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We demonstrate a method for all-optical, tunable pulse repetition-rate multiplication of a mode-locked laser
based on spectral line-by-line control. In particular, two-to-five-times repetition-rate multiplication of a
9 GHz source is achieved with very high fidelity. © 2007 Optical Society of America
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Optical pulse trains with high repetition rates are
very attractive for future ultrahigh-speed optical
communication systems and ultrafast signal process-
ing. Recently, several research groups have been ex-
ploring techniques for generating periodic pulse
trains at repetition rates beyond those achievable by
mode locking or direct modulation. One alternative is
repetition-rate multlphcatlon of a lower rate source
by applying amplitude’™ or phase*® spectral filter-
ing. In this way, a technique based on the temporal
Talbot effect’ is a simple and energetically efficient
method, as it simply requires the propagation of the
pulse train in a first-order dispersive medium. This
option, which is equivalent to a phase-only filtering
process, has been tradltlonally demonstrated by us-
ing conventional optlcal fibers*® or linearly chirped
fiber Bragg gratlngs In practice, however, this ap-
proach is highly sensitive to the applied spectral
phase. When the dispersion dev1ates from that given
by the so-called Talbot condition,” degradations of the
multiplied pulse trains such as peak-to-peak pulse
intensity variations®’ are observed. Group delay
ripple accompanying fiber Bragg grating implemen-
tations leads to similar distortions.

In this Letter, we demonstrate a new approach for
high-quality repetition-rate multiplication based on
programmable line-by-line pulse shaping.” In par-
ticular, we use a recently developed high-resolution
pulse shaper to impose different, user-defined peri-
odic spectral phases onto the individual spectral lines
of a 9 GHz repetition-rate mode-locked laser. Al-
though a pulse shaper was previously used to place
periodic phase-only functions onto the spectrum of ul-
trashort pulses,10 in those experiments the resolution
was insufficient to address individual spectral lines.
Consequently, an isolated burst of pulses, rather
than true repetition-rate multiplication, was ob-
tained. Here, by programming a line-by-line shaper
according to the Talbot condition, we achieve high-
quality repetition-rate multiplication, leading to rep-
etition frequencies as high as 45 GHz and time-
domain peak-to-peak pulse intensity variations as
small as 1%.

The experimental setup is shown in Fig. 1. A home-
built actively mode-locked Er-fiber laser producing
~3 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-
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transform pulse shaper in a reflective geometry. The
loss in the optical system is compensated by an
erbium-doped fiber amplifier. The resulting optical
signal is characterized by using an optical spectrum
analyzer with 0.01 nm resolution and a 50 GHz pho-
todiode followed by a sampling oscilloscope and an rf
spectrum analyzer, each with a 50 GHz bandwidth.
Our line-by-line pulse shaper is described in detail in
Ref. 9. Briefly, the shaper comprises an ~18 mm di-
ameter input beam, a 1200 grooves/mm diffraction
grating, a 1000 mm focal length lens, a liquid-crystal
modulator (LCM) array with a 12.8 mm aperture and
2 X128 independent pixels, a retroreflecting mirror,
and a circulator. The LCM allows us to independently
control both the amplitude and phase of individual
spectral lines. The fiber-to-fiber insertion loss is
11.6 dB (including circulator loss), although this level
of loss is not fundamental. Other pulse shapers, ad-
mittedly not with the current high resolution, have
been reported with as little as 4 dB loss (including
circulator). The spectral dispersion of the pulse
shaper is designed such that the spacing between ad-
jacent spectral lines corresponds to precisely two
LCM pixels. The pulse shaper is adjusted for zero
chromatic dispersion!; hence, negligible broadening
is observed when 3 ps pulses pass through the pulse
shaper without spectral filtering.

To achieve repetition-rate multlphcatlon we refer
to the temporal Talbot effect.” This phenomenon oc-
curs when periodic trains of optical pulses propagate
through a first-order dispersive medium. An appro-
priate amount of dispersion leads either to reproduc-
tion of the original pulse train (integer temporal Tal-
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Fig. 1. Experimental setup for tunable pulse repetition-

rate multiplication using line-by-line pulse shaping.
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Fig. 2. Tunable pulse repetition-rate multiplication. (a)

Measured oscilloscope trace when the 9 GHz input pulse
train passes through the setup in Fig. 1 with the pulse
shaper inactive. Output pulse train at (b) 2 X9 GHz and (c)
5X9 GHz. Nonidealities in the line-by-line pulse shaper
lead to multiplied trains with significant peak-to-peak
pulse intensity variations.

bot effect) or repetition-rate multiplication by an
integer factor (fractional temporal Talbot effect). For
our purposes it is important to note that it is unnec-
essary to introduce continuous first-order dispersion.
In fact, only the spectral phases at frequencies equal
to the discrete spectral lines, w,=wy+nw,,, are rel-
evant, where w, is the carrier frequency, w,, is the
input repetition rate, and n is an integer. The Talbot
condition’ provides the phase shifts that must be ap-
plied to the different spectral lines to obtain
repetition-rate multiplication:

s
Plw,) = ;an, (1)

where s and r are mutually prime integer numbers.
The multiplication factor is given by the integer r.
Maximum repetition-rate multiplication is limited by
the input pulse duration, which must be short
enough to prevent pulse overlapping in the multi-
plied train. In practice, the actual phase shifts are
applied by the pulse shaper modulo 27, which yields
a periodic phase filter.1%13

In the experiments, approximately 40 spectral
lines are individually controlled in the wavelength
range (1541-1544 nm). Figure 2(a) shows the mea-
sured oscilloscope trace when the input pulse train
passes through the setup with the pulse shaper inac-
tive. Figures 2(b) and 2(c) show multiplied trains at
18 and 45 GHz, with s=1, r=2, and s=2, r=5, respec-
tively. The traces are the average of 60 measure-
ments. The background level in the 45 GHz train is
caused by the limited bandwidth of the measurement
system. Three- and four-times repetition-rate multi-
plication is also easily obtained by reprogramming
the LCM according to Eq. (1) with s=2, r=3, and
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s=1, r=4, respectively. As observed in Figs. 2(b) and
2(c), initially the multiplied trains show significant
peak-to-peak pulse intensity variations. Approxi-
mately 20%—30% maximum variations are typical.
We attribute this undesired effect to small errors in
the calibration of the LCM and to weak cross talk be-
tween adjacent spectral lines due to the finite spec-
tral resolution.

To generate uniform pulse intensities, we use an it-
erative correction algorithm that adaptively modifies
the phases applied by the LCM. The algorithm starts
with the phase sequence {¢g, 1, P, ..., dn}, obtained
from Eq. (1). Next, the first phase ¢, is modified, ¢,
= ¢yt e, with ¢ a preset phase error, and the resultant
output trains are measured. The algorithm selects
the new phase ¢, that generates the output train
with smallest peak-to-peak pulse intensity variation.
If there is no improvement, the initial phase is pre-
served. Next, a similar procedure is applied sequen-
tially for the second and other phases in the se-
quence, finally obtaining a new series of phase values
{dh, 1, Py, ..., by} For some of the multiplication
factors, namely, three-to-five-times repetition-rate
multiplication, we also used a similar procedure to
adjust the spectral amplitudes. We iteratively re-
peated this procedure, while decreasing the value of ¢
from one iteration to the next. Typically five or six it-
erations were required to minimize peak-to-peak
pulse intensity variations in the output pulse train.
The rms (maximum) spectral phase and intensity
changes imposed by the algorithm were 0.076 rad
(0.135 rad) and 7.5% (15%), respectively. These small
changes were found to have quite a significant effect
on the quality of the output pulse trains (see below),
thus underscoring the need for high accuracy in Tal-
bot effect experiments and the benefit of fine-tuning
capability in the apparatus.

In Fig. 3 (top row), we show experimental oscillo-
scope traces both for the unfiltered pulse train and
for the multiplied trains at 18, 27, 36, and 45 GHz,
respectively, obtained after applying the iterative cor-
rection algorithm. The multiplied trains now have
very low peak-to-peak pulse intensity variations. In
particular, we obtain ~1%, 1.5%, 1.5%, and 2% maxi-
mum peak-to-peak variations for the 18, 27, 36, and
45 GHz output trains, respectively. In general, we are
able to routinely generate multiplied trains with less
than 3% peak-to-peak pulse intensity variations. For
comparison, we must mention that tunable pulse
repetition-rate multiplication experiments in which
the temporal Talbot effect was implemented by using
dispersive fibers'* and linearly chirped fiber Bragg
gratings'® yielded multiplied trains with significantly
larger intensity variations in the range (8%-17%)
and (7%—17%), respectively. Note that repetition-rate
multiplication is observed by temporal intensity-
based measurements, but adjacent pulses have dif-
ferent phase shifts in the multiplied trains. However,
this method can be combined with other schemes to
obtain real repetition-rate multiplication.'® Further,
it is also possible to multiply the repetition rate by
performing spectral selection'® with our line-by-line
shaper as an amplitude filter.
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Fig. 3. Sampling oscilloscope traces and rf spectra of: (a) unfiltered pulse train and (b)—(e) multiplied pulse trains obtained
with the setup in Fig. 1. The pulse repetition rates are: (a) 1 X9 GHz, (b) 2X9 GHz, (¢) 3 X9 GHz, (d) 4 X9 GHz, and (e)
5X9 GHz. The application of an iterative correction algorithm allows us to generate multiplied trains with very uniform
pulses by compensating for the line-by-line pulse-shaper nonidealities.

To further illustrate the high degree of uniformity
we have achieved, rf spectrum analyzer measure-
ments of the multiplied pulse trains are also plotted
in Fig. 3 (bottom row). For the original pulse train
(without spectral filtering), rf tones at 9 GHz and its
harmonics are observed, as expected. When the pulse
shaper is programmed for two-times multiplication,
Fig. 3(b), the now undesired tones at 9 and 27 GHz
are suppressed almost into the noise floor, 46 dB be-
low the 18 GHz tone. This large suppression factor is
consistent with the degree of intensity variation from
the scope traces. Figures 3(c)-3(e) depict the rf spec-
tra of the multiplied trains at 27, 36, and 45 GHz, re-
spectively. Relative to the desired tone at the multi-
plied repetition rate, the wundesired tones are
suppressed by 41, 39, and 34 dB, respectively. Much
of the slight reduction in suppression ratio with in-
creasing repetition rate can be explained due to the
roll-off of our measurement system at higher fre-
quencies. In any case, the strong suppression of un-
wanted tones in our phase-filtering experiments sig-
nificantly exceeds the already strong suppression
observed in previous four-times multiplication ex-
periments based on amplitude filtering via a double-
pass Fabry—Perot.3

In conclusion, we have experimentally demon-
strated two-to-five-times reconfigurable repetition-
rate multiplication of a 9 GHz mode-locked laser by
periodic spectral phase filtering implemented via
line-by-line pulse shaping. Higher repetition-rate
multiplication factors can be readily achieved if
trains with shorter pulses are used as the input. This
experiment also illustrates the ability of our high-
resolution pulse shaper to perform simultaneous, ac-
curate, and independent programmable control of in-
dividual spectral lines over the whole optical
bandwidth of the mode-locked laser. As a result, we
have achieved unprecedented uniformity in pulse
trains multiplied according to the temporal Talbot ef-
fect.
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