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Smoothly Wavelength-Tunable Picosecond
Pulse Generation Using a Harmonically
Mode-Locked Fiber Ring Laser
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Abstract—A simple design of a stable, smoothly wavelength-tun- several groups [6], [7]. However, little work has been done to
able picosecond pulse generator has been demonstrated using aaddress the important issue of supermode noise (SMN) sup-
dispersion-tuned, harmonically mode-locked fiber ring laser with pression [6] in this type of lasers, which, in part, is because

a directly modulated semiconductor optical amplifier (SOA). The : . .
SOA functions as both a polarization-insensitive mode locker and MOSt SMN suppression techniques that have been widely used,

a supermode noise suppressor. Near-linearly chirped pulses are SUch as soliton formation [8] and intracavity filtering [9], im-
generated and compressed to less than 4 ps when the intracavity pose upon the laser spectral restrictions, which are incompatible
dispersion is anomalous while 11-ps, near-transform-limited \yith dispersion tuning.
pulses are generated without compression when the dispersion We have previously demonstrated a stable dispersion-tuned
is normal. Smooth wavelength tuning is achieved over more HMLERL b - int it . duct tical i
than 11 nm by only tuning the modulation frequency and pulse ' y using an intracavi Ysem'CO” uctor optical ampli-
characteristics are stable over the entire tuning span. A simple fier (SOA) as a supermode-noise suppressor [10]. The system
numerical model successively simulates the operation principle is able to generate 5.3-ps pulses at 10-GHz repetition rate with
of the system. The tuning range is determined by both the gain a 10-nm wavelength-tuning span. The addition of the SOA im-
profile and the total intracavity dispersion. The dispersion and the proves SMN suppression ratio by 13 dB
SOA ensure the long-term stability of the system. . - - L ) .
In this paper, we simplify the previous configuration by re-
~ Index Terms—Mode-locked lasers, optical fiber dispersion, op- moving the electrooptic (EO) modulator from the cavity and
tical fiber I.asers, semiconductor optical amplifiers (SOAs), wave- using the SOA as both a noise suppressor and a mode locker. Our
length tuning. . :
study shows that this compact system outperforms the previous
one in various aspects. It produces 3.7-ps pulses at 6 GHz with
|. INTRODUCTION pulse compression when the intracavity dispersion is anomalous

ARMONICALLY mode-locked fiber ring lasers (HML- and 11.4-ps near-transform-limited (TL) pulses without pulse
H FRLS) have been widely recognized as promising meaﬁgmpression when the dispersion is_normal. A s?mple numer-
to generate high repetition rate, wavelength-tunable picosecd?\ Tk?del S?SWS goct>.d agreement WTThthe expgrlmetn tl' d
optical pulses [1]-[9]. Conventionally, wavelength tuning in N the next two sections, we presentthe experimenta’ and nu-

HMLFRLs is realized by changing the center wavelength weric'al results in anomalous and normaldispersion regimes,. re-
a tunable filter inserted in the cavity [2]-[5]. However, thespe(_:tlvel_y. We compare the performancgs W'Fh dlffer_ent config-
modulation frequency has to be adjusted simultaneously Lillt]atIOﬂS in Section IV and draw conclusions in Section V.

order to maintain stable pulsing due to intracavity dispersion
[5]. This multiparameter tuning process is not only complicated
but prone to causing instability as well. A. Experiment

It is desirable in many applications, such as characterizationy gchematic of the experimental setup is shown in Fig. 1.

of wavelength-division-multiplexing (WDM) components and[he erbium-doped fiber amplifier (EDFA) provided gain to the
subsystems, to have “smoothly” tunable pulse generators,|i3q; |15 hump power was selected such that the average op-
which the oscillating wavelength can be continuously changgdy power inside the cavity was kept at a moderate value of
without interrupting the stable pulsing or altering the pulse chag-g v (measured immediately after the EDFA). The SOA (Al-
acteristics. Dispersion tuning is a unique technique that is ahlg, 1901) has a typical small signal gain of 25 dB, a typical

to achieve such performance. A dispersion-tuned HMLFRL 8l arization sensitivity of 0.5 dB, a maximum driving current
lows its wavelength being tuned by the repetition frequency gf 250 mA and a measured transparency current of 24 mA.

the cavity length while staying mode locked. Single-parametgf, a5 piased slightly above its transparency (25-30 mA) in

smooth wavelength tuning has been successfully realized {py experiment. Radio-frequency (RF) power from a synthe-

sized microwave generator was coupled into the SOA via an
Manuscript received March 28, 2002; revised December 2, 2002. SMA co_nnector closely. attaphed ‘?n the butterf!y paCkage' The
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Fig. 2. RF spectrum and sampling oscilloscope trace (inset) of the outgsfy 3 pulse characteristics in time and frequency domains when the

pulses with 100-m SMF-28 in the cavity. intracavity dispersion is anomalous. (a) Autocorrelation traces before and after
pulse compression (points are experimental results and curves are numerical

. . - . . esults). (b) Spectrum (the envelope curve is numerical result).
Faraday optical isolators ensured a unidirectional cavity. THEU"S)- ) Sp ( P )

characteristics of the output pulses were monitored by a sam-
pling oscilloscope (HP 83 480A), an optical spectrum analyzpulsewidth of 25.1 ps and a 3-dB spectral width of 0.943 nm
(Advantest Q8347) and a RF spectrum analyzer (HP 70 00djere measured at 1561.1 nm, with the assumption of Sech
The pulsewidth was measured by an autocorrelator. Compapedises. With 290 m of dispersion compensating fiber (DCF),
to the previous system [10], this configuration is much simpléhne output pulses were compressed down to 3.7 ps, which led
with the EO modulator and a PC removed. to a time-bandwidth product of 0.43. As we point out later, the
The experiment was conducted at repetition frequenciesmbination of the direct gain modulation and the anomalous
around 6 GHz. This value was limited by the RF couplindispersion creates near-linear chirp across the output pulses
to the SOA and can be much higher with more sophisticatadd, consequently, produces near-TL pulses with linear pulse
high-speed packaging [11], [12]. It was observed during tlemmpression. Fig. 3(a) shows the normalized autocorrelation
optimization process that the PC had little effect on the pulsmces before and after pulse compression and Fig. 3(b) is the
characteristics, which indicates that the laser has very wegbtical spectrum, which clearly reveals the locked cavity modes
polarization dependence. This is due to the small polarizatiaith 6-GHz mode spacing.
sensitivity of the SOA. Smooth wavelength tuning over 11 nm (1556.9-1568.1 nm)
Fig. 2 shows the sampling oscilloscope trace (inset) of tleas achieved by varyingnly the modulation frequency within
output pulses and the output RF spectrum near the modulateospan of 170 KHz. The spectral peak blue-shifted when the
frequency. There was no visible amplitude fluctuation on tHfeequency increased, indicting an anomalous total intracavity
oscilloscope trace, indicating that the pulse amplitude was wdlkpersion, and the oscilloscope trace remained still, indicating
stabilized. Side modes were suppressed below the noise flstable pulsing throughout the tuning process. The wavelength-
on the RF spectrum, giving a 28-dB lower limit of the SMNrequency relation is linear, as shown in Fig. 4. The pulse charac-
suppression ratio. A full-width at half-maximum (FWHM)teristics in time and frequency domains were also found stable
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gain of the SOA and the modulation depth are measured to be
approximately 2 dB and 100%, respectively. The linewidth en-
hancement factor is taken to be 4. The dispersion of the SOA
is neglected in the model since it is much smaller than the dis-
persion of the fiber [15]. The EDFA is assumed to be a com-
pletely linear device, which provides a constant gain to balance
the loss. The round-trip coupling loss is approximately 12 dB.
The DCEF for pulse compression has a normal dispersion param-
eter of —88 ps/(km - nm).

An arbitrarily defined seed pulse is injected into the loop and
the resulted pulse solution after each round-trip is calculated
until it becomes stable. Fig. 6 shows that stable solutions es-
tablish in both time and frequency domains after 400 round-
trips. The stable temporal and spectral widths are 28.5 ps and
0.95 nm, respectively. The pulse compression is optimized with

Fig. 4. Oscillating wavelength versus modulation frequency in anomalo@0-m DCF and the minimum pulse duration is 3.8 ps, giving

dispersion regime (100-m SMF-28 inserted in the cavity).

a time-bandwidth product of 0.44. These results are in good
agreement with the experiment. Fig. 7 shows the pulse inten-

30 50 sity shape before compression and the frequency chirp across
”s FWHM Pulse Width (ps) R a8 45 the pulse. Itis apparent that a proper combination of the directly
: A A & : 40  modulated SOA and the anomalous dispersion leads to near-lin-
a 35 early chirped pulses. This explains the large compression ratio
20 ' obtained by using the DCF. The autocorrelation functions of the
30 pulses before and after compression are calculated and plotted
15 2.5 in Fig. 3(a). The simulated spectrum is plotted in Fig. 3(b). Both
Spectral Width (nm) 2.0 results show good agreement with the experiment.
10 8 g Lo o 7% ® s
[ll. NORMAL DISPERSIONREGIME
05 ° ° ° ° o ° [ ) ° ° 1.0 ) ) . )
Time-Bandwidth Product 05 In anomalous dispersion regime, external pulse compression
is always needed to obtain TL pulses regardless the mode
?555 1558 1561 1564 1567 157% locking element is an EO modulator or an SOA. The few

Wavelength (nm) hundred-meter DCF not only reduces the compactness of the
system, but also increases the environmentally induced pulse
¥hing variations. It is desirable practically that TL pulses

can be generated directly from a mode-locked laser. With the

during tuning. Fig. 5 shows the compressed pulsewidth (Wiﬁ{orementioned numerical model, we find it possible to achieve
290 m DCF), the spectral width and the time-bandwidth produdgar-chirp-free pulses when the SOA is directly modulated and
at different wavelengths. The time-bandwidth product rangH€ intracavity dispersion is in the normal regime.

from 0.4 to 0.5, indicating near-TL pulses over the entire tuning )
range. A. Experiment

Fig. 5. Measured pulse characteristics with respect to the oscillati
wavelength during dispersion tuning with 100-m SMF-28 in the cavity.

The experimental setup is the same as in Fig. 1, except that
the 100 m of SMF-28 is replaced by 25 m of DCF. The SOA and

Numerical simulation has been carried out in order to bettBEDFA settings are similar to those in the anomalous-dispersion
understand the interaction between the intracavity dispersicase. Again, the sampling oscilloscope trace (inset of Fig. 8) of
and the directly modulated SOA. The algorism is based on ttiee laser output shows stable pulse amplitude and the RF spec-
Kuizenga—Siegman approach [13]. The pulse duration is ds4m (main picture of Fig. 8) at the modulation frequency shows
sumed much shorter than the carrier lifetime of the SOA so thhtat the side modes are well suppressed. The SMN suppression
the solution of the rate equation can be expressed analyticalyio is more than 29 dB. 11.4-ps pulses are generated at 6 GHz
[14]. Saturation-induced self-phase modulation (SPM) is takevith a time-bandwidth product of 0.35 (Séchpulse shape as-
into account through a constant linewidth enhancement factsumed). It should be stressed that such a small time-bandwidth
External modulation is introduced by sinusoidally varying thproduct is obtained without external pulse compression. The au-
small signal gain of the SOA. tocorrelation trace and the spectrum of the output pulses are

The simulation parameters are either experimentally mestiown in Fig. 9. The well-resolved optical modes in the spec-
sured values or, in the cases that they are not easily measum indicate stable and phase coherent output. More than 12 nm
able, typical values. The fiber loop is 100-m long, with a totadf wavelength tuning has been achieved (1555.7-1568.1 nm), as
dispersion of 1.7 ps/nm. The modulation frequency is 6 GHghown in Fig. 10. The wavelength-frequency relation is linear
about 3000th harmonic of the cavity mode. The small signhlt the slope is reverse to it in the anomalous regime. The pulse

B. Numerical Simulation
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Fig. 6. Stable solutions establish from an initial pulse in both time (left) and spectral (right) domains after 400 round-trips.

6 ————————7 77— 1000 1.0
L —— Intensity
--- Chirp
: 1500 0.8
—~ 4k ] .
3 T-< N —~
@© F S ~a T =]
2 - ] e =z
Q I T~ g = 7}
€5l T © S o4
] i
r 4 -500
0.2
0 ——— N —— "'--1000
-60 -40 -20 0 20 40 60 0
Time (ps) 50 -40 -30 20 10 O 10 20 30 40 50
Fig. 7. Simulation result of the time dependence of the pulse intensity (befo Time (ps)
compression) and the frequency chirp. @)
12
0
-10 8
2
E ©
-20
2 S
> a
3 4
L -30
IS
40% 0 w U WJ%D‘\
1557.0 1557.5 1558.0 1558.5 1559.0
50 Wavelength (nm)
5.95 5.97 5.99 6.01 6.03 6.05 (b)

Frequency (GHz)
Fig. 9. Pulse characteristics in time and frequency domains when the
Fig.8. RF spectrum and sampling oscilloscope trace (inset) of the output pulsigacavity dispersion is normal. (a) Autocorrelation trace (points are
with 25-m DCF in the cavity. experimental results and the curves is from the numerical model). (b) Spectrum
(the envelope curve is numerical result).

characteristics (pulsewidth, spectral width, and time—bandwidlfa'h Simulation

product) are found stable over the entire tuning span, as showrd he same numerical model has been run with the experi-
in Fig. 11. Pulsewidth ranges from 11.4 to 11.9 ps and timgental parameters in normal dispersion regime. The settings of
bandwidth product ranges between 0.35 and 0.45. the system are similar to those in the anomalous-dispersion case
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1570

locking element). The combination of the two elements leads
to four possible system configurations. In our previous paper
[10], we analyzed the combination of anomalous dispersion and
a dc-operated SOA. In Sections Il and Ill, the two cases with the
SOA in ac operation were discussed. Our simulation and prelim-
inary experiment showed that the combination of normal dis-
persion and a dc-operated SOA produced strongly blue-chirped
pulses and hence required a few kilometers of SMF-28 fiber
for pulse compression, which is highly undesirable for practical
pulse generators. Therefore, this configuration is excluded from
the following comparisons. The performances of the other three
configurations are summarized in Table I.
Two comparisons can be made from Table I. The first and the
15%801,0 6001.2 60014 60016 second columns of the table show the comparison between the
Modulation Frequency (MHz) dc and the ac operations of the SOA in the anomalous dispersion
regime. In both configurations, pulse compression is necessary
Fig. 10. Oscillating wavelength versus modulation frequency in normgh gptain picosecond pulses. However, with the same amount
dispersion regime (25-m DCF inserted in the cavity). of intracavity dispersion (100 m of SMF-28 in both cases), di-
rectly modulating the SOA produces shorter pulses, even at a
lower repetition frequency. Two factors may contribute to this
FWHM Pulse Width (ps) difference. First, direct gain modulation produces stronger fre-
08 5 s . 4 s s ( ) A s A B guency chirp and hence greater spectral broadening. This is evi-

Wavelength (nm)
@
»
(&}

-
o]
D
o

1.0 15

dent by comparing the spectral widths of the two cases. Second,
10 the linearity of the chirp also influences the pulsewidth after the
compression. Root-mean-square (rms) time-bandwidth product
has to be used to characterize the output pulses when the SOA
04 . e o °* 4, ° °° is dc operated due to the large deviation of the pulse shape from
L 5 SecH [10]. The value is much larger than the TL-limited values
. 9 o 8 g ° °° of some regular pulse shapes such as Gaussian and, $ech
0.2 Spectral Width (nm) dicating that the pulses can not be well compressed by linear
pulse compression. This is likely due to the strong nonlinear
0 o chirp caused by the SOA. On the other hand, the ac operated
1554 1557 1560 1563 1566 1569 SOA leads to near-linear chirp and a time-bandwidth product
Wavelength (nm) much closer to the transform-limited value of Secfistribu-

_ L . o tion. The direct modulation of the SOA also results in a slightly
Fig. 11. Pulse characteristics versus oscillating wavelength during dispersjon . i T
tuning with 25-m DCF in the cavity. roader tuning range and much smaller polarization sensitivity.

The latter is due to the elimination of the polarization-sensitive
i _EO modulator. At last, the dc operation of the SOA provides
except that the 100m-SMF-28 is replaced by 25-m DCF wifle gy suppression than the ac operation of the SOA. This

a dispersion parameter ofss ps_/(k_m ~nm). Fig. 12 shows is likely due to the lower bias (smaller gain) of the SOA in the
the formation of stable solutions in time and frequency domaiga operation case [10]

from an arbitrarily defined seed pulse. The calculated temporal he second and the third columns of Table | show the other

0.6
Time-Bandwidth Product

from the model agree well with the experimental results,

shown in Fig. 3. provement over the anomalous regime. As a tradeoff, however,

the output pulses from a normal-dispersion cavity are much
broader.

There are two key elements in our design of smoothly wave-Overall, the ac operation of the SOA outperforms the dc oper-
length-tunable HMLFRLs—the dispersion and the SOA. Eadltion of the SOA in most aspects, with simpler structure, smaller
element has two distinct operating states. The dispersion carpléarization sensitivity, wider tuning range, more regular pulse
either anomalous or normal. The SOA can be dc biased (a mstiape and the option of shorter pulses or the elimination of the
ulator is necessary to actively mode-lock the laser) or ac mqulilse compression. Depending on the requirements on pulse
ulated (no modulator is needed as the SOA itself is the modeidth and pulse compression in particular applications, one can

IV. DISCUSSION
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The tuning range is determined by two factors—the gain pro-
file against wavelength and the total intracavity dispersion. As
pointed out by Zhaet al.[7], the CW modes always compete
with the mode-locked modes in a dispersion-tuned HMLFRL
due to the absence of spectral filtering and the homogeneous
nature of the gain medium. When the locked modes are tuned to
the edge of the gain band, the CW modes near the gain peak may
acquire sufficient power to quench the locked modes. Therefore,
a wide and flat gain profile is ideal for broadening the tuning
range. In our case, the gain profile of the system is a combina-
tion of the gain profiles of the EDFA and the SOA. Varying the
pumping of either amplifier results in a different overall gain
profile. This explains the slightly different tuning ranges in the
three cases in Table I. In fact, a much broader tuning range

Fig. 13. Time dependence of the intensity and the frequency chirp of the-20 Nm) was observed when a different SOA (E-TEK) was
simulated output pulses when the intracavity dispersion is normal.

TABLE |
PERFORMANCE COMPARISON OF THREE DIFFERENT CONFIGURATIONS

DC & Anomalous AC & Anomalous

(100 m SMF-28)

(100 m SMF-28)

AC & Normal
(25 m DCF)

At (FWHM)
AL (3 dB)
AtAf
Compression
Tuning Range
Polarization

Sensitivity

SMN
Suppression
Ratio

5.3 ps (10 GHz)

0.27 nm

0.95 (RMS)

Yes

10 nm

Large

33dB

3.7 ps (6 GHz)

0.94 nm

0.43

Yes

11 nm

Small

28 dB

11.4 ps (6 GHz)

0.25 nm

0.35

No

12 nm

Small

29 dB

used in our experiment.

The amount of dispersion inside the cavity may also have
impact on the tuning range. This is easy to understand when
considering the basic mode-locking condition

L
vg(A)

whereT.; is the round-trip time of the pulses;is the length of
the cavity and, () is the group velocity of the pulses, which is
a function of wavelength in a dispersive cavity. The round-trip
time is related to the modulation frequency by the equation of
T+ = m/ fm, Wheref,, is the pulse repetition frequency and

is the harmonic order. For a fixed valueff, (1) has a series of
solutions of)\ corresponding to different values of. The two
adjacent solutions are separated by a wavelength spacing of

1
- DLfn

T’r‘t = (l)

AN

)

where D is the dispersion parameter of the fiber and defined
asD = d(1/vg)/dA. (2) shows that the spacing between
two neighboring synchronization wavelengths is inverse pro-

choose normal or anomalous dispersion to combine with tpertional to the total dispersion of the fiber loop,, when
directly modulated SOA. The SMN suppression ratio can like modulation frequency is fixed. WhelL is sufficiently
improved by increasing the bias current of the SOA. But motarge, AA may become smaller than the gain band and lead to
efficient RF coupling is required to ensure a sufficiently largdual-wavelength operation [6]. The competition between the
modulation depth.

two wavelengths may further limit the tuning range. Therefore,
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the tuning range is determined by the gain profile of the systesatup by electrically controlling the modulation frequency or

when A\ is larger than the gain band and by both gain profilhe cavity length and should be able to find many applications

and total dispersion whefA\ is smaller than the gain band. Ain photonic testing.

brief estimation using (2) shows that, for all the three cases in

Table I, AX is approximately 50 nm, which is much greater ACKNOWLEDGMENT

than the measured tuning range. Thus the tuning range is ) )

gain-band limited in these cases. Dual-wavelength operatio_nThe authors would like to thank Dr. C. J. K. Richardson for

has been observed in our experiment when 100-m DCF is udig valuable comments.
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different characteristics of the laser in normal and anomalous
dispersion regimes. The numerical simulation shows good
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This work opens the possibility of using dispersion and SO/
to construct practical tunable pecosecond pulse sources. An
teresting scheme is to build a wavelength-scanable pulse gej
ator, which is able to produce a stable pulse train whose color i o

. . CL: . H)u se characterization.
continuously sweeping within a certain wavelength range. Thi
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