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Abstract—In this work, we describe a procedure for synthesizing capacity and capabilities of optical networks. Reconfigurable

racetrack resonators with large quality factors and apply it  to
realize a multi-channel wavelength-selective switch (WSS) on a
silicon photonic chip. We first determine the contribution of each
component primitive to propagation loss in a racetrack resonator
and use this data to develop a model for the frequency response of

arbitrary order, coupled-racetrack channel dropping filters. We de- switch (WSS, shown schematically in Fig.

optical add-drop multiplexers (ROADMs) are a critical building
block of optical networks, enabling flexibility in wavelength
routing and assignment between users on an optical network.
ROADMs are comprised principally of a wavelength-selective
1(a)), and WSSs

sign second-order racetrack filters based on this model and cascade hat are actively deployed today are most commonly based on

multiple such filters to form a 1X7 WSS. We find good agreement
between our model and device performance with second-order
racetrack that have = 1 dB of drop-port loss, = 2 GHz FWHM

diffraction grating-based spectral dispersers and liquid crystal-
on-silicon (LCoS) technology [1]. Although well suited to op-

linewidth, and low optical crosstalk due to the quick filter roll-off of tical network requirements, such WSSs require assembly of

=~ 5.3 dB/ GHz. Using a control algorithm, we show three-channel
operation of our WSS with a channel spacing of only 10 GHz.
Owing to the high quality factor and quick roll-off of our filter
design, adjacent channel crosstalk is measured to be < —25dB
for channels spaced on a 10 GHz grid. As a further demonstration,
we use five of seven WSS channels to perform a demultiplexing
operation on both an 8 GHz and a 10 GHz grid. These results
suggest that a low-loss WSS with fine channel resolution can be
realized in a scalable manner using the silicon photonics platform.

Index Terms—Wavelength-selective switch, wavelength-division
multiplexing, telecommunications, microresonators, silicon pho-
tonics.

I. INTRODUCTION

S INTERNET traffic volume and the demand for data
increase, existing optical transport architectures will re-
quire hardware upgrades for the improvement of transmission
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bulk or micro-optic components, are typically limited to spectral
resolutions at ca. 10 GHz and above, and induce excessive optical
loss especially when modified to perform filtering operations at
unusually fine spectral resolutions in the few GHz range [2].
Moreover, such systems, often realized in free space, are lim-
ited to using spatial filtering methods that can only be altered
mechanically and are difficult to control.

Chip-scale WSSs that use on-chip microresonators are a
promising solution due to their high selectivity, compact foot-
print, and simple operation [4], [5]. Coupling multiple mi-
croresonators to each other enables the construction of higher-
order filters with flat-band responses and increased selectivity.
When integrated with microheaters, the refractive index can be
changed locally, allowing for precise control over filter char-
acteristics like center frequency, bandwidth, and filter shape.
The scalability, affordability, and comprehensive component
catalog offered by silicon photonics technology (SiP) further
underscore its suitability for implementing a SiP WSS, thereby
attracting considerable research interest [6], [7]. An M input
spatial channel, L output wavelength channel MXL WSS [8],
a flexible-grid WSS [9], and even an M input spatial channel,
N output spatial channel,L wavelength channel/portM XN XL
WSS [10] have been demonstrated using microresonators with
SiP technology. However, current demonstrations have used
microresonators with relatively low quality factors, rendering
them incapable of meeting the fine-resolution requirements that
could be asked of ROADMs in the future [11]. For example,
over the past decade there has been a push towards utilizing
optical superchannels to improve spectral efficiency and total
throughput in an optical network [12], [13]. There are scenarios
in which subchannel add/drop capabilities within a superchan-
nel are desirable. Performing these functions optically has a
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characterize adiabatic tapers. (d) Full hybrid multimode racetrack filter comprised

(a) Conceptual diagram of a 3-channel WSS. (b) Weakly coupled resonator to characterize standardized couplers.
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number of potential benefits to the network, but it requires
high-selectivity filtering (resolution at the single GHz level) to
e.g. add guard bands between adjacent subchannels as well as
to assist in picking out the subchannel. Although there have
been impressive demonstrations of such hyperfine resolution
filtering [14], [15], [16], [17], [18], such demonstrations rely on
substantially more complex optical setups or exotic components
and are subject to increased insertion loss, as mentioned above.
Selective wavelength filtering (sub-GHz linewidths) is also
important in applications like quantum information science
and microwave photonics. In particular, many view modular
architectures as essential to the scale-up of quantum comput-
ing systems, where communications and entanglement between
individual computational modules is mediated by photons [19].
These photons, which must interface with matter-based qubits,
will have linewidths on the order of 10 s to 100 s of MHz.
Consequently, low-loss and narrowband filters can help selec-
tively manipulate or route these modes over local area or larger
networks [20]. Microwave photonics, the science of processing
radiofrequency signals in the optical ~domain [21], similarly
requires the ability to control and isolate narrowband optical
signals with low loss in order to realize systems with low noise
figures. Such systems can be harnessed for applications like

show 1 X5 operation on both 8 and 10 GHz frequency grids.

A subset of results from this manuscript was presented at the
IEEE Photonics Conference [23] and Conference on Lasers and
Electro-Optics [24]. Here, we significantly extend the design
methodology and results from previous proceedings. Coupled
with recent advances in on-chip optical I/O [25], oour work takes
a step towards showing the SiP platform is capable of meeting
the fine-resolution filtering requirements of future-generation
optical networks.

The remainder of this paper is outlined as follows. In
Section II, we discuss our empirical method to design first-time-
right arbitrary order racetrack filters. In Section III we use this
method to design a X7 WSS with second-order racetrack filters.
As an example, we then use the system in both a 1X3 WSS and
1 X5 demultiplexer configuration and discuss the performance in
detail. In Section IV, we explore opportunities for improvement,
and we conclude with a summary in Section V.

II. FILTER MODEL

We focus on racetrack filters comprised of three elements:
a single-mode coupling region, adiabatic tapers from 0.5 Um
wide to2 pm wide waveguides, and 2 Um wide multi-

abritrary waveform generation and shaping of low-repetition rate mode waveguides. Adiabatic tapers facilitate the propagation

combs, among others [22].

In this paper, we propose and experimentally demonstrate a
multi-channel WSS using racetrack resonators with a hybrid
geometry that includes wide waveguide segments to make pos-
sible optical filtering at a fine-resolution. We first develop a
methodology for the robust modeling of arbitrary order coupled-
racetrack devices using experimental data. The developed model
shows good agreement with experimental results and enables
first-time-right designs of narrowband filters. Next, we use the
model to design a 1X7 WSS with a second-order filter response
with = 1 dB of drop-port loss, 2 GHz FWHM channel linewidth,
and 5.3 dB / GHz of roll-off, and we demonstrate WSS op-
eration using 3 filter channels. As our current device does not
offer tunable channel bandwidth or attenuation, we alternatively
term the device a fine-resolution wavelength demultiplexer and

of the fundamental mode from a single-mode waveguide to
multimode without excitation or loss to higher-order modes.

The multimode waveguide, when operated in the fundamental
mode, significantly reduces the dominant loss mechanism for
SiP waveguides of field-sidewall overlap, thus providing low-
loss [26]. For sufficiently long multimode waveguide sections,
the average round-trip loss through the racetrack is dominated by
this element, thereby enabling one to flexibly tune the resonator’s
quality factor with the multimode waveguide length [5].

To characterize the loss contributions of each element of our
racetrack resonators, we design structures on a full-stack active
multi-project wafer (MPW) run [23]. These structures follow
the weakly-coupled cavity method [27] in which a resonator
is sufficiently weakly coupled to bus waveguides such that the
linewidth of its frequency response is dominated by the intrinsic
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TABLE I
EXTRACTED LOSS FOR RACETRACK RESONATORS AND INDIVIDUAL SUBCOMPONENTS

Device Structure of Interest Resonator Resonator Structure Structure
(Units in pm) Intrinsic Q Average Loss (dB/cm)  Loss (dB)  Average Loss (dB/cm)
Weakly Coupled Microring Ring Resonator, (R = 20) 4.37 x 10° 1.8 0.0110 1.8
Fig. 1(b) Standardized Coupler Ry,in = 3 1.43 x 10° 5.43 0.0099 5.43
Fig. 1(b) Standardized Coupler Ry,in = 4 2.33 x 10° 3.32 0.0075 332
Fig. 1(b) Standardized Coupler Ryin = 5 3.29 x 10° 2.33 0.0064 2.33
Fig. 1(c) Linear Taper, Length = 30 3.26 x 10° 2.16 0.0062 2.09
Fig. 1(c) Linear Taper, Length = 50 5.57 x 10° 1.24 0.0047 0.95
Fig. 1(c) Linear Taper, Length = 100 8.26 x 10° 0.82 0.0062 0.62
Fig. 1(c) Linear Taper, Length = 200 9.68 x 10° 0.70 0.0117 0.59
Fig. 1(d) Fourier Taper®, Length = 11.36 1.64 x 106 0.40 0.0034 3.01
Fig. 1(d) Multimode Waveguide, Length = 700 1.67 x 106 0.40 0.0170 0.24
Fig. 1(d) Multimode Waveguide, Length = 1200 1.89 x 106 0.35 0.0300 0.25

+ Measured from device of Fig. 1(d) with 700 pum long multimode waveguides.

loss of the resonator as opposed to the external ~ losses from
the coupling to the bus waveguides. A careful balance must
be achieved so as to be sufficiently weakly coupled with the
resonator yet coupled enough to have a strong signal  at the
drop port. In this way, the loss contributions from an arbitrary
component can be measured without taking up an excessive
footprint on the chip.

waveguides to gather a baseline single-mode waveguide loss
for reference. All the test devices are designed with identical
input and drop bus coupling gaps, and we vary this gap over a
broad range such that we can successfully characterize a weakly
coupled device. A standard SMF-28 optical fiber array with an
angled facet adjusted by an external polarization controller is
used to test devices.

There are three classes of test structures, as shown in Fig. 1(b)— A representative spectrum with fitting from a single weakly-

(d). Each consists of a resonator comprised of a pair of what we
term standardized couplers that sandwich either two pairs of
tapers or two pairs of tapers and a pair of multimode waveg-
uides that we want to characterize. The standardized coupler
is a single-mode region formed by two 90  ° graduated radii
bends with a5 Um long straight waveguide in between. This
straight coupling section provides a long interaction region to
realize sufficiently high bus-racetrack coupling even for large
bus-racetrack gaps, which are better tolerated by the fabrication
process and can also lead to reduced coupling losses. The 90 °
bends are hybrid structures comprising two Euler curves and
acircular arc of constant radius that matches the minimum
radius of the Euler curves [28]. In this way, the Euler curve
reduces mode mismatch loss from the interface with a straight
waveguide, while the circular section minimizes the footprint
of the composite curve. These standardized couplers simplify
the formation of coupled-resonator designs since the physi-
cal coupling structure is identical for both bus-resonator and
resonator-resonator couplings.

These test structures were fabricated through an active
MPW run through AIM Photonics on 220 nm-thick silicon-on-
insulator (SOI) wafers [29]. There are devices for three varia-
tions of the standardized coupler - variants with minimum radii
(Rmin) of 3um, 4um, and 5um. Our test devices covered a range
of linear taper lengths from 30um to 200m. Besides the linear
tapers, we also included a set of full racetracks (Fig 1(d)) with
adiabatic tapers where the tapered shape synthesized is based on
a Fourier modal method so that the taper length is minimized for
a given loss [30], [31]. Also, we have two devices to measure
2 um wide waveguide loss with different 2 Um waveguide
lengths of 700um and 1200um. These devices contain a 10@m
long linear taper to expand the waveguide toa2  JUm width.
Finally, we have one test device with a weakly coupled circular
microring resonator of radius R = 20 um with 0.5 Um wide

coupled device with the structure of  Fig. 1(b) is shown in
Fig 1(e). The average propagation loss of the racetrack resonator
can be computed from the fitted quality factor and device pa-
rameters. The results are shown in Table I, where we tabulate
the intrinsic quality factor of racetrack resonators comprising
different combinations of sub-components, as well as break out
the contribution to loss from the sub-component or structure of
interest [23]. In the table, the resonator intrinsic Q and average
loss are computed directly from the frequency response of the
device, while the contribution to loss from each sub-component
is isolated after the contributions from previously characterized
sub-components are removed. Three different die are tested to
accumulate the results, except for the standardized couplers
where seven die are used.

We see that standardized couplers withR min = 5 um offered
not only the lowest average loss, but also the lowest total struc-
ture loss, making them a good choice for multimode racetrack
filters with high quality factors. For the linear tapers, a clear
decrease in the taper’s average loss is measured as the length
of the taper increases, while the structure loss shows a more
complicated trend. From the data in Table I, we see that the
Fourier tapers are measured to have the largest  average loss
but have the lowest insertion loss owing to their short length
(11.36 um). Finally, we computed the losses of 2 um-wide
multimode waveguides of different lengths. Because of their
significant path length, they account for the dominant loss con-
tribution in the racetrack yet their average loss of= 0.25 dB/cm
is significantly lower than what we measure for a 0.5 Um wide
single mode waveguide of 1.8 dB/cm.

In Fig. 2(a), we plot the power coupling ratio between stan-
dardized couplers of Rmin = 5 Um as a function of the gap
between them measured for the TE polarization. We are able to
extract such information because of our variation in standardized
coupler gaps from our test devices. Full 3-D finite-difference
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Fig. 2. (a) Simulation and experimentally extracted cross coupling ratio versus

gap for standardized couplers withR min = 5 Um. Simulated (b) intrinsic quality
factor, (c) percent increase in 3 dB linewidth relative to racetrack with Fourier
tapers, (d) drop-port insertion loss versus round-trip racetrack resonator length
for all measured taper variants, respectively, and assuming a constant power
coupling of 5%, respectively.

time domain (FDTD) simulation results show good agreement
with what we extract from measurement, with a slight underes-
timate in simulation at smaller gaps (< 0.25 um).

To quantitatively describe the frequency response of a race-
track comprised of a variation of these subcomponents, we
developed a model using our experimentally extracted data. The
model relies on well-known analytical formulas [4], [5] and is
scalable to higher-order coupled racetrack structures in order to
increase the filter roll-off [32]. An example of data from our
model is shown in Fig. 2 for a first-order racetrack designed
with input and output bus waveguides having a coupling ratio
of 5% (a gap near 0.25 Um using our data from Fig. 2(a)). We
use the standardized coupler with R min = 5 Um and plot a few
useful quantities for a single resonance mode at A = 1550 nm
for all our measured taper variants. The round-trip length of
the racetrack is held fixed in the simulations by modifying the
length of the multimode waveguide and therefore, for all taper
variants to within a small error, the free spectral range (FSR)
of the racetrack at a particular round-trip length is a constant.
A group index of 3.5 is chosen in simulation and is near the
measured value presented in Section III.

From Fig. 2, we see that the Fourier tapers should be used to
maximize the quality factor of the racetrack. Interestingly, the
intrinsic quality factor increases for linear tapers as we increase
the length from 30 um to 50 Um, then it decreases slightly at
100 um and more rapidly for 20Qum. From this trend, we reason

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 42, NO. 13, JULY 1, 2024

value is based on our fixed coupling coefficient  used in the
simulation. However, the drop-port loss also increases quickly
as the racetrack is now larger and has a greater total round-trip
loss.

When making conclusions from our model towards design-
ing useable racetrack devices, it is necessary to recognize the
tradeoffs involving the resonator’s FSR and its quality fac-
tor [4]. In particular, the intrinsic quality factor of a resonator
is Qi = 2nny/a aygA where Ng, Aayg, and A are the group in-
dex, length-averaged round-trip loss, and resonance wavelength.
The length-averaged round-trip loss can be expressed for our
resonators as

o Lia

- .

1

a =
avg . I_i
where @; and L; are the length-averaged loss and the length
for the i subcomponent of the resonator. In this form, it is
clear that as the length of a particular component is increased,
its contribution to the average loss of the resonator is as well.
However, the FSR of the resonator, Av = ¢/ ,('=0 Ling,i, is
inversely proportional to its round-trip length. Hence, increasing
the length of the lowest-loss component does indeed increase the
quality factor of the resonator but at the cost of a reduced FSR,
limiting the usable bandwidth of the device. Obviously, each
parameter of the racetrack must be carefully chosen with the
design application in mind.

III. WSS DESIGN AND OPERATION

A I XN wavelength selective switch (schematically shown in
Fig. 1(a)) is a device which takes as input a broadband optical
field and, in a re-programmable fashion, separates and routes
distinct slices of that input spectrum to N distinct  outputs.
Our designed on-chip WSS structure is shown in 3(b). We
use seven identical second-order racetrack filters coupled to a
common input bus waveguide with unique drop-port I/O to form
a 1 X7 WSS. Our racetrack filters are designed following the
methodology described in Section II, and we choose second-
order structures for the increase in roll-off off of resonance.
The bus-racetrack and racetrack-racetrack standardized coupler
gaps are set to 190 nm and 370 nm for  power coupling
coefficients of = 18 and 0.8 %, respectively. In this way, we can
pack filter channels more closely together than a single-order
structure for the same level of inter-channel optical crosstalk.
Each individual racetrack of the filter has the same round-trip
length of = 1500 um, uses Fourier tapers, and standardized
couplers with Rmin = 5 um. Standardized coupler gaps are set
to achieve a flat passband frequency response with the smallest
possible linewidth with the constraint that drop port loss does
not exceed 1 dB.

The WSS chips were fabricated through an AIM Photonics

=

that the optimal linear taper length is somewhere between 50 and MPW program at the SUNY Polytechnic Institute in a state-

100 ym long. Longer than that and the taper expands too slowly
for it to have a loss advantage. For all tapers, as the round-
trip length increases, the resonance mode linewidth asymptotes
towards a value around 500 MHz where light propagation in
the racetrack becomes the dominant source of cavity loss. This

of-the-art 300 mm facility. Photonics-grade 220 nm thick SOI
wafers with a thick buried oxide are used with 193 nm immersion
lithography to define silicon optical ~ waveguiding structures.
Embedded microheaters in the form of  doped silicon slabs
with various vias and metal interconnect layers for electrical
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coupled-resonator filter.

contact are placed 1.25 um from the optical waveguide in each
racetrack resonator. In this way, an injected current in the slab
can generate heat via the Joule heating effect to locally modify
the refractive index and tune the racetrack resonance through
silicon’s thermo-optic effect.

The fabricated chips were sent out for electrical wirebonding
and packaging at the testing and packaging (TAP) facilities at
Rochester Institute of Technology using a custom-developed
electronic interposer and printed circuit board (PCB). To control
each of the 7 WSS second-order racetrack filters, 21 wirebond
connections were made. The full footprint of the 1 X7 WSS is
about 4 mm by 1.5 mm but can be significantly reduced by
placing electrical and optical I/O more compactly. Excluding
I/O, the 1x7 WSS occupies a footprint of 1.5 mm by 1.5 mm.
The wirebonded package was placed on a custom temperature

controlled chuck for compatibility with our optical probe station.

A top-down view of the wirebonded chip package is shown
in Fig. 3(a). The WSS was tested using a 16 channel SMF-28
optical fiber array with a flat facet fed by an Agilent 81632 A
tunable laser source with an external polarization controller. For
thermal tuning, we use a 64-channel source measurement unit
(SMU) with electronic cabling to interface with our package.
We first characterize the individual filter response of our
WSS by sending laser light into the common through port and
monitoring the output power at the common through port and
drop port of channel 1. If we sweep the laser wavelength as we
apply increasing electrical power to the thermo-optic heaters of
a single racetrack of the filter, we can find the thermal state
where the two resonators comprising the second-order filter
are optically aligned. The final tuned state of the filter at a
wavelength near 1550 nm is shown in Fig. 4 along with a
simulation using our model. We see good agreement between
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(a) Top-down microscope view of the silicon photonic WSS package. (b) Layout of the on-chip WSS. (¢) Zoom-in view of an individual racetrack of the
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Fig. 4. Measured optical frequency response for a single mode of the filter at
A =1550 nm plotted with the designed filter response using our model developed
in Section II. The inset shows the flat-top passband.

on linewidth. Fig. 5 shows the frequency response of this filter
for on-chip input powers of -6.0 dBm, -0.2 dBm, and 4.1 dBm.
The inset of Fig. 5 shows the change in filter linewidth for nine
different on-chip input power levels and we observe broadening
that increases linearly with optical power in dBm over a range
the spans input powers that span -6.0 dBm to 4.1 dBm. For

the two, further indicating the utility of the model. The passband powers above 4.1 dBm we began to observe bistability in the

shows a flat response with a = 2.1 GHz linewidth and 1 dB
insertion loss. The FSR of the filter is about 54.5 GHz from
which we extract an average group index of 3.54. The filter
linewidth deviates < 150MHz over a measured bandwidth of
10 nm, and all devices perform as expected irrespective of the
tested die [33].
The performance of the second-order filter was also char-

acterized over arange input optical powers to elucidate the
impact of thermal effects [34] and nonlinear absorption [35]

filter response.

To use our system as a WSS,  we need to tune each filter
to its optimal response and then align them on a hypothetical
frequency grid. To this end, we developed a Python algorithm
with open-source libraries. In the algorithm, a continuous-wave
laser is input into the chip and repeatedly tuned between each
frequency in the grid. An optical power meter measures the trans-
mitted power at the common through port while a multi-objective
minimization routine using the NGSAII sampler from the
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open-source library Optuna [36] drives the microheaters appro-
priately — even in the presence of mutual thermal crosstalk — to
minimize the transmitted optical power at each frequency posi-
tion. In this way, individual racetracks are optimally tuned to a

common resonance mode and shifted to align with the frequency

grid at drive states that give the minimum objective function
value. For each state of the WSS, filters are first manually tuned
to be relatively close to their location on the frequency grid in
order to minimize the runtime of the algorithm. A single WSS
state is then gathered in roughly 30 minutes using our serially
updated electronics. Using an SMU with a faster or parallel
update rate would decrease this runtime.

We programmed a three channel  subset of our WSS for
operation on a 10 GHz spaced grid near 1550 nm. Each channel
was aligned to a unique position on this three-point grid [24].
There are six permutations for three channels on this grid, and
the spectra for each state taken from a tunable laser sweep are

shown in Fig. 6. From the figure, we can clearly see at the center

of any channel better than 25 dB dB of isolation from the (both)
adjacent channel(s). The average electrical power consumption
for each racetrack is = 50 mW for thermal tuning. However,
racetracks are initially detuned from unused channels to prevent
light leakage, contributing overhead to this power budget.
Using the spectra of Fig. 6 measured from a scanned laser,
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Fig. 6. Spectra from the six permutations of  the three channel WSS as
measured from a swept tunable laser source. For each permutation, traces are
normalized to the channel with maximum transmission.
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Fig. 7. Overlayed spectra from the six permutations of the three-channel WSS
as measured from an OSA. For each permutation, traces are normalized to the
channel with maximum transmission. The input of the WSS is a broadband, flat
ASE spectrum from an EDFA.

of our OSA. We compute an average frequency detuning of

we computed an average detuning from the predefined frequency 0.7%0.1 GHz for each filter of the WSS using our OSA. We

grid of = 0.8%0.5 GHz for each channel in the WSS. To avoid
possible wavelength registration errors, which can arise during
successive wavelength sweeps from a tunable laser, we perform
a single-shot measurement over all frequency channels in a
permutation with an optical spectrum analyzer (OSA). For this
purpose, we send a broadband amplified spontaneous emission
(ASE) spectrum from an erbium-doped fiber amplifier (EDFA)
to the input port of our WSS and measure the output of each
channel for all permutations with our OSA. An overlay of the
measured spectra are shown in Fig. 7 [24]. We see a slight
increase in optical crosstalk from the OSA measurement that
can be attributed to the 0.01 nm ( = 1.247 GHz) resolution

also measured a loss variation of < 0.5 dB from the nominal
1 dB drop-port loss for each channel of the WSS using both
laser and OSA spectra.

As afinal extension of our device, we program the WSS
for a 1 X5 demultiplexing operation on both an 8 and 10 GHz
frequency grid. Operating the WSS with 5 channels would
require 5! optimized permutations, which is possible given the
need and enough time. However, here we show only a single
permutation as an example. The spectra for both 8 and 10 GHz
grids are shown in Fig. 8 as measured from a swept tunable
laser source. Channels 3, 4, and 5 are the channels used in
Figs. 6 and 7 for WSS operation. We see from the blue and
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red traces that adding channels 1 and 2 for the demultiplexer

results in a slight increase in optical crosstalk at both the high and

low-frequency region of the spectrum. Nonetheless, the crosstalk
for both 8 and 10 GHz spacing remains below <—20 dB in all
cases. Besides the crosstalk, we see a transmission variation of
<0.75 dB between each channel for both grids.

IV. DISCUSSION

The primary challenges with scaling the high quality devices
shown here are: 1) extending the FSR, 2) reducing the electrical
power needed for thermal tuning, and 3) developing a robust
control solution. Since the quality factor of the racetrack in-
creases with the multimode waveguide length, it is common for
the FSR of the high quality devices to be on the order of 10 s of
GHz, if not lower. Depending on the spacing, this can present
limitations on the maximum number of channels that can be
used. A common way of increasing the FSR is by using coupled-
resonator structures with different round-trip lengths in a Vernier
configuration [37]. This has been shown to extend the operating
FSR of the device. Yet it requires significant engineering to
get large suppression of the interstitial resonance peaks, among
other challenges [38]. Likewise adding frequency dependence
to the coupling coefficient in the form of an interferometer could
function to extend the FSR of the device [39]. Interferometric
coupling could also allow tuning of the filter bandwidth, en-
abling flex-grid performance with tunable center frequency and
bandwidth [40]. However, an interferometer would add an extra
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phase tuning element because of fabrication imperfections and
thus complicate the operation.

Reducing electrical power consumption from thermal tuning
can be accomplished in a number of ways. For a demultiplexer,
frequency positions of each racetrack can be prebiased in fabri-
cation by adjusting the round-trip path lengths. While thermal
tuning would still be required to compensate for variation in
fabrication, it would take less power than if racetracks were
identical like our design here. Still this method is not effective
for a WSS since filters need to be tuned to each position on the
frequency grid. Second, by thermal isolation trenching of top and
bottom oxide materials as well as removing the silicon substrate,
the electrically generated heat can be kept from spreading away
from the optical waveguide [41]. Such processes would also help
alleviate thermal crosstalk effects further reducing the required
electrical power consumption.

A number of control methods could help realize a large-scale
on-chip WSS. A common approach to lock microrings to an
optical carrier is to monitor the intra-cavity optical power using
a photoconductive element embedded within the optical cavity,
often in the form of a doped (n, p, or p-n) region of the wave-
guide [42]. However, this fundamentally leads to excess loss
thereby reducing the resonator quality factor. Another scheme
uses a contactless probe placed adjacent to a waveguide capable
of sensing light in the waveguide by measuring a conductance
change induced by free-carriers being generated at the silicon-
insulator interface. A low-frequency modulation of an optical
carrier can then be detected by the probe and used to lock
microrings to a laser even in the presence of multiple laser
sources [43], [44]. In a similar vein, low-frequency thermal
modulation of a microring has been used to encode a shallow
amplitude modulation onto an optical carrier which can, upon
photodetection, induce an asymmetric error signal appropriate
for frequency locking [45]. As monolithic electronic-photonic
systems [46] become increasing available, on-chip control of
silicon photonic concepts such as ours may become feasible.

V. CONCLUSION

In conclusion, the design methodology and results were pre-
sented for a WSS implementing high quality factor microres-
onator filtering elements. The procedure outlined here can be
used on any integrated platform to realize first-time-right de-
vices. By tuning parameters of the subcomponents of the high
quality racetrack, arbitrary filter responses can be achieved. For
our designed WSS, we demonstrate second-order filters with
= 1 dB of drop-port loss, = 2 GHz FWHM linewidth, and
quick off-resonance roll-off of = 5.3 dB / GHz. We use our
system to experimentally show 3 channel WSS operation on
a 10 GHz grid and 5 channel =~ multi/demultiplexer operation
on both an 8 and 10 GHz grid, both with < — 20 dB of
inter-channel optical crosstalk. Using our designed components,
higher-order filters can be easily assembled to achieve increased
selectivity as required. A flexible grid spacing and channel count
can be accommodated for by applying the appropriate amount
of electrical power to each racetrack. The performance of our
devices shows promise towards realizing fine-resolution filtering
in future silicon photonic systems.
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