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Abstract—We demonstrate optical processing based on spectral
line-by-line pulse shaping of a frequency comb generated by an
optical frequency comb generator (OFCG). The OFCG is able to
generate a smooth, broad, stable, known-phase frequency comb,
which is ideal for recently developed spectral line-by-line pulse
shaping technology applications. We demonstrate line-by-line
pulse shaping on 64 lines at 10-GHz line spacing, generate trans-
form-limited 1.6-ps short pulses at 10 GHz by combining two
pulses in each period directly from the OFCG, and show various
examples for optical arbitrary waveform generation. Further, we
demonstrate that these pulse sources are of sufficient quality to
support optical fiber communication applications as confirmed by
bit error rate measurements.

Index Terms—Line-by-line pulse shaping, optical arbitrary
waveform generation, optical frequency comb generator (OFCG),
optical processing.

I. INTRODUCTION

PERIODIC trains of ultrashort pulses are characterized
in the frequency domain by an evenly spaced series of

discrete spectral lines (an optical frequency comb), with the
frequency spacing equal to the pulse repetition rate. Spec-
tral lines and their stabilization in mode-locked lasers have
recently played a critical role in the progress of optical fre-
quency metrology and optical carrier-envelope phase control
[1]. Meanwhile, pulse shaping techniques, in which intensity
and phase manipulation of optical spectral components allow
synthesis of user-specified ultrashort pulse fields according to a
Fourier transform relationship, have been developed and widely
adopted [2]. With the possibility to extend pulse shaping to
independently manipulate the intensity and phase of individual
spectral lines (line-by-line pulse shaping), essentially arbitrary
optical waveform generation can be achieved. Intuitively,
full control of individual spectral lines requires: 1) frequency
stabilized sources to generate stable spectral lines and 2) high
resolution pulse shapers to resolve and control individual
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spectral lines. Optical arbitrary waveform generation (O-AWG)
resulting from line-by-line pulse shaping, a combination of both
enabling techniques, will serve as the basis for new applications
and promises broad impact in optical science and technology.

Previous pulse shapers have generally manipulated groups
of spectral lines rather than individual lines, which results in
waveform bursts that are separated in time with low duty factor
and which are insensitive to the absolute frequency positions of
the mode-locked comb. This is primarily due to the practical
difficulty of building a pulse shaper capable of resolving each
spectral line for typical mode-locked lasers with repetition rates
below 1 GHz. When extending pulse shaping to independently
manipulate the intensity and phase of individual spectral lines
(line-by-line pulse shaping), the shaped pulses can overlap with
each other, which leads to waveforms spanning the full time pe-
riod between mode-locked pulses (100% duty factor). Wave-
form contributions arising from adjacent mode-locked pulses
will overlap and interfere coherently in a manner sensitive to
the offset of the frequency comb [3]. Such line-by-line con-
trol is an important step towards O-AWG since the intensity
and phase of each individual spectral line is independently con-
trolled. Previous efforts towards spectral line-by-line control
utilized a hyperfine filter but were limited within a narrow op-
tical bandwidth—the free spectral range of this device [4]–[6].
Recently, we demonstrated spectral intensity/phase line-by-line
pulse shaping [3] and thus O-AWG over a considerably broader
band [7] based on high resolution grating-based pulse shapers.

The laser sources for spectral line generation in our pre-
vious demonstrations include a harmonically mode-locked
fiber laser and a phase modulated continuous-wave (CW)
laser. In this paper, we will discuss experiments in which
spectral line-by-line pulse shaping is applied to the output
of an optical frequency comb generator (OFCG) consisting
of a phase modulator placed within a resonant optical cavity
[8]–[16]. The principal results are summarized as follows.
1) We have used line-by-line pulse shaping to individually
manipulate 64 lines at 10-GHz spacing. The number of lines is
a factor of two more than used in previous line-by-line shaping
experiments [17], [18]. 2) The output of an OFCG generally
consists of two pulses per modulation period at different center
frequencies. Via line-by-line pulse shaping, we have coherently
combined these pulses resulting in a single, high quality, band-
width-limited, 1.6-ps pulse per 10-GHz RF modulation period.
Furthermore, we have characterized these pulses via frequency
resolved optical gating (FROG), which provides more complete
information compared to intensity autocorrelation measure-
ments previously used in OFCG experiments [14]–[16]. 3) We
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demonstrate examples of optical arbitrary waveform generation
based on line-by-line control of the OFCG output. 4) We show
that generated waveforms are sufficiently stable to support
optical fiber communications applications, as confirmed by bit
error rate measurements.

The remainder of this paper is organized as follows. In Sec-
tion II, we compare alternative laser sources for line-by-line
pulse shaping. In Section III, we discuss the results of line-by-
line pulse shaping on a frequency comb generated by an OFCG.
Sixty-four lines at 10 GHz have been controlled and various ex-
amples of waveform generation with high fidelity are shown.
Particularly, high-quality 1.6-ps transformed-limited pulses at
10 GHz have been achieved by combining two pulses in each
period directly from the OFCG, which is only possible in the
line-by-line pulse shaping regime. We also show that the gen-
erated waveforms are of sufficiently quality to support optical
fiber communications applications as confirmed by bit error rate
measurements. In Section IV, we conclude.

II. SOURCE ALTERNATIVES FOR LINE-BY-LINE PULSE SHAPING

In prior demonstrations of line-by-line pulse shaping, the
spectral lines (or periodic pulses) were first generated by high
repetition rate harmonically mode-locked lasers. The frequency
offset of these spectral lines can suffer from instability prob-
lems [3] which hinder the development of the line-by-line
pulse shaping technique. Although highly stable and tunable
mode-locked lasers are available now, for example Ti:sapphire
lasers stabilized using self-referencing techniques [19], the
repetition rates are usually limited to around 1 GHz. Current
line-by-line pulse shaping techniques require higher repetition
rates in order to cleanly resolve individual lines; higher repeti-
tion rates are also more interesting for optical communication
applications. But at high repetition rates, frequency-stabilized
lasers have been demonstrated only with complicated control
and with tunability significantly compromised [20].

An alternative technique to generate a well-defined comb
of spectral lines is to apply a strong periodic modulation on a
CW laser [21]–[26]. Recently we have demonstrated spectral
line-by-line shaping on the output of a phase modulated CW
laser, individually controlling over 40 lines and generating
2.76-ps pulses at 9-GHz repetition rate [17], [27]. Compared
with the comb generated from a harmonically mode-locked
laser, the comb from a modulated CW laser possesses the
following advantages: lower cost and lower complexity, simple
tuning of the comb offset frequency (spectral line position),
continuous tunability of the spectral line separation (the rep-
etition rate), and reasonably stable operation without active
control [27]. Furthermore, this “modulation-of-CW” scheme
has the significant advantage that the frequency offset and
coherence of individual lines are controlled by the input CW
laser and are decoupled from the pulse generation process; this
provides a degree of control not yet readily available at high
(e.g., 2.5–10 GHz) repetition rate from mode-locked sources.
However, there are drawbacks associated with this scheme.
1) In 100% duty cycle operation, the generated bandwidth
(consequently the number of comb lines at a given line spacing)
is limited to a few hundred GHz, even using state of the art
low phase modulators. 2) The amplitude of a comb from a

phase modulated CW laser is usually significantly nonuniform,
containing spectral dips as large as tens of dB at certain spectral
locations, due to interference effects intrinsically related to the
temporal phase modulation. Such amplitude nonuniformities
are undesirable for optical arbitrary waveform generation.
These issues can be alleviated in part by cascading additional
intensity/phase modulators [17], [24], [25] or through the use of
an advanced modulator structure [26]. 3) The phase modulator
is a transmission device without any feedback/cavity effect as
a stabilization mechanism. As such, the linewidth of generated
comb lines is expected to be limited ultimately by the noise
of the RF signal driving the modulator, as in other frequency
multiplication schemes [28]. 4) In our experience the spectral
phases of the individual comb lines from a phase modulated
CW laser are usually not predictable except in the simplest
scheme under ideal conditions (i.e., a single phase modulator
driven by a spectrally pure RF cosine waveform). In order to
pursue optical arbitrary waveform generation then, an accurate
and reliable spectral phase measurement technique has to be
developed [29]. This is not trivial for a phase modulated CW
source, even using the most successful and state of the art
ultrashort pulse measurement technique— FROG [30]. This
is because the temporal intensity at the output of a phase
modulated CW source may not be a pulse at all (this is obvious
for the case of pure phase modulation), while FROG prefers
measuring a pulse-like waveform.

An elegant extension of the phase modulated CW scheme to
generate an ultra broadband comb [terahertz (THz) and more]
has been proposed and demonstrated a number of years ago
[8]–[16]. This device, an OFCG, is an electrooptic LiNbO
modulator inside a Fabry–Perot cavity (the cavity can also
be formed by coating high reflectors on the facets of the
LiNbO crystal/waveguide). With this resonant configuration,
the OFCG is able to generate a very wide optical frequency
comb (up to tens of THz) [8], [9]. Most of the work on OFCG
has been focused on their ability to generate broad frequency
combs and related applications including an absolute optical
frequency counter, phase locked THz frequency synthesis [8],
[11], broadband second harmonic generation [12] and precise
displacement measurement [13]. In the time domain, a comb
with broad bandwidth from the OFCG supports periodic short
pulses similar to mode-locked lasers. However, also distinct
from the mode-locked laser, the intensity repetition rate is
twice the comb spacing (i.e., there are 2 pulses in each period).
Pulses from the OFCG and their characteristics have also
been investigated, but exclusively concentrating on the pulses
directly from the OFCG [14]–[16]. Roughly speaking, the 2
pulses in each period correspond to the lower and upper half of
the spectrum of the frequency comb, respectively. Therefore,
the overall waveform is not transform limited and the individual
pulsewidths are determined by the bandwidth of one-half of
the spectrum. It is desirable to combine the 2 pulses into one
single pulse in each period with shorter pulsewidth supported
by the whole bandwidth which is not a trivial task without the
capability of spectral line-by-line pulse shaping.

The cavity configuration of the OFCG, similar to a laser
cavity, provides feedback and resonance mechanism so that
the efficiency of the modulation is increased significantly
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TABLE I
COMPARISON OF A MODE-LOCKED LASER, PHASE MODULATED CW AND OPTICAL FREQUENCY COMB GENERATOR (OFCG) AS A COMB SOURCE FOR

LINE-BY-LINE PULSE SHAPING

: Focusing on harmonically mode-locked lasers at high repetition rate (10 GHz)

by multiple passes of light through the modulator. Since the
OFCG has both characteristics of a phase-modulated CW and a
mode-locked laser, it is expected to combine their advantages.
Indeed, the OFCG shares many advantages provided by a
phase-modulated CW compared with a mode-locked laser,
meanwhile overcoming the 4 problems mentioned above. As a
result, the OFCG’s similarity to a phase-modulated CW makes
it easy to tune the comb offset frequency (spectral line position)
by simply changing input CW wavelength and the spectral
line position is stable, which is critical for line-by-line pulse
shaping. The OFCG’s similarity to a mode-locked laser makes
it have a smooth spectrum without dips; the spectral phase
information is known and has simple structure; and the spectral
profile is stable with low spectral intensity/phase fluctuations
(resonance cavity structure provides a feedback mechanism
to stabilize the comb profile). Last but not least, the OFCG’s
resonance property provides broader bandwidth than both
phase-modulated CW lasers and mode-locked lasers at 10
GHz line spacing (repetition rate). Large bandwidth means
large number of spectral lines available for line-by-line pulse
shaping, which is extremely important for optical arbitrary
waveform generation since more complicated waveforms are
possible with a larger number of comb lines to control.

However, the OFCG is not without shortcomings. The prop-
erty of a resonance cavity requires feedback control for cavity
stabilization, which makes it more complicated than a simple
phase-modulated CW. The RF driving frequency has to match
the cavity length for the resonance condition resulting in limited
tunability of the spectral line separation (repetition rate). Fortu-

Fig. 1. Experimental setup. OFCG: optical frequency comb generator. EDFA:
Erbium doped fiber amplifier. OSA: Optical spectrum analyzer. RF: radio fre-
quency. BER: bit error rate. FROG: frequency resolved optical gating.

nately, for line-by-line shaping, this problem can be solved by
building a pulse shaper to match the spectral line separation.

With the application for line-by-line pulse shaping in
mind, Table I shows the comparison among these three fre-
quency comb sources: OFCG, a phase-modulated CW and
a mode-locked laser (focusing on harmonically mode-locked
lasers at high repetition rate ( 10 GHz) suitable for line-by-line
pulse shaping).

III. EXPERIMENTS AND DISCUSSIONS

A. Experimental Setup

Fig. 1 shows our experimental setup. A stable CW laser with a
specified 1-kHz linewidth (KOHERAS) centered at 1542 nm is
used as the input for the OFCG driven at 10.00 GHz. The gener-
ated broad frequency comb is split into two arms. The generated
spectral lines from one arm are then manipulated by a 10-GHz
spectral line-by-line pulse shaper for various demonstrations.
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(a)

(b)

Fig. 2 (a) Schematic diagram for the OFCG. Starting from the center line, all
spectral lines from one half spectrum have zero spectral phases while the spec-
tral lines from the other half spectrum have alternative 0 and � spectral phases.
It is equivalent to assign either half of the spectrum to have zero phases (then
the other half has alternative phases). (b) Schematic diagram of the line-by-line
pulse shaper.

The spectrum of the resulting optical signal is measured by
an optical spectrum analyzer (OSA) with 0.01-nm resolution,
while the temporal characteristic is measured by intensity au-
tocorrelation, intensity cross-correlation and FROG short pulse
measurement apparatus. The output signal is also detected by
a 50-GHz photodiode and measured by a sampling scope with
50-GHz bandwidth. We also apply 10 Gb/s data modulation on
the waveforms for bit-error rate (BER) measurement using a re-
ceiver with 7.5-GHz bandwidth. In the second arm, based on the
characteristics of the OFCG [8], half of the spectral comb is fil-
tered out also using a high resolution pulse shaper to generate
clean short pulses at 10-GHz repetition rate as reference pulses
for cross-correlation measurement. Erbium-doped fiber ampli-
fiers (EDFA) are used for link loss compensation.

Fig. 2(a) shows the schematic diagram for the OFCG. It is
composed of a waveguide electrooptic LiNbO phase mod-
ulator installed within a Fabry–Perot cavity. The comb is gen-
erated by large phase modulation index from multiple passes
of light through the modulator. Therefore, it has a low round-

trip loss optical cavity (i.e., high finesse optical cavity) for the
OFCG to increase the power in the high order sidebands. The
cavity used in our experiments has a 2.50-GHz free spectral
range (FSR) with cavity length temperature stabilized. The fi-
nesse of the cavity is 55. RF driving frequencies with an integer
number times the FSR are required to meet the resonance condi-
tions as 10.00 GHz is used in our experiments. The comb from
the OFCG has a smooth spectral profile with determined, known
spectral phases. The center line at the position of the input CW
wavelength has a slightly reduced optical power. Starting from
the center line, all spectral lines from one half spectrum have
zero spectral phases while the spectral lines from the other half
spectrum have alternative 0 and spectral phases. It is equiv-
alent to assign either half of the spectrum to have zero phases
(then the other half has alternative phases), since the difference
between these two situations corresponds to a linear spectral
phase ramp which only introduces a half period temporal delay.
It also does not matter if the center line is assigned to either half
of the spectrum. These arguments are illustrated in Fig. 2(a) by
the spectral phase distribution across the comb. In the time do-
main, each half spectrum corresponds to a pulse train and is sep-
arated by exactly a half period of the RF drive. In other words,
the waveform from the OFCG has a clear correspondence be-
tween the frequency domain and time domain and it is well sep-
arated in both the frequency and time domain (when the number
of lines is not too small).

We can understand pulse generation from the OFCG via
a time domain model in which the Fabry–Perot resonance is
swept across the input laser frequency, twice per period. The
Fabry–Perot transmission therefore gives two pulses per modu-
lation period. Furthermore, the phase profile associated with the
Fabry–Perot resonance is also swept across the laser frequency.
This gives a time-varying phase shift and hence a frequency
shift. The sense of the time-varying phase and hence the sign of
the frequency shift depend on which direction the resonance is
sweeping. Referenced to the original laser frequency, one pulse
in each modulation period is up-shifted, while the other pulse
is down-shifted [8], [14], [16]. The OFCG has 28 dB loss. To
compensate this relatively large loss, we use 60-mW input CW
power and use an EDFA after the comb generator as well. The
output power of the EDFA after the OFCG is around 20 mW.

Fig. 2(b) shows the experimental setup of the line-by-line
pulse shaper, in which a fiber coupled Fourier-transform pulse
shaper is constructed in a reflective geometry. A fiber-pig-
tailed collimator and subsequent telescope take the light out of
fiber and magnify the beam size to 18 mm diameter on the
1200 groove/mm grating in order to enhance the pulse shaper
resolution. Discrete spectral lines making up the input short
pulse are diffracted by the grating and focused by the lens with
1000 mm focal length. A fiberized polarization controller (PC)
is used to adjust for horizontal polarization on the grating. A 2
128 pixel liquid crystal modulator (LCM) array with a polarizer
on the input face is placed just before the lens focal plane.
The two layer LCM is configured in a way to independently
control both amplitude and phase of individual spectral lines
[2]. The individual pixels of the LCM, arranged on 100 m
centers, can be electronically controlled independently to give
amplitude and phase control. A retro-reflecting mirror leads to
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Fig. 3. Spectrum directly from the OFCG. (a) In log scale. (b) In linear scale.
(c) Near the input CW wavelength.

a double-pass geometry, with all the spectral lines recombined
into a single fiber and separated from the input via an optical
circulator. The fiber-to-fiber insertion loss is 14 dB (including
circulator loss), which includes all optical component losses as
well as loss incurred in focusing back into the 9- m fiber mode
after the pulse shaper. The pulse shaper is designed to cover
5-GHz bandwidth for each pixel and two pixels are used to con-
trol one spectral line at 10-GHz spacing. The passband width,
measured by scanning a tunable, narrow-linewidth, CW laser
with the LCM replaced by a narrow slit, is 3.5 GHz at the 3-dB
points, which is sufficient to resolve 10-GHz spectral lines.
The high resolution makes accurate and independent control of
individual spectral lines possible and enables line-by-line pulse
shaping control over a broad optical band.

B. Spectral Lines From the OFCG

Fig. 3 shows the spectra directly from the OFCG, which covers
a broad bandwidth and has a smooth spectral profile (the ASE
noise background is caused by optical amplification of the CW
laser before the OFCG). To check the stability of the spectra,
we scan spectra multiple times in different regimes across the
comb, as shown in Fig. 4. First, this demonstrates stable spec-
tral line positions, which is critical for line-by-line pulse shaping.
Second, the spectral lines have negligible intensity fluctuation,
which is critical to generate low noise waveformsfor any applica-
tion to optical communication systems. The slight intensity noise
around 1530 nm in Fig. 4(a) is due to its very small power (25 dB
lower than the center portion).

To check the correspondence between the frequency domain
and time domain, we measure intensity autocorrelation. Since
the optical power directly from the OFCG is relatively low, the

Fig. 4. Comb stability check. 20 scans of the spectra in the vicinity of (a) 1530
nm, (b) 1542 nm, and (c) 1550 nm.

Fig. 5. Spectra and autocorrelation measurements (all in linear scale). (a) Full
comb after the EDFA. (b) Long wavelength half of the comb filtered by a WDM
filter around 1542 nm. (c) Short wavelength half of the comb.

comb is amplified by an EDFA and then sent to the autocor-
relator. Fig. 5(a) shows the spectrum and intensity autocorre-
lation. The short wavelength portion of the spectrum is some-
what distorted by the EDFA gain profile, which has negligible
effect on our later demonstrations. As expected, there are two
pulses within one period (100 ps at 10-GHz drive) as shown in
the autocorrelation. However, the pulse at 50 ps position has a
doublet structure, which is caused by both the fiber dispersion
in the system and an autocorrelation measurement artificial ef-
fect. This will become clear in the following demonstrations.
Before using any pulse shaper, we use a wavelength division
multiplexing (WDM) filter with cut-off edge around 1542 nm
to check each half of the spectrum. Fig. 5(b) shows the long
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Fig. 6. Reference pulses for intensity cross-correlation. (a)–(b) Half of the
spectrum is filtered out by a high-resolution pulse shaper. (c)–(d) Intensity
autocorrelations of the reference pulses.

wavelength half spectrum and its intensity autocorrelation. A
single main pulse in each period is observed as expected with
a measured pulsewidth [full-width at half-maximum (FWHM)]
of 1.60 ps before deconvolution. There is a satellite pulse at
the 50 ps position, which is due to finite suppression of the
other half of the spectrum in the WDM filter. Fig. 5(c) shows
the short wavelength half spectrum and its intensity autocor-
relation. Again, it has a single main pulse in each period with
a pulsewidth (FWHM) of 1.08 ps before deconvolution and a
satellite pulse. Note that each half spectrum corresponds to a
single main pulse in each period and there is no doublet struc-
ture as shown in Fig. 5(a). Note that ideally the spectrum from
the OFCG has a symmetric exponentially decaying profile [8],
[14], [16]. As a result, the pulses in Fig. 5(b) and (c) should have
similar pulsewidth. The measured pulsewidths for each filtered
half spectrum are different since the spectrum symmetry is dis-
torted by the optical amplifier and WDM filter (the bandwidth
of short wavelength half spectrum is larger). Furthermore, the
pulses for each filtered half spectrum are broadened in a dif-
ferent way by fiber dispersion.

Since intensity autocorrelation smears out the fine structure
and gives no information on delay, intensity cross-correlation is
preferred in our later waveform measurements. The single main
pulse for either half spectrum in Fig. 5(b) or (c) can be used
as a reference pulse for cross-correlation measurement. How-
ever, the satellite pulse is relatively large and makes it less per-
fect as a sampling pulse for cross-correlation. To achieve better
reference pulses, we employed a high resolution pulse shaper
to replace the WDM filter to block half of the spectrum with a
sharp edge at its focal plane. Fig. 6(a) and (b) shows the spec-
trum after filtering by the pulse shaper, the long wavelength
half spectrum has been almost completely blocked (greater than
40-dB suppression). The pulse shaper is also tuned to compen-
sate dispersion introduced by fiber links used in the system. Now
all the spectral lines on the short wavelength half of the spec-
trum have identical phases, and we can achieve an almost trans-
form limited pulse. This is confirmed by the excellent agree-
ment of the measured autocorrelation, and calculated autocor-

relation (not shown) using the measured spectrum assuming
flat phase (transform limited pulses), in which both autocorrela-
tions have 1.70-ps FWHM before deconvolution. The calculated
transform limited pulses suggest a pulsewidth of 1.20 ps. The
pulsewidth is longer than that shown in Fig. 5(c) because the
spectrum of the shorter wavelength side is also clipped by the
pulse shaper (around 87 lines are filtered out by the pulse shaper
as evidenced by the inset spectrum in Fig. 6(a)). Nevertheless,
the reference pulse is sufficiently short for our later waveform
measurements. It is noteworthy there are no observable satel-
lite pulses or pedestals as shown in Fig. 6(d) in log scale, which
makes it an excellent reference pulse for cross-correlation.

C. Pulse Shaping: Combine Two Pulses in Each Period Into a
Single Transform Limited Pulse

Now we start line-by-line pulse shaping on the OFCG. The
OFCG is capable of generating a large number of lines. How-
ever, the number of lines to be shaped in our setup is currently
limited by the available 128 pixel LCM. Since 2 pixels con-
trol one line, 64 lines in total can be used for line-by-line pulse
shaping demonstration. We expect this can be extended to hun-
dreds of lines with a commercially available 640-pixel LCM.

Fig. 7(a) shows the 64 lines without any pulse shaping,
which is distorted somewhat after multiple EDFAs. Similar
to the whole comb in Fig. 5, there are two pulses in each
period. In autocorrelation, there is also a doublet structure at
the 50-ps position. In contrast, the cross-correlation clearly
shows a single peak for both pulses, which gives unambiguous
information on the pulse train. Sampling scope traces also
shows two pulses in one period. Different heights for these
two pulses are caused by unequal power for the short and long
wavelength half spectrum. Also note that autocorrelation has
larger background than cross-correlation.

Fig. 7(b) shows the 64 lines after quadratic phase correc-
tion for dispersion compensation by spectral line-by-line pulse
shaping. The applied quadratic phase shift corresponds to oppo-
site dispersion from 45.4 m of single-mode fiber (SMF), which
is consistent with the fiber links used in our system. Conse-
quently, the resultant pulses are similar to those directly from
the OFCG (with a bandwidth of 64 lines) without fiber disper-
sion distortions. Both intensity autocorrelation and cross-corre-
lation show two single peak pulses in each period as expected.
According to the results shown in Fig. 7(a) and (b), we can con-
clude that the doublet structure in the intensity autocorrelation in
Fig. 7(a) and Fig. 5(a) is caused by a combination of fiber disper-
sion and an autocorrelation measurement artificial effect. These
arguments can be easily supported by some simple calculations.
A physical description of the doublet structure is due to the sep-
aration between the two pulses in each period not being exactly
one-half period (50 ps) when there is fiber dispersion. This argu-
ment is also confirmed experimentally by carefully examining
the cross-correlation in Fig. 7(a): the adjacent pulses are sepa-
rated by 48.3 ps (or 51.7 ps), which agrees very well with numer-
ical calculations using the measured spectrum and additional
quadratic phase equivalent to 45.4 m of SMF. In contrast, the
pulses after dispersion compensation shown in Fig. 7(b) are sep-
arated by almost exactly 50 ps. Therefore, adjacent pulses move
towards (or away from) each other due to fiber dispersion (of
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Fig. 7. Spectra and waveforms (intensity autocorrelation, cross-correlation, sampling scope traces). (a) 64 lines without phase correction. (b) 64 lines with dis-
persion compensation. (c) Long wavelength half 32 lines with dispersion compensation. (d) Short wavelength half 32 lines with dispersion compensation. (e) 64
lines after full phase correction. Two pulses in each period are combined to one single transform limited pulse.

course fiber dispersion also slightly broadens the pulses). This
walk-off effect between the two pulses can also be estimated in
a simple way by the definition of dispersion: ,
where is fiber dispersion, is fiber length, and is the
center wavelength offset between these two pulses. In this ex-
ample, ps/nm/km, m, and nm.
The walk-off is calculated to be 1.9 ps which is consistent with
the measurement and numerical calculation (1.7 ps). Also note
that autocorrelation shows almost equal pulse heights for both
pulses, which is not the case. The cross-correlation and sam-
pling scope traces give correct relative heights information for
the pulse train.

Fig. 7(c) and (d) shows pulse measurement for each half of the
spectrum. The pulse shaper is programmed to block either half
spectrum in addition to adding a quadratic phase (the center line
is assigned to the long wavelength half spectrum) for dispersion
compensation. As expected, each trace corresponds to a clean
pulse train at 10 GHz with a relative 50-ps delay. Also note
that autocorrelation cannot give correct delay information while
cross-correlation and sampling scope traces can.

Fig. 7(e) shows the capability of combining two pulses in each
period into one single transform limited pulse. The 64 lines have
been used for line-by-line pulse shaping to achieve shorter pulses
than that from each half spectrum. We apply alternative 0 and
phase shift on the short wavelength half of the spectrum (32 lines)
to correct the spectral phases caused by the OFCG itself; we also
overlay the quadratic phase shift for fiber dispersion compensa-
tion. As a result, two pulses in each period have been successfully
combined to one single nearly transform limited pulse as shown
by autocorrelation, cross-correlation and sampling scope traces.
Here we move the pulse at 50-ps delay to the 0-ps position. By
applying a different phase, we can also move the pulse at 0 ps
to the 50-ps position. Since the combined pulse corresponds to
the whole spectrum, it should have shorter pulsewidth compared
with individual pulses from each half of the spectrum (roughly

Fig. 8. Spectrum and intensity autocorrelation for 64 lines after full phase cor-
rection. (a) Spectrum in log scale. (b)–(d) Autocorrelations. Solid line: measured
autocorrelation. Dashed line: calculated autocorrelation based on the measured
spectrum assuming flat phases (transform limited pulses).

speaking the pulsewidth is reduced by two). Since all the mea-
sured autocorrelations in Fig. 7(b)–(e), after fiber dispersion is
compensated, agree very well with the calculated autocorrela-
tions using the measured spectrum assuming flat spectral phase
(transform limit pulses) or alterative 0 and phase shift on half
of the spectrum, all the pulsewidths can be accurately derived
from the calculations [Fig. 8 shows details of this process for
case (e)]. For each filtered half spectrum, the pulses are (c) 2.83
and (d) 2.88 ps, respectively. The slight difference between each
half of the full spectrum is caused by a different spectral profile
for each half of the spectrum. After line-by-line pulse shaping to
combine two pulses into one single pulse, the pulse for the whole
64 lines becomes shorter [1.60 ps shown in Fig. 8(e)] as expected.
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For the whole 64 lines without phase correction on half of the
spectrum (directly from the OFCG), we observe a 20-GHz pulse
train with adjacent pulsewidths of 2.78 and 2.93 ps (b). In this
20-GHz pulse train, the adjacent pulses have different heights
and pulsewidths which are caused by the asymmetrical spectral
profile between the short and long wavelength half spectrum.

Previous work on pulse generation using an OFCG were ex-
clusively focused on the case of two pulses in each period di-
rectly from the OFCG (like the 20-GHz pulse train here), which
are not transformed limited [14]–[16]. Here we demonstrate, for
the first time to our knowledge, that truly transformed limited
pulses can be achieved by combining two pulses in each pe-
riod into one pulse using line-by-line pulse shaping. In this way,
shorter pulses can be achieved supported by the whole spectrum
rather than half of the spectrum.

To gain more insight on the single pulse, we compare the
measured autocorrelation with a calculated autocorrelation of
transform limited pulses. Fig. 8(a) shows the 64 lines in log
scale where all the other lines are well suppressed. Fig. 8(b)
shows the pulse train in linear scale by overlaying the measured
autocorrelation (solid line) on the calculated autocorrelation
(dashed line). The calculated autocorrelation for transform lim-
ited pulses is based on the measured optical spectrum in Fig. 8(a)
assuming flat spectral phase; the two traces are essentially indis-
tinguishable. Fig. 8(c) shows a shorter temporal scale where the
resemblance is clear. Both autocorrelations give 2.20 ps FWHM
without deconvolution. The calculated transform limited pulse
has 1.60 ps FWHM. These results suggest that we generated
10-GHz repetition rate, 1.60 ps essentially transform limited
pulses by line-by-line pulse shaping of 64 lines. Fig. 8(d) shows
autocorrelations in log scale, which again shows the close re-
semblance between measured and calculated traces even in the
wings. The pulse train has high quality without satellite pulses
and pedestal suppression of greater than 24 dB in the measured
autocorrelation. Note that the 1.60-ps pulses are longer than the
1.20-ps reference pulses in Fig. 6 obtained by simply blocking
half of the spectrum using a high resolution pulse shaper. This is
because the 1.60-ps pulses using 64 spectral lines corresponds
to a narrower bandwidth than the bandwidth of the 1.20-ps
reference pulses which have around 87 spectral lines. Shorter
pulses can be readily achieved after line-by-line pulse shaping if
more spectral lines are controlled. This requires more control
elements in the LCM of the pulse shaper.

We have also performed direct waveform measurements via
FROG [30]. Our measurements are performed on the 64 line
spectra, after both the alternating 0 and phase jumps on half of
the comb and the fiber link chromatic dispersion have been com-
pensated by the line-by-line pulse shaper, as described above.
Our measurements follow the procedure of previous work [31],
[32] in our group on ultralow-power second-harmonic gener-
ation (SHG) FROG based on the use of a fiber-pigtailed ape-
riodically-poled lithium niobate (A-PPLN) waveguide device
[33]. The large nonlinear coefficient of PPLN together with the
enhanced intensity made possible by the waveguide geometry
are responsible for unprecedented sensitivity, while an appropri-
ately designed aperiodic (chirped) poling pattern broadens the
phase matching bandwidth from 0.2 nm to 25 nm, which is
broad enough for accurate measurement of pulses a few hundred

Fig. 9. FROG measurement when both the alternative 0 and � phase jumps on
half of the comb and fiber link chromatic dispersion are compensated by the
line-by-line pulse shaper. (a) Measured FROG trace. (b) Retrieved FROG trace.
(c) Retrieved spectral intensity (solid) and phase (dashed) profiles. (d) Retrieved
temporary intensity (solid) and phase (dashed) profile. For comparison, based
on measured spectrum and flat spectral phase, the calculated transform-limited
pulse intensity (circles) and phase (squares) are also shown in (d).

femtoseconds in duration. In the current work, we adopt a po-
larization insensitive SHG FROG geometry in which the input
state of polarization (SOP) is scrambled at a rate much faster
than the measurement integration time [34].

Fig. 9 shows FROG results with 2 average fundamental
power coupled into the A-PPLN waveguide, where (a) and (b)
are measured and retrieved FROG traces, respectively, (c) is re-
trieved spectral intensity (solid) and phase (dashed) profiles, and
(d) is retrieved temporary intensity (solid) and phase (dashed)
profile. From (c), one can see flat spectral phase since it is well
compensated by the pulse shaper. The retrieved temporal in-
tensity FWHM of the pulse is 1.53 ps [solid line in (d)]—very
close to the calculated 1.6 ps bandwidth-limited pulse [circles in
(d)]. The FROG error is 0.003, which also indicates high quality
waveform retrieval. The difference between the retrieved spec-
trum and the spectrum measured by OSA [refer to Fig. 7(e)] is
due to the 2 nm spectral resolution used to measure the spec-
trum for marginal correction (in order to get a continuous spec-
trum). Since spectral phase plays the primary role in pulse dis-
tortion [30], the slight difference in spectral intensity is not a
significant problem. These data directly confirm the bandwidth-
limited character of our pulses after phase correction combines
the initial pulse pair per period into a single pulse.

D. Other Pulse Shaping Examples

Since the spectral phases for 64 lines have been almost com-
pletely compensated, it behaves essentially like a mode-locked
laser with flat phase. We can overlay additional spectral
phase/intensity for other waveform demonstrations. Hereafter,
we show several pulse shaping examples.

Fig. 10 shows the delay capability by applying a linear spec-
tral phase ramp (in addition to those phase corrections required
for single short pulse generation; this holds valid in all the fol-
lowing demonstrations if not otherwise specified). The delay
across the whole period, which is only possible for line-by-line
pulse shaping, is clearly demonstrated by cross-correlation.
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Fig. 10. Example of pulse shaping. Delay caused by a linear spectral phase
ramp.

Fig. 11. Repetition rate multiplication by spectral phase only pulse shaping.
(a) Two times multiplication by the Talbot effect with a periodic spectral phase
([0 �=2 0 �=2 . . . . . .]). (b) Four times multiplication with a periodic spectral
phase ([0 0 0 � 0 0 0 � . . . . . .]).

Fig. 11 shows two examples for repetition rate multipli-
cation by spectral phase only pulse shaping. In Fig. 11(a),
two times multiplication has been achieved by applying a

periodic spectral phase shift across the 64
lines. This is the temporal Talbot effect [35], [36], which can
be extended to greater multiplication factors. Note that a nearly
equal height pulse train at 20 GHz has been achieved. Also note
that multiplication using the Talbot effect only multiplies the
temporal intensity repetition rate; the temporal phase repetition
rate remains unchanged [35]. In other words, it is not true
repetition rate multiplication.

In Fig. 11(b) we demonstrate four times multiplication. In-
stead of utilizing the Talbot effect again, we apply a simple pe-
riodic spectral phase sequence [37]. A
phase shift on only 1 line in every four lines makes four times

Fig. 12. Example of pulse shaping with cubic spectral phases. (a) Cubic phase
�(!). (b) Cubic phase 3�(!).

Fig. 13. Two times repetition rate multiplication by blocking every other line.
(a) Spectrum. (b) Intensity cross-correlation.

temporal intensity multiplication. Note that the unequal pulse
height for this 40-GHz pulse train is mainly due to the nonuni-
form spectrum (each of the 64 lines have different intensities).
In both Fig. 11(a) and (b), it is important to note that the pulses
do not broaden compared to the input pulses since each indi-
vidual pulse has contributions from all spectral lines. This is in
contrast to the original OFCG output with two pulses per period,
where each pulse corresponds to only half of the spectrum.

Fig. 12 shows the waveforms obtained by applying cubic
spectral phases. In Fig. 12(a), a relatively small amount of cubic
phase is applied, which results in a waveform with an oscillatory
tail within the laser repetition period. The measured cross-cor-
relation agrees well with the calculated cross-correlation using
the 1.20-ps reference pulses. By applying a three times larger
cubic phase, the oscillatory tail spreads to fill the whole laser
repetition period as shown in Fig. 12(b), which again is enabled
only by line-by-line pulse shaping.

Fig. 13 shows an example for true two times repetition rate
multiplication. By blocking every other line using line-by-line
intensity control, a 20-GHz pulse train can be readily achieved.



1172 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 43, NO. 12, DECEMBER 2007

Fig. 14. RF waveform generation. (a) Spectrum for 5 lines with 40-GHz
bandwidth. (b) Sampling scope traces for three different sets of spectral phases.

Typically over 20-dB spectral line suppression ratio is possible
[inset figure in (a)], which makes adjacent pulses in the pulse
train have almost equal amplitude.

Fig. 14 shows one simple example for radio-frequency arbi-
trary waveform generation (RF-AWG) using the synthesized op-
tical waveforms to drive a 50-GHz photo-diode [7]. Five spec-
tral lines are selected to cover a 40-GHz bandwidth. By applying
different spectral phases while keeping the spectral line inten-
sity almost unchanged, we can implement highly structured,
high frequency, and broadband radio-frequency waveforms as
shown in Fig. 14, which are impossible to implement using cur-
rent electrical AWG technology (typically limited to 2 GHz).
The RF waveforms have slight distortions compared with the
driving optical signals (not shown), which are caused by the fre-
quency response roll-off of the photodiode and sampling scope.

E. Application for Optical Communication Systems

High repetition rate ( 10 GHz) short pulses generated from a
mode-locked laser have been widely used in optical communi-
cations, including optical time-division multiplexing (OTDM),
optical code-division multiple access (OCDMA), return-to-zero
format, and soliton systems. On the other hand, various methods
are demonstrated for similar high repetition rate short pulse gen-
eration usually starting from a CW laser [38], [39], including
both phase-modulated CW and the OFCG as discussed in this
paper. However, for on the order of tens of spectral lines or
greater (i.e., 1 ps or shorter pulses at 10 GHz), frequently the
spectral line intensities are less stable which causes intensity

Fig. 15. Eye-diagrams and BER measurements. (a) Whole comb before pulse
shaper (two pulses in each period). (b) 64 lines after shaper without phase cor-
rection (two pulses in each period). (c) 64 lines after shaper with full phase cor-
rection (one single pulse in each period). (d) Pulses from 10-GHz mode-locked
fiber laser (one single pulse in each period).

noise on the pulses/waveforms. This intensity noise may de-
grade an optical communication system seriously, considering
the typical demanding BER requirement (10 or below).

As we mentioned in the introduction, the resonant cavity
structure of the OFCG provides a feedback mechanism to
stabilize the comb, which results in decreased spectral inten-
sity/phase fluctuations. A BER for pulses from an OFCG has
been measured previously showing good performance [15].
Here we show BER performances for both pulses directly from
the OFCG and pulses after line-by-line pulse shaping. The
results show BER performances comparable to a mode-locked
laser implying the OFCG in addition to a line-by-line shaper is
well suited to optical communication applications.

Fig. 15 shows the BER measurements using several pulses/
waveforms from the OFCG. A 10-Gb/s pseudorandom bit se-
quence (PRBS) data stream is impressed on the gen-
erated pulses/waveforms with an intensity modulator. The re-
ceiver has 7.5-GHz bandwidth. For the entire comb (a) and 64
lines but without pulse shaping (b), there are two pulses in each
period as clear from the eye diagrams and they have similar
BER performance. When the 64 lines are phase corrected to
generate a single 1.6-ps short pulses (c), the BER performance
is improved by 1-dB power sensitivity compared with (a) and
(b). This improvement is somewhat similar to the improvement
for return-to-zero (RZ) format compared with nonreturn-to-zero
(NRZ) format [40]. Here, the short pulses (c) are clearly RZ
format while two pulses in one period [(a) and (b)] are some-
what similar to NRZ format. For comparison, we also measure
the BER using pulses from a 10-GHz mode-locked fiber laser
(d), which has almost the same performance as short pulses (c)
from the OFCG after line-by-line shaping.

IV. CONCLUSION

In summary, we have demonstrated optical processing based
on spectral line-by-line pulse shaping on an OFCG. The OFCG
is able to generate a smooth, broad, stable, known-phase fre-
quency comb, which is ideal for spectral line-by-line pulse
shaping applications. We demonstrate line-by-line pulse
shaping on 64 lines at 10-GHz line spacing, generate trans-
form-limited 1.6-ps short pulses at 10-GHz repetition rate, and
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show various examples of optical arbitrary waveform gener-
ation. Such pulse sources are of sufficient quality to support
optical fiber communication applications as confirmed by BER
measurements.
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