration for the tunable dual-
wavelength self-seeding scheme is shown in Fig. 1. Two
commercial FP laser diodes with peak wavelengths of
1.53 and 1.55 um were gain switched by use of a radio-
frequency (rf) electrical sinusoidal signal together with dc
bias currents. The threshold currents of the two laser di-
odes were 14 and 10 mA. The power of the electrical sig-
nal used to drive each of the FP laser diodes was ~12
dBm. The output from the two gain-switched FP laser
diodes had a multimode nature and was power enhanced
by use of an erbium-doped fiber amplifier (EDFA) and
then directed to the wavelength selection branch that con-
sists of a FBG and a tunable optical FP filter (TF00SC,
Micron Optics, Inc.) with a bandwidth of 2.4 GHz and a
free spectral range of 8860 GHz. We tuned the wave-
length by varying the driving voltage of the optical filter.
The Bragg wavelength and the tuning range of the FBG
were 1531 and 14 nm, respectively. One of the wave-
length elements was reflected from the FBG and subse-
quently sent to the gain-switched FP laser diode through
a circulator and a coupler. The other wavelength compo-

© 2004 Optical Society of America



1200 J. Opt. Soc. Am. B/Vol. 21, No. 6/June 2004

Gain-switched laser dinde

—K]— FPL

Polarizati
Contn?]e?n T l
OO0

Cougpler (50:50)
=

o8
Polarizatio;
C:n:]rt;zﬁernl f

Geain-switched laser diode

—  [Twdh] _+—
Filter

~— ~—

Fig. 1. Experimental configuration for the tunable dual-
wavelength self-seeding scheme.

nent was transmitted directly through the FBG and the
tunable optical filter before being introduced to the laser
diodes by a coupler. By adjusting the repetition fre-
quency of the driving signal, we could arrange for the op-
tical pulses reflected by the FBG and those transmitted
through the tunable optical filter to arrive at the gain-
switched laser diodes during the corresponding pulse
emission period, thus creating a simultaneous dual-
wavelength optical short pulse emission. Two polariza-
tion controllers were added to the system to control the
polarization states of light injected into the laser diode to
optimize the SMSR of the output pulses. An optical cou-
pler was used to branch out part of the system output to
observe the waveforms and the spectra of the dual-
wavelength optical pulse trains.

Our current system had further developed the experi-
mental setup reported in Ref. 11 by incorporating a sec-
ond laser diode and a second wavelength-selective ele-
ment (FBG) into the system, and employing an EDFA to
intensify the power of the optical pulses.

3. RESULTS AND DISCUSSION

The output spectra from the two gain-switched FP laser
diodes are shown in Fig. 2. The two spectra partially
overlap and are centered at 1531 and 1550 nm. The
whole spectral range covered is larger than what appears
in Fig. 2 in Ref. 11, thus exhibiting the potential to in-
crease the wavelength-tuning range. The two wave-
lengths can be tuned independently by adjustment of the
FBG and the tunable optical FP filter. The output spec-
tra with different wavelength separations are shown in
Fig. 3. Figure 3(a) shows a relatively small wavelength
spacing of 1.7 nm, which represents the separation of the
two adjacent FP laser modes situated at 1528.4 and
1530.1 nm. The SMSR obtained in this case is better
than 28.5 dB. By tuning the FBG and the optical filter,
the dual-wavelength locations can be shifted flexibly and
their spacing can be increased. In Fig. 3(b) the dual-
wavelength separation is increased to ~27.4 nm, and the
peak wavelengths are situated at 1526.8 and 1554.2 nm.
The repetition frequency of the driving electrical signal
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can be maintained at approximately 545.2 MHz during
the whole dual-wavelength tuning process. The SMSRs
obtained are greater than 26 dB for all the wavelengths
within the region. The smallest and the largest spacing
of dual-wavelength emission peaks achieved in the ex-
periment that correspond to the SMSR of greater than 25
dB are ~1.7 and ~29.3 nm, respectively. Such values are
essentially limited by the separation of the adjacent laser
modes and the spectral region covered by the two laser di-
odes employed. However, for a given output SMSR, the
smallest wavelength spacing can be reduced and the larg-
est wavelength spacing can be increased if a relatively
large spectral power at the corresponding wavelengths
becomes available by use of more optical amplifiers in the
system.

The dual wavelengths can also be tuned in a flexible
manner, i.e., keeping the wavelength spacing essentially
unchanged. Figure 4 illustrates such an operation: the
wavelengths are shifted to different locations and their
separation is maintained at ~4.8 nm in Figs. 4(a) and
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Fig. 2. Output spectra of the two gain-switched FP laser diodes.
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Fig. 3. Tunable dual-wavelength self-seeded output spectra at
(a) 1528.4 and 1530.1 nm and (b) 1526.8 and 1554.2 nm.
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Fig. 4. Tunable dual-wavelength self-seeded output spectra
with fixed wavelength spacing at (a) 1528.6 and 1533.4 nm and
(b) 1536.3 and 1541.1 nm.
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Fig. 5. Self-seeded output pulse trains at 1528.4-nm wave-
length.
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Fig. 6. Measured values of the SMSR obtained at different
wavelengths in the dual-wavelength operation.

4(b). The SMSR of greater than 26 dB can also be main-
tained during the wavelength-tuning process while the
repetition frequency remains at 545.2 MHz.

The typical optical pulse waveform that corresponds to
one of the two wavelengths displayed in Fig. 3(a) is dem-

Vol. 21, No. 6/June 2004/J. Opt. Soc. Am. B 1201

onstrated in Fig. 5. The single wavelength pulses are ob-
tained by use of a tunable optical FP filter at the system
output. The full width at half-maximum (FWHM) values
of the pulse width are approximately 280 ps.

The dependence of the SMSR of the output pulses on
the wavelength is shown in Fig. 6. The SMSR of higher
than 26 dB is obtained within the wavelength range close
to 30 nm, corresponding to the dual wavelengths located
at 1526.8 and 1556.1 nm. The SMSR and the corre-
sponding wavelength-tuning range obtained are compa-
rable with that reported in Ref. 11, where the SMSR is
greater than 27 dB for the wavelength-tuning range of
~33 nm and greater than 30 dB across a 26-nm
wavelength-tuning region, although a dual-wavelength
instead of a single-wavelength operation was obtained.
The introduction of a second laser diode and a second
wavelength control element in the system leads to a
SMSR reduction as either the available spectral power
has to be shared between the two wavelengths in the
same laser diode or the feedback wavelength power in
each of the laser diodes becomes less than that in the
single-wavelength operation. To stabilize the SMSR in
the system output, the external cavity length and the rep-
etition frequency need to be maintained and a fluctuation
in temperature and a change in environment should be
avoided.

The wavelength-tuning range of the system depends on
the gain spectra of the two FP laser diodes and the over-
lap region. The value of the SMSR depends on the polar-
ization states of the pulse trains and the number and the
spectral power of the operating wavelengths. There
should be no essential difference in the SMSR between
the wavelength located in the overlapped spectral region
and that situated at the edge of the laser spectrum where
there is no overlap, as long as the same spectral power
level remains. The number of the wavelength output can
be readily increased if the number of the cascaded FBGs
is increased in the system. To improve the SMSR of the
multiwavelength output, the feedback wavelength power
in the corresponding laser diode should be increased and
an optical delay line also needs to be inserted between the
two FBGs in the cascaded FBG array to control the mu-
tual pulse propagation delay accurately.

The current system also exhibits good scalability: the
number of the operating wavelengths and the
wavelength-tuning range can be increased if three or
more laser diodes are used, which, however, increases the
system complexity.

4. CONCLUSION

Tunable dual-wavelength optical short pulse generation
has been achieved in a self-seeding scheme. The light
source used is a combination of two gain-switched FP la-
ser diodes. The wavelength selection branch of the sys-
tem consists of a FBG and a tunable optical filter. The
SMSR of better than 26 dB over a wavelength-tuning
range of approximately 30 nm was obtained. The system
is flexible and convenient for dual-wavelength tuning.

D. N. Wang’s
@polyu.edu.hk.

e-mail address is eednwang



1202

J. Opt. Soc. Am. B/Vol. 21, No. 6/June 2004

REFERENCES

1.

2.

P. P. Vasil’ev, “Ultrashort pulse generation in diode lasers,”
Opt. Quantum Electron. 24, 801-824 (1992).

H. A. Haus, “Mode-locking of lasers,” IEEE J. Sel. Top.
Quantum Electron. 6, 1173-1185 (2000).

I. Nitta, J. Abeles, and P. J. Delfyett, “Hybrid wavelength-
division and optical time-division multiplexed multiwave-
length mode-locked semiconductor laser,” Appl. Opt. 39,
6799-6805 (2000).

T. Yilmaz, C. M. DePriest, P. J. Delfyett, Jr., S. Etemad, A.
Braun, and J. H. Abeles, “Supermode suppression to below
—130 dBc/Hz in a 10 GHz harmonically mode-locked exter-
nal sigma cavity semiconductor laser,” Opt. Express 11,
1090-1095 (2003), http://www.opticsexpress.org.

D. J. Jones, K. W. Holman, M. Notcutt, J. Ye, J. Chandalia,
L. A. Jiang, E. P. Ippen, and H. Yokoyama, “Ultralow-jitter,
1550-nm mode-locked semiconductor laser synchronized to
a visible optical frequency standard,” Opt. Lett. 28, 813—
815 (2003).

K. W. Holman, D. J. Jones, J. Ye, and E. P. Ippen, “Orthogo-

10.

11.

D. N. Wang and M. F. Lim

nal control of the frequency comb dynamics of a mode-
locked laser diode,” Opt. Lett. 28, 2405—2407 (2003).

C. L. Wang and C. L. Pan, “Dual-wavelength actively mode-
locked laser-diode array with an external grating-loaded
cavity,” Opt. Lett. 19, 1456-1458 (1994).

B. Zhu and 1. H. White, “Variable delay dual wavelength pi-
cosecond optical pulse generation using an actively mode-
locked multichannel grating cavity laser,” Appl. Phys. Lett.
65, 2928-2930 (1994).

D. N. Wang and C. Shu, “Tunable dual-wavelength picosec-
ond pulse generation using multiple-optical-path self-
seeding approach,” IEEE Photon. Technol. Lett. 9, 1211—
1213 (1997).

S. P. Li, K. T. Chan, Y. Liu, L. Zhang, and 1. Bennion, “Mul-
tiwavelength picosecond pulses generated from a self-
seeded Fabry—Pérot laser diode with a fiber external cavity
using fiber Bragg gratings,” IEEE Photon. Technol. Lett.
10, 1712-1714 (1998).

D. N. Wang and J. Chen, “Simple self-seeding scheme for
generation of wavelength-tunable optical short pulses,” J.
Opt. Soc. Am. B 20, 2406-2409 (2003).



