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Abstract—Under an optical nonreturn-to-zero (NRZ) data
injection at 10 Gbit/s, the 10-GHz mode-locking and pulsed re-
turn-to-zero (RZ) clock extraction from a semiconductor optical
amplifier (SOA) based fiber ring is investigated in this paper. The
diagnoses on gain and intracavity-power-controlled anomalous
blueshifted spectrum and subpicosecond timing jitter are demon-
strated. By increasing the injecting power of the optical NRZ
data from —3 to 8 dBm into the SOA bias at different currents,
the mode locking is completed with a dc level greatly decreasing
from 480 to 50 uW (only 1.5% of the mode-locked pulse power
at 3 mW), corresponding to a pulse/dc amplitude contrast ratio
up to 18 dB. Increasing the SOA bias current up to 350 mA
significantly suppresses the timing jitter from 1.8 ps to 345 fs, and
the extracted RZ clock pulse is shortened from 55 to 27 ps. The
pulsewidth of the amplified SOAFL is compressed from 11 ps to
836 fs after dispersion compensation. At constant data injection
level, the increasing SOA bias or gain oppositely redshifts the
mode-locked SOA fiber ring laser (SOAFL) spectrum by 5 nm.
The amplifier spontaneous emission of SOA at short wavelength
region (~1520 nm) is eliminated with increasing NRZ data power,
whereas the mode-locking gain peak arises and blueshifts from
1558 to 1552 nm due to the band-filling effect. Such a blueshift
in mode-locking spectrum becomes more significant in SOA at
lower bias (or gain) condition. A theoretical model interprets
the correlation between the nonlinear gain suppression-induced
variation of electron-hole plasma in SOA and the blueshifted
mode-locking SOAFL spectrum, which is occurred when the gain
saturation condition for the SOA becomes more pronounced.

Index Terms—Blueshift, fiber lasers, injection mode locking,
semiconductor optical amplifier (SOA), spectrum.

I. INTRODUCTION

ince early years, versatile configurations of ultrafast mode-

locking fiber lasers have been developed with their tunable
pulsewidth and spectrum meeting the demands for applications
in fiber-optic communication and diagnostics [1]-[5]. Among
different approaches, the use of intracavity laser diode [1] or
amplifier [2] for modulating the gain instead of the loss of the
fiber laser has emerged as an intriguing technology for injection
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mode locking. With the fast development on the high-damage-
threshold semiconductor optical amplifier (SOA), the new class
of the mode-locked SOA fiber ring lasers (SOAFLs) [6], [7],
by using techniques such as the active nonlinear polarization
rotation [8], the cross-phase modulation [9], and the cross-gain
modulation [10], etc., have been introduced in past decade. This
type of SOA-based fiber lasers gradually become the alterna-
tive to the remarkable schemes of the mode-locked fiber laser
sources, such as the actively mode-locked erbium-doped fiber
lasers (EDFLs) using laser diode (or amplifier) based intensity
modulator and intracavity filter [11], [12], and the mode-locked
SOAFLs via the periodical control of the SOA driving current
[13], [14].

More recently, the injection of optical data or transistor—tran-
sistor logic (TTL) clock with large duty cycle was demonstrated
as the new scheme to extract the optical clock or implement the
mode locking in SOAFL [15], [16], respectively. With this ap-
proach, Tangdiongga et al. have demonstrated a 10 GHz op-
tical clock recovery (OCR) from 160-Gbit/s optical time-di-
vision multiplexing (OTDM) data stream. Similar experiment
has also been reported for all-optical clock recovery by using
mode-locked SOAFL, which is capable of recovering the clock
signal from the optical nonreturn-to-zero (NRZ) data stream
with bit rate up to 12.5 Gbit/s. The recovered RZ clock pulse
train is chirp-free with its timing jitter decreasing to 200 fs
[13], [14]. Such an optical-injection mode-locking and clock-re-
covery scheme could benefit from the advantage from all-op-
tical mode-locking technique, thus relieving the limitation on
the direct modulation bandwidth set by the contact electrode of
the SOA itself, and provides a higher mode-locking frequency
to achieve high-bit-rate optical clock pulse generation for the
OTDM networks. Nonetheless, the parametric analyses on the
optical injection induced direct gain modulation, mode locking,
and data/clock recovery of SOAFL were seldom reported, and
the mechanisms responsible for the evolution on gain-saturated
SOAFL spectrum under optical clock injection induced mode
locking was never discussed even though.

In this paper, we investigate the 10-GHz mode locking
and RZ pulsed clock extraction from an SOA-based fiber ring,
which is achieved by injecting the optical pseudorandom-bit-se-
quence (PRBS) NRZ data injection at 10 Gbit/s with changing
power levels, and by detuning the bias current of SOA under
external injection. The parametric analyses on the DC level,
the pulsewidth, the timing jitter, and the pulse amplitude are
performed to optimize the recovery of RZ clock pulse. The am-
plifier and dispersion compensator are employed to compress
the SOAFL pulse down to subpicosecond regime. In particular,
we employ the electron—hole plasma-induced wavelength-shift

0733-8724/$26.00 © 2010 IEEE

Authorized licensed use limited to: National Taiwan University. Downloaded on May 07,2010 at 04:37:52 UTC from |IEEE Xplore. Restrictions apply.



LIN et al.: ELECTRON-HOLE PLASMA-INDUCED SPECTRAL BLUESHIFT

RF
_| PRBS
Data H
river Amp
PC L
DFBLD QOO WIZM EDFA

247

Pt

JMAL

ocC Delay

WB
- |4
1l
ISO
P A——

PC PC

SOA

2

Circulator

Fig. 1. Experimental setup of the SOAFL. Amp: amplifier, DFBLD: distributed feedback laser diode, EDFA: erbium-doped fiber amplifier, ISO: isolator, MZM:
Mach—Zehnder intensity modulator, OC: optical coupler, PC: polarization controller, PRBS data: pseudorandom bit sequence data generator, RF: RF synthesizer,

SOA: semiconductor optical amplifier, and WB: wavelength blocker.

model to elucidate the intracavity gain and power-controlled
anomalous blueshifted spectrum of the SOAFL-recovered RZ
clock pulse.

II. EXPERIMENTAL SETUP

In the experiment, a commercial SOA (Qphotonics,
QSOA-1550) was employed as the gain medium inside
the fiber ring. The bias current of SOA was detuned from 250
to 350 mA to optimize the mode locking of such an SOAFL.
The upper limit of the SOA bias current given by manufacturer
is 400 mA. Therefore, we control the maximum SOA bias
current at 350 mA in order to prevent the damage of such a
device. To inject the SOA, an electrical NRZ data stream with
its PRBS pattern length of 23! — 1 and duty cycle enlarged
from 50% to 90% was generated from a 10-Gbit/s pattern
generator (Hewlett Packard, HP 70843B) driven by a 10-GHz
frequency synthesizer (Agilent, E8257C). The NRZ data stream
was amplified via a microwave amplifier (JDSU, H301-1110)
before driving the Mach—Zehnder intensity modulator (MZM,
JDSU, 10024180) bias at a half-wave voltage of V, = 4.5 V.
The optical injection of 7 dBm at 1555.7 nm was obtained
by seeding the DFB laser diode (DFBLD) output through the
amplified NRZ-driven MZM at dc bias of 3V, /4 [19]. The
DFBLD was driven at continuous-wave (CW) lasing condition
and the external modulation was done using the MZM intensity
modulator.

Except the clockwise optical isolator, the output coupler, and
the polarization controller, we further introduce a fiber Bragg-
grating-based wavelength blocker to terminate the injected op-
tical NRZ data, which maybe clockwise propagated in the fiber
ring cavity. The optical NRZ data injection reduces the gain of
SOA and provides the narrow gain window in SOA, which ini-
tiates the pulsed mode locking of the SOAFL after detuning
the NRZ repetition frequency to match the harmonics of the
longitudinal mode in the SOAFL cavity. [20] An EDFA with
tunable output power of up to 17 dBm is used to detune the
NRZ power for injecting the SOAFL, such that an optical signal
with extremely large duty cycle is generated to achieve the best
ON-OFFextinction ratio of the recovered RZ clock pulse. An
intracavity polarization controller (PC) was employed to con-
firm the maximum power feedback into the polarization-sensi-
tive SOA. To extract the RZ clock pulse from the incoming NRZ
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Fig. 2. Shapes (upper part) and eye-diagram (lower part) of (a) the incoming
electrical NRZ data stream from a PRBS generator; (b) the optical NRZ data
stream after MZM; (c) the mode-locked pulse from SOAFL under optical NRZ
injection.

data stream at any repetition frequency, an additional true time
delay line was added into the fiber ring for optimizing the mode
locking performance of the SOAFL. A digital sampling oscil-
loscope (Agilent, 86100A+86106B) was used to measure the
traces and timing jitter of the RZ clock pulse extracted by the
mode-locked SOAFL.

III. RESULTS AND DISCUSSION

A. Effects of SOA Bias and External NRZ Injection on
Mode-Locking SOAFL Pulses

The bit shape and eye diagram of the electrical PRBS NRZ
data stream with a pattern length of 222 — 1 employed to mod-
ulate the DFBLD are shown in Fig. 2(a). The bit shape and eye
diagram of the incoming optical NRZ data stream simulated by
externally encoding a DFBLD output with an MZM driven by
the PRBS NRZ data stream are shown in Fig. 2(b). In this case,
most of the gain in the SOA is temporally depleted under the op-
tical NRZ data injection. With a fine adjustment on the SOAFL
ring cavity length via an intracavity delay-line controller, the
harmonic longitudinal-mode frequency of the SOAFL is ad-
justed to match with the frequency of the incoming optical NRZ
data stream. As a result, the recovered RZ clock pulse can be
generated by optical NRZ injection mode locking the SOAFL,
as shown in Fig. 2(c).

By controlling the injecting power of the optical NRZ data
stream form —3 to 8 dBm, we discuss the pulse/dc levels and
corresponding ON—OFFextinction ratios of the recovered RZ
clock pulse. In Fig. 3, we have observed that the mode-locking
pulse amplitude of SOAFL becomes higher with increasing
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Fig. 3. Injection power-dependent pulse amplitude of mode-locking SOAFL at
different biases.
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Fig. 4. Injection power-dependent dc level of mode-locking SOAFL at dif-
ferent biases.

bias current of SOA. With increasing power of the optical
NRZ injection, the RZ pulse amplitude can be significantly
enlarged by one order of magnitude (from 0.2 to 2.0 mW). The
output pulse amplitude exhibits a linear proportionality with the
optical NRZ injection power, which slightly saturates at higher
injecting levels due to the gain saturation phenomenon of SOA.
On the other hand, the mode locking is optimized by injecting
strong optical NRZ signal and maximize the feedback power
into SOA, since the higher feedback power exhausts more gain
of SOA to achieve larger modulation depth.

Fig. 4 shows that the dc level accompanied with the mode-
locked SOAFL pulse. Apparently, the dc level is greatly de-
creased with increasing power of the injected optical NRZ data.
The stronger NRZ power can deplete more gain to suppress the
amplified spontaneous emission (ASE) output from the SOAFL.
Therefore, the minimum dc level obtained at different SOA bi-
ases is reduced from 480 to 50 W (only 1.5% of the mode-
locked pulse amplitude) and saturated at 50 W at all bias con-
ditions. The gain of SOA will be greatly saturated to reduce the
output dc level down to —14 dBm, providing an RZ clock pulse
with high ON—OFFextinction ratio after extracting from the in-
jected NRZ signal. That is, the mode locking is gradually com-
pleted with the decreasing dc level of the output RZ clock pulse,

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 28, NO. 3, FEBRUARY 1, 2010

55

{ 250 mA
50 —e— 300 mA
- | —e—350 mA
2 45t
e
5 40 -\'
— o
S *—
o 35} *—e
b *—e\
s | \g—o
o 30 \.
\:-_—.—.—.\‘
25| SNe—e—eo—¢
20 L 1 A 1 L
2 0 2 4 6 8

Injection Power (dBm)

Fig. 5. Injection power-dependent pulsewidth of mode-locking SOAFL at dif-
ferent biases.
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Fig. 6. Injection power-dependent jitter of mode-locking SOAFL at different
biases.

which eventually results in a pulse/dc amplitude contrast ratio
up to 18 dB.

In Fig. 5, the pulsewidth of the mode-locking SOAFL is
shortened by increasing the NRZ injected power, and we also
find that the higher bias current of SOA can essentially promote
larger modulation depth after gain depletion to make shorter
pulsewidth. Under the injection of 10-Gbit/s NRZ data, the
mode-locking SOAFL pulsewidth can be shortened from 55 to
27 ps with an average power of 3 mW. The strong injection
and enlarged bias current makes the pulsewidth narrower than
the case of weak injection and the small bias. The ASE com-
ponent in the SOA is suppressed as the dc level is effectively
reduced, such that the timing jitters are concurrently reduced
by increasing the injection power, as shown in Fig. 6.

By using the strong optical NRZ injection, we can confirm
that the gain medium (SOA) only provides sufficient gain to
the mode-locking laser (SOAFL) within in a limited temporal
window. However, the ASE-ASE beating noise becomes signif-
icant, and inevitably causes large phase noise as well as timing
jitter as the SOA bias increases. At low power level of optical
NRZ data injection, the timing jitter of the mode-locked SOAFL
keeps as high as 1.8 ps. By increasing SOA bias current of
350 mA for high-gain operation, the timing jitter is greatly sup-
pressed from 1.8 ps to 345 fs. Such a greatly suppressed timing
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jitter is mainly attributed to the sufficiently high NRZ injection
power, which effectively reduces the phase noise caused by the
ASE in SOA.

In more detail, there is a tradeoff between the optical NRZ
injecting level and the SOA bias current, which can be attributed
to the empirical equation describing the relationship among the
pulsewidth, gain, and modulation depth of mode-locking lasers
[21], 7, = (2In2/7)Y2[(290/6%)"/* ) (,n Av) /2], where 7, is
the FWHM of the pulse, gy is the single-pass integrated gain,
fm 1s the modulation frequency, 6 is the modulation depth, and
Av is the homogeneous linewidth. In general, the SOAFL with
a lower gain and higher modulating depth facilitates the mode
locking with a shorter pulsewidth. The modulation depth can
definitely be enlarged by strong optical injection in our case;
however, the residual gain must be sufficiently high to initiate
mode-locking mechanism in SOAFL.

As illustrated in Figs. 7 and 8, these two parameters could
compete with each other, and a compromised result can be
done by increasing the duty cycle of the optical NRZ in-
jection to limit the buildup of SOA gain at moderate level.
With such an operation, the modulation becomes deeper and
the residual gain of SOA remains sufficient to overcome
the mode-locking threshold. According to the equation, the
mode-locking pulsewidth should be broadened as the bias
current of SOA detunes from 250 to 350 mA, whereas it is
shortened oppositely due to the extremely deep modulation of
SOA via the optical NRZ injection in our case. Therefore, we
utilize the square dependency between the modulation depth
and the pulsewidth to induce a highly gain-saturation condition
of SOA for shortening the mode-locking SOAFL pulsewidth.
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B. Optical Injection Induced Pulse-Plasma Interaction and
Blueshifted Spectrum

It is mandatory to realize the information the mode-locking
spectrum and linewidth under such an optical NRZ injection
prior to design the optimized dispersion compensation stage for
shortening the mode-locked SOAFL pulses. By detuning the
power of the optical NRZ data from —3 to 8 dBm, we also in-
vestigate the evolution of the ASE and mode-locking spectra of
the SOAFL at different bias currents. Fig. 9 depicts the spectra
of the mode-locking SOAFL at different NRZ injecting condi-
tions and SOA bias currents. Two gain peaks from the SOAFL
output are observed when the NRZ injection power is weak: one
broadened peak at 1520 nm is generated by ASE and another at
1555.7 nm is due to the mode locking of SOAFL under NRZ
injection. In Fig. 9(c), it is straightforward that the ASE spec-
trum of SOA becomes narrower at larger biases approaching
self-lasing threshold condition, whereas the ASE spectrum is
gradually broadened with increasing optical NRZ power as the
ASE gain is diminishing far away from the self-lasing threshold
condition. With increasing NRZ injecting power, the residual
gain for the ASE at shorter wavelength is reduced; however,
such a temporally modulated NRZ injection simultaneously fa-
cilitates the gain for mode locking the SOAFL at longer wave-
length. That is, the SOAFL favors the mode-locking mechanism
to survive in the fiber ring cavity with the assistance of a larger
optical NRZ injection.

As a result, the mode locking supersedes the ASE to acquire
most SOA gain that is built up within a narrow temporal
window. The pulsed SOA gain is increased as the SOA current
and the NRZ injection increase, and compromise each other.
The original mode-locking SOA spectrum is redshifted by
increasing the bias as well as the gain of SOA at constant
NRZ injection power. At constant NRZ injection level, such
a spectral redshift can be up to 5 nm by increasing the SOA
bias from 250 to 350 nm, as shown in Fig. 10. In particular,
the mode-locking mechanism still dominates the SOAFL with
its spectrum slightly blueshifted. When increasing the NRZ
injection power from —3 to 8 dBm, we have observed that the
mode-locking SOAFL spectrum can be blueshifted from 1552
to 1548 nm, from 1555 to 1551 nm, and from 1557 to 1552 nm
at SOA bias currents of 250, 300, and 350 mA, respectively.

This phenomenon is completely opposite to those observed
in mode-locking lasers using other modulation techniques pre-
viously. In common sense, the residual gain of SOA at the strong
injection condition is less than the weak injection condition.
Our results reveal that the CW ASE is completely eliminated
by strong NRZ injection, but the mode locking can still be ob-
tained due to the residual SOA gain within in an extremely
short time scale. At the very beginning, such an anomalous phe-
nomenon is preliminarily attributed to the competition between
ASE and mode-locking behaviors in the SOAFL at gain satu-
ration condition. In principle, the relationship between wave-
length peak of gain profile and upper level carrier density is
given by the nonlinear gain compression effect described by
An = Ao — k(N — Np) [22], where A, is the shift of gain peak
wavelength, )\ is the gain peak wavelength at transparency, kg
is a constant characterizing the gain peak shift, N is the carrier
concentration, and N is the carrier density at transparency.
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and NRZ injecting powers.

By operating the SOA at strong gain-saturation condition
with increasing NRZ power, the ASE of SOA at 1520 nm
is gradually eliminated, whereas the mode-locking gain
peak arises and blueshifts from 1558 to 1552 nm due to
band-filling effect at longer wavelength region. Such a blueshift
in mode-locking spectrum becomes more significant in SOA at
lower bias (or gain) condition. Previously, a similar phenom-
enon was observed with the intensity-dependent blueshift of
the laser pulse spectrum up to 11 nm, which was attributed to
the temporally asymmetric self-phase modulation in air-break-
down plasma region. Such a phenomenon can be manifested
under intense light emission, while the electron—hole plasma is
formed at the focused point within a high-power femtosecond
dye amplifier [23]. Such a significant blueshift in the entire
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mode-locking SOAFL pulse spectrum.

pulse spectrum is correlated with the negative refractive index
ramp rapidly created by the ionized plasma, which was reported
to be linearly proportional to the peak intensity of the laser
pulse. In this case, the incident laser pulse will experience
an enhanced frequency upshift when propagating through the
region with a sufficiently large variation on refractive index
in time domain. No matter the electrons are caused either by
external source or the pulse itself, the plasma-induced spectral
blueshift diminishes when the electrons are recombined or
escaped from the interaction region within the pulse duration.

Instead of the gaseous media used in aforementioned works,
semiconductors can be the alternative candidates to cause the
plasma-induced spectral blueshift. Even a moderately intense
laser pulse could transiently induce a large refractive index
change by creating a dense electron-hole plasma within the
carrier lifetime of hundreds picoseconds [24]. By techni-
cally keeping the pumping laser power far below the damage
threshold, the accelerated decay dynamics of the plasma at
high densities can be neglected to preserve a sufficiently large
window in the time domain for the pulse-plasma interac-
tion. The theory and numerical simulations on the interaction
of ultrashort laser pulses with nonstationary electron—hole
plasma in semiconductor was demonstrated by Berezhiani and
coworkers, and the corresponding frequency upconversion was
given by Awg/wo o Io(meAd/macy/”), where Awq denotes
the upshifted frequency, I is the initial peak intensity of the
laser pulse, A is the central wavelength of the laser pulse, ¢
is the dielectric permittivity, and m. and m, are the mass and
effective mass of electron in semiconductor, respectively. [25]
In our case, such a transient electron—hole plasma also occurs
by highly biasing the SOA and temporally saturating its gain
with the incoming optical NRZ data stream. The circulated
SOAFL pulse can thus interact with the electron-hole plasma
induced by the free carriers with time-varied densities.

In Fig. 11, the peak spectral powers at bias current of 250,
300, and 350 mA are decreased from —36 to —40.6 dBm, from
—29 to —40 dBm, and from —27 to —38 dBm, respectively,
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due to the decreasing gain for mode locking the SOAFL with
increasing NRZ injection power. Moreover, we have also ob-
served the reduction on spectral linewidth of the mode-locking
SOAFL with increasing optical NRZ power, as shown in Fig. 12.
Both the original 3-dB spectral linewidth and the corresponding
dynamic range [defined as (Anigh — Alow)/Anigh] Of the op-
tical NRZ injection-mode-locked SOAFL shrink with enlarging
SOA bias current. By increasing the SOA current from 250 to
350 mA, the linewidth and dynamic range is decreases by 1 nm
(from 4 to 3 nm) and 20% (from 65% to 45%). The linewidth re-
duction accompanied with the frequency upshifting result is rel-
atively in good agreement with that ever obtained in the dye and
gaseous pulse-plasma interaction system, [23] indicating that
the strong NRZ injection power effectively saturates the gain
of SOA to produce a sufficiently large refractive index change
under the existence of high-density electron-hole plasma.

As evidence, the enhanced electron—hole plasma under strong
NRZ injection can also be confirmed with the observation on
the reducing CW gain of SOA in terms of the decreasing dc
levels at the output pulse, as illustrated in Fig. 4. In Figs. 4
and 13, we demonstrate that the strong NRZ injection power
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prevents the ASE generating and optimizes the mode locking
condition. After propagating through an EDFA, we investigate
the dispersion compensation results of the mode-locked SOAFL
pulse by using the dispersion-compensated fiber (DCF) with
its length detuning from 20 to 200 m. Before compensation,
the pulsewidth and linewidth of SOAFL after EDFA is 11 ps
and 1 nm, respectively. After compensation, the pulsewidth of
SOAFL is shortened to 836 fs with its linewidth broadened to
3 nm, as shown in Figs. 12 and 13. In Fig. 14, the broadened
linewidth of SOAFL is probably due to the EDFA amplification
induced nonlinear self-phase modulation effect, which causes
the SOAFL spectrum to slightly broadened from 1 to 3 nm. The
extremely small duty cycle of 0.8% and the moderate spectral
linewidth of 3 nm for one bit of the recovered RZ clock pulse
are obtained after dispersion compensation.

After dispersion compensation, the recovered RZ clock pulse
reaches nearly transform-limit condition with a time-bandwidth
product of 0.314. Note that the compensation process is some-
what incomplete and leaves a pedestal associated with the cen-
tral pulse peak of the SOAFL (see Fig. 13). The spectral broad-
ening is attributed to the self-phase modulation effect. [1] Be-
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fore dispersion compensation, the SOAFL pulse does not enter
the Fourier transform-limited regime. That is, the time-band-
width product of the original SOAFL pulse is not transform-lim-
ited with a constant value of 0.31 (hyperbolic second-like pulse
shape) or 0.44 (Gaussian-like pulse shape). The pulse short-
ening is happened due to the compensation between the SOAFL
pulse chirp and the group velocity dispersion when propagating
in fiber. In principle, there should not be any spectral broadening
effect occurred during such a linear dispersion stage. Only when
the nonlinear effect such as self-phase modulation occurs, the
SOAFL pulse spectrum becomes broadened. It seems that some
nonlinear chirping effect has been initiated during the amplifi-
cation and propagation of the mode-locked SOAFL pulses in
EDFA and DCF. This is confirmed from the broadened spec-
trum on the amplified and compensated pulses. Those chirped
frequency components in the amplified SOAFL pulses exhibit
different amplitudes, which are unable to be linearly compen-
sated in DCF.

IV. CONCLUSION

By detuning the bias current of SOA from 250 to 350 mA
and the power level of the optical NRZ injection from —3 to
8 dBm, we investigate the 10-GHz mode locking and pulsed
clock extraction from an SOA-based fiber ring injected by op-
tical NRZ data at 10 Gbit/s. With increasing NRZ power, the
ASE at 1520 nm is eliminated and the SOA leaves more gain
for initiating the mode locking. The strong injection can effec-
tively decrease the dc level of the recovered RZ clock pulse and
eliminates its timing jitter to 600 fs. The mode locking is gradu-
ally completed with the dc level greatly decreasing from 480 to
50 W, corresponding to a pulse/dc amplitude contrast ratio up
to 18 dB. By increasing the bias current to 350 mA and the NRZ
injection power to 8 dBm for operating the SOA at high-gain and
high-modulation-depth conditions, the extracted mode-locking
pulsewidth can be shortened from 55 to 27 ps and the timing
jitter is greatly suppressed from 1.8 ps to 345 fs. The gain and in-
tracavity power detuned anomalous subpicosecond timing jitter,
and blueshifted mode-locking spectrum are elucidated with the-
oretical models and empirical equations. The mode-locked SOA
spectrum is redshifted by 5 nm with increasing bias as well
as gain of SOA at constant NRZ injection level. Nonetheless,
the mode-locking gain peak arises and blueshifts from 1558 to
1552 nm due to electron—hole plasma-induced band-filling ef-
fect. The anomalous blueshift in mode-locking SOAFL spec-
trum is mainly attributed to the effect of nonlinear gain com-
pression of ASE in SOA with a transient gain saturation effect.
Such a blueshift in mode-locking spectrum becomes more sig-
nificantin SOA at lower bias (or gain) condition. With optimized
NRZ injection power and SOA bias current, the EDFA-ampli-
fied SOAFL pulsewidth can be shortened from 11 ps to 836 fs
after the dispersion compensation.
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