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On-chip optical pulse shaper for arbitrary waveform generation”
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We propose and demonstrate a silicon-on-insulator (SOI) on-chip optical pulse shaper based on four-tap finite impulse
response. Due to different width designs in phase region of each tap, the phase differences for all taps are controlled by an
external thermal source, resulting in an optical pulse shaper. We further demonstrate optical arbitrary waveform generation
based on the optical pulse shaper assisted by an optical frequency comb injection. Four different optical waveforms are
generated when setting the central wavelengths at 1533.78 nm and 1547.1 nm and setting the thermal source temperatures
at 23 °C and 33 °C, respectively. Our scheme has distinct advantages of compactness, capability for integrating with

electronics since the integrated silicon waveguide is employed.
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1. Introduction

Arbitrary waveform generation is very useful in test-
ing and optimizing communication system, radar and sig-
nal processing,[!! such as generating ultra-wide band (UWB)
signal!>31 and all-optical temporal differentiator./*] The
methods of generating arbitrary waveforms can be divided
into two categories, one is direct temporal shaping, which is
based on the finite impulse response (FIR) model in the dis-
crete time signal processing theory and the other is frequency
shaping.The schemes of the two methods have been reported
in recent years. A widely adopted approach based on fre-
quency shaping is first to use a spectral disperser to separate
the input optical frequency comb, and then use a modulator ar-
ray to modulate the phase and amplitude of each line.!%”] The
spectral disperser can be a grating!®! or a microring.[”) The

101 micror-

modulator array can be acousto-optic modulators,
ing array,"®! or liquid crystal modulator array.!!'='4l Although
these schemes have shown flexibility in reconfiguration, ']
and they can realize line-by-line shaping with high resolution
and wide bandwidth,!'®!7] the complexity of the configura-
tion and the high loss of the coupling restrict their extensive
applications.[!®] Although some schemes using integrated de-

19201) can overcome the above draw-

vices (usually microrings!
backs. The systems still become very complex when the ideal
waveform is intricate. On the other hand, the direct temporal
shaping is used to control the time delays and the amplitudes
of the multipath pulses to directly generate arbitrary waveform

in time domain.[!-21:22

1Tt is convenient to generate a complex
waveform by this method. However, the generated waveforms

are synthetized with the amplitude of each tap, regardless of
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phase.

In this paper, we propose and demonstrate a silicon mono-
lithic integrated optical pulse shaper based on four-tap finite
impulse response. By thermally controlling the phase region
of each tap, an optical pulse shaper is obtained. With the as-
sistance of an optical frequency comb injection, four differ-
ent optical waveforms are generated when setting the central
wavelength at 1533.78 nm and 1547.1 nm and setting the ther-
mal source at 23 °C and 33 °C, respectively. Our scheme has
distinct advantages of compactness, capability for integrating
with electronics since the integrated silicon waveguide is em-
ployed.

2. Operation principle

The principle of the integrated optical pulse shaper is
based on FIR of four taps. The pattern structure is monolithic
integrated on a silicon-on-insulator wafer, and has the advan-
tages of easy fabrication and compact footprint. For an ideal
pulse shaper fabricated with temporal synthesis method, both
the phase and amplitude of all taps should be adjusted inde-
pendently. For simplicity here, we only design the phase mod-
ulation region with variable waveguide widths for each tap.
The schematic of the integrated optical pulse shaper is shown
in Fig. 1. The input signal is divided into four paths by the cas-
caded Y-branches. There is a phase modulation region on each
path. It is known that the silicon reflective index varies with
temperature, leading to the change of phase. The phase varia-
tions of four taps are totally different at the same temperature
if the waveguide widths are different. Thus, heating a series
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of waveguides with distinct widths can implement an optical
pulse shaper.

time-delay
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Fig. 1. (color online) Schematic diagram of integrated optical pulse
shaper.

Assuming that the phases of the four paths are @, @2, @3
and @4, respectively, and the time delay between two adjacent
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taps is 7, the transfer function of the optical pulse shaper can
be expressed as

4 .
H(f)= Z eI (2mfnt+¢n)

n=1

ey

Equation (1) indicates that the output spectrum can be re-
shaped by modifying the phase array of the four taps. Assume
that the time delay between these four taps is increased by
30 ps in sequence. The simulated spectra of the optical pulse
shaper with different phase arrays (@1, @2, @3, @4) are shown
in Fig. 2, where Figs. 2(a)-2(d) are the simulated spectra when
the phase arrays are set with (0, 0, 0, 0), (0, 7/2, &, 37/2), (O,
0, m, m), and (0, &, 0, ), respectively. We can see that the out-
put spectrum changes with phase setting for each of the four
taps, revealing a pulse shaper. We can then use this optical
pulse shaper to implement arbitrary waveform generation.
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Fig. 2. (color online) Simulated spectra of the pulse shaper with phase arrays being (a) (0, 0, 0, 0), (b) (0, /2, &, 37/2), (c) (0, 0, =,

), and (d) (0, 7, 0, ).

3. Experimental demonstration and discussion

First, we make a layout design for the silicon integrated
pulse shaper, as shown in Fig. 1. In the process of device fabri-
cation, the pulse shaper is fabricated on an SOI wafer (340 nm
thick silicon on 2-pum-thick silica). The height of the waveg-
uide is 240 nm and the width of the waveguide is 617 nm. The
radius of each Y branch is 20 um. The widths of the four
phase modulation regions are 0.617 um, 0.669 pm, 0.748 um
and 0.845 um, respectively. The time delay of the four taps is

increased by 12.5 ps successively. E-beam lithography (Vis-
tec EBPG 5000 Plus) is used to determine the pattern of pulse
shaper on the ZEP520A resist. The pattern is then transferred
to the top silicon layer by inductively coupled plasma (ICP)
etching using SFg and C4Fg gases. Figure 3(a) shows the met-
allurgical microscopy image of the pulse shaper, Figures 3(b)—
3(d) show scanning electron microscope (SEM) images of the
phase region, grating coupler and Y branch, respectively. A

clear pattern can be observed in our device fabrication.
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Fig. 3. (color online) Metallurgical microscopy image of (a) pulse
shaper, and SEM images of (b) phase region, (c) grating coupler, and
(d) Y branch.

The measured transmission of the integrated optical pulse
shaper is shown in Fig. 4. The loss of the shaper is about
20 dB and the loss of the coupling from the grating to fiber
is about 18.5 dB. In order to monitor different spectral trans-
missions, we may change the chip temperature or observe the
transmissions in different spectral ranges. The transmission
of pulse shaper varies with temperature because of different
widths for the four taps. On the other hand, the silicon refrac-
tive index is also related to the incident wavelength. Therefore,
the transmissions in different spectral ranges may be different
even at the same temperature operation. Figures 4(a) and 4(b)
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show the transmissions (solid line) of the integrated chip op-
erating at 23 °C when the central wavelengths are 1533.78 nm
and 1547.1 nm, respectively (the origin point of the horizon-
tal axis presents 1533.78 nm and 1547.1 nm, unless otherwise
stated). We employ Fourier transformation theory to retrieve
the phases and amplitudes of four taps on the chip, and then
simulate the spectral transmission (dashed line) for compari-
son. In Fig. 4(a), the calculated phase array for the four taps
is (0, m, 0, ), and the calculated amplitude array is (1, 0.13,
0.13, 0.6). We notice that the amplitude distributions for the
four taps are not the same as we expect. The power unbalance
results from the non-uniform thermal conductivity and the de-
vice fabrication deviations. In Fig. 4(b), the calculated phase
array for the four taps is (0, &, —0.17, ), and the calculated
amplitude array is (1, 0.47, 0.1, 0.12). Similarly, the chip tem-
perature is increased to 33 °C, and the transmission spectra are
shown in Figs. 4(c) and 4(d) when the central wavelengths are
1533.78 nm and 1547.1 nm, respectively. Here, we observe a
totally different transmission. Then, the calculated phase array
and amplitude array for Fig. 4(c) are (0, 0.8, 0.24x, 7) and
(1,0.4, 0.28, 0.51), respectively. For Fig. 4(d), the phase array
and the amplitude array are (0, &, 0.04x, 7) and (1, 0.4, 0.1,
0.3), respectively. To implement optical arbitrary waveform
generation, we may change the spectral range or the tempera-
ture of chips.
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Fig. 4. (color online) Measured and simulated transfer function of the optical pulse shaper in the four different cases: (a) the tempera-
ture of the chip is 23 °C and the central wavelength is 1533.78 nm, (b) the temperature of the chip is 23 °C and the central wavelength
is 1547.1 nm, (c) the temperature of the chip is 33 °C and the central wavelength is 1533.78 nm, (d) the temperature of the chip is

33 °C and the central wavelength is 1547.1 nm.
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The experimental setup for optical arbitrary waveform
generation is shown in Fig. 5. In order to create an opti-
cal frequency comb, a continuous wave (CW) light is emit-
ted from the tunable laser diode (TLD) with a precisely tun-
ing resolution of 100 MHz. The light is modulated by the
Mach-Zehnder modulator (MZM) and phase modulator (PM),
which are driven by a tunable radio frequency (RF) signal
(20 GHz initially). Because of the polarization sensitivity,
there are two polarization controllers (PCs) placed before the
MZM and PM. A 9-km single mode fiber (SMF) is used to
compensate the incident chirps to generate more and flatter
optical frequency comb lines. By using this optical frequency
comb generator, we can achieve almost 50 spectral lines (the
3 dB bandwidth of the pulse is 20.7 ps). As shown in Fig. 2,
the transmission spectrum of the integrated chip is periodical
due to the FIR filter. Hence, a tunable optical band-pass filter
(OBF) is used to pick out one period of the spectrum of the
silicon chip. In this experiment we use two vertical grating
couplers to couple the light from fiber to silicon waveguide
and the output signal from waveguide to fiber. A PC is placed

10 -
(al) —— input
m o} ....chip@ 23 °C
3 L output
"8 _10 L . FEEEN
=
= _90t
g 0
3
Z, —30}
—40} .
1533.4 1533.8 1534.2
" Wavelength/nm
3
‘g
= 1.5 (a2) T measured
S 10 —---simulated |
r .
&
» 0.5
'é /I\\ A ',\\
g —150 —50 50 150
= Time/ps
ol (c1) —— input
% . chip@ 33 °C
~ --- output
g —10f R
R
= —20} , - n
é W ‘\_ f\‘ ’l' o/ ‘|\ Non A
o — TS AR ARYA
Z. 30 ’ :| r,’ ' “vIM\/a,
—40 "
1533.4 1533.8 1534.2
Wavelength/nm
2
§ 1.5 (c2) — measured
_8: 1.0 ----simulated
&
> 0.5 \
X '~ - W, W,
g 0 N ~7 atd by .\, by
g —150 —50 50 150
= Time/ps

before the first grating coupler because the coupler is polar-
ization dependent. A ceramic heater is placed under the chip
to heat the entire chip, thus the chip temperature is adjustable.
Then, the phase of each tap can be varied. Finally the output
temporal waveform is measured by a high speed oscilloscope
(OSC) with a bandwidth of 500 GHz (Eye-Checker 1000C).
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Fig. 5. (color online) Experimental setup of the arbitrary waveform
generation with employing the integrated chip.
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Fig. 6. (color online) Measured spectra, measured and simulated waveforms of the optical pulse shaper, (al), (bl), (c1), (d1) show the spectra of
the optical frequency comb, transfer function of the optical pulse shaper and the spectrum of the output signal at different temperatures and center
wavelengths, (a2), (b2), (c2), (d2) show the measured (solid line) and simulated (dashed line) output waveforms at different temperatures and central

wavelengths, respectively.
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At first, the chip temperature is kept at 23 °C. The wave-
length of the CW light is 1533.78 nm. The OBF is used to
filter out one period of the transmission spectrum of the chip,
and the central wavelength is 1533.78 nm. Figure 6(al) shows
the spectral evolution, where the solid line represents the in-
put optical frequency comb, and dotted line represents the
chip transmission, and dashed line represents the output spec-
trum. The measured (solid line) and simulated (dashed line)
output temporal waveforms are shown in Fig. 6(a2). Simi-
larly, figures 6(b1l) and 6(b2) show another spectral evolution
and output waveform when the central wavelength is changed
into 1547.10 nm. Then the chip temperature is increased to
33 °C, and we repeat the spectrum and waveform measure-
ments. Figures 6(cl) and 6(c2) show spectral evolutions and
output waveforms when the central wavelength is changed into
1533.78 nm. Figures 6(d1) and 6(d2) show another spectrum
and waveform with central wavelength aligned to 1547.10 nm.
Comparing these four different waveforms, we can see that the
output waveform can be changed by heating/cooling the chip
or taking different spectral ranges of the transmission. There-
fore, we can implement optical arbitrary waveform generation
using this integrated pulse shaper.

It should be noted that we have demonstrated only a sim-
plified optical pulse shaper. For a complete optical pulse
shaper with FIR, both phase and amplitude of each of all taps
should be adjusted independently. We can use an independent
thermal heater in each phase region to control the phase pre-
cisely and add a Mach—Zehnder interferometer (MZI) struc-
ture with independent thermal modulation on each tap to con-
trol the amplitude of the signal. Then, we can obtain more
precise arbitrary waveform. In order to reduce the loss of the
shaper, we can optimize the coupling grating and use thermal
oxidation to reduce the surface roughness.

4. Conclusion

We propose and demonstrate an on-chip optical pulse
shaper based on four-tap FIR. We further demonstrate opti-

cal arbitrary waveform generation based on the optical pulse
shaper with the assistance of an optical frequency comb injec-
tion. Four different optical waveforms are generated when set-
ting the central wavelengths at 1533.78 nm and 1547.1 nm and
setting the thermal source temperatures at 23 °C and 33 °C,
respectively. We demonstrate that this scheme can realize ar-
bitrary waveform generation.
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