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Abstract—We experimentally demonstrate the photonic genera-
tion of symmetrical waveforms based on amplitude-only modula-
tion in a fiber-based temporal pulse shaping (TPS) system. A rect-
angular waveform with a 3-dB width of 18.8 ps and a triangular
waveform with a 3-dB width of 6.7 ps are experimentally gener-
ated.

Index Terms—Amplitude-only modulation, symmetrical wave-
form generation, temporal pulse shaping (TPS).

I. INTRODUCTION

LTRASHORT optical waveforms in the picosecond
U or subpicosecond regime could find applications in
numerous fields such as ultrafast optical communications,
medical imaging, and coherent control in chemistry [1]. Due
to the limited sampling speed of the state-of-the-art digital
electronics, the speed of currently available electronic arbitrary
waveform generation systems is limited to 10 Gb/s [2]. Thanks
to the inherent high speed and broadband width offered by
modern optics, the generation of ultrafast arbitrary waveforms
in the optical domain based on optical pulse shaping has been
a topic of interest recently.

Ultrafast optical waveforms can be generated based on pulse
shaping using a spatial light modulator (SLM). The major ad-
vantage of using an SLM for ultrafast pulse shaping is that an
SLM can be updated in real time [3], [4], making the system re-
configurable with large flexibility. The major limitations of an
SLM-based pulse shaping system are its large size, poor stability
and high loss due to the implementation involving free-space
optics.

Optical waveform generation can also be implemented based
on pure fiber optics, which offers the advantages such as smaller
size, lower loss, better stability and higher potential for integra-
tion [5]-[8]. Among the different techniques, the one based on
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spectral shaping and wavelength-to-time (SS-WTT) mapping is
particularly suitable for optical waveform generation based on
pure fiber optics [5], [6]. The generation of a chirped microwave
waveform based on SS-WTT mapping has been recently re-
ported [5], [6]. A major limitation of this technique, however,
is the poor reconfigurability, since the spectral response of the
optical spectral shaper is hard to be tuned once the filter is fab-
ricated.

Optical arbitrary waveforms can also be generated in the time
domain based on temporal pulse shaping (TPS) [7]-[9]. Ina TPS
system, two conjugate dispersive elements are connected before
and after an optical modulator. The waveform at the output of
the TPS system is a Fourier-transformed version of the modula-
tion signal, which can be used to generate a fast waveform using
a relatively slow waveform. The same concept has also been
used to implement microwave spectrum analysis [10]. The key
advantage of the TPS technique is that a high-speed pulse can
be generated using a relatively low-speed waveform. The major
difficulty of the approach is that the input waveform is usually
complex valued, and the modulation of a complex-valued wave-
form requires an intensity modulator and a phase modulator
with precise synchronization. It is interesting to note, based on
the Fourier transform property, a symmetrical waveform has a
Fourier transform that is always real. Based on this fact, Haner
and Warren proposed to generate arbitrary symmetrical wave-
forms using a TPS system implemented based on free-space
optics [9]. With the rapid development of fiber optics, a TPS
system can be practically realized based on pure fiber-optics. A
TPS system based on pure fiber-optics was proposed by Chi and
Yao in [7], but the technique was studied numerically with no
experimental demonstration performed due to the lack of an ar-
bitrary waveform generator (AWGQ) at that time. In this letter, an
experimental demonstration of a purely fiber-based TPS system
for the generation of symmetrical waveforms is presented. A
rectangular waveform with a 3-dB width of 18.8 ps and a trian-
gular waveform with a 3-dB width of 6.7 ps are experimentally
generated.

II. PRINCIPLE AND EXPERIMENTAL SETUP

Fig. 1 shows the TPS system for the generation of a sym-
metrical waveform. A transform-limited Gaussian pulse is
generated by a mode-locked laser (MLL). The transform-lim-
ited Gaussian pulse can be expressed as g(t) = exp (—t*/7¢),
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Fig. 1. Experimental setup. MLL: Mode-locked laser. PD: Photodetector.
AWG: Arbitrary waveform generator. MZM: Mach-Zehnder modulator.
EDFA: Erbium-doped fiber amplifier. SMF: Single-mode fiber. DCF: Disper-
sion-compensating fiber. SO: sampling oscilloscope.

where 7 is the half pulse width at 1/e maximum. Its Fourier
transform is given by G(w) = /77 exp (—7¢w?/4), where
w denotes the angular frequency. Two conjugate disper-
sive elements, connected before and after the MZM, are
a single-mode fiber (SMF) and a dispersion compensating
fiber (DCF). An erbium-doped fiber amplifier (EDFA) is
connected before the MZM to compensate for the optical
loss in the SMF. The transfer functions of the SMF and the
DCF are given by Hsyp(w) = exp (j(I')SMpr/Z) and

Hpcer(w) = exp(j®perw?/2), where ®sprr and Ppor
are the group velocity dispersion (GVD) of the SMF and the
DCEF, respectively. Since the dispersion of the two dispersive
elements are matched, we have Py = —Ppor.

The optical signal after the EDFA is then directed into the
MZM which is operating in a push-pull mode. Mathematically,
when a continuous-wave exp( jwot), where w is the angular fre-
quency, wq is introduced to an MZM, the electric field eras(t)
of the modulated signal at the output of the push-pull MZM is
givenby erar(t) = exp(jwot) x {exp[—j Bz (t)]+explifz(t)+
Jdol}, where (3 is the phase modulation index, ¢q is a static
phase shift introduced by the dc bias and z(¢) denotes the mod-
ulation signal. To perform temporal spectrum shaping with a
real signal that has both positive and negative values [7], the
MZM is biased at the minimum transmission point with a dc
bias voltage to introduce a 7 phase shift (i.e., ¢y = 7) between
the two arms of the MZM. eras(t) can then be approximated
to be erar(t) & exp(jwet) x {—27sin[Bz(t)]}. Therefore, the
amplitude modulation function m.(¢) when the MZM is biased
at the minimum transmission point is m{t) = —2j sin[Gx(¢)].
The optical signal at the output of the DCF is given by [10]

t2
y(t) = C X exp (] = )
2®pcr

e (g ) ol

where & denotes the Fourier transform, and C' is a constant.
If the optical signal at the output of the DCF is applied to a
photodetector (PD), we have the output current, given by
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Fig. 2. Measured optical pulse at the output of the SMF.

where R is the responsivity of the PD. Based on (2), to generate
a waveform 7(t), the modulation signal should be

x—1 I(t)i|
1 [ w= (") ~
:l;(t) = — X arcsin t/®pcr

B 2CVR G( £ )

Psmr

G3)
where 3! denotes the inverse Fourier transform. It can be seen
from (3) that the input modulation signal can be calculated based
on the target waveform and the optical waveform at the output
of the SMF. When the target output waveform /() is a symmet-
rical waveform, the inverse Fourier transform of /(%) is real.
Thus, the target symmetrical waveform can be generated based
on a TPS system with amplitude-only modulation.

III. EXPERIMENT

An experiment is performed based on the setup shown in
Fig. 1. An ultrashort optical pulse train from the MLL with a
repetition rate of 48.6 MHz is sent to the SMF. The individual
pulse in the pulse train has a 3-dB temporal width of 550 fs.
A SMF with GVD of —784.24 ps? is employed to temporally
stretch the optical pulse. The GVD of the DCF is matched to
that of the SMF which is 784.24 ps?. Since the optical wave-
form at the output of the DCF is a scaled version of the Fourier
transform of the optical waveform at the output of the MZM, it
can be seen from (3) that the input modulation signal z(¢) can
be calculated based on the optical waveform G(t/ P saF) atthe
output of the SMF and the target output waveform I(#). There-
fore, the impact of the finite temporal width of the input optical
pulse on the shape of the generated waveform can be eliminated.
The modulation signal z:(t) is generated by an AWG. The syn-
chronization between the AWG and the MLL is realized by ex-
ternally locking the clock of the AWG with one of the harmonic
frequencies of the pulse train from the MLL. The optical wave-
form G(t/ Bgny F) can be measured by a high-speed photode-
tector (PD) and an oscilloscope at the output of the SMF. Fig. 2
shows the measured optical waveform at the output of the SMF
which has a 3-dB temporal width of 4.17 ns.

When the target output I(#) is a rectangular waveform, the
optical signal at the output of the MZM should be a sinc wave-
form. Based on (3), the input modulation signal can be obtained,
as shown in Fig. 3(a). Mathematically, the width of the main
lobe of the sinc waveform is 6.67 ns, which should result in a
rectangular waveform with a width 24.00 ps at the output of
the DCF. The spectrum of the optical signal at the output of
the MZM is measured by an optical spectrum analyzer (OSA),
as shown in Fig. 3(b). Since the optical pulse from the MLL is
transform-limited and Gaussian, after the SMF the pulse is lin-
early stretched, and the stretched pulse should have a shape that
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Fig.3. (a) Target optical waveform at the output of the MZM and the calculated
modulation signal. (b) Measured spectrum of the optical signal at the output of
the MZM and its fitting curve with the square of a sinc function. (¢) Simulated
waveform at the output of the DCF and its autocorrelation. (d) Measured auto-
correlation (solid line) at the output of the DCF, the recovered waveform (dotted
line) from the measured optical autocorrelation, and its simulated autocorrela-
tion (dashed line).
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Fig.4. (a) Target optical waveform at the output of the MZM and the calculated
input modulation signal. (b) Measured autocorrelation (solid line) at the output
of the DCF, the recovered waveform (dotted line) from the measured optical
autocorrelation, and its simulated autocorrelation (dashed line).

is Gaussian both in the frequency domain and in the temporal
domain. Therefore, we can use the optical spectrum at the output
of the MZM to evaluate the temporal waveform. As can be seen
from Fig. 3(b), the optical waveform at the output of the MZM
is a sinc function.

For the DCF, if the input waveform is a sinc function, the
output should be a rectangular waveform. Fig. 3(c) shows the
calculated waveform at the output of the DCF, which is a rect-
angular wave with a 3-dB width of 15.3 ps. The ripples on the
top of the rectangular waveform are caused by the truncation
of the sinc waveform at the MZM. Since the output waveform
is too fast to detect using a PD, an autocorrelator is employed
to measure the output waveform. It is known that the autocor-
relation of a rectangular waveform is triangular. The measured
autocorrelation output and the recovered output signal (i.e., the
rectangular waveform) are shown in Fig. 3(d). As can be seen a
triangular waveform is observed. Based on the autocorrelation
output, we calculate the width of the experimentally generated
rectangular waveform, which is 18.8 ps. A good agreement be-
tween the simulated and the experimental results is reached.

To verify the programmability of the TPS system, a new
input modulation signal is applied to generate a triangular
waveform. Similar to the generation of the rectangular wave-
form, we should first calculate the modulation signal. It is
known, to generate a triangular waveform, the waveform at the
output of the MZM should be the square of a sinc function. In
the experiment, the width of the main lobe of the waveform at
the output of the MZM is 6.67 ns, and thus the 3-dB width of

the simulated triangular waveform at the output of the DCF is
6.00 ps. Fig. 4(b) shows the measured autocorrelation output at
the output of the DCEF, the recovered signal from the autocor-
relation output is a triangular waveform with a 3-dB width of
6.7 ps. Again, a good agreement is reached.

IV. DISCUSSION AND CONCLUSION

Note that if the two dispersive elements are not perfectly mis-
matched in dispersion, the system can equivalent to the TPS
system with two dispersive elements that are perfectly matched
in dispersion, and followed by a third dispersive element. Al-
though, a waveform is perfectly generated at the output of the
second dispersive element, it is stretched by the third disper-
sive element, leading to a distorted output waveform. In addi-
tion, compared with a TPS system that could generate any arbi-
trary waveforms, the proposed system can only generate sym-
metrical waveforms. Since the implementation is greatly simpli-
fied, it can still find applications where symmetrical waveforms
are needed.

It is known that the speed of currently available electronic
AWGs is limited to 10 Gb/s, one approach to improving the
temporal resolution of the system is to increase the dispersion
of the dispersive element. However, as shown in Fig. 1, when
the dispersion of the SMF is too large, any two adjacent op-
tical pulses at the output of the SMF after time stretching will
overlap. Therefore, there exists a trade-off between pulse repe-
tition rate and the temporal resolution of the system.

In summary, we have experimentally demonstrated the gener-
ation of symmetrical waveforms based on amplitude-only mod-
ulation in a purely fiber-based TPS system. A rectangular wave-
form with a 3-dB width of 18.8 ps and a triangular waveform
with a 3-dB width of 6.7 ps were generated.
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