840 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 14, NO. 6, JUNE 2002

A Stable Smoothly Wavelength-Tunable
Picosecond Pulse Generator

Lingze Duan Student Member, IEEEChristopher J. K. Richardson, Zhaoyang Hu,
Mario DagenaisSenior Member, IEEEand Julius Goldhar

Abstract—Smooth wavelength tuning over 10 nm has been re- — — 10%
alized in a dispersion-tuned harmonically mode-locked fiber ring >} >
laser. Supermode noise is suppressed by 13 dB by adding a semi- Isolator Isolator V\
conductor optical amplifier (SOA) into the cavity and the suppres- EDFA
sion improves as the SOA gain increases. 5.3-ps pulses are obtained l
at a repetition rate of 10 GHz. A simple numerical model demon- SOA
strates the effects of the intracavity dispersion and the SOA on the

pulse characteristics. 100m
SMF-28

Output

Index Terms—Mode-locked lasers, noise, optical fiber dis-
persion, optical fiber lasers, semiconductor optical amplifiers, PC

wavelength tuning. Synthesizer
|. INTRODUCTION D Q00 /
AVELENGTH-TUNABLE high-speed optical pulse Modulator Pe

generation is of great importance for testing and char-
acterizing optical communication systems and componenf&- 1. The experimental setup.
Harmonically mode-locked fiber ring lasers (HMLFRLS)
have proven to be able to generate widely wavelength-tunaBiProves when the gain of the SOA increases. Single-param-
picosecond pulses [1]-[4]. The most common way to achieéer smooth wavelength tuning is achieved over a 10-nm range
wavelength tuning in HMLFRLs is to change the center wavauith little variations in the pulse temporal and spectral widths.
length of a tunable filter inside the ring cavity [1], [2]. However,T he combined effects of the SOA and the intracavity dispersion
the modulation frequency has to be adjusted simultaneouslyoi pulse characteristics are studied both experimentally and nu-
order to maintain stable pulsing due to intracavity dispersidrerically.
[1]. This multiparameter tuning process is very complicated
and thus not suitable for many applications. [I. EXPERIMENT AND RESULTS

Dispersion tuning has been proposed as an alternative way schematic of the experimental setup is shown in Fig. 1.

to realize tunable sources [3], [4]. The most remarkable featyt&ommercial fiber-pigtailed SOA (Alcatel 1901), which has a
of this technique is that it allows “smooth” wavelength tuningy sic4| small signal gain of 25 dB, a maximum bias current of
which means that the oscillating wavelength can be contingsg A and a measured transparency current of 24 mA, is used
ously tuned by changing either the modulation frequency or the 5 SN suppressor. Itis biased in its low-gain regime (60 mA)
cavity length without interrupting the stable pulsing state. Ak, prevent excessive nonlinear chirp. The majority of the total
though several dispersion-tuned HMLFRLs have been reportgdin s provided by an erbium-doped fiber amplifier (EDFA).
litle work has been done to address the important problem @f i,;mp power is selected such that the average optical power
supermode noise (SMN) in this type of mode-locked lasers [$sige the cavity is kept at a moderate value of 8.5 mW (mea-
This is partly because most SMN suppression techniques tgte right after the EDFA). A LiNb@Mach—Zehnder inten-
have been widely used, such as soliton formation [5] and intrgty modulator is biased at its half-wave voltage (10.5 V) and
cavity Fabry—Perot filter [6], impose additional spectral restrigyjyen by a synthesized microwave generator with 15-dBm RF
tions, which conflict with dispersion tuning. . power at 10 GHz. Intracavity group velocity dispersion is intro-

It has been pointed out that the fast gain saturation of semjjceq by 100-m SMF-28 fiber, which has an anomalous disper-
conductor devices can be used to suppress SMN [7], [8]. In tig)y harameter of 17.7 ps/(kmm) at 1560 nm. Two Faraday
letter, we report a dispersion-tuned HMLFRL incorporating gpyica| isolators ensure the unidirectional cavity and a pair of

SOA as a SMN suppressor. We show that SMN suppressighiarization controllers (PCs) optimize the polarization orienta-

tion of the circulating pulses. Optical power is coupled out of the
Manuscript received October 19, 2001; revised February 19, 2002. cavity by a 10% coupler. The total length of the cavity is about
The authors are with the Department of Electrical and Computer Engi50 m giving a 1.38-MHz Iongitudinal mode spacing. Disper-
neering, University of Maryland, College Park, MD 20742 USA (e-mail;_. ' ina fib DCE hich h di -
dlz@glue.umd.edu). sion compensating fiber (DCF), which has a dispersion param-

Publisher Item Identifier S 1041-1135(02)04075-2. eter of —88 ps/(kmnm), is used to compress the chirped output
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Fig. 2. Optical characteristics of the output pulses: (a) spectrum, (k=
autocorrelation trace before and after pulse compression. The solid lines z‘% 20
experimental results and the dashed lines are simulation results.
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Fig. 4. SMN suppression ratios at different driving currents of the SOA (insets
show the oscilloscope traces at 23, 26, and 45 mA).

68.95 997 999 10.01 10.03 10.05
Frequency (GHz) 33-dB SMN suppression ratio was measured with the SOA,
about 13 dB larger than the ratio without the SOA. No pulse
0 dropout was observed on the oscilloscope using color-grade
measurement. Note that the distorted pulse shape on the
oscilloscope results from the insufficient bandwidth of the

: o v ¥ photodetector (30 GHz).

/ W W NN The relation of SMN suppression and the SOA gain was in-
' : & vestigated by changing the driving current of the SOA while
995 9.97 999 1001 1003 1005  keeping the average optical power inside the cavity the same.

®) Frequency (GHz) Fig. 4 shows the SMN suppression ratios at different SOA cur-

rents. The current was varied from 23 mA, which is slightly

Fig. 3. Pulse intensity fluctuation and supermode noise. (a) Without the SOBelow transparency, to 60 mA. The sampling scope traces at 23,

(b) With the SOA. 26, and 45 mA are shown in the insets. It is evident that SMN

suppression improves as the gain increases, especially when the
pulses. Note that there is no optical filter in the cavity becauS®OA switches from absorption to gain regime. The SMN sup-
the intracavity dispersion functions as a self-tuned filter. Th@ession ratio exceeds 30 dB at 40 mA, where the estimated
characteristics of the output pulses are monitored by a samplsrgall signal gain across the diode is 17 dB and the small signal
oscilloscope, an optical spectrum analyzer and a RF spectrgain of the EDFA is 23 dB.

analyzer. The pulse duration is measured by an autocorrelator.Smooth wavelength tuning was realized by varyiogly

A stable pulse train was obtained when the modulatidhe RF modulation frequency. When the frequency was in-
frequency and the PCs were properly adjusted. Fig. 2 showreased, the spectral peak blue shifted, indicting an intracavity
optical spectrum and the autocorrelation traces of the outrtomalous dispersion, and the oscilloscope trace remained
pulses. A full-width at half-maximum (FWHM) pulsewidth of still, indicating stable pulsing during the tuning process. The

26.4 ps and a 3-dB spectral width of 0.27 nm were measunedation of the oscillating wavelength versus the modulation

at 1562 nm, giving a time bandwidth of 0.88. With 225-nfrequency is linear, with a measured slope-0£.36 x 10~°

DCF, the output pulses were compressed to 5.3 ps and tim/Hz, which is determined by the amount of dispersion inside

time-bandwidth product became 0.18, indicating that motke cavity. Based on this value, the total intracavity dispersion

power distributed on the spectral wings than Sephilses. is 1.76 ps/nm, which includes the dispersion from the 100-m

The spectral shape results from the combination of the SCBMF-28, the pigtail fibers and the EDFA. The pulsing remained

and the anomalous dispersion. Its formation is demonstratdble within a 10-nm (1559.4-1569.4 nm) span. This range

numerically in the next section. is limited by the competition of the continuous-wave modes

To demonstrate the SMN suppression of the SOA, moded the locked modes [4] and can be extended by allowing
locking without the SOA was tested. The average optical powe€ adjustment during the tuning process. In fact, with PC
inside the cavity was kept at 8.5 mW by adjusting the pumadjustment, a much broader wavelength tuning range was
power of the EDFA to eliminate the possible involvememnbtained (1556-1585 nm). The temporal and spectral widths
of power-dependent fiber nonlinearities. The comparison of the output pulses were also found stable during tuning, as

the sampling oscilloscope traces and the RF spectra with asftwn in Fig. 5.

without the SOA is shown in Fig. 3. It is clear that the SOA The ability to self-tune the wavelength also ensures the

dramatically reduces the intensity fluctuation of the pulses. lang-term stability of the laser [3]. Stable pulsing was observed
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IV. CONCLUSION

stable smoothly wavelength-tunable picosecond-pulse

generator has been demonstrated using a dispersion-tuned
HMLFRL. SMN suppression is significantly improved (13 dB)
by introducing an SOA into the ring cavity and the suppression
increases as the SOA gain increases. 5.3-ps pulses are obtained
at 10 GHz with pulse compression. Single-parameter wave-
length tuning over 10 nm is achieved by varying the modulation
frequency within a span of 0.25 MHz. Stable pulsing, as well
as the temporal and spectral widths of the pulses, are preserved
during tuning. A simple numerical model of the system shows
good agreement with the experiment. At the end, we want
to point out that this system can be readily transformed to a
0 wavelength-scanable pulse generator by adding an electrical
control of the modulation frequency or the cavity length. It

produces a stable pulse train with changing color and should be
Fig.5. Temporaland spectral widths versus the oscillating wavelength and tigle to find many applications in photonic testing.

modulation frequency during wavelength tuning.

over a 5-h period. Only the PCs were adjusted occasionally to
keep the locking state optimized. This is because of polarizationy
fluctuation and can be prevented by using polarization-main-
taining components [9] or a polarization insensitive modulator. 2]
IIl. NUMERICAL MODEL

Numerical simulation has been carried out to study the com-[3]
bined effects of the SOA and the intracavity dispersion. The
simulation is based on the Kuizenga—Siegman model [10]. The[4]
pulse duration is assumed much shorter than the carrier lifetime
of the SOA so that the rate equation solution can be expresse%]
analytically [11]. Saturation-induced self-phase modulation is
taken into account by introducing a constant linewidth enhance-
ment factor £3). The small signal power gain across the diode
is taken to be 21 dB. The EDFA is treated as a constant gain th]
balance the loss. Electrical field is amplitude-modulated at 10
GHz with a modulation depth of 0.9. The fiber loop is 150 m [7]
long, with a total dispersion of 1.76 ps/nm. Linear pulse com-
pression is provided by DCF with a dispersion parameter@g
ps/(kmnm). An arbitrary seed pulse is injected into the loop and [8]
the solution after each round trip is calculated until it becomes
stable. The stable pulse solution has a FWHM of 26.6 ps and 49]
3-dB spectral width of 0.33 nm. The output pulse can be com-
pressed down to 5.5 ps with 220-m DCF. The calculated spec-
trum has a similar shape with the measured one, as shown jm]
Fig. 1(a), although slightly wider. The autocorrelation function
of the numerical solution also shows good agreement with thﬁ_l]
experimental result in Fig. 1(b).
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