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We experimentally demonstrate simultaneous pulse repetition-rate multiplication and periodic pulse-to-pulse
peak-intensity control based on optimized periodic spectral line-by-line pulse shaping. Accordingly, the method
allows us to generate multiplied pulse trains in which the amplitude of each single pulse in a period can be
arbitrarily tailored. The technique is illustrated with the generation of 4 X9 GHz arbitrary periodic pulse
trains, including binary code patterns, from a 9 GHz uniform input pulse train. Special attention is paid to
pulse train generation based on all-pass line-by-line filters. © 2007 Optical Society of America

OCIS codes: 320.5540, 320.7160, 070.6020.

1. INTRODUCTION

Pulse repetition-rate multiplication based on linear spec-
tral filtering constitutes a well-established method for the
generation of periodic pulse trains at high repetition rates
from a lower rate source. On the one hand, the amplitude-
only filtering approach can be interpreted as a mode-
selection process: in the frequency domain, mode-locked
lasers are described by a series of discrete spectral lines
or modes (optical frequency comb) with frequency spacing
equal to the pulse repetition rate. By using a periodic am-
plitude spectral filter with a free spectral range equal to a
multiple integer of the input repetition rate, an output
pulse train with an increased repetition frequency is ob-
tained. The filter periodically selects a subset of spectral
lines, suppressing the other modes located in between. In
practice, this technique was originally implemented by
using a Fabry—Perot interferometer [1]. Other options
have been considered including superstructure fiber
Bragg gratings [2]. In this technique, a strong suppres-
sion of unwanted modes is critical to generate output
trains with minimum peak-to-peak pulse intensity varia-
tions. In this way, a double-pass Fabry—Perot configura-
tion [3] and the use of a semiconductor optical amplifier
[4] have been proposed to produce uniform pulse trains
with a multiplied repetition rate. On the other hand, the
phase-only filtering approach has usually been explained
in terms of the temporal Talbot effect [5]. This phenom-
enon occurs when periodic trains of optical pulses propa-
gate through a first-order dispersive medium. An appro-
priate amount of dispersion leads either to the
reproduction of the original pulse train (the integer tem-
poral Talbot effect) or repetition-rate multiplication by an
integer factor (the fractional temporal Talbot effect). This
option has been traditionally demonstrated by using con-
ventional optical fibers [6,7] or linearly chirped fiber

0740-3224/07/123034-6/$15.00

Bragg gratings [8]. When the dispersion deviates from
that given by the so-called Talbot condition [5], degrada-
tions of the multiplied pulse trains are observed [5,6]. Al-
ternatively, we have demonstrated high-quality tunable
pulse repetition-rate multiplication by the temporal Tal-
bot effect implemented via spectral line-by-line pulse
shaping [9].

The application of these filtering techniques is limited
to the generation of multiplied uniform pulse trains. How-
ever, for many applications, including ultrahigh-speed op-
tical communications [10] and the photonically assisted
generation of millimeter-wave and microwave electro-
magnetic waveforms [11], it is desirable to generate high
repetition-rate pulse trains with additional control on the
amplitude of each pulse. McKinney et al. [11] used a di-
rect space-to-time pulse shaper to obtain tailored optical
pulse sequences for the subsequent generation of arbi-
trarily shaped millimeter-wave electromagnetic wave-
forms. On the other hand, recently the use of spectrally
periodic optical filters was proposed for arbitrary periodic
pulse train generation from a lower rate pulse source [12].
In the output train, the pulse-intensity profile as well as
the pulse width are preserved. In general, pulse-to-pulse
phase variations are found in the multiplied train.
Lattice-form Mach—Zehnder interferometers have been
proposed [12] to achieve arbitrary pulse train generation
via amplitude-and-phase spectrally periodic filtering. The
optimization of the device parameters was based on a
simulated annealing algorithm. Using this approach, the
generation of binary code patterns has been demon-
strated [13]. However, imperfections in the device fabrica-
tion results in output pulse trains with significant degra-
dations.

In this paper, as an extension of our previous work on
spectral line-by-line pulse shaping for Talbot-based pulse
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Fig. 1. Schematic of simultaneous repetition-rate multiplication and pulse peak-power control based on spectrally periodic line-by-line

pulse shaping.

repetition-rate multiplication, we propose and experimen-
tally demonstrate programmable arbitrary pulse train
generation from a lower rate input train. In Section 2, we
introduce the optimization algorithm used to design the
spectral line-by-line filters that produce simultaneous
repetition-rate multiplication and arbitrary pulse-
intensity control. In Section 3, the experimental setup is
described and the generation of a variety of periodic pulse
trains is reported. Finally, in Section 4 we finish the paper
with the main conclusions.

2. DESIGN OF SPECTRALLY PERIODIC
LINE-BY-LINE FILTERS

As mentioned in Section 1, repetition-rate multiplication
with additional periodic pulse modulation can be achieved
via spectrally periodic filtering [12]. Our proposal is to
perform periodic line-by-line pulse shaping to generate
arbitrary pulse trains with a multiplied repetition rate;
see Fig. 1. Spectral line-by-line manipulation is imple-
mented by well-developed ultrashort pulse-shaping tech-
niques [14] with a Fourier-transform pulse shaper that
incorporates a liquid-crystal modulator (LCM) array to in-
dependently control both the amplitude and phase of the
individual spectral lines of an optical frequency comb.
More details about the line-by-line pulse shaper will be
given in Section 3. In this implementation, the param-
eters to be found are the amplitudes and phases imposed
by the line-by-line pulse shaper to each spectral line. For
simplicity and high energy efficiency, initially phase-only
filtering will be considered. However, phase+amplitude
filtering will be also applied when the phase-only filtering
approach leads to output pulse trains with inaccurate
modulation. We design the filters by using an optimiza-
tion approach based on a genetic algorithm [15], which
has proved to be powerful in other ultrafast optics pulse
shaping applications including the control of nonlinear
pulse propagation in optical fibers [16,17] and adaptive
pulse compression [18]. The algorithm starts from a num-
ber of individuals which, in this particular problem, are
randomly generated line-by-line periodic filters. These fil-
ters constitute the initial population. For a given periodic
line-by-line filter, each period is described by a set of
N phases and N amplitudes, {¢;,¢q,...,dy and
{k1,K9,...,Ky}, respectively. In our filter design algo-
rithm, we assume that the integer N coincides with the
multiplication factor of the output pulse train. Maximum
repetition-rate multiplication is limited by the input pulse
duration, which must be short enough to prevent pulse

overlapping in the multiplied train. The population up-
date is based on the evaluation of a cost or fitness function
that we define as

N
F= E |I;eak - I;eak,targetL (1)
=1

where I;eak is the peak power of the pulse i in the multi-
plied train and I} target 1S the desired peak power for
that pulse. Note that only N pulses are involved in this
function as the output pulse train is constituted by an
N-pulse sequence that is repeated periodically, as shown
in Fig. 1. The goal is to find the filter that minimizes the
fitness function. The ideal solution is reached when F=0,
i.e., when the output pulse train is exactly the target.
First, the fitness function of every individual is evaluated
and some individuals are selected, based on their fitness-
function value, and modified, based on crossover and mu-
tation operators, to create a new generation of individu-
als. Then, this new population is used in the next
iteration (generation) of the algorithm. The process is re-
peated until a given fitness-function value, or a predeter-
mined number of iterations, is reached. As an example, let
us consider the generation of a 4X9 GHz periodic se-
quence, with a pulse peak-intensity pattern[1,1,0.5,0.5],
from a 9 GHz input pulse train with a Gaussian pulse
shape of full-width-half-maximum 4.5 ps. As four-times
repetition-rate multiplication is pursued, the periodic
line-by-line filter to be designed is completely character-
ized by four different spectral phases {¢, 9, ¢, P4} and
amplitudes {xq, kg, k3, k4}. Our filter design method is par-
ticularized to phase-only line-by-line filters so that «;=1
for i=1,...,4. As we will show in Section 3, the phase-
only approach is good enough to successfully generate a
wide variety of pulse trains. After applying the genetic al-
gorithm, with a population of 200 individuals and 200
generations, we obtain an optimum spectral line-by-line
phase filter with phases {0,0.7497,0.1567,1.9057}. The
fitness-function value for this optimized filter is F=1.7
X 1073, Figure 2(a) shows the input pulse spectrum to-
gether with the line-by-line phase-only filter. In Fig. 2(b),
the input pulse train is depicted. Figure 2(c) shows the
corresponding four-times multiplied output pulse train
obtained by numerical simulation. As expected, in each
period, the peak intensity of two pulses is reduced by 50%
compared with uniform pulse repetition-rate multiplica-
tion. Note that the output train exhibits a pulse-to-pulse
phase variation.
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Fig. 2. (a) Input pulse spectrum together with the line-by-line
phase-only filter (dashed curve). (b) Input pulse train at 9 GHz.
(c¢) Four-times multiplied pulse train obtained via optimized pe-
riodic line-by-line pulse shaping. The pulse peak-power profile in
each period is [1,1,0.5,0.5]. The phases of the any four consecu-
tive pulses are different (dashed curve).

3. EXPERIMENTAL SETUP AND RESULTS

A home-built harmonically mode-locked Er-fiber laser
producing ~4 ps pulses at a ~9 GHz repetition rate is the
pulse source. The discrete spectral lines of the mode-
locked laser are manipulated by a fiber coupled Fourier-
transform pulse shaper in a reflective geometry. The re-
sulting optical signal is characterized by using an optical
spectrum analyzer with 0.01 nm resolution and a 50 GHz
photodiode followed by a sampling oscilloscope with
50 GHz bandwidth. Intensity cross-correlation measure-
ments are also performed. Our line-by-line pulse shaper
is described in detail in [19]. Briefly, the shaper comprises
an ~18 mm diameter input beam, a 1200 grooves/mm dif-
fraction grating, a 1000 mm focal length lens, an LCM ar-
ray with a 12.8 mm aperture and 2X128 independent
pixels, a retroreflecting mirror, and a circulator. A fiber-
ized polarization controller is used to adjust horizontal
polarization on the grating. The LCM, with a polarizer on
the input face just before the lens focal plane, allows us to
independently control both the amplitude and phase of in-
dividual spectral lines. The fiber-to-fiber insertion loss is
11.6 dB (including circulator loss). The passband width,
measured by scanning a tunable, narrow-linewidth,
continuous-wave laser with the LCM replaced by a nar-
row slit, is 2.6 GHz at the 3 dB points. The spectral dis-
persion of the pulse shaper is designed such that the spac-
ing between adjacent spectral lines corresponds to
precisely two LCM pixels. The pulse shaper is adjusted
for zero chromatic dispersion [14]; hence, negligible
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broadening is observed when input pulses pass through
the pulse shaper without spectral filtering.

In most of the examples we will show in this section, a
phase-only approach is considered that has proved to be
suitable for the generation of a wide variety of pulse
trains with high fidelity. We emphasize that the use of all-
pass filters has some advantages, compared with
amplitude-only or amplitude-and-phase filters, including
high energy efficiency. On the other hand, our experi-
ments are based on four-times repetition-rate multiplica-
tion so that four-pulse periodic sequences are generated.
All the pulse sequences are normalized to the maximum
peak-power value. As a first example, we consider the
generation of a pulse train with peak-power profile
[1,1,0.5,0.5], previously introduced in Section 2. Figure
3(a) shows the intensity cross correlation of the input
pulse train at 9 GHz. In Fig. 3(b) we show the output
pulse train when the LCM in the line-by-line pulse shaper
is programmed to apply the optimized phase filter ob-
tained by the genetic algorithm. As expected, a 36 GHz
pulse train is generated. All pulses have the same inten-
sity profile and pulse width, which coincide with those of
the input pulses. However, the peak power of two consecu-
tive pulses is reduced by a factor of 2. We must mention
that, for this case and the other examples shown here, ini-
tially we found some deviations between the experimental
peak-power profiles and the expected results from the op-
timized filters. These discrepancies are attributed to
small errors in the calibration of the LCM and to weak
cross talk between adjacent spectral lines due to finite
spectral resolution. Then, to generate pulse trains with
correct modulations, small changes in the applied phase
shifts are necessary. We use an iterative correction algo-
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Fig. 3. Generation of two-value periodic pulse sequences. (a) In-

tensity cross-correlation trace of the input pulse train. (b), (c)

Measured cross-correlations of the pulse sequences with peak-
power patterns [1,1,0.5,0.5] and [1,0.7,0.7,0.7], respectively.
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Table 1. Optimized Phase-Only Line-by-Line Filters Leading to User-Defined Four-Times Multiplied
Periodic Pulse Patterns”

Optimized Line-by-Line
Phase-Only Filter

Fitness-Function Value Fitness-Function Value

Periodic Pattern [] (from Simulation) (from Experiment)
[1,1,0.5,0.5] {0,0.749,0.156,1.905} 1.7x1073 4.4x1072
[1,0.7,0.7,0.7] {0,0,0,0.799} 0.3x10°3 4.0x1072
[1,1,1,0] {0,1.515,0.407,1.892} 2.4x1073 2.7x1072
[1,0,2/3,1/3] {0,0.435,0.268,0.705} 3.8x1073 4.2x1072
[1,0.8,0.6,0.4] {0,1.969,1.273,0.077} 3.3x1073 2.5x 1072

“The corresponding fitness-function values are also given.

rithm that adaptively modifies the phases applied by the
LCM until the output train is close to the target. The cor-
rection algorithm is based on fast oscilloscope measure-
ments. A similar procedure was used to equalize the mul-
tiplied pulse trains generated via the temporal Talbot
effect [9]. Oscilloscope detection often induces some dis-
tortion in the output trains. Then, in general, a second
minor phase correction is required to obtain optimum re-
sults when intensity cross-correlation measurements are
considered. As cross-correlation measurements are slow
compared with fast oscilloscope detection, in this second
correction, phase changes are based on cross correlations
performed only for discrete delays, which coincide with
pulse peak-power locations. The rms (maximum) spectral
phase change imposed by the algorithm for the different
examples shown in this paper was 0.058 rad (0.152 rad).
As a second example, we generated the two-value periodic
sequence [1,0.7,0.7,0.7]. The output pulse train obtained
after performing line-by-line pulse shaping is shown in
Fig. 3(c). The optimized periodic phase-only filter that
generates this pattern is given in Table 1 together with
the optimized filters found for the following examples. In
addition, the corresponding fitness-function values are
also included, both numerical and experimental.

As particular relevant examples of two-value periodic
pulse trains, we now focus our interest on the generation
of pulse sequences with binary code profiles. This sort of
pulse train is particularly attractive for optical communi-
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Fig. 4. Generation of binary code pulse sequences. (a), (b) Mea-
sured intensity cross correlations of the pulse sequences with
peak-power patterns [1,1,1,0] and [1,1,1,1], respectively.

cations applications. Figures 4(a) and 4(b) show the gen-
eration of the pulse trains with modulations [1,1,1,0]
and [1,1,1,1], respectively. In the first case, the missing
pulse has been successfully suppressed. In both cases,
note the high uniformity of the pulses so that binary pat-
terns are generated with high fidelity. Note that the
phase-only filter that generates multiplied uniform pulses
is obtained from the Talbot condition [5,9] with indices s
=1 and r=4. As another example, we consider the binary
pulse sequence [1,1,0,0]. In Fig. 5(a) we show the result-
ant pulse train obtained after applying the optimized
phase-only filter, given in Table 2, with the line-by-line
pulse shaper. As desired, an equalized doublet is gener-
ated in each period. Note, however, the partial suppres-
sion of the missing pulses. Specifically, ~81% suppression
is achieved for both pulses, relative to the peak power of
the other pulses in the periodic sequence. This value is
consistent with the theoretical ~83% suppression found
in the output train obtained by numerical simulation. Ac-
cordingly, a significantly worse fitness-function value is
obtained compared with the previous examples. The mea-
sured output optical spectrum is also shown, which is
very similar to the input spectrum, see the figure inset,
confirming that a phase-only filtering process is per-
formed. In order to generate the binary pulse sequence
[1,1,0,0] with more fidelity, a combined amplitude-and-
phase filtering approach must be employed. First, a
“phase-mostly” approach is considered. In particular, the
optimization algorithm is constrained to provide filters
with normalized amplitudes higher than 0.707, i.e., with
a 50% maximum intensity attenuation for each spectral
line. Figure 5(b) shows the resultant cross-correlation
trace and the corresponding optical spectrum, obtained
after performing combined amplitude-and-phase line-by-
line pulse shaping. Now, the peak power of the undesired
pulses has been reduced to ~6% and 7% compared with
the peak power of the other two pulses in each period. Nu-
merical simulation results predict peak-power values
~4% and 6%, respectively, which agree very well with the
experimental results. The amplitude contribution of the
applied filter translates into the attenuation of some spec-
tral lines in the measured optical spectrum, as shown in
the figure. We have also applied the optimization algo-
rithm without any constraint on the optimized filter and a
specific amplitude-and-phase filter has been found. As a
result, the output depicted in Fig. 5(c) is generated. By
applying this filter, the suppression of the missing pulses
has been improved. In particular, 1.6% and 1.2% peak
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Table 2. Generation of the Periodic Pattern [1,1,0,0] with Phase-Only, Phase-Mostly,
and Phase+Amplitude Periodic Filtering

Optimized Line-by-Line Filter Fitness-Function Value Fitness-Function Value
{Amplitude}+{Phase [ 7]} (from Simulation) (from Experiment)

1,1,1,1} {0,1.747,0.497,0.250} 3.44x 1071 3.77x 107!

{0.707,1,1,0.707} {0,1.784,1.515,1.262} 1.05x107! 1.28x 107!

{0.535,1,0.873,0.223} {0,1.729,1.493,1.243} 0.02x 1071 0.32x 107!

powers are obtained. We point out that the use of an op- [1,0.8,0.6,0.4], respectively, obtained by phase-only fil-
timization algorithm is unnecessary to find a periodic tering. For these examples and all the previously reported
phase+amplitude filter leading to pulse train multiplica- experimental results we find less than 3% deviations be-
tion and modulation. In this way, the algorithm provides tween the resultant pulse peak powers and the theoreti-
an alternative amplitude-and-phase filter leading to the cal modulations provided by the optimized filters, which
same modulation. is confirmed by the experimental fitness-function values.

Finally, we analyze the generation of more complex
four-times multiplied pulse trains with arbitrary peak-
power variations. In particular, Figs. 6(a) and 6(b) show 4. CONCLUSIONS

intensity cross-correlation measurements of the pulse In summary, we have demonstrated a technique for pro-
trains with peak-power patterns [1,0,2/3,1/3] and grammable pulse repetition-rate multiplication with ad-
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Fig. 5. Measured intensity cross-correlation traces of the binary code pulse sequence [1,1,0,0] generated with (a) phase-only, (b) phase-
mostly, and (c¢) phase+amplitude line-by-line pulse shaping. The corresponding normalized optical spectra are also shown. Inset figure
shows the input optical spectrum.
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Fig. 6. Generation of arbitrary periodic pulse sequences. (a), (b)

Measured intensity cross correlations of the pulse trains with

peak-power patterns [1,0,2/3,1/3] and [1,0.8,0.6,0.4], respectively.

ditional periodic control on the relative peak power of the
output pulses. The method is based on optimized periodic
spectral filtering implemented via line-by-line pulse shap-
ing. A wide variety of four-times multiplied periodic pulse
sequences was successfully generated via phase-only line-
by-line pulse shaping resulting in minimal power loss. In
contrast, some sequences are generated with more fidelity
when combined amplitude-and-phase periodic filtering is
considered. Our experimental results show excellent
agreement with the theoretical output pulse trains ob-
tained with the optimized filters. Modulated pulse trains
with higher multiplication factors can be readily achieved
if input trains with shorter pulses are considered. This
technique can also be implemented with other filtering
setups with intrinsic periodic response such as, for ex-
ample, 1D pulse shapers based on a virtually imaged
phased array as a spatial disperser [20]. The line-by-line
spectral shaping methods discussed here may also be
implemented using integrated planar-lightwave-circuit-
based pulse shapers, e.g., [21,22], provided that sufficient
spectral resolution is available to permit high fidelity
line-by-line control.
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