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The Detuning Characteristics of Rational Harmonic
Mode-Locked Semiconductor Optical Amplifier
Fiber-Ring Laser Using Backward Optical
Sinusoidal-Wave Injection Modulation
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Abstract—The modulation waveform, power, and frequency de-
tuning dynamics of a semiconductor optical amplifier fiber-ring
laser (SOAFL) harmonic and rational-harmonic mode-locked by
using backward injection of a large-signal sinusoidal-wave mod-
ulated Fabry-Pérot laser diode (FPLD) are studied. The shortest
pulsewidth of 53.3 ps at 1 GHz with spectral linewidth of 0.09 nm
at modulation power of 17 dBm can be obtained, which corre-
sponds to a time-bandwidth product of 2.8. The threshold modu-
lation power and the maximum frequency detuning range for har-
monic mode-locking of the SOAFL are 11.5 dBm and 180 kHz, re-
spectively. The mode-locked SOAFL gradually recovers back to si-
nusoidal-wave modulation mode at the detuning frequency beyond
4400 kHz. The pulse broadening slopes for the positive- and neg-
ative-frequency detuning regions of 0.48 and 0.375 ps/kHz are de-
termined, respectively. By enlarging the modulating power and de-
tuning the modulation frequency of FPLD, the SOAFL can be ra-
tional-harmonic mode-locked up to 12 GHz with 33-ps pulsewidth.

Index Terms—Backward injection, cross-gain modulation,
Fabry-Pérot laser diode, fiber-ring laser, frequency detuning,
harmonic and rational-harmonic, mode-locking, semiconductor
optical amplifier.

1. INTRODUCTION

HE actively harmonic mode-locked travelling-wave semi-

conductor optical amplifier fiber-ring lasers (SOAFLs) or
erbium-doped fiber amplifier based ring lasers (EDFLs) are the
preferred sources to generate high-bit-rate pulses with relatively
low timing jitter and high peak power at wavelengths of 1.3
and 1.55 pm Typically, these actively mode-locked fiber-ring
lasers can be implemented in terms of loss modulation using
mode-lockers such as the Mach—Zehnder integrated-optic
modulator [1], the electroabsorption modulator [2], and the
Fabry—Pérot semiconductor modulator [3], [4]. These modula-
tors not only increase additional loss inside the ring cavity but
also introduce a limit on the operational bandwidth and make
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the system less cost-effective. Subsequently, gain modulation
has emerged as another technique to achieve active mode
locking in fiber-ring lasers. It can be carried out by directly
modulating the injection current for the SOA or the pump beam
for the EDFA. The former is a convenient approach to realize
harmonic mode locking or even rational harmonic mode locking
in fiber-ring lasers but still undergoes the electric bandwidth
limitation of the SOA and additional bias network requirement.
The latter is subject to the restriction of modulation bandwidth
arising from long carrier lifetime of the EDFA. Based on the
gain depletion effect, the gain modulation can also be attained
by optical injection of a modulated signal to the gain medium.
Recently, various new techniques have emerged to achieve
harmonic mode-locking, rational-harmonic mode-locking [5],
or frequency multiplication [6], [7] process in aforementioned
lasers without the need of broadband optical modulating com-
ponents. Later, the FM or AM mode-locking of SOA based
fiber-ring lasers (SOAFLs) was demonstrated using intracavity
Fabry—Pérot filter-based wavelength selector and filter.[8] In
particular, the rational harmonic mode-locking at frequency up
to 10 x 30 GHz can be achieved using a modulated distributed
feedback laser diode (DFBLD) as seeding optical source and an
intracavity filter as harmonic mode selector [9]. More recently,
an all-optical actively mode-locked fiber ring laser based on
cross-gain modulation in SOA at repetition frequency of 5 GHz
has been reported, which employs an externally modulated
DFBLD as an optically controlled mode-locker [10].

In this paper, we study the detuning effect of a harmonic and
rational-harmonic mode-locked SOAFL system using backward
optical injection induced cross-gain-modulation technique. The
gain of SOAFL can be periodically depleted by using a si-
nusoidal-wave modulated or gain-switched Fabry—Pérot laser
diode (FPLD) at repetition of 1 GHz as the backward seeding
source. The effects of detuning the modulation waveform,
power, and frequency on the mode-locking performances of
the SOAFL are theoretically and experimentally characterized.
The mode-locking range and the pulse broadening dynamics of
the frequency detuned SOAFL are reported.

II. EXPERIMENTAL

The experimental setup of the 1.3-um fiber-pigtailed and
backward FPLD-seeded SOAFL is shown in Fig. 1, which
consists of a travelling-wave SOA, an FPLD, two Farady
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1326

BPF

Fig. 1.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 23, NO. 3, MARCH 2005

PC FPLD Bias-Tee

P [HA*

3

DC

Experimental setup of a harmonic mode-locked SOAFL using backward seeded FPLD as a gain modulation element. Amp: microwave amplifier; BPF:

bandpass filter; FPLD: Fabry—Pérot laser diode; ISO: isolator; OC: optical coupler; PC: polarization controller; RFS: radio-frequency synthesizer; TWSOA:

traveling-wave semiconductor optical amplifier.

20

-
(2]
T

/

v L\
wu\wwjpw

0 500 1000
Time (ps)

Modulating Power (mW)
o =

0

1500 2000

Fig. 2. Output traces of the FPLD sinusoidal-wave modulated (solid line) and
gain-switched (dashed) at 1 GHz.

isolators, and two 1 x 2 optical couplers with various power
splitting ratios. The SOA with maximum small-signal gain
coefficient of 23 dB is dc biased at 70 mA, which is slightly
above threshold (I;, = 60 mA) condition. The wavelength of
peak gain and the 3 dB gain bandwidth of the free-running SOA
are about 1306 and 31 nm, respectively. The FPLD is sinu-
soidal-wave modulated at 1 GHz using a radio-frequency (RF)
synthesizer (Rohde & Schwarz, SMLO1) in connection with a
power amplifier of 24-dB gain. The linearly modulated FPLD
is backward seeded into the SOAFL for cross-gain modulation
(XGM) operation, which then induces harmonic mode-locking
via the fine adjustment of the modulation frequency to match
the one harmonic mode of the SOAFL. To ensure a linearly
sinusoidal-wave modulation with higher modulation depth, the
FPLD with longitudinal mode spacing of 93.8 GHz (AX = 0.75
nm) is dc biased from 35.6 to 58 mA as the RF signal amplitude
increases from 8 to 19 dBm. Under such operation, the peak
power of FPLD is increasing from 1 to 2.2 mW, in which an
average power from 0.15 to 0.35 mW is also observed. The
maximum modulation depth of the FPLD is up to 80% or larger
in this case (see Fig. 2). As the RF modulation power of the
FPLD further increases beyond 21 dBm, the FPLD becomes
gain-switched, as shown in Fig. 2. The FPLD is coupled into
the closed-loop SOAFL ring cavity with coupling ratio of
50%. The maximum output power of the SOAFL at contin-

uous-wave mode (without the backward seeding of modulated
FPLD signal) is 1.4 mW. The Farady isolators are employed to
ensure the unidirectional propagation of light and to avoid the
amplification of backward seeded FPLD signal in the SOAFL
ring cavity. The cavity length of the SOAFL is 21.16 m, cor-
responding to a longitudinal mode spacing (i.e., fundamental
repetition frequency) of 9.45 MHz. The harmonic mode-locking
of SOAFL is achieved by matching the modulation frequency
of FPLD to the one-hundred-sixth harmonics of the SOAFL
cavity mode, which is about 1001.7 MHz. The mode-locked
performances are characterized from the 80% coupling output
of SOAFL by using a high-speed digital sampling oscilloscope
(HP 86 1004 + 86 1098, f3qg > 53 GHz).

III. RESULTS AND DISCUSSIONS
A. The Effect of Modulation Power Detuning

The mode locking is achieved by injecting sufficient power of
modulated laser diode to deplete and equivalently to modulate
the gain in the SOA. The relation between mode-locked perfor-
mance and modulated power of injection laser is therefore an
important data to be built up. We found that the SOAFL cannot
be harmonic mode-locked as the RF modulation power for the
FPLD is less than 8 dBm. Meanwhile, the SOAFL exhibits
small-signal sinusoidal and nonreturn-to-zero modulation. The
gain-depletion of the SOAFL is not well established since the
peak power of the linearly modulated FPLD is below 0.8 mW.
When the RF modulation power for the FPLD is between 8 and
11.5 dBm, we have observed weak and broadened optical pulses
from the SOAFL (> 150 ps) due to its insufficient gain-depletion
depth. The threshold modulating power for FPLD to mode-lock
SOAFL is around 11.5 dBm. As the modulation power of the
FPLD increased from 12 to 17 dBm, the mode-locked pulse
width is significantly reduced from 130 to 53.3 ps (see Fig. 3).
The best RF amplitude and dc driving current of FPLD for
mode-locking the SOAFL at shortest pulse width are 17 dBm
and 53 mA, respectively. The shortest SOAFL pulse under
the backward injection of sinusoidal-wave modulated FPLD is
shown in Fig. 4. Theoretically, the mode-locked pulsewidth of
the SOAFL can be estimated by [11]
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Fig. 4. Mode-locked pulses of SOAFL with the FPLD operating under
sinusoidal-wave modulation (upper trace) and gain-switching (lower trace)
conditions.

where g, denotes the round-trip gain of the SOAFL, f,,, denotes
the modulation frequency of the FPLD, Am is the measure of
the modulation depth (on-to-off transmission ratio of the mod-
ulated FPLD), and Av is the gain bandwidth of the SOAFL. In
our case, g, = 22.5+ 0.5 dB, f,, = 1001.7 MHz, Am = 4,
and Av = 20 nm 2 2.5 THz. The shortest pulsewidth of 53.3
ps from the harmonic mode-locked SOAFL at repetition fre-
quency of 1 GHz is somewhat larger than the estimated value of
30.8 ps, which may be attributed to the insufficient modulation
depth and the excessive gain of the SOA. In addition, Fig. 5 illus-
trates the amplified spontaneous emission spectra of a free-run-

Pulsewidth (hollow circle) and peak power (solid square) of the SOAFL at different of RF modulating powers and FPLD output powers.
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Fig. 5. Amplified spontaneous emission spectrum of the free-running SOA,

and the lasing spectra of the sinusoidal-wave modulated FPLD and the FPLD
backward-injection mode-locked SOAFL.

ning SOA at driving current of 50 mA. The peak wavelength and
3 dB linewidth of gain spectra for the SOA driving at 40 mA are
about 1304 and 20 nm, respectively. The central wavelength of
the sinusoidal-wave modulated FPLD is 1309 nm. The lasing
spectra of the SOAFL mode-locked by the FPLD modulating at
different RF powers are shown in Fig. 6. The lasing threshold of
the SOA is reduced when the SOA is closed-loop configured to
form a SOAFL, which makes the cavity effect of the SOA more
significant and reveals several longitudinal modes of the SOA
with spacing of about 0.4 nm in the lasing spectrum. The peak
wavelength of the FPLD mode-locked SOAFL is at 1306 nm,
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Fig. 6. Lasing spectra of the FPLD backward-injection mode-locked SOAFL
with the FPLD at different modulating powers.
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of the SOAFL at different of RF modulating powers.

which is slightly red-shifted due to the backward injection of
DFBLD at 1309 nm. The spectral linewidth of SOAFL pulses
slightly broadens from 0.7 to 1.4 nm as the RF modulating
power increases from 9 to 17 dBm. The lasing linewidth and the
time—bandwidth product of the harmonic mode-locked SOAFL
as a function of average power from the sinusoidal-wave modu-
lated FPLD is shown in Fig. 7. The time—bandwidth product of
2.8 is obtained as the FPLD power increases up to 2 mW.

The single-sideband (SSB) phase noise and timing jitter of the
FPLD backward injection mode-locked SOAFL are comparable
with those using conventional mode-locked schemes, as shown
in Fig. 8. By using a frequency synthesizer with SSB phase noise
density of —120 dBc/Hz at offset frequency of 10 kHz from
carrier, the corresponding phase noise and timing jitter of the
FPLD backward injection mode-locked SPAFL are determined
as —95 dBc/Hz at offset frequency of 10 kHz from carrier and
0.3 ps atintegral region between 10 Hz and 10 kHz, respectively.
A maximum side-mode suppression ratio of up to 40 dB has
been observed. With a high-power sinusoidal-wave modulated
FPLD, the SOAFL can easily be either harmonic or rational-har-
monic mode-locked due to the sufficiently large gain-depletion
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Fig. 8. The SSB phase noise spectrum and the corresponding timing jitter of
the mode-locked SOAFL.
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Fig. 9. The pulse shapes of the FPLD backward-injection mode-locked
SOAFL at different harmonic mode-locking frequencies.

depth and narrow gain window. In addition, the pulse shapes of
a FPLD harmonic mode-locked SOAFL at different repetition
frequencies are illustrated in Fig. 9. The operating conditions
of the FPLD, such as the RF modulating powers, the driving
currents, and its output powers, etc., are listed in Table I. In ex-
periment, the dc driving current of the FPLD remains constant
and the RF modulation power is slightly increased to obtain a
similar output power from FPLD. SOAFL pulsewidth as short
as 12 ps can be obtained at harmonic mode-locking frequency of
5 GHz. The obtained pulsewidth is even shorter than those ever
reported using a DFBLD in connection with a pulse-modulated
integrated-optic modulator as the mode-locker [9]. On the other
hand, the rational-harmonic mode-locking of SOAFL can also
be achieved by slightly detuning the modulating frequency ( f,,)
of FPLD apart from the harmonic mode frequency (n f ) of the
SOAFL by f./p to satisfy the condition of f,,, = (n + 1/p) fe,
where f. is the fundamental SOAFL cavity frequency and n and
p are integers denoting the harmonic and rational harmonic or-
ders of the SOAFL, respectively. This leads to a frequency mul-
tiplication with repetition rate changing from (n + 1/p)f. to
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TABLE 1
THE DRIVING CONDITIONS OF FPLD AT DIFFERENT MODULATING FREQUENCIES FOR HARMONIC MODE-LOCKING SOAFL

Frequency DC current Modulating Power Output Power
1 GHz 53 mA 17 dBm 225 mW
2 GHz 53 mA 18.5 dBm 228 mW
3 GHz 53 mA 19.2 dBm 221 mW
4 GHz 53 mA 23.5 dBm 2.20 mW
5 GHz 53 mA 25.0 dBm 2.15 mW
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Fig. 10. The rational-harmonic mode-locked pulse-trace of SOAFL at repeti-
tion frequencies of 12 GHz.

(np + 1)f., which is exactly p times the detuned modulation
frequency of FPLD. As a result, the pulse-train of rational-har-
monic mode-locked SOAFL with highest repetition frequency
up to 12 GHz (with p = 12) is shown in Fig. 10. Note that the
rational-harmonic mode-locked pulsewidth of SOAFL is about
33 ps, which is somewhat broadened and is not return-to-zero at
such high repetition frequency. This is mainly due to the finite
bandwidth of f3 4p = 1/2 7r(7'p’rc)0'5 of the SOA, where 7, and
T, are the photon and carrier lifetimes of the SOA.

B. The Effect of Modulating Waveform Detuning

The nonlinear modulation situation or gain-switching of
FPLD appears as the RF modulating power of FPLD is fur-
ther enlarged to >21 dBm or the dc current is decreased to
threshold condition. The effect of backward injecting waveform
on the transient gain of the SOA is illustrated in Fig. 11. A
backward sufficiently large pulsewidth [or a sinusoidal-wave,
see Fig. 11(a)] of the backward injection is essential to induce
a wide gain-depletion region [and result in a narrow gain
window, see Fig. 11(b)] of SOA for perfect mode-locking.
The gain window is hereafter defined as the duration within
one modulating period while the SOA still exhibits gain. In
opposite, the backward injection of short optical pulse [see
Fig. 11(c)] can only result in a less pronounced gain-depletion
effect and induces a dip in the gain profile temporally. This
causes a relatively wide gain window for the SOA, as shown in

Fig. 11(d). Such a wide gain window is helpless for generating
short mode-locking pulses from SOAFL. Under the backward
pulsed injection, a relatively broadened gain window of the
SOAFL is left since the gain of SOA is not fully depleted
within one modulation period, which consequently degrades
the harmonic mode-locking pulses of the SOAFL. Note that
a sufficiently narrow gain window is mandatory to the initia-
tion of mode-locking process. To confirm, the output trace of
SOAFL mode-locked by gain-switched FPLD with pulsewidth
of 20 ps is shown in the lower trace of Fig. 4. In fact, the
harmonic mode-locked SOAFL pulse width becomes broader
(Iengthening to 70 ps or larger) at higher modulation powers
(>18 dBm) since now the FPLD turns to be gain-switching
with a greatly decreased pulsewidth (20 ps at modulation
power of 25 dBm). The peak power of the SOAFL at perfect
mode-locking frequency is first increasing up to 2.7 mW at
modulation power of 17 dBm, and then slightly decreases to
1.8 mW as the FPLD modulation power becomes larger. In
comparison, the harmonic mode locking of SOAFL is relatively
easy to establish via the optical injection from a sinusoidal-wave
modulated FPLD instead of a gain-switched one. Note that the
injection of a pulse-modulated or gain-switched FPLD signal at
higher RF modulation powers only causes a narrower gain-de-
pletion window. In frequency-domain analysis, the power in the
fundamental frequency such a short-pulse modulated waveform
is decreased, while the powers in the dc and higher harmonic
components are gradually enlarged. This eventually leads to
a weak mode-locked pulse followed by a larger pedestal, as
shown in the lower trace of Fig. 4. Consequently, the SOAFL
is continuous-wave lasing instead of harmonic mode-locking.
Such a pedestal results from the insufficient gain depletion of
SOAFL under the backward injection of gain-switched FPLD
pulse.

To further investigate the effect of the backward injected
waveform on the gain depletion and mode-locking performance
of the SOAFL, the pulse shapes of harmonic mode-locked
SOAFL gain-depletion modulated by sinusoidal-wave modu-
lated and gain-switched FPLDs are theoretically simulated. By
splicing the SOA in SOAFL into M sections, the differential
rate equations that describe the time-varied carrier density (V)
in the jth gain section under the influence of mode-locked (P;)
and backward injected (P;) signals with average powers of
FL ; and ?27 ;j are written as

Nj(Z./t)

qV Te

8Nj(z,t) _ L
o

915(2,1) 5—
P 2
§hle(‘,ross b ( )
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where the index 1 = 1 and 2 denotes the corresponding parame-
ters for the mode-locked SOAFL signal and backward-injection
modulated FPLD signals, respectively. In addition, I, Acyosss
and V denote the injection current, cross-section area in ac-
tive area, and volume of SOA; ¢ is the electron charge; hy;
denotes mode-locking and modulating photon energies; 7. de-
notes the spontaneous emission lifetime; and «jynt, g1, and go

Fig. 13.
SOAFL.

The frequency-detuned pulse-train of the harmonic mode-locked

are the internal loss and the corresponding gain coefficients for
the mode-locked and backward-injection modulated signals in
SOAFL cavity, respectively. The spontaneous emission lifetime
(7c) is obtained by 77! = A+ BN; + CN? with A, B, and
C denoting the nonradiative, bimolecular, and auger recombi-
nation coefficients, respectively. Equation (6) is a cubic for-
mula which simulates the gain coefficient of the DFBLD back-
ward injection modulated SOAFL, in which «; denotes the dif-
ferential gain coefficient, ao and a3 are experimentally deter-
mined constants which characterized the width and asymmetry
of the gain profile, Ny represents the transparent carrier den-
sity, AN = A\g — aq(N — Np) is the corresponding wavelength
for peak gain, and a4 denotes the empirical constant showing
the shift of the gain peak. The parameters of the SOA used in
our simulation are I' = 0.3, ajne = 20 cm™', L = 500 pm,
Aiross = 0.4 pm?, 07 = 2.5 x 102° m?, a5 = 7.4 x 10'8
m3a3 = 3.16 x 10 m™* ay = 3 x 10732 m* A =
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25 x 10857 1B = 1 x 1071 m3s~1,C = 0.94 x 1040
més™! Ny = 1.5 x 10 m™2,q = 1.6 x 107 C, ¢
3 x 108 m/s, \p = 1309 nm, A; = 1306 nm, A\» = 1306 nm,
B = —20 ps2/km, v = 10 (W-km) ~',1 = 70 mA, P, =
8 X 103[1 + 0.9 cos(27wv1t)], and v, = 1 GHz. As a result, the
continuous-wave lasing of SOAFL is more pronounced when
compared with the small mode-locking peak in the rising part,
as shown in Fig. 12. The continuous-wave lasing component
(i.e., the pedestal after the principle pulse peak of the dashed
line in Fig. 12) can be narrower when the pulsewidth of the gain-
switched FPLD becomes wider, or which can be suppressed as
the peak amplitude of the gain-switched FPLD becomes larger.
The theoretical simulation reveals that such a pulse-modulated
(or gain-switched) FPLD signal at higher RF modulation powers
only causes an narrow gain-depletion window, which eventually
leads to the degradation in mode-locked pulsewidth and peak
power of the SOAFL. The lengthened high-level duration of the
modulated FPLD signal (i.e., a larger duty cycle of the modu-
lation), which can fully deplete the gain and temporally shrink
the gain window, is mandatory to optimize the mode-locking
performance of the SOAFL.

C. The Effect of Modulating Frequency Detuning

The evolution on the pulse shape of the harmonic mode-
locked SOAFL under the detuning of FPLD modulating fre-
quency is shown in Fig. 13. The change in pulse shape is
not significant within the detuning range of +10 kHz. The
degradation in pulsewidth is less than 10% within detuning
frequency of +50 kHz. Fig. 14 plots the measured output
pulsewidth and peak power against the detuning frequency for
the backward FPLD seeded, harmonic mode-locked SOAFL.
The shortest pulsewidth of 53.3 ps associated with highest
peak power of 2.7 mW for the SOAFL at perfect mode-locked

frequency is observed. As the modulation frequency of FPLD
detuned from zero to 400 kHz, the mode-locked pulsewidth is
enlarged from 53.3 to 206.7 ps and the peak power is decreased
from 2.7 to 0.98 mW. The locking range of the harmonic
mode-locked SOAFL (which is defined as the bandwidth of de-
tuning frequency which causes pulse broadening of 50% from
the original pulsewidth) is about 180 kHz. The mode-locked
pulse is further degraded and becomes similar to sinusoidal
wave at detuning frequency beyond £320 kHz, and the SOAFL
finally transforms into sinusoidal-wave modulation mode as
the detuning frequency beyond +£400 kHz, which interprets
that the mode-locking mechanism no longer exists in the
SOAFL. The rational harmonic mode-locking phenomenon is
not observed in the SOAFL output since the detuning frequency
of 400 kHz is corresponding to a thirty-fifth-order rational
harmonic mode-locking at repetition frequency of 35 GHz.
Moreover, it is found that the effects of positive- and negative-
frequency detuning process on the pulse shape distortion and
pulsewidth degradation are completely different, as shown in
Figs. 15 and 16. Under positive-frequency detuning, the pulse-
shape broadening in leading and trailing edges of the harmonic
mode-locked SOAFL pulse shape remains almost identical. In
contrast, the increasing falling time of the pulse shape under
negative-frequency procedure is more pronounced due to the
growth of a secondary pulse peak [see Fig. 4(b)]. It is easily un-
derstood that when the gain depletion process is delayed due to
the negative-frequency detuning, the trailing edge of the mode-
locked pulse shifts across the peak and toward the rising part
of the gain profile, which subsequently experiences higher gain
than the leading edge. This inevitably leads to the broadening in
trailing edge together with a slightly larger decaying rate in peak
power of the harmonic mode-locked SOAFL pulse. The pulse
broadening slope of the positive-frequency detuning region of
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The evolution of harmonic mode-locked SOAFL pulse shapes (a) without or with positively detuning frequencies of (b) 200 kHz and (c) 400 kHz.
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Fig. 16. The evolution of harmonic mode-locked SOAFL pulse shapes (a) without or with negatively detuning frequencies of (b) 200 kHz and (c) 400 kHz.

0.48 ps/kHz is slightly larger than that of the negative-frequency
detuning region (0.375 ps/kHz). It seems that the broadening
ratio of the negatively frequency detuned pulse is less distinct
as compared to that observed in positive frequency detuning
process. However, the actual pulsewidth of the negatively fre-
quency-detuned harmonic mode-locked SOAFL is not reflected
in Fig. 3(b), since the peak power of the incompletely separated
secondary pulse appeared on the trailing edge is lower than half
of the principle peak power.

IV. CONCLUSION

The detuning dynamics of the backward optical injection
induced harmonic and rational-harmonic mode-locking of

SOAFL using a sinusoidal-modulated or gain-switched FPLD
seeding are reported. The effects of modulation waveforms,
frequency, and power detuning on variation of pulse shape
and pulsewidth of SOAFL are discussed. A backward seeded
FPLD signal with larger duty cycle is mandatory to optimize
the mode-locking performance of the SOAFL. The RF powers
required for initiating and optimizing the mode-locking mech-
anism of SOAFL are 12 and 17 dBm, respectively. A nonlinear
modulation of FPLD appears as the RF amplitude is further
enlarged or the dc current is decreased, which can efficiently
enhance rational-harmonic mode-locking frequency of the
SOAFL up to 12 GHz. The mode-locked pulsewidth and peak
power significantly degrade as the modulation power exceeds
18 dBm or the modulation frequency detunes greater than
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10 kHz from the perfectly mode-locked condition. The max-
imum mode-locking frequency detuning range corresponding
to a pulse broadening ratio of 50% is nearly 180 kHz. The
mode-locked pulse further broadens up to 180-210 ps with
a decreasing peak power of 1.0 mW, and gradually recovers
back to sinusoidal-wave modulation mode at the detuning
frequency beyond £320 kHz. The pulse broadening slope
of the positive-frequency detuning region of 0.48 ps/kHz is
slightly larger than that of the negative-frequency detuning
region (0.375 ps/kHz). From these results, the higher stability
of the mode-locked SOAFL under positive-frequency detuning
condition can thus be concluded.
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