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A method for electronically controlled formation of user-defined laser pulse patterns in a
synchronously pumped laser based on a semiconductor optical amplifier and an all-fiber
resonator is proposed and investigated. It is demonstrated that synchronous pumping allows
mode-locked operation with the laser radiation structured as an arbitrary pulse pattern
repeatable on each cavity round trip. Direct electronic control of the structure and shape of the
generated laser pulse patterns is implemented. The accuracy of the reproduction of modulation
pulse patterns and waveforms delivered from a radiofrequency arbitrary waveform generator is
examined. The time constraint on the pulse pattern formation in the steady-state mode-locked
lasing regime is revealed, as well as the feasibility of the quasi-steady-state regime with
on-the-lasing continuous modification of the pulse pattern structure.
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1. Introduction

Active mode locking of lasers is the well-established method
for obtaining a regular train of relatively short laser pulses
whose parameters strongly correlate with the corresponding
parameters of a driving electrical signal [1-4]. This method
is often implemented by applying intracavity modulation of
either the frequency or amplitude. Sufficiently fast modulation
allows harmonic mode-locked operation with the possibility
for electronically controlled switching of the pulse repetition
rate between different high-order harmonics of the fundamen-
tal pulse repetition rate as demonstrated in various solid-state
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lasers, including fiber-based lasers [5—10]. The inherently
strong relationship between the parameters of the modulating
electrical signal and the generated laser pulses is also used for
implementation of regenerative feedbacks [11-13], stabiliza-
tion of the laser pulse train against a reference radiofrequency
oscillator [14], control of laser pulse duration [15], and dis-
persion-based wavelength tuning [16, 17]. Nevertheless, the
potentialities of direct electronic control over the shape and
time structure of the laser pulses in actively mode-locked
lasers have not been fully explored. At the same time, lasing
in the form of arbitrary-shaped periodic pulse patterns and
waveforms is a prospective subject of great interest to both
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scientific and industrial communities. Earlier, pulse-periodic
lasing regimes with an intrinsically complex structure of gen-
erated pulses were investigated in passively mode-locked fiber
lasers, namely regimes of double-scale pulses [18], soliton
molecules [19], and soliton pattern complexes [20]. However,
the methods of such generation are not universal and reliable
because their potential to control pulse shape and structure is
very limited and dependent on many adjustable and nonad-
justable parameters of these lasers.

In the present work, we propose and study an original
method for electronically controlled formation of user-defined
pulse patterns in an actively mode-locked fiber-cavity laser.
This method allows the laser to produce an accurate light rep-
lica of the shape and structure of the driving pulse-periodic
electrical signal in proper mode-locked lasing conditions. This
opens up possibilities for direct laser generation of user-spec-
ified periodic pulse patterns composed of nearly-arbitrary-
shaped pulse elements or waveforms. The aforesaid method
was implemented and studied in a hybrid semiconductor opti-
cal amplifier (SOA)-fiber laser, whose mode-locked opera-
tion was forced by synchronous electrical pumping of the
SOA. Synchronous pumping is the energy-efficient approach
to active mode locking in different types of modulator-free
lasers [21-23]. An early implementation of a synchronously
pumped hybrid SOA-fiber laser allowed switchable harmonic
mode locking with a high (sub-GHz) pulse repetition rate
[24]. A later work [25] proved the feasibility of ultra-long syn-
chronously pumped SOA-fiber lasers with a kilohertz-scale
fundamental pulse repetition rate. It also suggested the further
investigation of electronic control over laser pulse shaping
by manipulation of the pumping electrical pulses. We sup-
pose, however, that such control is subject to the conditions of
steady-state mode-locked laser action, and can also be affected
by optical nonlinearity and dispersion in the SOA-fiber lasers.
Earlier, ultrashort pulse shaping in passively mode-locked
fiber lasers was shown to be greatly dependent on the inter-
play and distribution of dispersion, nonlinearity, gain, and
energy dissipation within the fiber cavity [26]. Therefore, to
avoid complex nonlinear distortions, we investigate here the
feasibility of the proposed method of forced pulse shaping and
patterning in conditions of negligible optical nonlinearity and
dispersion. Mode-locked pulse patterning is examined within
the (sub)microsecond time scale, thus ensuring relatively low
peak power and a narrow optical spectrum.

2. Experimental

The experimental set-up is schematically shown in figure 1.
The laser cavity has an all-fiber ring-linear configuration com-
posed of a fiber-coupled SOA, a 50% output fiber coupler,
and a fiber circulator ensuring unidirectional lasing in the ring
part of the cavity. This circulator also forms the linear arm
of the cavity, where a fiber Bragg grating (FBG, produced
by the Institute of Automation and Electrometry SB RAS) is
installed for lasing wavelength selection and stabilization. The
reflection spectrum of the used FBG is approximately 1nm
wide and centered at ~1540 nm, and its reflection coefficient is
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Figure 1. The synchronously pumped SOA-fiber laser with
electronic control of pulse patterning: SOA—semiconductor optical
amplifier, NDF—normal-dispersion fiber, NZDSF—non-zero
dispersion shifted fiber, FBG—fiber Bragg grating, RF AWG—
radiofrequency arbitrary waveform generator, Ch1l, Ch2—channels
1 and 2.

1 %®
107|508 <
+.0.64
o £ 0.2 3
s 6 - : '
o) 1540.2 1540.3
o Wavelength, nm /
5 4 /
0
82 /
0 ; .
09 14 1.9 24 2.9 34

Modulation voltage, V

Figure 2. Transfer characteristics of the modulation input of the
SOA-fiber laser (CW lasing power versus applied direct voltage).
The blue circles mark the measured dependence; the red straight
line represents its linear fitting. Inset: the laser optical spectra
acquired at different voltages (#1—at 2.6 V, #2—at 2.2 V, #3—at
1.8 V).

~0.95. The ring part of the cavity is extended by spliced pieces
of a 2.4 km long normal-dispersion fiber (Corning MetroCor)
and a 2.4 km long non-zero dispersion shifted fiber (True-
Wave Classic). The latter has anomalous dispersion at the las-
ing wavelength.

The designed ultra-long cavity features a quite low
(43.35kHz) intermode frequency. This relaxes the speed
requirements of the SOA current controller, which has to
be modulated at the cavity intermode frequency or its mul-
tiple, and also allows enhancement of per-pulse energy in the
single-pulse mode-locked lasing regime. The SOA (Thorlabs
SOA 1013S) was pumped electrically through a current driver
modulated by user-defined electrical pulse patterns. These
control pulse patterns were formed by means of a program-
mable dual-channel radiofrequency arbitrary waveform gen-
erator (RF AWG) Rigol DG4162, based on the technology of
direct digital synthesis. The combined signal from the AWG
outputs was sent to the modulation input of the SOA driver
to manage synchronous pumping of the laser. The laser char-
acteristics were measured by using a power meter, an optical
spectrum analyzer (OSA), and a couple of fast photodiodes
connected to an oscilloscope and RF spectrum analyzer.
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Figure 3. Oscillograms (a), (c), (e) and the corresponding RF spectra (b), (d), (f) measured for both modulation pulse patterns (blue)
and laser pulse patterns (red). Note: green circles indicate the theoretical RF spectra; the frequency spacing in the RF spectra (b) and (d)
is 43.35kHz, while the frequency spacing in the RF spectra (f) is 21.675 kHz; the resolution bandwidth (RBW) is 1kHz; T is the cavity

round-trip time.

3. Results and discussion

First, we measured the transfer characteristics of the laser
modulation input in the continuous-wave (CW) regime in
order to define the appropriate dynamic range for the syn-
chronous pumping regime. The plot in figure 2 represents the
revealed dependence of the laser output power on the voltage
applied to the modulation input of the SOA driver. The thresh-
old voltage for lasing was found to be about 1.47 V. The cutoff
voltage corresponding to the maximum current allowable for
the SOA was 3.38 V. The laser power reached 10.8 mW at the
maximum voltage. It is noticeable that the measured charac-
teristic can be well fitted with a linear function. This suggests
that the modulation-based laser pulse shaping can be free of
significant nonlinear distortions. Simultaneous monitoring
of laser radiation using the OSA revealed the stability of the
lasing wavelength against the modulation voltage variation

(as shown in the inset in figure 2), which was defined with an
accuracy limited by the OSA resolution (0.02nm).

On this basis, for the pulsed lasing exploration we set
the lower limit of the modulation voltage at 1.55 V, which is
slightly above the lasing threshold. This prevents the lasing
dynamics from transient processes related to overcoming of
the threshold. The upper limit of the modulation voltage was
set at 3.1 V. Such laser gain control can be referred to as gain
modulation, rather than gain switching [27]. The modulation
depth derived from the corresponding dynamic range of the
laser power was about 93%.

A regular train of a user-defined electrical pulse pattern
with the amplitude corresponding to the above-stated volt-
age range was delivered from the AWG to the modulation
input of the laser. The repetition frequency of the modulation
pulse pattern was set at 43.35kHz to match the cavity round-
trip time (7. = 23.1 ps) of the pulsed laser radiation. This
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frequency also corresponds to the frequency spacing between
adjacent longitudinal modes in the laser cavity (the intermode
frequency) at the lasing wavelength. Thus, the synchronously
pumped mode-locked lasing with the radiation structured and
shaped as a replica of the modulation (i.e. pumping) pulse pat-
tern was obtained.

To characterize the accuracy of the reproduction of a refer-
ence pulse pattern by the laser, we measured and compared
the RF spectra of a modulation pulse pattern train and the
corresponding laser pulse pattern train. We evaluated the dis-
crepancies between these spectra as well as between them and
the theoretical spectrum derived from Fourier transform of the
original mathematical function used to describe the pulse pat-
tern in the AWG.

Initially, the synchronous pumping was performed with the
electrical pulse pattern composed of a Gaussian and an asym-
metric trapezoid (as shown in figure 3(a)). These elements dif-
fered in amplitude and were allocated within the time span
corresponding to the cavity round trip time 7. The pattern
elements were formed separately in the synchronized AWG
channels and then combined into the whole pattern before the
modulation input of the laser. This allowed optional altering
of the time delay between the pattern elements. Figure 3 rep-
resents the laser characteristics obtained when applying the
described modulation pulse pattern to synchronous pumping.

The oscillograms shown in figures 3(a) and (c) evidence
the capability of the laser to reproduce modulation pulse pat-
terns with different time intervals between the pattern ele-
ments, provided that the repetition period of the whole pulse
pattern equals the cavity round-trip time (Tpagern = T¢). The
corresponding RF spectra of the modulation pulse pattern
trains and laser pulse pattern trains are shown in figures 3(b)
and (d). These spectra allow one to evaluate how accurately
the amplitude—frequency characteristics of the modulation
pulse patterns are reproduced by the laser. Also, the RF spec-
tra of the laser radiation allow verification of the mode-locked
nature of the obtained lasing regime. The observed stable
comb-like structure of the RF spectra featured the frequency
spacing equal to the laser intermode frequency and the rela-
tively high (up to 60 dB) signal-to-noise ratio of individual
spectral components. These features are typically indicative
of the mode-locked lasing regime. The reproduction acc-
uracy of the RF spectral characteristics was evaluated over
the frequency band 0.01-0.8 MHz, which is adequate for both
the microsecond time scale of the pulse patterns and for the
kilohertz-scale intermode frequency of the laser cavity. The
least-squares procedure was used for appropriate fitting of
the spectral amplitudes of the modulation pulse patterns to
the spectral amplitudes of corresponding laser pulse patterns
when superposing the RF spectra for comparison (as shown
in figure 3). The root-mean-square discrepancy (RMSD)
between the spectral amplitudes of the modulation and laser
pulse patterns was then evaluated as an integral criterion of
accuracy of the pulse pattern reproduction in the frequency
domain. But first, we found an RMSD between the theoretical
and measured RF spectra of the modulation pulse pattern. It
did not exceed 1.2 dB for the above described pulse patterns.
This RMSD value characterizes how accurately the original

.
Channel 1: Frep = 43.35 kHz
Channel 2: Frep = 43.35 kHz

Figure 4. Captured video of on-the-lasing continuous modification of
the laser pulse pattern structure. The instrumentation displayed left-to-
right: an RF spectrum analyzer measuring the RF spectrum of the laser
pulse pattern train, a digital oscilloscope measuring the modulation
pulse pattern train (upper oscillogram) and the corresponding laser
pulse pattern train (lower oscillogram), and a dual-channel RF AWG
forming the modulation pulse pattern train. The inset indicates the
repetition frequencies set for each AWG channel.

mathematical function used to describe the pulse pattern was
reproduced by the AWG when forming the modulation pulse
pattern. At the same time, the RMSD between the measured
RF spectra of the modulation pulse patterns and resulting laser
pulse patterns did not exceed 3.4 dB.

It is also important to note that the observed RF spectrum
of the above two-element pulse pattern features significant
relative variations (up to 20 dB) in its spectral amplitudes
when changing the time interval between its constituent ele-
ments. It is clearly seen when looking at and comparing the
RF spectra presented in figures 3(b) and (d).

In this connection, it was interesting for us to examine the
possibility of on-the-lasing dynamic modification of the pulse
pattern structure. To this end, we introduced a slight frequency
detuning (0.2 Hz) between the AWG channels used to com-
pose the modulation pulse pattern. This enabled cyclic varia-
tion of the time interval between the constituent elements of
the pulse pattern with a sweep time of 5s. The laser pulse
pattern under these conditions was repeating both the shape
and dynamics of the modulation pulse pattern, as presented
on the captured video (stacks.iop.org/LPL/16/115103/mme-
dia) (figure 4). Such a lasing regime can be considered as a
quasi-steady-state regime on the condition that the pulse pat-
tern modification rate is very slow in comparison with the cav-
ity round-trip time.

The time constraint on the pulse pattern formation in the
steady-state mode-locked lasing regime was revealed exper-
imentally as well, namely the requirement for appropriate
pulse pattern timing for precise matching with the cavity
round-trip time. Thus, upon doubling of the modulation pulse
pattern period (Tpaern = 27¢), the laser could not reproduce
the shape of the pulse pattern elements as accurately as in
the above described cases, despite the fact that the elements
of the modulation pattern remained the same, and the time
interval between them was equal to T, (figure 3(e)). The laser
tended to ‘averaging’ of the shapes of the pulse pattern ele-
ments due to alternation of the time profile of the laser gain
every other cavity round trip. Such a lasing regime was not
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Figure 5. Oscillograms (a), (c) and the corresponding RF spectra (b), (d) measured for both modulation pulse patterns (blue) and
laser pulse patterns (red). Note: green circles indicate the theoretical RF spectra; the frequency spacing in all RF spectra is 43.35kHz;

RBW = 1kHz.

inherently steady-state. In this regime, the pulse pattern trains
featured equidistant comb-like RF spectra (figure 3(f)) with
a frequency spacing of 21.675kHz, which is half of the laser
intermode frequency defined by the laser cavity length. In this
instance the RMSD between the measured RF spectra of the
modulation pulse patterns and corresponding laser pulse pat-
terns became as large as 6.2 dB.

Apparently pulse patterns can have a more complex
structure than just two discrete elements within the repeti-
tion period. We also tested the applicability of the proposed
method for generation of arbitrary-shaped periodic wave-
forms. Figures 5(a)-(d) represent the laser characteristics
obtained when applying some specific waveforms to synchro-
nous pumping. The duty cycle of these waveforms amounted
to approximately 74%. Measurements and comparison of the
corresponding RF spectra (the modulation waveform train
against the laser waveform train) revealed that the waveform
reproduction accuracy and mode locking quality are no worse
than that of the initial two-element pulse pattern. The ana-
lyzed spectra are presented in figures 5(b) and (d). The RMSD
between the measured RF spectra of the modulation wave-
forms and corresponding laser waveforms did not exceed 2.5
dB over the given frequency band, while the RMSD between
the theoretical and measured RF spectra of the modulation
waveforms did not exceed 0.8 dB.

It is also important to note that the optical spectra meas-
ured during generation of the above described pulse patterns
and waveforms were stably centered at the same wavelength
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Figure 6. The laser optical spectra acquired under different
conditions of pulse pattern generation. The narrow spectra plotted in
blue and green are typical of the patterns shown in figures 3 and 5,
respectively, provided that the repetition period of the whole pulse
pattern equals the cavity round-trip time (Tpagern = T¢). The wider
spectrum plotted in red corresponds to an attempt to double the
pulse pattern period (Tpagern = 27¢), as shown in figure 3(e).

as during CW lasing (~1540.2nm). The measured spectra
featured nearly equal widths defined mostly by the moderate
spectral resolution (0.02nm) provided by the OSA. Therefore,
they were hardly distinguishable from the spectra measured
during CW lasing (inset in figure 2). The exception was only
the spectrum acquired during an attempt to double the pulse
pattern period (Tpaierm = 27¢, as shown in figure 3(e)). This
non-steady-state laser operation featured a wider and noisier
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optical spectrum affected by amplified spontaneous emission.
Figure 6 presents typical optical spectra acquired under differ-
ent conditions of pulse pattern generation.

Nevertheless, we conclude that the relatively narrow width
of the optical spectra prevents generated pulse patterns and
waveforms from noticeable dispersion-induced distortions in
spite of an ultra-long fiber-based laser cavity.

Relatively linear transfer characteristics of the laser modu-
lation input also make it possible to define the average output
laser power without direct measurement of the optical power,
even in the case of pulse patterns or waveforms. The cali-
bration plot shown in figure 2 suggests that the output laser
power reaches 9.5 mW at the maximal modulation voltage
of 3.1 V. During generation of the periodic waveform shown
in figure 5(c), the measured average output power amounted
to ~6.2 mW. Considering this waveform as an example, one
can calculate its integral over the modulation period. It equals
0.65 when normalized to CW lasing at the maximal modula-
tion voltage. Thus, the calculated and measured power-related
values are in good agreement. Automatic computation of the
average output laser power may be a useful option for the pro-
grammable electronic control implemented for generation of
user-defined laser pulse patterns and waveforms.

Finally, it should be noted that the nearly 1 us temporal
resolution limit in the present work is due to the moderate
modulation bandwidth of the used SOA current driver. Faster
pumping electronics will also allow pulse patterning within
the nanosecond time scale. Generation of such relatively long
transform-limited pulses in the mode-locked regime is now of
emerging interest because of the possibility of being able to
fully characterize their spectral properties in the RF domain
by using GHz-bandwidth optoelectronics [28].

4. Conclusion

We have demonstrated that mode-locked lasing driven by syn-
chronous pumping can stably sustain nearly arbitrary laser
pulse patterns repeatable on each cavity round trip. Electrical
synchronous pumping of a hybrid SOA-fiber laser allows
implementation of direct electronic control of the structure
and shape of the generated laser pulse patterns and wave-
forms. The accuracy of the laser reproduction of modulation
pulse patterns and waveforms has been evaluated as relatively
high under conditions of appropriate pulse pattern timing for
its precise matching with the cavity round-trip time. Also, we
have demonstrated the feasibility of the quasi-steady-state
regime with slow on-the-lasing continuous modification of the
pulse pattern structure. Considering the nearly 1 ns response
time of conventional SOAs, the investigated method of lasing
is directly applicable to pulse patterning within nanosecond
and microsecond time scales in which dispersion-induced
distortions are negligible. Moving in the picosecond time
scale will be possible with faster SOAs and careful dispersion
management. The most important advantages of the demon-
strated direct generation of user-defined laser pulse patterns
and waveforms are relative simplicity, compactness, energy-
efficiency, and inherent synchronization with an external

clock. We believe that a number of application areas may ben-
efit from these features.
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