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Abstract Spectral line-by-line shaping is a key enabler towards
optical arbitrary waveform generation, which promises broad
impact both in optical science and technology. In this paper,
generation of optical and microwave arbitrary waveforms using
the spectral line-by-line shaping technique is reviewed. Com-
pared to conventional pulse shaping, significant new physics
arises in the line-by-line regime, where the shaped pulse fields
generated from one laser pulse now overlap with those generated
from adjacent pulses. This leads to coherent interference effects
related to the properties of optical frequency combs which serve
as the source in these experiments. We explore such effects in
a series of experiments using several different high-repetition-
rate optical combs, including harmonically mode-locked lasers
and continuous-wave lasers that are externally phase modulated
either with or without the help of an optical cavity. As an ap-
plication of line-by-line pulse shaping, we describe generation
of microwave electrical arbitrary waveforms that can be repro-
grammed at rates approaching 10 GHz.
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Significance of line-by-line shaping: combining optical fre-
quency combs with spectral pulse shaping
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1. Introduction

Optical pulse shaping is a widely adopted technique, in
which intensity and phase manipulation of optical spec-
tral components allows synthesis of user-specified ultra-
short pulse fields according to a Fourier transform rela-
tionship [1]. As shown in Fig. 1, the most commonly used
shaper geometry uses a grating to map the frequency com-
ponents of the input pulse onto space. Optical pulse shap-
ing has enabled various applications, such as optical pulse
compression, shaped wave optical communication systems,
spectrally selective nonlinear microscopy, and quantum
coherent control just to name a few. On the other hand,

mode-locked lasers producing combs of frequency stabi-
lized spectral lines have resulted in revolutionary advances
in frequency metrology [2], extremely high precision spec-
troscopy [3, 4], and high-sensitivity real-time gas detec-
tion [5]. Some applications of the fields overlap, such as
radio-frequency photonics [6] and LIDAR [7]. However, un-
til recently pulse shapers addressed spectral lines in groups
at low spectral resolution. Line-by-line pulse shaping [8],
in which spectral lines are resolved and manipulated indi-
vidually, leads to a fundamentally new regime for optical
arbitrary waveform generation (O-AWG) [9, 10], in which
the advantages of pulse shaping and of frequency combs
are exploited simultaneously.
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Furthermore, significant new physics arises in line-by-
line shaping, where the shaped pulse fields generated from
one laser pulse now overlap with those generated from adja-
cent pulses. In this situation the overall waveform inherently
depends on the interference between contributions from dif-
ferent laser pulses. This interference in turn is sensitive to
the relative phase of different pulses of the comb, which is
directly related to the optical comb offset frequency. In this
way, line-by-line shaping unites the key concepts of pulse
shaping with those of frequency combs.

Bringing pulse shaping and frequency combs together
allows O-AWG with both controllable ultrafast time struc-
ture and long term coherence. Intuitively, full control of
individual frequency comb lines require: (1) frequency sta-
bilized sources to generate stable spectral lines; (2) high res-
olution pulse shapers to resolve and control individual spec-
tral lines. Combining pulse shaping and frequency combs
should lead to new applications drawing on both technolo-
gies. O-AWG promises broad impact both in optical sci-
ence, allowing for example coherent control generaliza-
tions of comb-based time-frequency spectroscopies, and in
technology, enabling new truly coherent multi-wavelength
processing concepts for spread spectrum lightwave commu-
nications and LIDAR.

This review is organized as follows: In the second sec-
tion, we discuss the relation of line-by-line pulse shaping
to conventional pulse shaping. The experimental setup that
enables line-by-line pulse shaping is also described. Some

Figure 1 (online color at: www.lpr-journal.org) Significance
of line-by-line shaping: combining optical frequency combs with
spectral pulse shaping.

fundamental demonstrations of spectral line-by-line shap-
ing performed using an active harmonically mode-locked
fiber laser source will be presented in the third section. One
issue with such a source is relatively poor optical frequency
stability, which enters into pulse shaping in the line-by-line
regime in a fundamental way. The new effects of frequency
comb frequency instabilities in line-by-line shaping are
explored in the fourth section. In the fifth section, pulse
shaping examples using alternative comb sources are also
demonstrated. In particular, here we discuss line-by-line
shaping for compression and manipulation of combs gen-
erated via phase modulation, either with or without the
aid of an optical cavity. Such sources provide us improved
frequency stability compared to the high repetition rate har-
monically mode-locked laser used in the experiments of
earlier sections. In section six, we discuss an exciting new
application of line-by-line shaping — namely, arbitrary ultra-
wideband microwave waveform generation with waveform
programmability as fast as 10 GHz rate. This capability is
not offered by any of today’s electronic waveform genera-
tion solutions. The last section provides conclusions.

2. Line-by-line shaping and shaper setup

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
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factor which are insensitive to the absolute frequency po-
sitions of the mode-locked comb. This is primarily due
to the practical difficulty of building a pulse shaper capa-
ble 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 period be-
tween mode-locked pulses (100% duty factor). Waveform
contributions arising from adjacent mode-locked pulses
will
to the offset of the frequency comb [8]. Such line-by-line
control is an important step towards O-AWG since the
intensity and phase of each individual spectral line is in-
dependently controlled. Previous efforts towards spectral
line-by-line control utilized a hyperfine filter but were lim-
ited within a narrow optical bandwidth - the free spectral
range of this device [9]. Recently, we demonstrated spec-
tral intensity/phase line-by-line pulse shaping [8] and thus
0O-AWG over a considerably broader band [10] based on
high resolution grating-based pulse shapers.
Group-of-lines pulse shaping is illustrated in Fig. 2(a),
where fi, is the spacing between comb lines. Assuming
that the pulse shaping occurs M lines at a time, the shaped
pulses have maximum duration 1/(M frp) and repeat with

| . |

period T' = 1/ frep. Accordingly, the pulses are isolated in
time. In contrast, for line-by-line pulse shaping (M = 1),
as shown in Fig. 2(b), the shaped pulses can overlap, which
leads to interference between contributions from different
input pulses in the overlapped region. Previously, a hyper-
fine wavelength-division multiplexing filter was used for
spectral line-by-line phase manipulation with 5 GHz line
spacing in an optical code division multi-access system
and with 12.4 GHz spacing in photonic RF arbitrary wave-
form generation experiments [9] but without investigation
of this pulse overlap issue. More importantly, the hyperfine
wavelength-division device has a periodic spectral response,
which means that independent manipulation of the spec-
trum is possible only within one free spectral range, which
was only 75-80 GHz in the experiments described in [9].
Our free-space grating-based shaper setup is illustrated
in Fig. 3. A fiber-pigtailed collimator and subsequent tele-
scope take the light out of fiber and magnify the beam
size to ~ 18 mm diameter on the 1200 grooves/mm grating
in order to increase the pulse shaper resolution. A fiber-
ized polarization controller is used to adjust for horizon-
tal polarization on the grating. A polarization beam split-
ter (PBS) aligned for horizontal polarization is inserted
between the collimator and the telescope. Discrete comb
lines are diffracted by the grating and focused by a lens
with 1000 mm focal length. The spectral resolution of our
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Figure 3 (online color at: www.lpr-journal.org)
Schematic of a reflective line-by-line shaper.
LCM: liquid crystal modulator.
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Selecting two spectral lines (separated by a:
10 GHz, b: 20 GHz, c: 400 GHz and d: 500 GHz)
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and corresponding cosine waveforms (with periods
of 100 ps, 50 ps, 2.5 ps and 2 ps). Waveforms for
(a,b) are measured using a sampling scope while
(c,d) using cross-correlation.
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shaper is 2.6 GHz. A 2 x 128 pixel liquid crystal modulator
(LCM) array is placed just before the lens focal plane to
independently control both amplitude and phase of indi-
vidual spectral lines. The LCM in our experiment is fully
integrated with control electronics and software. A gold
mirror is placed at the minimum focusing plane, leading
to a double-pass geometry, with all the spectral lines re-
combined into a single fiber and separated from the input
via an optical circulator. Amplitude manipulation is real-
ized by LCM control and the polarization extinction of the
PBS in the recombination path back into the collimator.
A pair of razor blades placed just before the LCM can be
used as a width-tunable slit for better optical extinction
ratio. The total optical loss is around 10 dB. We note that
in addition to LCMs, other spatial light modulators are also
well-known in pulse shaping [1]. Line-by-line pulse shap-
ing experiments analogous to those reported here should
also be possible using other spatial light modulator tech-
nologies, provided that the key requirement of very high
spectral resolution for clear separation of adjacent spectral
lines is met.

3. Line-by-line shaping
using mode-locked lasers

3.1. Optical and RF arbitrary
waveform generation

In this section we show shaping examples performed us-
ing a home-built harmonically mode-locked fiber laser
producing 3 ps (full width at half maximum) pulses at 9-
10 GHz tunable repetition rates with a center wavelength
of 1542.0nm [10]. The repetition rate, selected to ensure
that the spectral line spacing exceeds the pulse shaper reso-
lution, is especially appropriate for practical applications
in optical communications. Each spectral line is spaced by

Time (ps)

50

200 pm, corresponding to 2 LCM pixels. The frequency
offset of the mode-locked comb is not actively stabilized;
instead we exploit the passive frequency stability of the
mode-locked comb, ~ 1 GHz over the time scale of our
experiments (ten times below the comb spacing). The comb
frequency instability was determined by heterodyne beating
with a continuous-wave laser with 15 MHz linewidth over
one minute. This suffices for these first proof-of-concept ex-
periments on line-by-line pulse shaping control for O-AWG
under typical laboratory environmental conditions without
additional controls (e.g., temperature stabilization). How-
ever, note that in line-by-line shaping, optical frequency
noise is converted to time-domain waveform intensity noise.
This phenomenon is fundamentally new to line-by-line
shaping and does not occur in group-of-line shaping regime.
Some discussion is given in Sect. 4.

To achieve a larger number of spectral lines, the 3 ps
pulses are compressed to 400 fs by a commercially available
dispersion-decreasing fiber soliton compressor. Either 3 ps
or 400 fs pulses at 10 GHz repetition rate are used as input
to the pulse shaper according to the required bandwidth for
the specific demonstration.

Fig. 4 shows power spectra (log scale) and resulting
time-domain intensity waveforms when the pulse shaper
is used to select just two spectral lines out of the mode-
locked frequency comb. Data are shown for spectral line
separations of 10 and 20 GHz (Fig. 4(a-b), 3 ps input pulses)
and 400 and 500 GHz (Fig. 4(c-d), 400 fs input pulses). The
measured optical linewidths are limited by the 0.01 nm reso-
lution of the optical spectrum analyzer. The log plots reveal
that deselected spectral lines are suppressed by greater than
31.5dB for 10 GHz, 29 dB for 20 GHz, 28 dB for 400 GHz,
and 26dB for 500 GHz. The intensity waveform result-
ing from selection of two spectral lines is ideally a cosine
function with DC offset. Data shown in the figures reveal
cosines with periods of 100, 50, 2.5, and 2 ps, respectively,
as expected. These data are measured after an optical am-
plifier, using either a 50 GHz bandwidth photodiode and
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(a) Selecting four spectral lines (five consecutive
lines with center line blocked). (b,c) Waveforms
measured by intensity cross-correlation with differ-
ent applied spectral phases (red and blue curves).
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sampling scope (10 and 20 GHz) or standard short opti-
cal pulse intensity cross-correlation techniques (400 and
500 GHz). The pulse shaper itself is able to afford much
higher frequency cosine waveforms, but here we are limited
by the available optical bandwidth from the laser and by
the measurement process (shorter reference pulses are re-
quired to measure higher frequency cosine waveforms with
shorter period). This limitation can be relaxed by utilizing
short pulse compression techniques to achieve large band-
width at high repetition rate [10]. The increased fluctuations
and distortions in the cosine waveforms at higher frequen-
cies (especially 400 and 500 GHz) arise due to decreased
optical power as the selected lines approach the edge of
the input spectrum (10 yW optical power for the two lines
with 500 GHz separation), which increases susceptibility to
imperfect suppression of deselected lines and optical am-
plifier noise. Nevertheless, these data clearly demonstrate
the potential to synthesize modulations over a very broad
frequency range.

It is essential to note that strong suppression of dese-
lected spectral lines is critical for accurate waveform gener-
ation. To validate this point, Fig. 5 shows the two-line selec-
tion waveforms viewed on a sampling scope with different

suppression ratios of the deselected lines. In Fig. 5(a), the
waveform evidently deviates from a cosine function with
only 15 dB of suppression ratio. For suppression ratio of 25
and 38 dB, the scope traces reveal a better cosine waveform
in Fig. 5(b,c), respectively.

Fig. 6 shows another example of line-by-line pulse shap-
ing control for O-AWG that highlights the fidelity of our
method. Four spectral lines (five consecutive lines with
the center line blocked, Fig. 6(a)) are selected within a
relatively narrow bandwidth to ease comparison with a
theoretical calculation. By applying the same amplitude
modulation ([1 1 0 1 1]) but different phase modulation
([r0 — Om]or[0m — 0n)), two distinct waveforms are
generated. The intensity cross-correlation measurements
are in almost perfect agreement with the calculations (black
circles) based on the Fourier transform of the nominal am-
plitude and phase patterns imparted onto the spectral lines
(Fig. 6(b-c)). The key point is that one can now synthesize
high fidelity optical waveforms with desired amplitude and
phase with 100% duty factor, by manipulating the individ-
ual spectral lines from a mode-locked frequency comb. It
should also be noted that to clearly illustrate the relation-
ship between the time and frequency domains, intensity
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and phase control are demonstrated in a binary fashion.
As is well known, both intensity and phase gray level con-
trol can be readily achieved [1, 8, 11] using a LCM. The
comb lines shown in Fig. 6(a) are intensity equalized in this
demonstration.

One immediate application of line-by-line pulse shap-
ing is for radio-frequency arbitrary waveform generation
(RF-AWG). Fig. 6(d-e) show sampling scope measurements
of the electrical output generated when the optical wave-
forms of Fig. 6(b-c) drive a 50 GHz photo-diode. Such
highly structured broadband radio-frequency waveforms
are impossible to implement using current electrical AWG
technology which is typically limited to ~ 1 GHz [12]. The
slight distortions of the RF waveforms compared with the
driving optical signals are caused by the limited bandwidth
of the photodiode and the sampling scope, which could be
pre-compensated (for example, to achieve two equal main
peaks in Fig. 6(e)) by appropriately modifying the control
signals to the optical driving waveforms. RF-AWG has the
potential to impact fields such as ultra-wideband (UWB)
wireless [13], which uses sub-nanosecond electrical bursts
for communications and sensing, and impulse radar, where
the use of highly structured transmit waveforms designed to
optimize discrimination between different scattering targets
has been proposed [14].

3.2. Pulse repetition-rate multiplication

Optical pulse trains with high repetition rates are very attrac-
tive for ultrahigh-speed optical communication systems and
signal processing. Recently, several research groups have
been exploring techniques for generating periodic pulse
trains at repetition rates beyond those achievable by mode
locking or direct modulation. One alternative is repetition-
rate multiplication (RRM) of a lower rate source by apply-
ing amplitude [15—-17] or phase [18-20] spectral filtering.
A technique based on the temporal Talbot effect [21] is a
simple and efficient method, as it simply requires the prop-
agation of the pulse train in a first-order dispersive medium.
This technique, equivalent to a phase-only filtering process,
has been traditionally demonstrated by using conventional
optical fibers [18, 19] or linearly chirped fiber Bragg grat-
ings [20]. Here we demonstrate high-quality repetition-rate
multiplication based on line-by-line shaping on a 9 GHz
actively mode-locked fiber laser [22].

Fig.7 illustrates the temporal Talbot effect for
RRM [21]. This phenomenon occurs when periodic trains
of optical pulses propagate through a first-order dispersive
medium. An appropriate amount of dispersion leads either
to reproduction of the original pulse train (integer temporal

Temporal self-image

Figure 7 (online color at: www.lpr-journal.org)
Schematic of temporal Talbot effect.

Talbot effect) or repetition-rate multiplication by an integer
factor (fractional temporal Talbot effect). For our purposes
it is important to note that it is unnecessary to introduce
continuous first-order dispersion.

In fact, only the spectral phases at frequencies equal to
the discrete spectral lines, w,, = wg + Nwyep, are relevant,
where wy is the carrier frequency, wrep is the input repetition
rate, and n is an integer. The Talbot condition [21] provides
the phase shifts that must be applied to the different spectral
lines to obtain repetition-rate multiplication:

O(wn) = ~mn’ 1)

where s and r are mutually prime integer numbers. The
multiplication factor is given by the integer . Maximum
repetition-rate multiplication is limited by the input pulse
duration, which must be short enough to prevent pulse over-
lapping in the multiplied train. In practice, the actual phase
shifts are applied by the pulse shaper modulo 27, which
yields a periodic phase filter [23,24], as shown in Fig. 8.
Initially, the generated trains with multiplied repetition-
rate show significant peak-to-peak pulse intensity variations.
We attribute this undesired effect to small phase errors in
the calibration of the LCM and to weak cross-talk between
adjacent spectral lines due to the finite spectral resolution.
To obtain uniform pulse intensities, we use an iterative
correction algorithm that adaptively modifies the phases
applied by the LCM. The algorithm starts with the phase
sequence {¢o, ¢1, P2, - . . n }, obtained from Eq. (1). Next,
the first phase ¢g is modified, (bé) = ¢ * &, with ¢ a preset
phase error, and the resultant output trains are measured.
The algorithm selects the new phase (;SL) that generates the
output train with smallest peak-to-peak pulse intensity vari-
ation. Next, a similar procedure is applied sequentially for

-4 -2 0 2 4

Relative frequency (o-o/o, )

Figure 8 (online color at: www.lpr-journal.org) Talbot filter
function. Periodic phase filter is applied in line-by-line shaping.
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the second and other phases in the sequence, finally ob-
taining a new series of phase values {¢Z), b1 bos - qS/N}
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 iter-
atively repeated this procedure, while decreasing the value
of € from one iteration to the next. Typically five or six
iterations were required to minimize peak-to-peak pulse
intensity variations in the output pulse train. The rms (max-
imum) 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
Talbot effect experiments and the benefit of the fine-tuning
capability in the apparatus.

In Fig. 9 (top row), we show experimental oscilloscope
traces both for the unfiltered pulse train and for the multi-
plied trains at 18, 27, 36, and 45 GHz, respectively, obtained
after applying the iterative correction algorithm. The multi-
plied trains now have very low peak-to-peak pulse intensity
variations. In particular, we obtain ~ 1%, 1.5%, 1.5%, and
2% maximum 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. In Fig. 9 (mid-
dle row), we show the optical spectra of the fundamental
and multiplied pulse trains. All spectra are very similar
which confirms that the technique is based on a phase-only
filtering process. For comparison, we must mention that
tunable pulse repetition-rate multiplication experiments in
which the temporal Talbot effect was implemented by us-
ing dispersive fibers [25] and linearly chirped fiber Bragg
gratings [26] yielded multiplied trains with significantly

using phase-only filtering.

larger intensity variations in the range (8%—-17%) and (7%—
17%), respectively. We note here that the temporal Talbot
effect multiplies only the pulse intensity repetition-rate,
but not the temporal phase repetition-rate [21]. However,
this method can be combined with other schemes to ob-
tain real repetition-rate multiplication [27]. Further, it is
also possible to multiply the repetition rate by performing
spectral selection [15, 16] with our line-by-line shaper as
an amplitude filter.

To further illustrate the high degree of uniformity we
have achieved, RF spectrum analyzer measurements of the
multiplied pulse trains are also plotted in Fig.9 (bottom
row). For the original pulse train (without spectral filter-
ing), RF tones at 9 GHz and its harmonics are observed, as
expected. When the pulse shaper is programmed for two-
times multiplication, Fig. 9(b), the now undesired tones at
9 and 27 GHz are suppressed almost into the noise floor,
46 dB below the 18 GHz tone. This large suppression factor
is consistent with the degree of intensity variation from
the scope traces. Figs. 9(c)-(e) depict the RF spectra of the
multiplied trains at 27, 36, and 45 GHz, respectively. Rela-
tive to the desired tone at the multiplied repetition rate, the
undesired tones are suppressed by 41, 39, and 34 dB, re-
spectively. Much of the slight reduction in suppression ratio
with increasing repetition rate can be explained due to the
roll-off of our measurement system at higher frequencies.

Our experimental demonstration of periodic spectral
phase filtering implemented via line-by-line pulse shap-
ing produces excellent two-to-five-times RRM of a 9 GHz
mode-locked laser. Higher repetition-rate multiplication fac-
tors 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 simultane-
ous, accurate, and independent programmable control of

www.lpr-journal.org
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individual spectral lines over the whole optical bandwidth
of the mode-locked laser. As a result, we have achieved un-
precedented uniformity in pulse trains multiplied according
to the temporal Talbot effect.

3.3. Optical arbitrary pulse train generation

Among the almost arbitrary waveforms enabled by pulse
shaping, a subset with particular appeal involves genera-
tion and manipulation of optical pulse trains. The simplest
examples for continuous pulse train operation are repe-
tition rate multiplication (RRM), as we demonstrated in
the earlier subsection, which are usually implemented by
spectral intensity or spectral phase filtering. In addition
to simple RRM, continuous pulse trains with controllable
patterns and envelopes have also been proposed and demon-
strated [28-30]. In these demonstrations, high repetition
rate mode-locked lasers (~ 10 GHz) are essential. In the fre-
quency domain the output of such mode-locked lasers are
characterized by an evenly spaced series of discrete spectral
lines, with the frequency spacing equal to the pulse repeti-
tion rate. In this subsection we demonstrate optical arbitrary
pulse train generation (OAPTG) using spectral line-by-line
pulse shaping, in which a pulse train spanning the whole
period can be generated and individual pulses can be in-
dependently manipulated to have different user-specified
waveforms [31]. This is in contrast to previous work on
pulse train generation using Fourier transform pulse shapers
in the group of lines pulse shaping regime [11,32,33], in
which sequences of pulses with different shapes have been
demonstrated, but only over a time aperture short compared
to the repetition period. This limitation associated with the
group of lines regime hinders capabilities for pulse train
generation significantly, for example, even two-times RRM
is impossible.

For the purpose of OAPTG, the filter function has to
be obtained first in order to properly control the spectral
components of short periodic input pulses with our Fourier
transform line-by-line pulse shaper. Suppose the spectrum
of the input pulses is A(w), then A(w) - exp(—iwT) cor-
responds to pulses with delay 7. Consider generating a
simple pulse train with two identical unshaped pulses in
each period, the spectrum is A(w) + A(w) - exp(—iwT)
and the resultant filter function is H (w) = 1 + exp(—iwT).
This can be immediately generalized to a pulse train with
many pulses in each period. Furthermore, individual pulses
in each period can be shaped to desired waveforms in a
different way. Mathematically, the filter function can be
written as

Hw) = Z ay exp(—iwty) - Hi(w) 2)
k

where the complex amplitude ay, allows control of individ-
ual amplitudes and phases, the delay of the k-th pulse in
the period is determined by 75 and the waveform of the
k-th pulse is determined by its individual filter function

Hj(w). It is clear that all pulses are phase coherent. In
our following experiments, the required spectral intensity
and phase control are derived from the filter function in
Eq. (2). The spectral intensity control is normalized to the
maximum of | H (w)|?. The number of pulses is limited by
the period and pulse width. In most of our experiments, the
delays between pulses are sufficiently large, so pulses are
well separated.

Our experiments are performed using a harmonically
mode-locked fiber laser producing 3.5 ps (FWHM) pulses
centered near 1542 nm. The laser is running at 9.15 GHz,
which precisely maps the spectral line spacing of the laser
to the pixel spacing of the pulse shaper (we use two pix-
els to control one spectral line). These short pulses are
input into the line-by-line pulse shaper, which can be easily
programmed to allow for convenient testing with various
arbitrary optical pulse trains. The output of the pulse shaper
is measured by an optical spectrum analyzer and intensity
cross-correlator using the initial unshaped pulse as the ref-
erence.

Fig. 10(a) shows a pulse train with binary pattern
[110 1] in each period, where pulses are located at 0, T'/4
and 37'/4. Pulse intensities for ‘1’ are very close to equal
and are negligible for ‘0’ (-25 dB lower). Both attributes
still remain significant challenges in previous demonstra-
tions [30]. To show arbitrary temporal intensity control
rather than a binary pattern, an example of an intensity
ladder pattern [0 § 3 1] is presented in Fig. 10(b). Unlike
simple RRM in Fig. 9 implemented by either a spectral
intensity only or phase only filter function, the patterns in
Fig. 10 generally require simultaneous spectral intensity
and phase control. (Note however that the pattern [1 1 0 1]
can also be generated by a phase only filter, e.g., with
phases (0 0 2arctan(y/2) 2arctan(v/2)...)). Also note
that in Fig. 10(a) and 10(b) the pulses are evenly spaced, at
the same temporal positions as in four times RRM, which
results in periodic filter functions (periodic every four spec-
tral lines). This is evident in the measured spectra. Fig. 10(c)
shows an example for arbitrary delay control in contrast
to Fig. 10(a) and 10(b). Three pulses in each period are lo-
cated at 0 ps, —25 ps and —75 ps, resulting in irregular pulse
separations (Am; = 50ps, Ay = 25ps, Aty = 34.3 ps).
As a result, the filter function is not periodic any more,
as clear from the spectrum in Fig. 10(c). These examples
demonstrate the capability for arbitrary temporal intensity
and delay control on individual pulses in each period.

In the above examples, all the pulses essentially keep
the same profile as the input pulse. According to Eq. (2),
pulses within a single period may also be controlled individ-
ually to have different user-specified waveforms. Fig. 11(a)
shows an example of 3 pulses in each period with one pulse
broadened. The temporal broadening is realized by apply-
ing an additional spectral quadratic phase on this pulse.
Fig. 11(b) shows an example of 2 pulses in each period
with an additional spectral cubic phase applied on one of
the pulses. This pulse shows an oscillatory tail as expected
which is a sign of spectral cubic phase. Fig. 11(c) shows an
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example with 3 pulses in each period, where pulse #1 has
a linear spectral phase (corresponding to temporal delay),
pulse #2 has a quadratic spectral phase (corresponding to
temporal broadening), pulse #3 has a cubic spectral phase
(corresponding to an oscillatory temporal tail). These ex-
amples show the capability for OAPTG using line-by-line
pulse shaping, in particular, the capability for achieving
arbitrary waveform control on individual pulses in each pe-
riod.

In the current scalar OAPTG experiments where we are
concerned with only one polarization, the intensity control
in our pulse shaper is obtained through polarization control
together with a polarizer at the output [1, 11]. Therefore,

lILV = \_/[\100

=0 pulse #3 has spectral cubic phase.

we anticipate that vector OAPTG with the additional fea-
ture of polarization control can be readily achieved with
minor modifications, similar to polarization pulse shaping
experiments that have been reported in the group of lines
regime [34-37].

3.4. Tunable optical RZ-to-NRZ
Jformat conversion
Return-to-zero (RZ) pulses have been widely used in op-

tical fiber communication systems and optical networks,
including RZ format transmission, soliton systems, optical
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Figure 12 Line-by-line controlled spectra (linear scale) and waveforms, where the laser center wavelength is tuned to 1542 nm. The
spectra are controlled to have (a) 2 lines, (b) 3 lines, (c) 4 lines and (d) 5 lines. These waveforms are detected by a 50 GHz photo-diode
and sampling scope, showing tunable width of 50 ps, 33 ps, 25 ps and 20 ps, respectively. The spectra are controlled to have (e) 6 lines, (f)
10 lines, (g) 16 lines and (h) all lines. These waveforms are measured by intensity cross-correlation measurements, showing tunable

width of 16 ps, 9 ps, 5 ps and 3 ps after de-convolution, respectively.

time-division-multiplexing, optical code-division-multiple-
access, and optical packet generation. For example, RZ
formats rather than non-return-to-zero (NRZ) formats have
been applied in long-haul fiber transmission systems to
extend transmission distance due to a possible higher tol-
erance to many fiber transmission impairments [38, 39].
As a result, the characteristics of RZ pulses in such sys-
tems play a critical role in optimizing system performance.
Therefore, tunable RZ pulse generation is highly desirable
in system contexts. Tunable width RZ pulses have been
demonstrated based on various techniques [39-42]. The
techniques in reference [39,40] require electrical modula-
tion which is difficult at high bit rates and/or shorter pulses.
Optical tunable width RZ pulse generation has also been
demonstrated [41,42], but relies on a relatively complicated
nonlinear optical processing scheme with higher optical
power requirements and lower efficiency, and/or limited
width/wavelength tunable range. Here, we demonstrate for
the first time to our knowledge a linear optical technique
for tunable RZ pulse generation and pulse width range
(~3-50ps) at 10 GHz repetition rate based on spectral line-
by-line pulse shaping of a mode-locked laser. All-optical
RZ-to-NRZ format conversion is also demonstrated using
this method, which is desirable in optical networks where
spectral efficiency is more important than transmission dis-
tance since the NRZ format is more spectrally efficient.
Fig. 12 shows the shaped spectra and corresponding
waveforms, where the laser center wavelength is tuned to
1542 nm. The number of spectral lines is controlled by the
slit width in the line-by-line pulse shaper. The waveforms

in Fig. 12(a—d) are detected by a 50 GHz photo-diode and
sampling scope after an optical amplifier. Fig. 12(a) shows
2 spectral lines separated by the 10 GHz laser repetition rate.
The optical linewidths are limited by the 0.01 nm resolution
of the optical spectrum analyzer used for this measurement.
Other spectral lines are well blocked due to the high resolu-
tion line-by-line shaper. Since there are only two spectral
lines, ideally the waveform intensity profile in the time do-
main corresponds to a cosine function (with a DC offset).
The waveform in Fig. 12(a) indeed shows a cosine function
with 50 ps width (FWHM). Fig. 12(b)-(d) show 3, 4 and
5 spectral lines transmitted through the line-by-line pulse
shaper. Accordingly, the generated RZ pulses exhibit 33 ps,
25 ps and 20 ps widths respectively which clearly illustrate
that tunable width optical RZ pulses have been produced.
For generated pulses shorter than 20 ps, we measure them
by standard short pulse intensity cross-correlation mea-
surement, where an un-shaped 3 ps pulse is used as the
reference. Fig. 12(e—g) show 6, 10, 16 and all spectral lines
transmitted by the line-by-line pulse shaper, respectively.
Accordingly, the generated RZ pulses are tuned from 16 ps
to 3 ps (after de-convolution). The two pulses measured
within each trace have different peak values due to non-
perfect-alignment of the cross-correlation measurement
apparatus. Fig. 12 demonstrates the width tunability of our
method in a range of 3 ps to 50 ps. Assuming the optical
bandwidth is (number of spectral lines —1) x 10 GHz, the
time-bandwidth product of the generated pulses is in the
range of 0.5-0.81 in Figs. 12(a)-(g). This is intermediate
between that expected for transform limited sech pulses

© 2008 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser & Photon. Rev. 2, No. 4 (2008)

Laser & Photonics
Reviews 237

(0.315) and for transform-limited pulses with rectangular
spectrum (0.88). For the source limited 3 ps pulses, the
3 dB time-bandwidth product is approximately 0.33, close
to transform limit for sech pulses.

We now use the line-by-line pulse shaping technique
to achieve all-optical RZ-to-NRZ format conversion. Al-
though the RZ format has been widely employed in long-
haul fiber transmission systems as it has a higher tolerance
for important impairments caused by fiber transmission
effects, the NRZ format is more spectrally efficient and can
be used in local and metro access networks where spectral
efficiency is important. Therefore, all-optical RZ-to-NRZ
format conversion is desirable at the interface between back-
bone and access networks. This conversion can be realized
by various techniques, for example, based on relatively
complicated nonlinear optical processing using SOA-based
devices [43,44], or cross-phase modulation in dispersion-
shifted fiber [45]. Here we use line-by-line control, a linear
technique, to achieve all-optical RZ-to-NRZ format conver-
sion.

The generated RZ pulses are modulated and become an
RZ format data stream. Fig. 13 (a) shows RZ format pulses
modulated by a 10 Gb/s PRBS 223 — 1 data stream with
4 spectral lines (25 ps pulses) transmitted by the line-by-
line pulse shaper. Compared with the un-modulated spectra
shown in Fig. 12, each spectral line of the modulated spec-
tra is broadened by the data modulation as shown in the
figure. Here the line-by-line shaper is placed after the data
modulator for experimental convenience. The modulated
waveforms are detected by a 50 GHz photo-diode in which
the RZ format is clear. In Fig. 13(b) only one spectral line
is allowed to pass the line-by-line pulse shaper. As a result,
the RZ format is converted to NRZ format, as shown by
the eye-diagram also detected by the 50 GHz photo-diode.
Higher spectral efficiency is clear for NRZ since it occu-
pies less bandwidth with one spectral line rather than the
bandwidth for RZ with multiple lines. The performance of
the generated 25 ps RZ format and converted NRZ format
are further confirmed by bit error rate measurement (not
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Figure 13 RZ-to-NRZ format conversion by line-by-line pulse
shaping. Spectra and eye-diagrams for (a) data modulated RZ
format with 4 spectral lines, (b) converted NRZ format with only
one spectral line. Inset figures show the spectra in log scale.

shown). For both formats, less than 1019 bit error rate
can be achieved using a standard 10 Gb/s receiver for both
back-to-back and after 25 km single mode fiber transmis-
sion without dispersion compensation. In our experiment
only a single line-by-line pulse shaper is used to emulate
the RZ-to-NRZ format conversion. In practice, one line-by-
line pulse shaper can be used to generate the RZ format
with desired wavelength and width while utilizing another
line-by-line pulse shaper to implement RZ-to-NRZ format
conversion.

In the current experiment the width of the RZ pulses
is discretely tunable by simply changing the number of
spectral lines. The pulse width can be continuously tuned
by controlling not only the number of lines but also the rela-
tive amplitudes of the selected lines using a programmable
amplitude line-by-line pulse shaper [8].

4. Impact of comb frequency instability
on shaped waveforms

The waveforms generated via spectral line-by-line shaping
are sensitive to the optical comb frequency instability. This
sensitivity is fundamentally new in the line-by-line shaping
regime and is not observed for group-of-line shaping. The
impact of frequency comb instability on optical waveform
generation can be apparent even for the simple case of
selecting only two spectral lines with applied phase con-
trol [8]. The focus of this section is to model the impact of
frequency comb stability on shaped waveforms [46]. A sim-
ple case employing only two spectral lines and independent
phase control on these lines provides significant insight into
the source of time-domain waveform instability. To provide
a clear visualization, we compared the line-by-line phase
control experiment and recorded both the optical spectra
and sampling scope traces consecutively. With the actively
mode-locked laser operating at 8.5 (relatively frequency
stable) and at 10.5 (frequency unstable) GHz repetition
rates, we can investigate the role of optical comb frequency
fluctuations on line-by-line shaping.

Figs. 14(a,b) show an overlap of 100 scans for the two
spectral lines and sampling scope traces for an 8.5 GHz
pulse repetition rate, which show relatively stable features.
If there is no pulse shaping (® = 0), the sampling scope
traces are clear, as shown in Fig. 14(b). If there is pulse
shaping with & = 7 on one spectral line, the sampling
scope traces become slightly noisy because of the small
fluctuations of spectral lines. Nevertheless, the positions of
the spectral lines are stable enough for line-by-line control,
as demonstrated above.

When the laser repetition rate is tuned to 10.5 GHz, we
observe empirically that the absolute frequency positions of
the spectral lines become considerably less stable, with fre-
quency fluctuations observable on a time scale of seconds,
as shown in Fig. 14(c). We attribute the spectral line fluc-
tuations in our actively mode-locked laser to comb-offset
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frequency fluctuations; we attribute the difference in optical
frequency stability at different laser repetition rates to the
frequency-dependent response of the microwave compo-
nents used for feedback control of the cavity length. If there
is no pulse shaping (¢ = 0), under the conditions of our
experiments the sampling scope traces are clear even if the
spectral lines are relatively unstable, as shown in Fig. 14(d).
However, if there is pulse shaping with a 7 phase shift on
one spectral line, the sampling scope traces become ex-
tremely noisy because of the large fluctuations of the spec-
tral line positions. This result can be understood from the
time-domain overlap effect: For a 7 phase shift, the original
laser pulses (corresponding to @ = 0) are reshaped to form
waveforms with intensities in the temporal region where
contributions from adjacent input pulses overlap. Since the
adjacent original pulses have an unstable phase relationship
(intimately related to unstable comb offset frequency), their
interference in the overlapped region as a result of pulse
shaping leads to large intensity fluctuations. Much weaker
fluctuations, if any, are observed at the time locations of the
original input pulses, as there is little temporal overlap at
those times. Clearly, this overlap effect leads to observation

1541.9
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200 -100

15421
Figure 14 (online color at: www.lpr-
journal.org) (a) Two relatively stable
spectral lines at 8.5 GHz. (b) Sampling
scope traces with phase modulation (0
and 7) on one spectral line. The traces are
scanned 100 times. (c) Two relatively un-
stable spectral lines at 10.5 GHz. (d) Sam-
pling scope traces with phase modulation
(0 and 7) on one spectral line. The traces
are scanned 100 times.
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of time-dependent noise that is directly linked to variations
in the comb-offset frequency.

We hereby provide a frequency-domain analysis for
clear elucidation of this issue [46]. Fig. 15 shows simula-
tion results for the above two cases. Figs. 15(a, c) show
the power spectrum of the comb (4 lines numbered from
—2 to 2) with frequency offsets of -{0-50}% in 10% per
increment with @ = 0 and 7 applied to line [-1], respec-
tively. Lines [-1, 1] are selected. The effective shaper filter
power spectra are denoted as the dashed traces. The initial
frequency positions of the comb lines are marked by the
arrows. The necessity of using 4 comb lines is to reflect the
fact that although selecting only two central lines, lines [-2,
2] may participate in shaping for a large frequency offset,
depending on the direction of the offset. The correspond-
ing time-domain intensities are shown in Fig. 15(b, d) for
® = 0 and @ = 7 cases, respectively.

In Fig. 15(a), for an initial zero frequency offset, only
the central two lines pass through the filter, and result in a
pure cosine time-domain intensity waveform. As the lines
are frequency shifted together, line [-1] will be attenuated
at the filter edge. The resulting time-domain intensity wave-

2 1 1 2 2 1 1 2
P A P

Figure 15 (online color at: www.lpr-
journal.org) Frequency-domain simula-
tions using 4 comb lines. Only lines
[—1,1] are selected by the shaper fil-
ter. Normalized spectral powers with fre-

Intensity
o
o

quency offsets of {0-50}% with 10% per
increment are shown for (a) & = 0 and
—  (c) @ = 7. Resulting normalized time-
domain intensities are shown in (b) @ = 0
and (d) ® = 7.
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form will have a slightly smaller peak. For large frequency
offsets, line [2] enters the edge and participates in wave-
form generation, giving its contribution and compensating
the spectral power and time-domain energy lost by line [-1].
As a consequence, the time-domain waveform suffers rela-
tively small frequency-offset induced time-domain noise.
Fig. 15(b) depicts a 10% intensity peak variation for a 50%
frequency offset. The scenario is different for the ® = 7
case, shown in Fig. 15(c) and 15(d). For the & = 7 case,
note the filter function reveals an apparent spectral dip in
the center, acts as a frequency discriminator, and is respon-
sible for the higher time-domain noise. Both lines [-1, 1]
are attenuated for having a frequency offset, due to the
effective frequency discriminator, giving rise to a 68% in-
tensity peak variation for 50% frequency offset. The arrow
in Fig. 15(d) shows the evolution of the intensity waveform
to larger offsets. Frequency-domain analysis is consistent
with experimental observation and the discussions made
for Fig. 14.

5. Shaping on alternative comb sources

5.1. Phase-modulated CW combs

Optical frequency combs are usually generated by mode-
locked lasers emitting periodic trains of ultrashort pulses.
Frequency-stabilized mode-locked lasers, such as self-
referenced Ti:Sapphire lasers, are available at repetition

.|.L|.I.|.|.|I.Illd.h_;-_

rates (comb spacing) of ~ 5 GHz and below [47,48]. Un-
fortunately current pulse shapers are unable to cleanly re-
solve such closely spaced spectral lines. Therefore, combs
with larger line spacing are desired for line-by-line shap-
ing; such combs also have the practical advantage of plac-
ing proportionally more power in individual lines. There
are several alternative approaches for obtaining relatively
frequency stable combs with higher repetition rate. Har-
monically mode-locked lasers are well known but often
exhibit optical frequency instabilities, which lead to serious
pulse shape noise when employed for O-AWG. Examples
of frequency-stabilized harmonically mode-locked lasers
have been demonstrated, but only with complicated con-
trol and/or compromised frequency tunability [49, 50]. Ap-
proaches based on optical cavities are also relevant. For
example, a Fabry-Perot cavity with free spectral range set
to IV times the comb spacing acts as a periodic transmission
filter that passes only one of every N lines from an input
comb source [4]. One may also generate a well-defined
frequency comb by imposing a strong periodic phase mod-
ulation onto a continuous-wave (CW) laser, either with-
out [51,52] or with the aid of a cavity [53]. This PMCW
scheme has the significant advantage that the frequency off-
set of individual lines is controlled by the input CW laser
and decoupled from the pulse generation process. We adopt
such a modulation-of-CW source with additional spectral
broadening via nonlinear fiber optics as the input for our
O-AWG demonstrations [54,55].

Fig. 16(a) shows our experimental setup. A CW laser
with specified 1 kHz linewidth centered at 1542 nm is modu-
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Figure 17 (online color at: www.lpr-journal.org) Generation of
over 1000 stable spectral lines starting from 1 single line. Input
CW is also shown for comparison.

lated by two phase modulators, driven synchronously (with
adjustable delay) by 20 GHz and 5 GHz cosine waveforms.
The phase modulator driven at 20 GHz contributes to broad
bandwidth, since the generated bandwidth is proportional to
the modulation frequency. The modulator driven at 5 GHz
determines the comb spacing and temporal periodicity. The
resulting comb is manipulated by spectral line-by-line pulse
shaper #1 to convert the broadband constant intensity wave-
form to a pulse train. Here we use a line-by-line shaper
with one LC pixel to control one comb line, separated by
5 GHz. Our experiments are the first to resolve comb lines
spaced by only 5 GHz in a pulse shaping apparatus.

Fig. 16(b) shows the measured spectrum after shaper
#1; the discrete lines making up the spectrum are clear
in the inset. Fig. 16(c) shows the discrete spectral phases
applied by shaper #1 onto the individual lines, in order to
convert the phase-modulated but constant intensity field
into bandwidth-limited 2.4 ps (FWHM) pulses (intensity
autocorrelation shown in Fig. 16(d). Although not yet il-
lustrating true O-AWG, such high rate pulse generation
starting from a CW source is already a powerful applica-
tion of line-by-line pulse shaping [56]. The 2.4 ps pulses
are then amplified by a fiber amplifier and directed into
a dispersion decreasing fiber (DDF) soliton compressor.
The interplay of self-phase modulation and dispersion in
the DDF yield pulse compression to durations as short as

270fs (Fig. 16(e)). Pulse compression is accompanied by
strong spectral broadening. Fig. 17 shows the spectrum af-
ter DDF compression obtained with slightly higher optical
power coupled into the DDF. Over 1000 lines are generated
between 1525 nm and 1565 nm.

Such a comb, created from a single CW laser, is highly
useful for line-by-line pulse shaping studies. In our fol-
lowing O-AWG demonstrations we use a second line-by-
line pulse shaper following the DDF (see Fig. 16(a)) to
select and individually manipulate a set of 108 lines cen-
tered around 1537.5 nm and spanning 540 GHz bandwidth.
The spectrum is shown in Fig. 18(a). An intensity cross-
correlation measurement of the resulting pulse train, demon-
strating transform-limited 1.65 ps pulses at 5 GHz repeti-
tion rate, is also shown. In this and subsequent measure-
ments, temporal intensity waveforms are obtained via cross-
correlation with high quality, pedestal-free, 1.02 ps refer-
ence pulses. The reference pulses are obtained by sending
a portion of the output power after the DDF to another high
resolution pulse shaper, where only the spectrally smooth
portion is selected. Fig. 18(b) demonstrates a simple ex-
ample of line-by-line intensity control, where the LCM is
programmed to block every other comb line. The resultant
doubling of the comb spacing leads in the time domain to a
doubling of the pulse repetition rate to 10 GHz.

We demonstrate the capability of line-by-line phase con-

trol for O-AWG by exploiting the relation 7(w) = — Wag") ,
where 7(w) and ¥ (w) are the frequency-dependent delay
and spectral phase, respectively. In the simplest case we
apply linear spectral phase, which results in pure delay as
shown in Fig. 19. Notice that the delay is scanned across
the whole repetition period T (200 ps), which is only possi-
ble when individual spectral comb lines are independently
manipulated. The waveforms remain clean, with only very
small satellite pulses. This is further evidence that we are
in the line-by-line regime. In the group-of-lines regime, a
strongly stepped masking function gives rise to significant
satellite pulses, with satellite intensity becoming equal to
main pulse intensity at phase steps of 7 per pixel [57].
Fig. 20 shows examples of O-AWG with highly struc-
tured temporal features: each pulse is split into two pulses
per period, one of which is delayed and the other of which
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Figure 19 (online color at: www.lpr-journal.org) Line-by-line
phase control of 108 lines: In a series of experiments, the pulse
shaper applies various linear spectral phase ramps, resulting in
delays proportional to the slope of the applied phase ramp. Inten-
sity cross-correlation measurements are plotted for pulse trains
delayed by 0, T/5, 2T/5, 3T/5 and 4T/5, respectively.

has cubic spectral phase. In contrast to the data of section
(3.3), here we chose to program the shaper such that the
delayed pulse and the cubic spectral phase pulse correspond
to different halves of the spectrum. Fig. 20(a) shows an ex-
ample. The cubic spectral phase corresponding to quadratic
frequency-dependent delay yields a strongly oscillatory tail
in the time domain that spans the whole period with 100%
duty cycle, which is one of the hallmarks of line-by-line
pulse shaping. To confirm O-AWG fidelity, the calculated
intensity cross-correlations are also shown for comparison.

H1 = Measurement (a]
= mess Calculation
L
=
0
=
b=
=
W]
0.3 0.3
0.2 0.2
0.1 0.1
=100 50 0 50

Time (ps) Time (ps)

Unwrapped

The agreement is excellent everywhere, even in the lowest
intensity oscillations. Figs. 20(b, c) show the unwrapped
and wrapped discrete spectral phases applied to the 108
lines by shaper #2. The linear and cubic spectral phases
are clearly visible on respective halves of the spectrum. At
some locations the phase change per pixel is 7 or more —
again a hallmark of operation in the line-by-line regime.

One important aspect of this setup is that it is scalable in
both spectral line generation and spectral line manipulation.
Our comb generator already provides >1000 frequency
stable spectral lines available for future O-AWG investiga-
tions, and further nonlinear spectral broadening should be
possible. By developing pulse shapers based on novel two-
dimensional spectral dispersers [58], a radically increased
number of control elements should be possible, considering
the large array technologies in use for two-dimensional
display applications.

5.2. Optical frequency comb generator (OFCG)

An elegant extension of the phase modulated CW scheme
to generate an ultra broadband comb (Terahertz and more)
has been proposed and demonstrated a number of years
ago [53,59-66]. This device, called an optical frequency
comb generator (OFCG), is an electro-optic (LiNbOg) mod-
ulator inside a Fabry-Perot cavity (the cavity can also
be formed by coating high reflectors on the facets of
the LiNbOg crystal/waveguide), schematically shown in
Fig. 21(a). With this resonant configuration, the OFCG is
able to generate a very wide optical frequency comb (up
to tens of THz) [53, 59]. The cavity configuration of the
OFCQG, similar to a laser cavity, provides feedback and a
resonance mechanism so that the efficiency of the modu-
lation is increased significantly by multiple passes of light

151

1537 1538 1539
Wavelength (nm})

1536 1540

Figure 20 (online color at: www.lpr-journal.org) Line-by-line shaping of 108 lines: O-AWG with high temporal complexity. (a) The
intensity cross-correlation: each pulse is split into two pulses per period, one of which is delayed and the other of which has cubic
spectral phase. Each pulse corresponds to one half of the spectrum. The two pulses are still temporally separated. Solid line: measured
intensity cross-correlation. Dashed line: calculated intensity cross-correlation. (b) The unwrapped spectral phases applied to shaper #2.

(c) The wrapped spectral phases applied to shaper #2.

www.lpr-journal.org

© 2008 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Laser & Photonics

Heviews:

Chen-Bin Huang, Zhi Jiang, et al.: Spectral line-by-line shaping

Temperature
( RF at f'"@ stabilization
a) i )
|l'('l:pwut_.p.l LINbO,, waveguide F_%lgg(l;t
P
Fabry-Perot Cavity =

Optical Frequency Comb Generator

I._2.5T z _.i

T
g
10 dB/div

Log scale

1520 1530 1540 1550 1560 1570
Wavelength (nm)

Spectral A
Phases

| I | | ‘ ‘ ‘ |
0 000000
Figure 21 (online color at: www.lpr-journal.org) (a) Schematic
diagram for the optical frequency comb generator (OFCG). (b) Ex-
perimental OFCG output spectrum. (¢) Schematic of the spectral
phases for intrinsic dual-pulsed generation from an OFCG.

through the modulator, giving broader bandwidth than both
phase modulated CW lasers and mode-locked lasers at
~ 10 GHz line spacing. Since the OFCG has both character-
istics of a phase modulated CW and a mode-locked laser, it
is expected to combine their advantages. The OFCG’s simi-
larity to a phase modulated CW makes it easy to tune the
comb offset frequency by simply changing the input CW
wavelength and the spectral line position is stable, which is
critical for line-by-line pulse shaping. The OFCG’s similar-
ity to a mode-locked laser makes it have a smooth spectrum
without dips, as shown in Fig. 21(b).

In the time domain, a comb with broad bandwidth from
the OFCG supports periodic short pulses similar to mode-
locked lasers. However, distinct from mode-locked lasers,
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 [64-66]. Roughly speaking, the 2 pulses in each
period correspond to the lower and upper half of the spec-
trum of the frequency comb, respectively. Illustrated in
Fig. 21(c), 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 7 spectral phases. Therefore, the overall waveform is
not transform limited and the individual pulse widths are
determined by the bandwidth of one-half of the spectrum.

The cavity used in our experiments has a 2.50 GHz free
spectral range (FSR) with cavity length temperature sta-
bilized [67]. The finesse of the cavity is 55. RF driving
frequencies with an integer number times the FSR are re-
quired to meet the resonance conditions as 10.00 GHz is
used in our experiments. The OFCG has ~ 28 dB loss. To

compensate this relatively large loss, we used 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.

The OFCG is capable of generating a large number of
lines. However, the number of lines to be shaped in our
setup is currently limited by the available 128 pixels of
the LCM. Since 2 pixels control one line, 64 lines in total
can be used for line-by-line pulse shaping demonstrations.
We expect this can be extended to hundreds of lines with a
commercially available 640-pixel LCM.

Fig. 22(a) shows the 64 lines after quadratic phase cor-
rection for dispersion compensation by spectral line-by-
line pulse shaping. The applied quadratic phase shift corre-
sponds to opposite dispersion from 45.4 m of single mode
fiber (SMF), which is consistent with the fiber links used
in our system. Consequently, the resultant pulses are sim-
ilar to those directly from the OFCG (with a bandwidth
of 64 lines) without fiber dispersion distortions. Intensity
cross-correlation shows two single peak pulses in each pe-
riod as expected. For our cross-correlation measurements,
a portion of the OFCG output power is sent to another high
resolution shaper. The shorter wavelength half of the OFCG
comb was selected to provide the 1.20 ps reference pulses.

Fig. 22(b) and 22(c) show 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
arelative 50 ps delay. Also note that auto-correlation cannot
give correct delay information while cross-correlation and
sampling scope traces can.

Fig. 22(d) 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 7 phase shift on the short wave-
length 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 compensation. As
a result, two pulses in each period have been successfully
combined to one single nearly transform limited pulse as
shown by auto-correlation, cross-correlation and sampling
scope traces. Here we move the pulse at 50 ps delay to
the O ps position. By applying a different phase, we can
also move the pulse at Ops to the 50 ps position. Since
the combined pulse corresponds to the whole spectrum, it
should have shorter pulse width compared with individual
pulses from each half of the spectrum (roughly speaking
the pulse width is reduced by two). For each filtered half
spectrum, the pulses are 2.83 ps (b) and 2.88 ps (c), respec-
tively. 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 as expected. Fig. 22(e)
shows a shorter temporal scale where the resemblance is
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clear. Both auto-correlations give 2.20 ps FWHM without
de-convolution. 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. 22(f)
shows auto-correlations in log scale, which again shows
the close resemblance 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 auto-correlation.

6. 10-GHz programmable microwave
waveform generation

In our previous sections, we have demonstrated shaping
examples where the waveform update rate is limited by the
response time of the LCM, typically tens of milliseconds.
Recently, there have been several reported efforts to in-
crease the waveform update rate, with results demonstrated
up to 33 MHz [68-70]. However, due to limited spectral
resolution, groups rather than individual spectral lines have
been manipulated in these works.

A hyperfine wavelength de-multiplexer with subsequent
electro-optical modulators have been reported with a wave-
form modulation rate ranging from tens to hundreds of
MHz, but only two spectral lines were controlled [9,71,72].
In a previous demonstration, our group reported switching

between two optical waveforms at 10 GHz in the group-of-
lines shaping regime; however, each waveform required a
separate shaper [73]. Here we report a novel scheme where
distinct waveforms can be generated at high update speed
using a single pulse shaper.

Photonically assisted radio frequency arbitrary wave-
form generation (RF-AWG) [74] is a promising applica-
tion of pulse shaping that has been demonstrated previ-
ously at low pulse shaping resolution and with low update
rate [75,76]. In this part, we overcome the limitation of the
LCM response time and report a simple structure which
allows RF-AWG waveform updates in less than 100 ps
(10 GHz), to our knowledge the fastest reported to date [77].

The schematic of our proposed novel time-multiplexed
setup is shown in Fig. 23. Two CW lasers (A4, \p) with a
LiNbOj intensity modulator (IM) after each laser are used
to provide rapid wavelength switching. IM1 (for A, ) and
IM2 (for \p) are driven by the programmable data port
(Q) and inverted data port (Q) of a bit-error-ratio test set
(BERT) with bit duration of 100 ps (10 GHz signal), respec-
tively. The wavelength switched CW outputs are combined
via an optical coupler (node (i)) and sent to an optical fre-
quency comb generator comprised of a lithium niobate
phase modulator (PM) driven at a repetition frequency of
frep = 10 GHz by the clock of the BERT (node (ii)). These
phase-modulated CW (PMCW) combs are manipulated by
a line-by-line shaper where distinct waveforms are gener-
ated for each different input center wavelengths (node (iii),

I,(t) and I (t)).
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Figure 23 (online color at: www.lpr-journal.org)
Schematic of the experimental setup. (Aq, Ap): two
CW lasers; IM: intensity modulator; Q: data pattern;
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Figure 24 (online color at: www.lpr-journal.org) (a) PMCW
spectrum. Six lines within the rectangle are used for waveform
generation. (b) Six-line selected PMCW combs when both CW
lasers are on. (c, d) Sampling scope traces of rapid RF-AWG
updates with Q=[1111 0000]. (c) Switching between waveform
phase modulation using two spectral lines from each comb. (d)
Switching between waveform frequencies.

In order to enable high-speed waveform updates, the
LCM pixels are logically divided into different regions,
each of which may be programmed to generate different
waveforms; each region may be selected by rapidly chang-
ing the input wavelength. An optical amplifier is used after
the shaper and the rapid-updated waveforms are detected
using a 50 GHz bandwidth sampling scope/photodiode. An
optical spectrum analyzer (OSA) with 0.01 nm resolution
is used to measure the comb spectra.

In order to more clearly explain the concept, first con-
sider the use of only one CW laser. Fig. 24(a) shows the \;
PMCW comb (line {0} denotes the CW input). The spectral
lines that have a 7-phase difference are labeled within the
figure. Note that without phase correction, the time-domain
output intensity of the PMCW comb is still CW in nature.
In our experiments, lines {—3 ~ 2} are selected by the line-

PM: phase modulator; frp: comb frequency spacing.

by-line shaper to demonstrate shaped waveform updates
so that the optical bandwidth does not exceed the electri-
cal bandwidth of our sampling scope. Fig. 24(b) shows the
six-line PMCW combs when both CW lasers are turned
on with A\, = 1540.95nm and A\, = 1541.91nm. As a
first demonstration of shaped RF-AWG updates, Fig. 24(c)
shows rapid waveform switching, in which a repetitive data
pattern Q = [1111 0000] is fed to IM1. Here, two cosine
waveforms (spectral lines {a_1, ag} and {b_1, by} selected
while others are suppressed) are generated. The correspond-
ing intensity waveforms I, (t) and I, (t) are labeled within
the figure. The solid trace indicates the measured waveform
when no optical phase control is applied, and I, and I, are
identical cosine waveforms. Switching between I, and I,
simply results in a continuous RF cosine signal shown in
the figure (although transient effects are evident with a re-
duction in signal amplitude near the wavelength switching
times). The dashed trace indicates the measured waveform
when a 7 phase is applied to line {a_1 } so that I, is delayed
by exactly half the period compared to I;,. This yields an RF
waveform with abrupt 7 phase shifts inserted at times deter-
mined by the driving data. Fig. 24(d) shows rapid switching
of waveform frequencies. Here lines {a_1, a1 } are selected
for the A\, comb, resulting in a cosine waveform with rep-
etition rate of 2 f.,, while the A\, comb is again filtered to
yield a cosine waveform with repetition rate of f.,. Rapid
switching between the two waveforms is observed in direct
correspondence to the data pattern. The update transition
time is less than 100 ps, defined here by the data pattern
frequency (10 GHz).

Fig. 25 demonstrates signals incorporating rapid trian-
gular waveforms. These are obtained by applying a cubic
spectral phase to a broader PMCW comb (using dual stage
phase-modulation) resulting in oscillatory tails, so that a
triangular RF waveform is converted via the photo-detector.
The resulting PMCW spectra are shown in Fig. 25(a), where
28 spectral lines (280 GHz bandwidth) are selected from
each comb. The spectral line phases are corrected using an
automated process, resulting in transform-limited pulses.
On top of these phase corrections, a cubic spectral phase
is applied to the A\, comb, resulting in rapid updates be-
tween triangular and transform-limited pulses, shown in
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Figure 25 (online color at: www.lpr-journal.org) (a) 28-line
PMCW combs used for triangular RF waveforms. (b) Switching
between triangular and transform-limited pulses. (c) Switching
between triangular waves with opposite (fast, slow) trailing edges.
(d) Waveform switching using a more complicated data pattern.

Fig. 25(b). Fig. 25(c) shows the waveforms when the \;
comb has an applied cubic phase of opposite sign to that
of the A, comb, providing triangular pulse updates with
opposite {fast, slow} edges. The slight ripples observed on
the trailing edge of I,(t) are due to the detector impulse
response. In these two examples, ) = [1111 0000] is used.
To demonstrate flexibility of data patterning, Fig.25(d)
shows waveform updates using a repetitive 20-bit-length
data pattern.

In summary, using a simple configuration, we demon-
strate, to the best of our knowledge, the fastest time-
multiplexed RF arbitrary waveform generation ever re-
ported. By combining 10-GHz wavelength switching, op-
tical comb generation, and liquid crystal modulator based
line-by-line pulse shaping, RF-waveforms are updated
within 100 ps.

7. Conclusion

In conclusion, we have demonstrated the capability of high-
fidelity O-AWG with 100% duty factor using spectral line-
by-line pulse shaping. Line-by-line shaping on harmoni-
cally mode-locked fiber laser combs, PMCW combs, and
OFCG are shown. O-AWG examples of simple repetition-
rate multiplication, optical arbitrary pulse train generation,
radio-frequency waveform generation, and very compli-
cated waveforms using more than 100 spectral lines are
experimentally performed. The capability to rapidly switch
between desired microwave waveforms with 10 GHz rate is
also demonstrated. Combining the detailed spectral control
available from pulse shaping with the high coherence of
short pulse frequency comb sources ushers in a new level
of control over pulsed optical fields.
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