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Abstract Optical pulse processor meets the urgent
demand for high-speed, ultra wideband devices, which
can avoid electrical confinements in various fields, e.g., all-
optical communication, optical computing technology,
coherent control and microwave fields. To date, great
efforts have been made particularly in on-chip program-
mable pulse processing. Here, we experimentally demon-
strate a programmable pulse processor employing 16-
cascaded Mach-Zehnder interferometer coupled microring
resonator (MZI-MRR) structure based on silicon-on-
insulator wafer. With micro-heaters loaded to the device,
both amplitude and frequency tunings can be realized in
each MZI-MRR unit. Thanks to its reconfigurability and
integration ability, the pulse processor has exhibited
versatile functions. First, it can serve as a fractional
differentiator whose tuning range is 0.51-2.23 with
deviation no more than 7%. Second, the device can be
tuned into a programmable optical filter whose bandwidth
varies from 0.15 to 0.97 nm. The optical filter is also shape
tunable. Especially, 15-channel wavelength selective
switches are generated.

Keywords integrated optics devices, optical processing,
all-optical devices, pulse shaping

1 Introduction

With the crying needs for ultra-fast pulse processing along
with ever-increasing communication capacity, traditional
pulse processing with electrical devices has difficulty in
meeting the growing sampling rate and frequency band,
due to intrinsic restriction from electronic bottleneck [1].
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All-optical pulse processing takes advantages of its fast
processing rate, broader carrier bandwidth, lower power
dissipation and immunity to electromagnetic interference
[2—4]. Optical pulse processing is the method to transform
a pulse either in time domain or in frequency domain, to
change its amplitude, phase, frequency or inter-pulse
separation, therefore there are three mainstream derived
approaches [4]: temporal synthesis [4-9], Fourier synthesis
[10-15] and frequency-to-time mapping [16-21]. For the
past few decades optical processing has been providing
viable applications, such as, optical filters [8], optical
integrators [22], optical differentiators [23,24], delay lines
[25-27], dispersion compensation [28,29], optical fre-
quency combs [30], and optical arbitrary waveform
generation (OAWG) [24,31]. Besides, in optical commu-
nication field, optical processing copes with bit pattern
recognition [32] and optical time division multiplexing
(OTDM) [33]. Microwave arbitrary waveform generation
[16,21], radiofrequency (RF) filter [34,35] and beam
forming [36,37] for microwave application are also
counted, in view of the similar means by which we dealing
with optical and microwave signals.

At the very beginning, to tailor the spectrum of the
signal, people employed discrete device such as masks and
spatial light modulators [10]. Whereafter, fiber Bragg
gratings (FBGs) [7,17,38,39] played an important role in
pulse processing. Thanks to its compactness, stability, and
complementary metal-oxide-semiconductor (CMOS)-
compatibility, silicon photonics was believed to be a
great advance in pulse processing field [40]. Among all
these integrated components, there are some typical
elements including arrayed waveguide gratings [13,
41,42], on-chip gratings [43], and microrings [18,44,45].
In recent years, significant efforts have been made in fully
reconfigurable pulse shaper [9,18,27,46-50], which is
ongoing and to be focused more and more in the future.
The trends about where to go is forecasted to be system-on-
a-chip with full reconfigurability.
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In this paper, we proposed an optical pulse processor in
form of 16-cascaded Mach-Zehnder interferometer
coupled microring resonator (MZI-MRR) structure based
on photonic integrated circuit. The chip was presented on
silicon-on-insulator (SOI) platform, and it is packaged with
a printed circuit board (PCB) with electrodes. Due to the
wide tunability for both Mach-Zehnder interferometer
arms and ring resonators, the transmission of this optical
filter is highly reconfigurable, being broadly applicable to
numerous applications and fields in optical pulse proces-
sing and microwave signal generation. We have demon-
strated a variety of applications with this pulse processor,
including fractional differentiator with wide tuning range
and a programmable optical filter. Our scheme is a
promising candidate nowadays in pulse processing due
to its wide reconfigurability, on-chip integration, CMOS-
compatibility and low power consumption.

2 Operation principle and device
fabrication

The design of our optical pulse processor is shown in
Fig. 1, which is based on an SOI wafer. The pulse
processor consists of 16 cascaded microrings, each of
which is coupled with an MZI arm. The spectral response
of each microring is shown as [51,52]

 VI-K—ay/1-x3e”
Cl—ay/1-2/1-3e?

where a is the round-trip intrinsic power loss of the
resonator, k7 and k» are the power coupling rate for the
input and output waveguide, and ¢ is the round-trip phase
shift. In our case, we replace the input straight waveguides
for the MZI arms above the microrings, as a result, the
couple region of MZI arm and microring can be considered
as a whole MZI. Thus the power coupling rate «j is written
as below
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where kj is the power coupling rate between MZI arms and
microrings, t,, ¢, and ¢y, ¢, are the transmission coefficient
and phase shift of MZI arm and ring arm, respectively.

In our case, the ultimate frequency response of cascaded
MZI-MRRs is the product of each of them. Notably, since
there is feedback from the drop-port, the microring
transmission should be written as 2 x 2 transfer matrix.
Considering the feedback is complementary to the through
port, we can ignore the feedback and consider only the
response of through port here. Therefore, with Egs. (1) and
(2), the spectral response of the MZI-MRR structure is
expressed as

1

i=1
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where «; and ky; are the power coupling rate of the i-th
ring resonator for the input and output waveguide, and ¢, is
the round-trip phase shift of the i-th ring resonator.

With a micro-heater adjusting the effective refractive
index of MZI arm, the dip depth of the microring notch
filter is tunable. There is a micro-heater above the
microring as well, which ensures the tunability of the
resonant wavelength of the ring resonator. Thus due to
thermo-optic effect, a pair of micro-heaters, including one
on the MZI arm to adjust ¢, and the other on the microring
to adjust ¢, can provide tunability for both the depth and
the frequency of the notch. The dual-parameter control for
the dips is applied to tailor the optical spectrum into any
target shape, making it possible to be applicable in a
variety of fields. With Eq. (3), we can theoretically
calculate the target spectral response for this device,
which allows us to pre-design the voltages of the
electrodes. As a trade-off between tunability and power
consumption, we choose microring units as many as 16.
When the interval between each channel is 50 GHz, the
bandwidth can reach ~6 nm. Besides, the microrings are
divided into four groups and each group has four identical
rings. There is a tiny deviation of ring radii of 10 nm
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Fig. 1 Schematics of 16-cascaded MZI-MRR optical filter on SOI wafer
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notches in the frequency domain.

The chip is fabricated on an SOI wafer using a multi
project wafer passive process flow, and the microscopic
image is shown in Fig. 2(a). The waveguide is 220 nm top
silicon with 3 pm buried oxide substrate. Except for the
grating couplers, the rest of waveguide is strip waveguide
with 220 nm silicon. The waveguide pattern is transferred
to the hard mask through 248 nm deep UV lithography and
etched. The grating coupler is fan shaped with 70 nm-thick
shallow etching. As for the MZI-MRR part, the MZI arcs
are 174 pm-long, while the microrings have a radius of
8 um. After the waveguide was covered by deposition of
1.2 um silica isolated layer, there are 32 arc-shape micro-
heaters made of 120 nm-thick TiN, working with thermo-
optic effect to change the refractive index of the
waveguide. The whole chip is packaged on a PCB via
wire-bonding technology. There are 16 x 2 electrodes for
micro-heaters with a common ground. Figures 2(b)-2(d)
show more details with zoomed in microscopic image.

The spectral transmission of the device is tested using a
broadband light source. The total loss for the fiber-to-fiber
transmission is about 11 dB. The bandwidth of through
port of a single microring resonator is 0.09 nm. Different
voltages are exerted to either electrodes of MZI arc regions
or electrodes of ring resonators to confirm the changes in
spectral response, and the measured resistances are 1.7 and
0.9 kQ, respectively. Figure 3(a) shows the transmission
power of one unit for the ring array. By changing the
applied voltages, the extinction ratio (ER) of the resonant
wavelength varies from 0 to 17 dB, indicating 12.0 mW

power dissipation for 7t shift. Figure 3(b) shows that the
redshift of resonant wavelength with 5.6 nm when voltages
of ring resonators change from 1.1 to 3.2 V. As we can see,
both resonant ER and central wavelength can be success-
fully tuned by a pair of heaters. Then all the 16 ring units
can be tailored with their spectra one-by-one to manage the
whole spectral shape.

3 Experimental result
3.1 Dynamic fractional differentiator

Optical temporal differentiator, as an important device in
all-optical circuits, has been intensively investigated in all-
optical computing, pulse coding, and optical pulse
shaping, etc. An optical temporal differentiator handles
the complex envelope of an input pulse, obtaining its n-th
order time derivative [53,54]. By tuning the voltages of
electrodes, the chip transmission can be configured into the
target shape. In this section, a fractional differentiator
covering differential order from 0.51 to 2.23 has been
realized, with 4 notches aligned to common central angular
frequency wg of input optical signal.

The experimental setup of differentiator is shown in
Fig. 4. To generate a short pulse, a tunable laser diode
(TLD) is applied as the optical source, which is continuous
wave in time domain and set at central angular frequency
of 4 accordant notches, namely wo. A polarization
controller (PC) is used to adjust the polarization of the

Fig. 2 (a) Microscopic image of the pulse shaper. Zoomed in microscopic picture of (b) the grating coupler, (c) the waveguide, (d) the

MZI-MRR structure
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Fig. 4 Experimental setup of the differentiator employing the programmable pulse shaper. TLD: tunable laser diode, PC: polarization
controller, MZM: Mach-Zehnder modulator, AWG: arbitrary waveform generator, EDFA: Erbium doped optical fiber amplifier, ATT:

attenuator, OSC: oscilloscope

light as the modulator is polarization sensitive. The light is
then sent into a MZM by a periodical Gaussian pulse
generated by a microwave arbitrary waveform generator
(AWG). In our case, the pulse period is 200 ps, and its full
width at half maximum (FWHM) is 42 ps. After going
through an Erbium doped fiber amplifier (EDFA) and an
attenuator (ATT), the polarization is controlled by another
PC before sent into the chip. As the signal wavelength is
aligned to notch filters, the operation bandwidth of the
differentiator is within the MRR bandwidth. After
propagating in the chip, the repetitive pulse is sent into
an optical sampling oscilloscope (OSC) which is synchro-
nized with the electrical source.

Transfer functions for differentiators with varied differ-
ential order can be calculated as

H(w) = [j(-a))]", @)

where o is optical angular frequency near the central
angular frequency wq, while N is the differential order.
Figures 5(a)-5(c) demonstrate the simulated (red dashed
line) and measured (blue solid line) transfer function of
0.5-th order, first order and second order differentiators,
and the active ranges of each differentiator are 20, 30, and
30 GHz, respectively.

When different voltages is applied to the microring
electrodes, the transfer function changes. In other word, the

differential order NV changes. The measured input Gaussian
pulse (blue solid line) in time domain is shown in Fig. 6(a),
whose FWHM is 42 ps, while the simulated standard
Gaussian pulse is drawn in red dashed line. Then the
transfer functions are tuned in depth, thus differential order
changes from 0.5 to 2.23, as shown in Figs. 6(b)-6(h). To
evaluate the computing accuracy, the averaged error is
defined as the deviation of power between measured ones
and simulated ones in a single period of 200 ps. We
calculated averaged error of the measured results against
calculated results changing with various differential order,
as shown in Fig. 7. All the errors meet our expectation as it
is no more than 7%. Our differentiator has expanded the
differential order compared to a single MZI-MRR [52].
Notably, as differential order changes from 0.5 to 2.23, the
power consumption is between 0.5 and 54 mW. In theory,
we can obtain fourth order differentiator using four
cascaded MZI-MRR units. In practice, we cannot. The
reason may lies in the mode split effect and insufficient
phase shift at the notches. In conclusion, our fractional
differentiator has many advantages compared to other
differentiator. First, with electrodes, the central wavelength
can be tuned, while some work without electrodes cannot
[54]. Second, the tuning range of differential order is quite
wider than the former work [52]. Theoretically, the
maximum of differential order is equal to the number of
microrings.
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Fig. 6 Experimental results for the fractional-order differentiator based on an MZI-MRR. (a) Input pulse; (b) results of 0.51-th order;
(c) 0.68-th order; (d) 0.79-th order; (e) first order; (f) 1.25-th order; (g) second order; and (h) 2.23-th order differentiator
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Fig. 7 Averaged error of the measured results against calculated
results changing with various differential order

3.2 Programmable optical filter

Programmable optical filters play a key role in optical
communication system, optical computing circuits and

microwave photonics. Especially, optical filter with shape
tunability, bandwidth tunability, frequency tunability gives
rise to wide interests nowadays, which might be widely
used in wavelength selective switches (WSS) [55]. Our
pulse processor makes programmable optical filter possible
since we can control the spectra for all the 16 microring
units. We use a broadband optical source covering C-band
as the input source. A PC is used to adjust the polarization
of the light because of the polarization selectivity of the
grating couplers on the chip. Direct current (DC) source
acts on two probe cards to contact PCB pads, controlling
the electrodes on the chip. The transmission spectrum is
analyzed using an optical spectrum analyzer (OSA).

The optical filter can be both shape tunable and
bandwidth tunable. First, to explore the shape tunability,
we tuned the dips overlapped in frequency domain using
microring heaters, and adjust the arc heaters to control the
depths of each dip. Specific shapes can be calculated and
simulated according to Eq. (3). Figure 8 shows transfer
functions in several specific shapes, including isosceles
triangle shape right angled triangle shape in Figs. 8(b) and



Yuhe ZHAO et al. On-chip programmable pulse processor employing cascaded MZI-MRR structure 153

8(c), square shape in Fig. 8(d). Both measured and
simulated results are compared. The power consumption
for different shapes is around 44 mW.

To verify the bandwidth tunability, filters of square
shape were demonstrated with bandwidth changing.
Obviously, the more MZI-MRR works in active region,
the wider square shape transfer function we will get. As
shown in Fig. 9(a), the experiment started from 2 rings
overlapped, where the bandwidth of the square shape
transfer function is 0.15 nm. Along with more MZI-MRR
units involved, the bandwidth is ever-increasing, shown in
Figs. 9(b)-9(f). The bandwidths are 0.2, 0.25, 0.61, 0.83
and 0.97 nm, respectively, at the same time, the effective
number of operating rings are 3, 3, 10, 13 and 15,
respectively. The power consumption varies from 2 to
360 mW, while the average maximum power consumption
per ring is 24 mW.
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As previously mentioned, when the notches are
discretely spaced with a fixed interval, the optical filter
functions like a WSS. We carried out an experiment to
evenly space 15 notches of MZI-MRRs along the spectra
with 50 GHz grid, as shown in Fig. 10(a). Each channel in
this WSS can be switched on or switched off, and the
maximum extinction ratio is about 11 dB. The power
consumption is 240 mW, while the average power
consumption per ring is 16 mW. To demonstrate how we
switch off part of channels, Fig. 10(b) shows the spectrum
of the filter when the channels of No. 2, 6 and 11 are
switched off. A more interesting case is shown in
Fig. 10(c), where a WSS with a V-shape envelope is
shown. It proves that the envelope of the switches can be
changed as well. Obviously, the intervals of each channel
can be changed as well due to the wavelength tunability. To
show the performance of the filter as a band-pass filter, we
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(b) wavelength selective switches with channel 2, 6 and 11 shut down, (c) wavelength selective switches with “V’ shape envelope; (d)—(f)

corresponding drop-port transfer function of (a), (b) and (c)

provide the drop-port transfer function for each WSS,
shown in Figs. 10(d)— 10(f). We can see that the passband
spectrum is complementary to the notch spectrum, which
indicates that our device can also serve as a band-pass
filter. To sum up, the optical filter can obtain much wider
bandwidth tuning range and free spectrum range (FSR)
than our previous work [8]. The enlarged microring
number also show higher reconfiguration than a single
ring resonator [45].

4 Conclusions

In summary, we have proposed an on-chip integrated pulse
processor employing cascaded MZI-MRR structure, mak-
ing use of 32 micro-heaters divided into 16 MZI electrodes
and 16 microring electrodes controlling the depth of
spectral notches and central wavelength, respectively,
thanks to the thermo-optic effect. Fabricated chip on SOI
wafer can realize three functions. First, the chip can serve
as a wide tunable differentiator with tuning range of
0.51—-2.23 using 4 of all 16 rings with deviation no more
than 7%. Then, it can also realize an optical filter whose
shape and bandwidth are both tunable. In addition, a WSS
is also demonstrated. The chip has 11 dB insertion loss,
presenting a wide range of possibilities due to its on-chip
integration, small footprint, low loss, low power consump-
tion and wide reconfigurability.
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