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Abstract We report an experimental study of an actively
mode-locked fiber ring laser based on the development of an
efficient in-fiber amplitude modulator. Intermodal coupling
induced by standing flexural acoustic waves permits the im-
plementation of broad bandwidth (1.5 nm), high modulation
depth (72%), low-insertion-loss (0.75 dB), in-fiber ampli-
tude modulators, operating in the MHz frequency range. The
experimental characterization of the laser as a function of
the radio frequency voltage that controls the modulator, the
length of the active fiber, and the optical bandwidth of an
intracavity filter implemented with a fiber Bragg grating has
led to an improved performance of the Erbium-doped fiber
laser: optical pulses of 34-ps temporal width, 1.4-W peak
power, and 4.75-MHz repetition rate.
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1 Introduction

Mode-locked fiber lasers are an essential technology to gen-
erate high-quality optical pulses at high repetition rates. In
passive mode-locking schemes, the repetition rate is deter-
mined by the cavity round-trip time; therefore, synchroniza-
tion to an external clock signal is not possible. On the con-
trary, active mode-locking operation results in a more stable
operation, since each optical pulse is triggered by the mod-
ulator, which in turn can be accurately synchronized to an
external clock signal. However, the main disadvantage in the
active schemes is the relatively long pulse width generation
in comparison to passive schemes, which can still be used to
operate in the femtosecond regime.

Most of the approaches in actively mode-locked lasers
rely on the use of bulk components. Unfortunately, their
use highly increases the cavity losses, degrading the perfor-
mance of the laser and giving rise also to etalon formation
that can frustrate the mode-locking operation. In addition,
they require fine alignment and good mechanical stability.
It is also true that fiber-pigtailed packaged electrooptics and
acoustooptics modulators have been developed later, with
lower insertion losses, but still remaining relatively high as
compared with in-fiber solutions. Strictly all-fiber arrange-
ments can reduce the intracavity losses associated with cou-
pling to bulk components; at the same time they provide in-
herent mechanical stability and high peak power damage, in
addition to compactness and low maintenance requirements.
Besides this, taking into account the strong influence that
dispersion has on the mode-locking process, optical fibers
are particularly well suited to form the cavity of a mode-
locked laser, because the dispersion of the cavity becomes
easily adjusted just by using fibers with different group ve-
locity dispersions.
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Up to date, many researchers have attempted various
schemes to achieve active mode-locking operation in all-
fiber lasers [1–6]. Among them, we have recently reported
an actively mode-locked all-fiber ring laser using a low-
insertion-loss acousto-optic modulation technique, which
was based on the intermodal coupling induced by stand-
ing flexural acoustic waves in a standard optical fiber [6].
This novel type of in-fiber mode-locker provides a high am-
plitude modulation depth that can be used to perform ac-
tive mode-locking. Now, our purpose is to show the behav-
ior of this laser under different configurations, not only to
gain physical insight into the dynamics of these kinds of
lasers, but also looking toward an improvement of its perfor-
mance. As a result of our experimental study, a mode-locked
train of light pulses were obtained of 34-ps temporal width
and 1.4-W peak power, at a repetition rate of 4.75 MHz.
As compared with our previous result (95-ps pulse width
and 21-mW peak power) [6], this represents a significant
improvement. Further, these values are within the best re-
sults reported in the framework of actively mode-locked all-
fiber lasers and demonstrate that further improvements can
be reached by following this research line.

In the following Sect. 2, we start with an experimen-
tal study of the in-fiber acousto-optic modulator. Then, in
Sect. 3 we describe the dependence of the pulse’s parame-
ters as a function of the applied voltage to the piezoelectric
(which controls the acousto-optic modulator), the erbium-
doped fiber length, and the optical bandwidth of an intra-
cavity filter performed with an FBG; see Sects. 3.1 to 3.3,
respectively. Finally, our conclusions are shown in Sect. 4.

2 The intermodal coupling acousto-optic modulator

A schematic view of the acousto-optic modulator (AOM) is
shown in Fig. 1. The AOM consists of an RF source, a piezo-
electric disk (PD), an aluminum concentrator horn, and a
standard optical fiber uncoated, in order to prevent the at-
tenuation of the acoustic wave. The PD is excited by the RF
source to produce an acoustic flexural wave that is transmit-
ted to the fiber by the aluminum horn. The horn is attached
to the PD, and it focuses the vibration into the fiber through
its tip, which is glued to the uncoated optical fiber. In order
to allow the generation of a standing flexural acoustic wave,
the uncoated fiber is firmly clamped at one extreme, whereas
in the other it was damped.

When a flexural acoustic wave propagates along the un-
coated optical fiber, it produces a periodical perturbation of
the refractive index. As a result, it produces intermodal cou-
pling between the fundamental core mode and some spe-
cific cladding modes [7, 8]. This acousto-optic interaction
can be seen as the dynamic counterpart of a conventional
long-period grating (LPG). Thus, the transmission prop-
erties of the acoustically induced LPG can be controlled

Fig. 1 Experimental setup of the acousto-optic amplitude modulator

dynamically by varying the characteristics of the flexural
acoustic wave. The optical coupling is resonant in wave-
length, and it takes place at the optical wavelength that ver-
ifies the phase-matching condition. At the output, only the
light that remains guided by the core mode is transmitted,
and the coupling between the fundamental core mode to one
of the cladding modes results in the appearance of an attenu-
ation notch in the spectrum, whose amplitude remains fixed
whenever a travelling acoustic wave is used. In our exper-
iments, the standing acoustic wave produces a modulation
of the transmittance at twice the frequency of the acoustic
wave.

Figure 2(a) shows the wavelength dependence of the
maximum and minimum transmittance for a RF signal ap-
plied to the piezoelectric of 2.37315 MHz and 18 V (when-
ever we refer to voltages, it is a peak-to-peak measurement).
The spectral response reveals a minimum transmittance of
9 dB at 1550.8 nm. At this wavelength the coupling be-
tween the core mode LP01 and the cladding mode LP12 pro-
duces the maximum transfer of energy [8, 9]. The period of
the acoustically induced LPG is estimated to be 690 µm,
obtained from the dispersion relation for a flexural wave
on a cylindrical rod Λ = (πRCextf

−1
a )1/2 [8], where Λ is

the acoustic wavelength, R is the radius the cylindrical rod,
Cext is the speed of the extensional wave, 5760 ms−1 for
silica, and fa is the acoustic wave frequency. Figure 2(b)
shows the transmitted light as a function of time at the res-
onant optical wavelength, for the same conditions described
in Fig. 2(a). An amplitude modulation can be clearly ob-
served at 4.75 MHz, which is two times the acoustic fre-
quency used (2.37315 MHz). The measurements reported
in Fig. 2 were performed by illuminating the AOM with
a laser tuned to a wavelength around the optical resonant
wavelength and detecting the transmitted light in a standard
oscilloscope. The fact that the reflection coefficient for the
acoustic wave is not 1, makes the maximum transmission to
be slightly below the reference level, i.e., the transmission
of the fiber when no acoustic wave propagates. Therefore,
the maximum transmission determines the insertion loss of
the AOM at a given wavelength, RF frequency, and voltage.
The difference between the maximum transmission and the
minimum determines the modulation depth. From the results
presented in Fig. 2 we can emphasize that a strong modula-
tion depth (72%) is achieved, together with a low insertion
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Fig. 2 (a) Maximum (solid points) and minimum (open points) trans-
mittance of the AOM as a function of wavelength, around the reso-
nance located at 1550.8 nm. (b) Oscilloscope trace that corresponds

to the transmission of the AOM (solid curve) recorded at the reso-
nant wavelength; the reference level is the dashed line. In both cases,
fa = 2.37315 MHz and VPD = 18 V

Fig. 3 (a) Transmission spectra at constant RF voltage (18 V)
and three different acoustic frequencies: (i) 2.3317, (ii) 2.3717, and
(iii) 2.4117 MHz. The inset gives the calibration of the device: Reso-

nant wavelength versus acoustic frequency. (b) Transmission spectra at
constant acoustic frequency (2.3731 MHz) and four different RF volt-
ages (see the label of each trace)

loss (0.75 dB) and a broad operation bandwidth (1.5 nm).
If we compare the values of these three parameters with the
values recently reported for an AOM based on longitudinal
acoustic waves in a FBG [5] (15% modulation depth, 1-dB
insertion loss, and 6-pm bandwidth), then we can appreciate
the improvement achieved with the present AOM.

The modulator has a number of specific characteristics
that require to be properly analyzed. On the one hand, we
have measured the operation of the AOM as a function of the
frequency of the standing flexural acoustic wave. When the
acoustic frequency changes, the periodicity of the perturba-
tion also varies, and hence the phase-matching condition is
shifted to a different resonant wavelength. Figure 3(a) illus-
trates the shift of the optical resonant wavelength as a func-
tion of the acoustic frequency. These transmission spectra
were measured using a broadband light source and an optical
spectrum analyzer (OSA) with 50-pm resolution. The mea-
sured spectra give the average transmission of the AOM. The
three spectra reported in Fig. 3(a) correspond to three differ-
ent acoustic frequencies which give rise to a transmission
dip at different optical resonant wavelengths. According
to the phase-matching condition, the resonant wavelength
shifts to shorter wavelengths as the acoustic frequency in-
creases. The inset of Fig. 3(a) shows a linear dependence

of the resonant wavelength with the acoustic frequency fa .
The rate of change was measured to be −0.17 nm/kHz. Fig-
ure 3(a) also shows that the transmission dips have differ-
ent depths as functions of fa . This feature is quite common
in this kind of acousto-optic devices, and its origin is the
nonflat frequency response of the PD and the acoustic fiber
resonator. For the specific device of our experiments, the
highest mode-coupling was found to be around an optical
wavelength of 1551 nm. Thus, in order to obtain the max-
imal mode-coupling, and consequently the highest modu-
lation depth, the AOM is operated near this optical wave-
length. On the other hand, we analyzed the operation of the
AOM as a function of the RF voltage applied to the PD.
Figure 3(b) shows the transmission spectra of the AOM at
a fixed acoustic frequency and for different voltages applied
to the PD. For this set of measurements, the applied voltage
was varied in a range between 6 and 40 V, and the acoustic
frequency was fixed at 2.3731 MHz. As it can be observed,
for low voltages, the coupling and the transfer of power be-
tween the core and the cladding mode increase, resulting in
a maximal attenuation notch at 18 V. Beyond this voltage
the depth of the transmission dip reduces gradually since the
two modes are overcoupled and the net transfer of power is
reduced. In addition, the response of the PD degrades for
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Fig. 4 (a) Modulation depth as
a function of the optical
wavelength at constant acoustic
frequency (2.37315 MHz) and
RF voltage (18 V).
(b) Maximum modulation depth
versus the resonant optical
wavelength around 1551 nm

high voltage values due to an excessive heating. Most of our
experiments were carried out using voltages around 18 V,
where a stable and linear response of the PD was observed.

Finally we measured the modulation depth as a func-
tion of the optical wavelength, when both the acoustic fre-
quency and the RF voltage were fixed. The intermodal cou-
pling exhibits a relatively broad bandwidth around the reso-
nant wavelength that satisfies the phase-matching condition.
Figure 4(a) shows the modulation dependence around the
resonant wavelength of 1551 nm when fa = 2.37315 MHz
and VPD = 18 V. At the resonant wavelength the modulation
depth is maximal and symmetrically decreases for longer
and shorter wavelengths. The measured full width at half
maximum (FWHM) of the AOM is 1.5 nm, with a maxi-
mum modulation depth of 72%. Figure 4(b) shows the max-
imum modulation depth versus the resonant optical wave-
length. This last characterization was carried out by chang-
ing slightly the RF frequency, according to the calibration
reported in Fig. 3(a) and a constant voltage of 18 V.

From the point of view of the implementation of ac-
tive mode-locking using this AOM, we can select certain
ranges of parameters with an optimum performance of the
device. Thus, the AOM can be operated with a modulation
depth higher than 0.7 in the optical wavelength range 1551–
1553 nm, which corresponds to the acoustic frequency range
2.3739–2.3619 MHz, using an RF voltage of ∼18 V. The
AOM will exhibit low insertion loss (−0.75 dB) and rela-
tively broad modulation bandwidth, 1.5 nm. Fine tuning of
the acoustic frequency will permit a precise match of the
cavity round trip time with the modulation period.

3 Experimental characterization

A schematic diagram of the mode-locked fiber ring laser
is illustrated in Fig. 5. The medium gain was provided by
2.85 m of an erbium-doped fiber (EDF) containing 300 ppm
Er3+, with a cut-off wavelength of 939 nm, and a numeri-
cal aperture of 0.24. The active fiber was pumped through a
wavelength division multiplexer coupler (WDM) by a 976-
nm pigtailed laser diode, providing a maximum pump power

Fig. 5 Schematic setup of the mode-locked fiber ring laser. The inset
is the reflection spectrum of the FBG

of 600 mW. Next, following a clockwise direction, the AOM
was inserted, followed by a symmetrical optical coupler, and
one of whose ports provided the output light pulses. The re-
maining port of the symmetrical coupler was connected to
a delay line; this delay line was necessary in order to match
the round-trip time with the modulation period. Then, port
1 of a polarization-independent three-port optical circulator
(OC) was connected to the end of the delay line. The OC
was used not only to force unidirectional operation within
the ring cavity but to incorporate simultaneously, via port
2, a fiber Bragg grating (FBG) as a spectral filter. The FBG
had a Bragg wavelength of 1548.7 nm, with a flat reflectiv-
ity near 100%, and an FWHM bandwidth of 0.3 nm. The
ring cavity was closed by connecting port 3 of the OC to
the WDM. Finally, two polarization controllers were added
within the cavity PC1 and PC2 in order to allow a fine ad-
justment of the polarization.

The acoustic frequency fa is selected to be the same as
in Fig. 2, i.e., 2.37315 MHz. Thus, the frequency of mod-
ulation is two times fa , i.e., 4.75 MHz. Assuming an ef-
fective index (neff) of 1.4457, the required cavity length,
Lcavity = c/(neff2fa), is calculated to be 43.72 m; however,
small errors in cavity length are expected, and these are com-
pensated by a fine adjustment of the acoustic frequency. The
acoustic frequency range 2.3739–2.3619 MHz allows a pre-
cise matching of the cavity length from 43.71 m to 43.93 m.
Thus, in order to obtain a precise matching of the cavity
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Fig. 6 (a) RF voltage used to drive the PD and mode-locked train of
pulses generated at 4.73776 MHz with 60 mW of pump power. The
inset shows a single pulse of 90-ps pulse width together with its cor-
responding fitting by a sech2(x) function. (b) Pulse width (FWHM)

and peak power of the optical pulses as functions of the pump power
(open and solid scatter points, respectively). (c) Pulse width (FWHM)
and peak powers as functions of the frequency detuning for a fixed
VPD = 14 V and pump power of 60 mW

length with the acoustic frequency, errors in cavity length
are compensated by adjusting the acoustic frequency, at the
rate 1.84 cm/kHz (∂Lcavity/∂fa = −Lcavity/fa). Since any
change of the acoustic frequency produces a shift of the op-
tical resonant wavelength, when this is varied, the Bragg
wavelength of the FBG need to be shifted to match the opti-
cal resonant wavelength of the AOM. For that reason, the
FBG is mounted on a translation stage to provide wave-
length tuning in a range between 1548.7 and 1552 nm. This
allows a precise matching of the laser wavelength with the
resonant wavelength of the AOM.

The dispersion (D) of the different sections of the laser
was measured by the frequency-domain modulated-carrier
method. The laser cavity is a mixed-dispersion fiber ring
consisting of 2.85 m EDF with D = −18.8 ps/(nm km),
3.47 m SMF-28 with D = 17.89 ps/(nm km), 14.47 m Corn-
ing LEAF fiber with D = 4.29 ps/(nm km), 18.91 m Fiber-
core SM980 with D = −5 ps/(nm km), and 1.4 m OFS 980
with D = −3.53 ps/(nm km). The SMF-28 and OFS 980 op-
tical fibers correspond to the pigtails of the OC and WDM,
respectively, whereas the LEAF and Fibercore SM980 fibers
correspond to the delay line. Thus, the average cavity disper-
sion results slightly anomalous with Davg = 0.4 ps/(nm km).
We measured also the dispersion of the OC and WDM, and
both resulted normal with a group delay per wavelength unit
of −0.3 ps/nm and −0.04 ps/nm, respectively.

Mode-locking operation was obtained at the modulation
frequency of 4.73776 MHz and an optical wavelength of
1551.5 nm. The RF signal used to drive the piezoelectric
transducer together with the train of mode-locked pulses is
shown in Fig. 6(a). For measurements of the pulse parame-
ters, we use a sampling oscilloscope with 9-ps FWHM op-
tical resolution. As it can be observed, the frequency of the
optical pulse train is twice the frequency of the signal used
to drive the PD in the modulator (2.36888 MHz). The in-
set shows the shortest pulse reached with this configuration.
The resulting pulse has a maximum peak power of 380 mW
and pulse width (FWHM) of 90 ps. The pulses were best fit-

ted by a sech2(x) function; neither Gaussian nor Lorentzian
functions improved the fitting, which is an expected profile
in this type of dispersion-mixed cavities [10].

If we compare the narrowest pulses obtained with this
configuration (90 ps) with the narrowest pulses reported
in our previous work (95 ps) [6] where the same type of
AOM was used, we find nearly no difference. However, from
the laser operation point of view, there is an important im-
provement, since the present arrangement is rather more sta-
ble, and the laser can be adjusted more easily. We attribute
this improvement to the FBG used, which has a flat spec-
tral reflectivity (see Fig. 5), making less critical the spectral
matching between the FBG reflectivity with the resonant dip
of the AOM. On the contrary, the FBG used in [6] was of
nearly the same FWHM but with a lower reflectivity (50%).
As a consequence, any spectral detuning resulted in a larger
variation in reflectivity, which in turn induced a higher diffi-
culty to stabilize the laser operation. Figure 6(b) shows the
dependence of the pulse’s parameters as the pump power is
varied. Mode-locking operation was found in a range be-
tween 30 to 60 mW of pump power. As it can be observed,
the pulse width decreases, whereas the peak power increases
with the pump power. The energy of each pulse reveals that
pulse energy increases from 11.13 pJ to 54.75 pJ as the
pump power increases from 30 to 60 mW, respectively.

From a practical point of view, it is interesting to quan-
tify the maximum allowable frequency detuning (�ν), i.e.,
the maximum difference between the reciprocal of the cav-
ity round-trip time and the modulation frequency, that sus-
tains mode locking. Figure 6(c) shows the variation of the
pulse’s parameters as the frequency of the RF signal applied
to the PD is changed. Mode-locking of this laser permits a
maximum detuning of about ±60 Hz in any direction. The
efficiency of the proposed AOM to provide high modulation
depths not only helps to reach narrower pulses, but also al-
lows a higher frequency detuning, as compared with a simi-
lar configuration with a lower modulation depth. In a certain
sense, this is desirable, since it simplifies the operation of
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the laser and alleviates the stability requirements on the RF
source [11].

3.1 Dependence with the applied voltage to the
piezoelectric

There is a direct relationship between the applied voltage
to the PD and the modulation depth; although this relation-
ship is not linear, due to the characteristic periodical behav-
ior of the mode-coupling. In this subsection, we will show
the dependence of the pulse’s parameters as the modulation
depth, via the applied voltage, is varied. Figure 7 gives the
dependence of the pulse’s parameters as functions of the RF
voltage applied to the PD, in the range between 8 and 22 V.
In the lower limit, an applied voltage lower than 8 V, we
found that the modulation attenuation was too low to pro-
duce mode-locking, see Fig. 3(b). In Fig. 7 we can observe
the narrowing of the output light pulses as the voltage in-
creases, from 150 ps at 8 V up to 90 ps for an applied volt-
age of 12 V. In this range, the modulation depth increases
with the applied voltage. According to mode-locking the-
ory, the modulation depth and the pulse width are inverse
parameters [12]. In this sense, this narrowing is an expected
behavior. A further increment in the applied voltage from
12 V up to 22 V does not induces a further narrowing, but
slightly leads to broader light pulses, because the modula-
tion depth start to decrease again. Further narrowing by an
increment in the modulation depth seems unlikely, because

Fig. 7 Pulse width (FWHM) and peak powers versus RF voltage at
fa = 2.36888 MHz (open and solid scatter points, respectively). The
pump power was 60 mW

the modulation depth provided by the AOM is indeed very
high (up to 0.74). For example, a 10% higher modulation
deep, i.e., from 0.74 to 0.814, would only induce a 2% nar-
rower pulse width, according to the known dependence of
pulse width with the reciprocal of the 4th root of the mod-
ulation depth [12]. As a consequence, there is not enough
margin of improvement in this specific parameter to induce
a noticeable change in the pulse width.

3.2 Dependence with the EDF length

The dependence on the pulse parameters as a function of
the EDF length is described in this section. The EDF was
varied in the range 2.15 m to 4.36 m, keeping constant the
cavity length, (43.7 m), by adjusting each time the length
of the delay line. By changing the length of the EDF we
changed not only the gain within the cavity but also the aver-
age cavity dispersion. In fact, we verified that it was possible
to operate this laser in both dispersion regimes, i.e., normal
and anomalous. Figure 8(a) shows the dependence of the
pulse’s parameters as functions of the EDF length. This fig-
ure also includes the information of the average dispersion
Dave for each EDF fiber length. Mode-locking operation was
achieved at a minimum pump power of 345 mW, 60 mW,
and 25 mW, from shorter to longer EDF fiber lengths, re-
spectively. As the EDF length decreases, output light pulses
becomes narrower. If we correlate the EDF length with the
cavity gain, then this behavior for the pulse width agrees
with the theoretical model developed by Kuizenga and Sieg-
man for homogeneously broadened actively mode-locked
lasers [12]. Optical pulses of 65-ps time width and 1.35-
W peak power were obtained by using an EDF length of
2.15 m, which gives a dispersion average of 0.8 ps/(nm km).
This result represents an improvement of 27% for the pulse
width and 255% for the peak power, as compared with our
initial configuration of 2.85 m of EDF length (90-ps pulse
width and 380-mW peak power). Further narrowing by this
trend was not possible, since no mode-locked output pulses
were observed for EDF lengths shorter than 2.15 m. Fig-
ure 8(b) shows the frequency detuning for the mode-locked
pulses obtained at each EDF length. As it can be observed,
the detuning range reduces as the EDF decreases. This result

Fig. 8 (a) Pulse’s parameters
versus EDF length.
(b) Frequency detuning versus
EDF length. The label of each
point gives the dispersion
average
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Fig. 9 (a) Oscilloscope trace of
a single mode-locked pulse at
4.73-MHz repetition frequency.
The inset gives the measured
optical spectrum of the laser.
(b) Pulse duration and peak
power versus the frequency
detuning

implies that frequency tuning is an important parameter as
the mode-locked pulses become narrower. This laser permits
a maximum detuning of about ±80, ±60, and ±40 Hz for
the mode-locked pulses of 105, 90, and 65 ps, respectively.

3.3 Dependence with the FBG bandwidth

An important parameter of our laser arrangement is the FBG
bandwidth, which acts as a spectral filter. Its bandwidth is se-
lected narrower than the AOM bandwidth; otherwise modes
not amplitude modulated would interfere in the mode-
locking process. For this reason, we used first a 0.3-nm
bandwidth FBG, which fulfills this requirement, since the
AOM bandwidth is of 1.5 nm. However, since a larger num-
ber of modes locked—i.e. amplitude modulated—would
produce narrower mode-locked pulses, we found that there
was margin for improvement, since the bandwidth of the
FBG used is far to be close to the AOM bandwidth. For
this reason, we replace our initial FBG with another FBG,
which also has a flat unit reflectivity, but a broader optical
bandwidth of 0.7 nm. Figure 9 shows the shortest pulse ob-
tained with this configuration, by using an EDF length of
2.45 m at a pump power of 265 mW. The measured tempo-
ral width was 34 ps (FWHM), with a maximum peak power
of 1.4 W. For this pulse, the spectral linewidth was mea-
sured to be 110 pm (i.e., 13.7 GHz at 1551.9 nm), using a
50-pm resolution optical spectrum analyzer. On the other
hand, a Fourier-transform limited sech2(x) pulse should
have a spectral linewidth of 9.3 GHz. From the compari-
son between this last value and the linewidth measurement
we conclude that the optical pulses of our mode-locked laser
could have some moderate degree of chirp. The soliton num-
ber N of the optical pulse, defined as the square root of the
ratio between the dispersion and the nonlinear length, is es-
timated as 31.86 for the average cavity dispersion Dave of
0.65 ps/(nm km). From this result a soliton compression ef-
fect could be expected since N � 1; however, the small
degree of chirp and the sech2(x) profile of the optical pulse
reveal a not significant compression in the laser cavity.

As it can be observed, the spectral linewidth of the laser
is rather shorter than the 0.7-nm bandwidth of the FBG. In

this respect, we believe that the combination of the spectral
response of the AOM (see, for example, Fig. 2(a)) with the
spectral response of the FBG can establish a severe limita-
tion to the laser linewidth. Further narrowing by this trend,
i.e., by designing a broader bandwidth FBG, is theoretically
possible, but experimentally challenging, because of the dif-
ficulties associated with the fabrication of a broad bandwidth
FBG without chirp. Finally, we present the variation of the
pulse parameters as a function of the frequency detuning for
this configuration when the measured allowable frequency
detuning was of ±8 Hz. According to theory of detuning
in AM mode locking, the maximum allowable detuning is
inversely proportional to the modulator optical bandwidth,
in this case replaced by the FBG bandwidth [11]. Since
the later has been increased noticeably, i.e., from 0.3 nm to
0.7 nm, a reduction in the allowable detuning is an expected
result.

4 Conclusions

In this work we have carried out an experimental character-
ization of an actively mode-locked all-fiber ring laser based
on a recently developed amplitude modulator. First, we have
presented a detailed characterization of the modulator itself.
Then, the pulse duration, the peak power, and the frequency
detuning have been characterized for different cavity con-
figurations. Thus, the optimization of the laser cavity has
led to a stable operation of the laser with pulses of 34-ps
time duration and 1.4-W peak power at a repetition rate of
4.7 MHz. The implementation of a theoretical simulation of
the laser will contribute to identify which cavity parameters
are at present limiting the effective optical bandwidth of the
laser and, consequently, any further reduction of the pulse
duration.
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