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Optical pulse shaper with integrated slab waveguide for arbitrary
waveform generation using optical gradient force*
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Integrated optical pulse shaper opens up possibilities for realizing the ultra high-speed and ultra wide-band linear
signal processing with compact size and low power consumption. We propose a silicon monolithic integrated optical pulse
shaper using optical gradient force, which is based on the eight-path finite impulse response. A cantilever structure is
fabricated in one arm of the Mach—Zehnder interferometer (MZI) to act as an amplitude modulator. The phase shift feature
of waveguide is analyzed with the optical pump power, and five typical waveforms are demonstrated with the manipulation
of optical force. Unlike other pulse shaper schemes based on thermo—-optic effect or electro—optic effect, our scheme is
based on a new degree of freedom manipulation, i.e., optical force, so no microelectrodes are required on the silicon chip,
which can reduce the complexity of fabrication. Besides, the chip structure is suitable for commercial silicon on an insulator
(SOI) wafer, which has a top silicon layer of about 220 nm in thickness.
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1. Introduction

Optical arbitrary waveform generation (OAWG) plays a
critical role in generating ultra-wide band (UWB) signal,!!?!
all-optical temporal differentiator®#! and integrator, high
speed communication, pulse radar,’) and signal processing.©!
A plethora of schemes about OAWGs using discrete or inte-
grated photonic devices have been reported in recent years.
Widely adopted approaches by discrete devices were re-

7-16]

ported in which gratings! were used as spectral dis-

persers and spatial light modulators (SLMs)"-%11-13] or fiber

10,14—

Bragg gratings (FBGs)! 161 served as amplitude mod-

ulators.  Although these schemes have shown flexibility
in reconfiguration, the use of discrete devices may make
the system bulky, consume more power, and even become
unstable.!!'”l Therefore the integrated schemes are very de-
sirable due to their compactness, low power consumption,
and scalability with electronics. In the proposed integrated
schemes, arrayed waveguide gratings!'72% act as spectral
dispersers, and thermally-tuned Mach—Zehnder modulators
MZM)1 7 microrings!?! or electro absorption modulators
(EAM3s) 18201 provide amplitude modulation. But the require-
ments of metal electrodes or the processing of p-type and n-
type doping make the chip fabrication expensive and complex.

Optical gradient force in an integrated waveguide has
been widely investigated as a new degree of freedom in recent

years. Optical force can cause a waveguide to deform, the ef-
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fective index varies and further induces the phase variation. [>]
The two typical structures of optical gradient force are dou-
ble clamp and cantilever. For example, a m-phase variation
has been obtained with optical pump power of milliwatt level
by both structures.??) But the heights of the waveguide and
nanostring were usually more than 500 nm.?>?3! So this de-
vice design is not suitable for commercial silicon on insulator
(SOI) wafer, which has a top silicon layer of about 220 nm or
340 nm in thickness.

In this paper, we propose a silicon-integrated optical pulse
shaper based on finite impulse response (FIR) using optical
gradient force with sub-milliwatt level pump power to real-
ize the amplitude modulation. The pulse shaper is on an SOI
wafer (220-nm thick silicon on 2-pum-thick silica) and etched
into a thickness of 220 nm to realize a slab waveguide. We in-
vestigate the phase variation with the pump power and take the
deviation caused by incident light into consideration. Then we
demonstrate five typical waveforms using this scheme. Com-
pared with other pulse shapers based on thermo—optic effect
or electro—optic effect, our scheme is based on a new degree
of freedom manipulation, i.e., optical force, so no microelec-
trodes are required on the silicon chip, which simplifies the
fabrication process. Besides, the chip structure is suitable for
commercial silicon on insulator (SOI) wafer, which has a top

silicon layer of about 220 nm in thickness.
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2. Principle and result

The integrated optical pulse shaper is based on eight-tap
finite impulse response (FIR), and each tap has an amplitude
modulator which is realized by a Mach—Zehnder interferom-
eter (MZI) with one arm phase-modulated by optical force.
From the proposed scheme we know the structures of can-
tilever and double clamp can both be used for phase shift-
ing with optical gradient forces, but cantilever structure has
more deformations and more phase variations when the same
pump power is launched into the waveguide.[??! Therefore, we
choose the cantilever structure to build our amplitude modula-
tors. The three-dimensional (3D) schematic diagram and cross
section of the cantilever structure are shown in Figs. 1(a) and
1(b).

(b)

250 nm -«

500 nm

Fig. 1. (color online) (a) 3D schematic plot and (b) cross section of the
cantilever and fundamental mode distribution.

The SOI is a 220-nm-thick silicon structure on a 2-pum-
thick silica. The heights of the waveguide and nanostring
are 220 nm and their widths are 500 nm and 250 nm respec-
tively. And the nanostring is non-mode carrying due to its
small cross-sectional area. So the light will always transport
along the waveguide. The gap between the waveguide and
nanostring is 120 nm when there is no incidence of pump light.
The length of the nanostring is 90 pm.

As we choose slab waveguides to build our cantilever
structure, the fabrication process is simpler than that with us-
ing ridge waveguides. E-beam lithography and inductively
coupled plasma (ICP) can be used to form all waveguides (in-
cluding the nanostrings), and then HF-vapor selectively under-

cut the buried oxide layer to realize the cantilever structure.
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Fig. 2. (color online) (a) Variations of effective refractive index (the
solid line) and optical force (the dash line) with gap size, variations of
(b) deflection of the nanostring and (c) effective refractive index with
position along the waveguide, (d) variation of phase with pump power.

The wavelength of pump light is 1480 nm and that of sig-
nal is 1550 nm. The gradient optical force near a waveguide

can be described by!?%242]
F 1 Oneg
L2 1
P~ Cad’ %

where F is the optical force, L the length of the cantilever
structure, P the pump power launched into the waveguide,
negr the effective refractive index, and d the gap between
the waveguide and the nanostring. According to the Euler—
Bernoulli beam theory, the deflection of the nanostring can be
described by
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dz*  Er? LP A’

where E = 1.31 x 10'! Pa is the silicon’s Young’s modu-
lus, A = 5.5 x 10* nm? the nanostring cross-section area, and
t = 250 nm the nanostring width. Combining Eqgs. (1) and (2),
we can obtain the deflection of the nanostring. Figure 2(a)
shows effective refractive index (solid line) and optical force
(dashed line) each as a function of gap size. Figure 2(b) shows
the deflection variations of nanostring and waveguide with po-
sition along the waveguide when the pump power is 0.45 mW.
We can see the largest deflection of the nanostring is about
80 nm while the deflection of waveguide is almost unchanged.
Figure 2(c) shows the variation of effective refractive index
with position along the waveguide propagation, owing to the
nanostring’s deflection. We can calculate the total phase vari-
ation from the following equation:

_ Jnei(2)dz — negr(do) - L
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Figure 2(d) shows the total phase shift with different pump
powers. We can see the phase shift of 360° is obtained with
a low pump power of only 0.6838 mW. Then we can build an
amplitude modulator by using an MZI where one arm is the

cantilever structure adjusted by optical pump power.
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Fig. 4. (color online) Simulated spectra of the pulse shaper with amplitude arrays being (a) (1,1, 1,1, 1, 1, 1, 1), (b) (1, 0.5, 1, 0.5, 1,
0.5,1,0.5),(c)(1,1,1,1,0.5,0.5,0.5,0.5), and (d) (1, 1, 1, 1, 0, 0, 0, 0).

Figure 3 illustrates the schematic diagram of the silicon-
integrated pulse shaper based on eight-path FIR. First, three
cascaded Y branches divide the input signal (usually an ul-
trashort pulse with a broadband optical frequency comb) into
eight paths. Consequently, the light of each path is modulated

by an amplitude modulator assisted by optical force. Then,

each optical path has an incremental time delay of 10 ps. Fi-
nally, the cascaded Y branches combine all light beams from
the eight paths. The transfer function of the optical pulse

shaper can be described by

8
H(f) =Y a,el@rfm, 4)

n=1
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where 7 is the number of the paths, o the attenuation caused by
the amplitude modulator, and 7 the time delay. The simulated
spectra of the optical pulse shaper with different amplitude ar-
rays (ap, 0y, 03, 04, A5, O, 07, Otg) are shown in Fig. 4,
where figures 4(a)—4(d) are for the simulated spectra when the
amplitude arrays are set to be (1, 1, 1, 1, 1, 1, 1, 1), (1, 0.5,
1,05, 1,05, 1, 0.5), (1, 1, 1, 1, 0.5, 0.5, 0.5, 0.5), and (1,
1, 1, 1, 0, 0, 0, 0), respectively. We can see that the output
spectrum changes with amplitude setting for each of the eight
paths, revealing a pulse shaper. Then we can use this optical
pulse shaper to implement arbitrary waveform generation.

Figures 5(a) and 5(b) show the platform and 3D diagram
of the amplitude modulator. The cantilever structure is used
in one arm of the MZI, and a pump light can be launched into
the waveguide to adjust the total phase variation. To ensure
that the phase difference between the two arms is an integral
multiple of 27 when the pump power is zero, we divide the
cantilever structure into three parts as shown in Fig. 5(c). The
length of the first part is 30 um and its effective refractive in-
dex is 2.371, and the lengths of the second and third part are
90 um and 15.55 um respectively. And the effective refrac-
tive indexes of the second and third parts are 2.338 and 2.335
respectively.

pump light

part 1 part 2 part 3 (c)

Fig. 5. (color online) (a) platform and (b) 3D diagram of the amplitude

modulator using optical force, (c) three parts of the cantilever structure.

The pulse shaper then can be used to generate arbitrary

waveforms. Taking triangular waveform for example, we

should adjust the amplitude modulator to make the transmis-
sion of each path with triangular shape, which is shown in
Fig. 6(a) (solid square). The pump power for each path is also
shown (solid circle) while ignoring the influence of the sig-
nal light. Since the pump power is at a sub-milliwatt level,
we should consider the influence of the power of signal light.
According to Fig. 2(d), the phase caused by signal light is
less than 180° if the signal power is lower than 0.656 mW in
each path. Generally, we can control the signal power in each
path to be less than 0.25 mW to eliminate the impact of sig-
nal power. Even so, the amplitude modulator can realize 360°
phase shift, so the influence of the signal power can be com-
pensated for by pump light. Figure 6(b) shows the simulated
output spectrum and waveform of the pulse shaper, and the
ideal spectrum and waveform of triangular waveform are also
shown for comparison. The simulated spectrum is a periodic
function, whose spectrum in one period accords well with the
ideal one. We use a bandpass filter to filter out one period of
the simulated spectrum and use the inverse Fourier transform
to calculate the output temporal waveform. We find that the

simulated waveform also accords well with the ideal one.
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Fig. 6. (color online) (a) Amplitude (solid square) and pump power
(solid circle) of each path to generate a triangular waveform, (b) simu-
lated spectrum and waveform of the scheme and the ideal spectrum and
waveform of triangular waveform.
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To demonstrate the ability to generate arbitrary waveforms, figure 7 shows the generation of several typical waveforms. For

example, figure 7(a) illustrates the spectrum and waveform of a rectangular waveform. As only eight taps of FIR are used, the

synthesis waveform has a little distortion due to the loss of high frequency components. Figures 7(b)-7(d) show the waveforms

of sawtooth shape, Gaussian shape, and raised cosine shape, respectively. These generated waveforms are all in good agreement

with the ideal ones.
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Fig. 7. (color online) Simulated results compared with the ideal ones of (a) square waveform, (b) sawtooth waveform, (c) Gaussian

waveform and, (d) raised cosine waveform.

It should be noted that the cantilever structure design and
the simulation are both under ideal conditions. The fabrication
error and the imperfect input signal may deteriorate the perfor-
mance of the output waveform. The uneven loss of each path,
uneven splitting ratio of ¥ branch may cause output wave-
form to be distorted. However, we can pre-compensate for the
uneven amplitude by the amplitude modulator on each path
to achieve the ideal waveform. In terms of time delay error
in each path, the output waveform will be distorted to some
extent. In practical fabrication process, the time delay error
should be below 2%. Thus the influence induced by the error

of time delay can be ignored.

3. Conclusions

We proposed an on-chip optical pulse shaper with eight-
tap FIR. The amplitude modulator of each tap is implemented
by a new manipulation degree of freedom, i.e., optical force.

The pulse shaper has low power consumption due to low pump

power of sub-milliwatt level. We further studied the phase
variation with the pump power and simulated the generation
of several typical waveforms, such as triangular pulse, saw-
Our

scheme has advantages in compactness, capability for inte-

tooth pulse, Gaussian pulse, and raised cosine pulse.

grating electronics and fabricating a homogenous silicon chip.
Our scheme is based on manipulation of optical force, so no
microelectrodes are required on the silicon chip to make the

device process much simpler.
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