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A simple system that simultaneously supports active mode-locking and self-seeding schemes for
wavelength-tunable optical short-pulse generation is proposed. The system consists of a gain-switched
Fabry–Perot laser diode, an erbium-doped fiber amplifier, a tunable optical filter, and two circulators. The
mode-locked optical pulses exhibit good stability, a high side-mode suppression ratio of more than 31 dB
over a wide wavelength tuning range of 42 nm, and a pulse width of around 35 ps at a repetition
frequency of �2.8 GHz. © 2006 Optical Society of America
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1. Introduction

Wavelength-tunable optical short-pulse generation is
of great importance in high-speed and wavelength di-
vision multiplexed optical fiber communication sys-
tems, optical signal processing, and optical fiber sensor
networks. Among the various techniques of optical
short-pulse generation, the active mode locking of a
semiconductor laser diode or an erbium-doped fiber
ring laser is attractive because it produces narrow op-
tical pulses and operates at a relatively high repetition
frequency.1–5 However, in the mode-locking scheme, a
specially designed laser diode or antireflection coating
on the laser internal facet is usually required, and the
pulses generated by a fiber ring laser structure may
exhibit low stability because of small environmental
changes, especially in a relatively long laser cavity.
Another simple and robust way for wavelength-
tunable optical short-pulse generation is by the self-
seeding of a gain-switched Fabry–Perot (FP) laser
diode.6–8 In a self-seeding system the multimode laser
output from a gain-switched FP laser diode is wave-
length selected and then reflected back into the laser
cavity. As long as the feedback optical pulse arrives
within a time window just before the new pulse emis-

sion, a single-wavelength optical short-pulse operation
can be established. The tunability of the pulse wave-
length is achieved by adjusting the wavelength-
selective element in the cavity. Because the width of
the time window is around a few tens of picoseconds,6
the self-seeded optical pulse is less sensitive to the
environmental perturbation and thus supports a rela-
tively stable optical short-pulse operation.

In this paper we present a system that can gener-
ate stable wavelength-tunable optical short pulses by
using a commercial FP laser diode in a combined
active mode-locking and self-seeding scheme to in-
crease operation stability. In our system the feedback
loop of the gain-switched FP laser diode consists of an
erbium-doped fiber amplifier (EDFA), a tunable op-
tical FP filter, and two circulators, which effectively
support a self-seeding operation. Such a loop also
forms a fiber ring laser structure in which the gain-
switched FP laser diode plays the role of the mode
locker. When the system operates in a self-seeding
regime, further tuning of the frequency of the rf sig-
nal to the multiple of the fundamental frequency of
the fiber ring laser leads to a combined operation of
self-seeding and active mode locking of the fiber ring
laser. The optical short pulses obtained exhibit a good
side-mode suppression ratio (SMSR), greater than
31 dB across a wide wavelength tuning region of
more than 42.4 nm. The pulse width is around 35 ps
at a repetition frequency close to 2.8 GHz. The sys-
tem is simple and easy to operate and exhibits good
stability.

2. Injection-Locking Condition

When single-mode semiconductor lasers are used in
an external injection-locking regime, both the fre-
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quency and the phase of the slave laser are locked.
The frequency-locking range of the injection-seeded,
gain-switched slave laser diode is given by detuning
|��| � ��L:9

��L �
kmEm

Rs
�1 � �2�1�2, (1)

where �� � �m � �s, �m is the angular frequency of
the master laser, �s is the angular frequency of the
slave laser, km is the injection strength, Em is the
injected field, Rs is the light intensity of the slave
laser diode in the on state, and � is the linewidth
enhancement factor, which is determined by the laser
diode itself.

The locked phase is determined as a function of the
frequency detuning ��:

�L � �arcsin� ��

��L
�� arctan �, (2)

where �L � ��	; 	�. From Eq. (2) we can observe
that, when �L � 0, the slave laser is locked at the
same phase with the master laser. Equations (1) and
(2) are also applicable in a self-seeding scheme.

3. Experiment

The experimental configuration of our combined self-
seeding and active mode-locking system is shown in
Fig. 1. The electrical signal from a radio frequency (rf)
signal generator was power enhanced by an electrical
amplifier to �11 dBm. Approximately 90% of the am-
plifier output was sent to the FP laser diode through
a bias-tee circuit to drive the laser diode into a gain-
switching operation together with a dc driving cur-
rent. The rest of the signal power was used as the
trigger to the oscilloscope. The peak wavelength
of the gain-switched FP laser diode was around
1534 nm with a mode spacing of 1.1 nm. The dc driv-
ing current was 16 mA, slightly below its threshold
current of 17 mA.

In the self-seeding operation the multimode optical
pulses from the gain-switched FP laser diode were

amplified first by an EDFA with a gain of �10 dB and
then sent through a circulator to a tunable optical
FP filter with a bandwidth of 2.4 GHz and a free
spectral range of 8860 GHz. The transmitted single-
wavelength element from the tunable filter was di-
rected back into the gain-switched FP laser diode and
stimulated the single-wavelength optical short-pulse
emission as long as the selected wavelength pulses
arrived within the time window just before the next
pulse emission. The stimulated single-wavelength
optical short pulses were further enhanced by the
EDFA and then sent to the tunable optical filter via a
circulator. The tunable filter reflected part of its in-
put, which was subsequently branched out through
the circulator as the system output.8 A polarization
controller was used in the optical loop to adjust the
polarization states of the light injected into the laser
diode to optimize the SMSR of the output pulses.

The self-seeding system mentioned above also
forms a fiber ring laser loop that consists of an EDFA,
a tunable optical filter, two circulators, and a gain-
switched FP laser diode. The active mode-locking was
achieved by using the gain-switched FP laser diode as
the modulator, which was driven by rf electrical sig-
nals at a repetition frequency of 2.8 GHz. The fun-
damental frequency of the laser ring cavity was
4.5303 MHz, and the length of the feedback loop was
estimated to be 45.17 m. The wavelength of the
mode-locked optical pulses was selected from the FP
laser output by a tunable optical filter. During the
system operation the self-seeded single-wavelength
optical short-pulse emission was easily achieved be-
cause of the tolerance in the pulse arriving time. The
rf electrical signal used to drive the FP laser diode
was close to the multiple of the fundamental fre-
quency of the fiber ring laser. Further tuning of the
driving frequency to the exact multiple of the funda-
mental frequency would lead to the longitudinal
modes of the fiber ring laser actively mode locked
(phase locked), and as a result the stable and phase-
locked output pulses were generated. In addition a
combined system of active mode locking and self-
seeding should exhibit higher stability than mode

Fig. 1. Experimental arrangement for the combined self-seeding
and active mode-locking system.

Fig. 2. Output pulse spectrum of the gain-switched FP laser diode
(with a bias current of �16 mA).
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locking alone because of the small time window for
the feedback pulses allowed in a self-seeding scheme.
Thus a small variation in temperature will not essen-
tially affect stability as long as the feedback pulses
arrive at the laser diode within the allowed time
window.

4. Results and Discussion

The multimode output pulse spectrum from the gain-
switched laser diode is recorded by an optical spec-
trum analyzer with a resolution of 0.08 nm, as
demonstrated in Fig. 2.

The spectra of the actively mode-locked optical
pulses are shown in Fig. 3. The repetition frequency

is 2804.273 MHz, corresponding to the 619th har-
monic of the fundamental frequency �4.5303 MHz�.
The wavelength tuning is achieved by adjusting the
driving voltage on the tunable optical filter. In Fig.
3(a) the peak wavelength is situated at 1526.9 nm.
By adjusting the tunable filter, the wavelength can be
shifted to 1546.6 nm. In Fig. 3(c) the wavelength is
further shifted to 1554.7 nm. The optical pulse trains
corresponding to the wavelengths displayed in Fig. 3
are shown in Fig. 4. The FWHM value of the pulse
width is approximately 35 ps. The time jitter value of
the output pulses is �1 ps, which is lower than that
of an active mode-locked fiber ring laser ��3 ps in
Refs. 10 and 11) and higher than that of a self-seeded,
gain-switched FP laser diode ��0.2 ps in Ref. 12) for
a similar pulse-width value.

Figure 5 shows a variation in the optical pulse
trains when the modulating frequency is detuned
from the harmonics while the operating wavelength
remains at 1539.2 nm. In Fig. 5(a) the modulating
frequency is at 2804.273 MHz and the pulse width is
approximately 35 ps, which corresponds to the com-
bined effect of self-seeding in the FP laser diode
and the active mode locking of the fiber ring laser.
When the modulating frequency is set at 2804.223
MHz, the pulse width is increased to �40 ps as
shown in Fig. 5(b). A further increase in pulse width
to �65 ps is demonstrated in Fig. 5(c) when the mod-
ulating frequency is changed to 2804.173 MHz,
where only the self-seeding operation takes effect.
The pulse width can be compressed by a dispersion
compensation fiber of 1706 m with a dispersion of

Fig. 3. Wavelength-tunable active mode-locked output optical
short-pulse spectrum: at (a) 1526.9, (b) 1546.6, and (c) 1554.7 nm.

Fig. 4. Active mode-locked optical pulse trains at a wavelength of
(a) 1526.9, (b) 1546.6, and (c) 1554.7 nm.
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�164 ps�nm at 1545 nm. The second-harmonic auto-
correlation trace and the corresponding optical spec-
trum (inset) of the compressed active mode-locked
pulse at a modulating frequency of 2804.273 MHz
are displayed in Fig. 6. The FWHM value of the out-
put pulse width becomes approximately 21.9 ps, and
the corresponding spectral bandwidth is �0.21 nm,
which gives a time–bandwidth product of 0.57. The
observed pulses exhibit a frequency chirp because the
system output is a combined result of the active mode
lock of the fiber ring laser and self-seeding operation
of a FP laser diode. Such a chirp can be reduced, and
a transform-limited pulse can be expected by using a
more appropriate pulse compression scheme such as
use of the exact calculated length of the dispersion-
compensating fiber. The asymmetry of the pulse ob-
served in Fig. 6 is due to the pulse width measured
being on the edge of an autocorrelator resolution of
20 ps.

The SMSR and the average power of the output

pulses obtained at different wavelengths are shown
in Fig. 7. It can be observed from Fig. 7 that with an
SMSR greater than 31 dB a wavelength-tuning
range of more than 42.4 nm can be obtained, corre-
sponding to the two wavelengths located at 1519.9
and 1562.3 nm. For an SMSR higher than 35 dB the
wavelength-tuning range achieved is 34.2 nm, be-
tween 1528.1 and 1562.3 nm. The maximum
wavelength-tuning range depends on the spectrum of
the FP laser diode used and the EDFA gain at the
selected wavelength. The wavelengths of the output
pulses are also step tunable between the longitudinal
modes of the FP laser diode. The value of the SMSR
depends on the gain width of the laser diodes, the
polarization states of the pulse trains, and the value
of the EDFA gain.

5. Conclusion

Active mode-locking in combination with a self-
seeding scheme has been demonstrated to produce
wavelength-tunable optical short pulses. The mode-

Fig. 5. Optical pulse trains at different modulating frequencies at
(a) 2804.273, (b) 2804.223, and (c) 2804.173 MHz.

Fig. 6. Autocorrelation trace of active mode-locked pulses and the
corresponding spectrum (inset) at 2804.273 MHz.

Fig. 7. Measured SMSR and the average power of the output
pulses at different wavelengths.
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locked optical pulses exhibit a pulse width of 35 ps
and can be compressed to 21.9 ps at a repetition fre-
quency of close to 2.8 GHz. The wavelength-tuning
range that can be achieved is 42.4 nm, corresponding
to a SMSR of better than 31 dB. The system is simple
and robust, and a stable active mode-locking optical
short-pulse operation can be obtained.

This research was supported by Hong Kong Poly-
technic University research grant G-T614 and by the
Hong Kong Special Administrative Region govern-
ment through a Competitive Earmarked Research
Grant, PolyU5207/03E.

References
1. P. P. Vasilev, “Ultrashort pulse generation in diode lasers,”

Opt. Quantum Electron. 24, 801–824 (1992).
2. L. E. Nelson, D. J. Jones, K. Tamura, H. A. Haus, and E. P.

Ippen, “Ulrashort-pulse fiber ring lasers,” Appl. Phys. B 65,
277–294 (1997).

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

4. B. Bakhshi and P. A. Andrekson, “Dual-wavelength 10 GHz
actively mode-locked erbium fiber laser,” IEEE Photon. Tech-
nol. Lett. 11, 1387–1389 (1999).

5. D. Zhao, K. L. Li, K. T. Chan, and H. F. Liu, “Generation of a
10 GHz transform-limited pulse train from a fiber ring laser

using a Fabry–Perot semiconductor as a modulator,” Electron.
Lett. 36, 1700–1701 (2000).

6. M. Schell, D. Huhse, A. G. Weber, G. Fischbeck, D. Bimberg,
D. S. Tarasov, A. V. Gorbachov, and D. Z. Gorbuzov, “20 nm
wavelength tunable single-mode picosecond pulse generation
at 1.3 �m by a self-seeded gain-switched semiconductor laser,”
Electron. Lett. 28, 2154–2155 (1992).

7. P. C. Peng, H. Y. Tseng, and S. Chi, “A tunable dual-
wavelength erbium-doped fiber ring laser using a self-seeded
Fabry–Pérot laser diode,” IEEE Photon. Technol. Lett. 15,
661–663 (2003).

8. D. N. Wang and J. W. Chen, “A simple self-seeding scheme for
wavelength-tunable optical short-pulse generation,” J. Opt.
Soc. Am. B 20, 2406–2409 (2003).

9. J. Dellende, M. C. Torrent, J. M. Sancho, and M. S. Miguel,
“Frequency dynamics of gain-switched injection-locked semi-
conductor lasers,” IEEE J. Quantum Electron. 33, 1537–1542
(1997).

10. R. P. Davey, K. Smith, and A. McGuire, “High-speed, mode-
locked, tunable, integrated erbium fiber laser,” Electron. Lett.
28, 482–484 (1992).

11. Y. Zhao and G. Shu, “A fiber laser for effective generation of
tunable single- and dual-wavelength mode-locked optical
pulses,” Appl. Phys. Lett. 72, 1556–1558 (1998).

12. M. Schell, W. Utz, J. Kässner, and D. Bimberg, “Low jitter
single-mode pulse generation by a self-seeded, gain-switched
Fabry–Perot semiconductor laser,” Appl. Phys. Lett. 65, 3045–
3047 (1994).

2544 APPLIED OPTICS � Vol. 45, No. 11 � 10 April 2006


