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Abstract:  Microring weight banks present novel opportunities for reconfigurable, high-
performance analog signal processing in photonics. Controlling microring filter response is a
challenge due to fabrication variations and thermal sensitivity. Prior work showed continuous
weight control of multiple wavelength-division multiplexed signals in a bank of microrings based
on calibration and feedforward control. Other prior work has shown resonance locking based on
feedback control by monitoring photoabsorption-induced changes in resistance across in-ring
photoconductive heaters. In this work, we demonstrate continuous, multi-channel control of a
microring weight bank with an effective 5.1 bits of accuracy on 2Gbps signals. Unlike resonance
locking, the approach relies on an estimate of filter transmission versus photo-induced resistance
changes. We introduce an estimate still capable of providing 4.2 bits of accuracy without any
direct transmission measurements. Furthermore, we present a detailed characterization of this
response for different values of carrier wavelength offset and power. Feedback weight control
renders tractable the weight control problem in reconfigurable analog photonic networks.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The rapid advances in silicon photonics are rooted in demands for datacenter transceivers;
however, they will profoundly impact a wide range of other application areas [1]. Microfabrication
ecosystems propel technology roadmapping [2], library standardization [3, 4], and broadened
accessibility [5], all of which could reinvigorate research into scalable photonic information —
not just signal — processing systems. It has long been recognized that the physical properties of
optics impose barriers to digital logic [6] yet present unique advantages for analog processing
functions. Larger-scale analog optical processors based on field evolution in free-space [7, 8]
and holograms [9, 10] have been shown but have so far not widely adopted, in part, because
they could not be integrated. Integrated photonic devices have already found analog signal
processing niches where electronics can no longer satisfy demands for bandwidth, dynamic range,
and reconfigurability, as exemplified in the field of microwave photonics [11, 12]. Many high-
performance operations demonstrated so far are relatively simple from a computing standpoint,
such as delaying [13, 14], transport [15, 16], and time-frequency transforms [17-19].

In a distinct vein from simply improving the performance of signal processing elements.
silicon photonic integration opens fundamentally new opportunities for large-scale analog
information processing systems. Silicon photonic devices are substantially more compact
and responsive to tuning than other photonic integrated platforms, properties that have been
exploited for large, reconfigurable linear systems [20-22]. Recently, there has been a growing
interest in neuromorphic photonics [23,24] — scalable analog systems whose governing physical
equations are isomorphic to those describing an abstract neural network model [25-27]. Photonic
neural networks could potentially unlock new domains of machine intelligence by combining
ultrafast speeds offered by photonics, energy efficiency offered by neuromorphic architectures,
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and demonstrated algorithmic strengths of artificial neural networks. An advantage of strict
isomorphism to neural models means that we can confidently predict that established algorithmic
techniques can be applied, so we can begin to determine the minimum useful scale of initial
photonic neural networks. Recurrent networks become useful at significantly smaller scale than
deep, feedforward networks since neurons are, in some sense, reused over time. Examples of
known tasks and techniques for recurrent networks include robot control through evolutionary
optimization [28] (13 neurons), predictive control through quadratic programming [29] (10’s
of neurons), pattern recognition through reservoir training [30] (16 nodes), and accelerated
simulation through differential equation synthesis [25] (25 neurons).

Any potential of photonic neural networks rests squarely on the ability to configure the strength
of connections (i.e. the weights) between photonic neurons. The number of weights scales
quadratically with the number of neurons. As such, they are the primary source of complexity
and configurability in such networks as well as the most demanding technical challenge. A
contrasting approach called reservoir computing can avoid the challenge of weight control and
has also received recent attention from the photonics community [30-34]. A reservoir is a
fixed complex system that can be made to exhibit a desired behavior through instance-specific
supervised training. While this means a reservoir cannot be programmed or guaranteed to
produce a particular behavior at a particular scale, it does eliminate the need to control many
parameters inside of the system.

Microring (MRR) weight banks bring photonic weighted addition to integrated silicon photonic
platforms [35]. Inputs are power modulated, wavelength division multiplexed (WDM) optical
signals, and the MRR weight bank is a tunable spectral filter. An MRR weight bank, diagrammed
in Fig. 1(a), consists of parallel-coupled microrings (i.e. coupled via a pair of bus WGs). Each
MRR independently controls the transmission of exactly one of the WDM signals. Balanced
photodetection of these weighted, mutually incoherent WDM signals [36] produces an electrical
current representing the weighted sum of the original signals.

A critical vulnerability of analog systems is device parameter variations, which corrupt
representations of continuous values. Strategies for counteracting variation have been developed
for analog electronic coprocessors [37,38] and neural networks [39]; corresponding strategies
must be developed for photonics before the processing potentials of analog photonic networks
can be realized. Post-fabrication resonator trimming has been shown to partially counteract static
variation caused by fabrication non-idealities in MRRs [40-42]. After reprocessing, these devices
are vulnerable to dynamic variability, such as environmental fluctuations. Tunable elements can
be used to address dynamic variation while simultaneously reconfiguring to desired states (e.g. on
and off resonance). Tunable approaches can separated into two main categories: 1) feedforward
control based on calibration of the parameters of interest, and 2) feedback control based on
sensing the state of the parameters online. Feedback can eliminate the need to recalibrate every
time the environment changes and offers a simplified calibration and modeling requirement. In
this article, we report the first photonic weight banks with feedback control capabilities.

MRR weight banks are a key component of the silicon foundry-compatible neuromorphic
photonic architecture called broadcast-and-weight [43], recently demonstrated in [25] and
diagrammed in Fig. 1(b). In this protocol, photonic neurons modulate unique WDM carriers that
are broadcast to all others. Each connection between a pair of neurons is configured by one MRR
weight, a given WDM signal passing by the rest of the MRRs in the bank with minimal excess
loss. Photonic neurons compatible with broadcast-and-weight are optical-in, optical-out devices
that must be able to convert multiple wavelengths to a single wavelength with a nonlinear transfer
function. These conditions are both challenging in all-optical devices but are readily met by an
OEO chain consisting of a photodetector connected to a laser [44—46] or modulator [25,47].

MRRs are a promising candidate for reconfigurable weighting because of their ubiquity in
silicon photonics, innate WDM compatibility, and small footprints. Outside of analog photonic



Research Article Vol. 26, No. 20 | 1 Oct 2018 | OPTICS EXPRESS 26424

Optics EXPRESS

a) Mo A b)

o eeseeeseesssessssessnasn———., A Off-chip
X,(t)=D| ) Electrical output Microring weight bank “OnZchip! LD
Modulation y(t) = Tipixi(t)  broadcast 11 IN1 : M

where p; =1—2D; 1:N MRR

Modulator

G i |

Microring weight bank
IN A x  x iTHRU

electronic > -
OEtiCa| WDM Modulator

D, 7 D, 7 Ds DROP A
optical single-A

Fig. 1. a) An isolated microring weight bank. Input signals, x;, are power modulated
onto WDM carriers and multiplexed. Each is weighted by one tunable MRR weight, y;,
whose value is the difference of complementary THRU and DROP port transmissions. A
balanced photodetector produces their weighted sum. b) A recurrent silicon photonic
broadcast-and-weight network. WDM pumps are multiplexed oftf-chip and modulated by
MRR modulator-class photonic neurons. Connections between neurons are controlled by
MRR weights in a square matrix. Balanced photodetectors drive the neurons, which are
biased by Vj,;s and Ryec.

networks, MRR-based systems have shown relevance to arbitrary waveform generation [17,19],
digital networks [48], directed logic [49], certain reservoir computers [30, 34], and multivariate
photonics [50,51]. The resonant qualities of an MRR lead to sharp dependencies on factors
influencing the effective optical path length of the MRR (e.g. temperature, fabrication non-ideality,
and semiconductor carrier concentration). This high sensitivity makes them very efficient to tune
but especially difficult to control.

Prior work on MRR weight control demonstrated weight control over all WDM channels that
was continuous, complementary (range from —1 to +1), independent over channels, and accurate
(weight resolution of 4.1 bits + 1 sign bit, i.e. 3% error) [52]. Weight control in these works
employed a feedforward approach, which has several disadvantages: 1) the calibration phase
requires a suite of external measurement equipment, including an optical spectrum analyzer,
oscilloscope, and pattern generator, 2) the control rule relies on inverting a model of the device,
so that the model must have high fidelity and be precisely calibrated, and 3) the strategy is not
robust to temperature fluctuations after the calibration phase. These render the feedforward
approach infeasible for all but small-scale situations.

In this work, we demonstrate a feedback weight control approach that 1) requires only one
electrical source-meter per MRR, as opposed to an optical probing setup, 2) has a simpler
calibration procedure and control model, and 3) is robust to environmental fluctuations in
temperature. The feedback weight bank and calibration/control procedures make it practical to
control large-scale reconfigurable analog MRR systems such as photonic neural networks. We
obtain feedback capabilities by embedding a silicon in-ring photoconductive heater [53] within
the waveguide of each MRR weight.

Circulating power sensing using N-doped heaters was introduced by Jayatilleka et al. in [53].
The microring waveguide is lightly doped with donor carriers, forming an in-ring resistor, as
shown in Fig. 2(b). Applying current heats the ring thereby shifting the resonance peak. At the
same time, a portion of circulating optical power is absorbed, creating electron-hole pairs, which,
in turn, increase the conductivity of the heater. By applying current and measuring voltage
(or vice verse), the amount of light circulating in the MRR can be sensed. In-ring N-doped
photoconductive heaters have been used for automatic resonance locking of more advanced
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Fig. 2. a) Picture of one N-doped microring. b) Cross section of microring showing
etch geometry and dopant pattern. c¢) Picture of photonic weight bank with two N-doped
microring weights. The weight MRRs are tuned by current sources with voltage sense, and
other MRRs for sensing are unused. The common voltage is across the parasitic resistance of
the common ground connection. d) Experimental setup for generating 1Gbps independently
modulated WDM inputs [62]. Weights are measured by a balanced photodiode connected to
an oscilloscope.

higher-order MRR filters [54]. Resonance locking and stabilization has also been shown using a
variety of in-ring optical sensors [55-57] and external sensors [58,59]. Prior work centers around
tracking a single maximum photoresponse point, corresponding to on-resonance. Feedback
control in non-resonant circuits has also been proposed [60] and demonstrated [61] to track a
point at which multi-mode input mixtures are demixed into a single mode. In contrast, the goal
in this work is to configure over a continuous range of transmission values along the resonance
edge.

2. Methods

2.1. Device fabrication

Samples were fabricated on silicon-on-insulator wafers at the IME A*STAR foundry [3]. A
cross-section of the N-doped heater within the MRR is shown in Fig. 2(b). Silicon thickness is
220nm, and buried oxide thickness is 2um. 500nm wide WGs were patterned by deep ultraviolet
(DUV) lithography. The WGs used with N doping were etched to a pedestal with 90nm thickness.
Following the design of [53], a 2um wide N-doping section was patterned to follow the MRR
WGs, outside of which heavy N** doping is used to make ohmic contacts. Phosphorous dopant
concentrations were N: 5x10!7 and N++: 5x10%° ¢cm™3 [63]. In a final step, metal vias and traces
were deposited to connect the heater contacts to electrical probe pads.

The MRR design, shown in Fig. 2(a), consist of a circular WG with designed radii of 8.000um
and 7.998 um. Coupling region gaps are 250nm, and neighboring MRRs are separated by 300um.
The weight bank device pictured in Fig. 2(c) consists of two bus waveguides and two MRRs in a
parallel add/drop configuration, each of which controls a single wavelength channel. Neighboring
MRRs are designed with a minuscule 12nm perimeter difference, chosen to create an offset in
initial resonance wavelengths of roughly 3nm. The heater contacts on the GND side share a



Research Article Vol. 26, No. 20 | 1 Oct 2018 | OPTICS EXPRESS 26426 I

Optics EXPRESS SN N\

common connection to reduce electrical I/O count. Each of the contacts on the opposite side
is routed to its own electrical pad. In addition to the parallel-coupled add/drop weight MRRs
responsible for directing light between the prop and THRU ports, two more sense MRRs were
fabricated per channel. These were included as test structures and are not necessary for the
calibration procedure developed below.

2.2. Setup

The experimental setup is shown in Fig. 2(d). The sample is mounted on a temperature-controlled
alignment stage and coupled to fiber with TE focusing grating couplers [64]. The weight bank
prop and THRU outputs are coupled off chip and detected by a high-speed balanced photodetector
(Discovery Semiconductors, Inc. DSC-R405ER), the resulting output recorded by a sampling
oscilloscope (Tektronix DSA8300). Each N-doped heater embedded in a MRR is driven by a
computer-controlled Keithley 2400 source meter used in current source, voltage sense mode. In
contrast to the prior work on MRR weight bank control [52], no optical transmission spectrum
analyzer is needed to tune filters onto resonance and assist with model thermal calibration.

Inputs are derived from the multi-wavelength reference input generator, described in more
detail in [62]. It produces WDM signals with statistically independent power envelopes by
imparting wavelength-dependent delays on a 2Gbps pseudo-random bit sequence (PRBS). Input
signal references are recorded and stored by turning each DFB on individually. This setup enables
scope-based decomposition of the full weight vector based on the weighted sum. We use x;
to denote the reference signal of channel i as a vector of sampled points over a set of discrete
sampling times. Defining the full input signal basis as, X,

Xi[r=1] X2[r=1] " XN,[r=1]
X = |xi[1=2] Xo1=2] ' XN,[1=2] (1)
= [X1, X3, ..., XN] 2)

The measured output signal is a weighted sum of these inputs: y = Xu, where g is the weight
vector that can have positive and negative values. We use the Moore-Penrose pseudoinverse to
decompose the measured output into an estimated weight vector

a=X"y 3

where /i is the measurement-based estimate of the weight vector, and the psuedoinverse of the
input signal basis is X* = (X7 X )_1 XT. This weight decomposition technique represents an
improvement upon the method introduced in the previous work. Prior work required x; to be
orthogonal to all X, while, here, the requirement is greatly relaxed from orthogonality to
independence.

2.3. Basic characterization

A thermo-electric characterization of the N-doped MRRs is performed using a source-meter.
Variables are as defined in the Appendix. First, the stage temperature is varied while resistance
is measured at low current, yielding a thermo-electric coefficient of g =3.5€/K. The applied
current is then swept, measuring voltage, shown in Fig. 3(a)— 3(d) (blue curves). The resistance
vs. electrical power is approximately linear with Ry = 1.9kQ and o =134Q/mW, indicating
a self-heating coefficient of z =38.4K/mW. Then, the electrical response is measured in the
presence of a strong fixed laser, shown in Fig. 3(a)- 3(d) (red curves). The laser causes a
photoresponse resulting in a difference between measured voltage, V, and the baseline (no light)
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Fig. 3. (a-d) Electrical response to bias current (a, ¢) and nominal power (b, d) with the DFB
laser on (red) and off (blue). Resistance is dependent on temperature changes due to ohmic
heating and on the presence of circulating optical power. The meanings of several device
and control variables are illustrated. (e-g) Optical properties of the resonator vs. bias. To
first order, wavelength shifts (e) are a quadratic function of current. Above a bias of 0.6mA,
extinction ratio (f) and Q factor (g) begin to degrade due to additional loss in the heater.

voltage, V. Fig. 3(b)-3(d) illustrates the control parameters AVinax, P, o» Ppyopm» @ and Ry that
are described and used in the next section. Their values are found in Table 1.

Optical and thermo-optic characterization is performed with an optical spectrum analyzer
(Apex AP2440A). The radii of the MRRs were designed with 0.2% difference so that their
as-fabricated resonances would be unlikely to coincide. Both MRRs have a half-width half
maximum of 0.15nm (i.e. Q factor of 5,900). Their resonance peaks, Ao, fall at 1551.78 and
1553.39nm, respectively. FSR is 12.1nm for both MRRs. The finesse (i.e. FSR / FWHM) is 40.2.
Observing the resonance shift vs. applied power in Fig. 3(e), we find the thermo-optic coefficient
to be k =6.54pm/K, resulting in thermal tuning efficiency kz = 0.25nm/mW (i.e. 47GHz/mW or
48mW/FSR). Observing the other peak shift, we observe a very small thermal cross-talk ratio
of 0.28%. THRU port extinction ratio seen in Fig. 3(f) is level between OmA to 0.5mA, above
which, it falls from 20dB (1%) to 5dB (32%). At high bias on-resonance, at most 68% of light
is available at the proOP port, resulting in a minimum insertion loss of 1.7dB. In broadcast and
weight, each path of each wavelength interacts with only one MRR weight, so this loss does not
cascade in proportion to number of neurons. The knee-like dependence of extinction ratio and Q
factor indicates that either the bus-to-ring coupling coefficients or the absorption within the ring
are affected by applied electrical power, which is studied more extensively in Sec. 5.

3. Calibration and control procedures

A controller uses actuators and sensors in attempts to set control variables to desired values. A
generic feedback control system is diagrammed in Fig. 4. In this case, the actuator is current
source, sensor is voltage measurement, and control variable is weight. Within the controller,
there is a simplified model of the device, which has parameter values that must be calibrated
before evaluation. An evaluator is a procedure that 1) generates command values, 2) directly
measures the controlled values of interest, and 3) compares the desired to actual weights.
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Fig. 4. Concept of feedback control and control evaluation. In feedforward control, there is
no sensor path from the device back to the controller.

The control model used in this work, starting from desired weight and ending at applied
current, is pictured in Fig. 5(a). It can be summarized as

(1) = (D) = (D) = (5) —(P) =« )
feedback control rule

where the intermediate control variables and rules are described in Table 1. u is weight, the
control variable. D and D are, respectively, actual and estimated broP port transmission. &
and P are, respectively, normalized and nominal electrical power. (I) is applied current, the
actuation variable. The intermediate conversions (e.g. from current to normalized power shift)
are needed to properly scale the feedback search domain. We use * notation to denote an estimate,
(-) to denote a command/desired variable, and < to denote assignment, in other words, how to
command the left variable in order to satisfy the expression on the right.

Table 1. Control variables

Name | Symbol | Equation Expression Control rule

. [ ®
Applied current 1 Iy « Ro(1a(P))

. . I’R
Nominal electrical power P (12) ﬁ <E> — P (O +P.
Normalized power 0 @) B;:V am® = P..0) (0) « search — (ﬁ)
A 2 A
Estimated transmission D (19) ( A@Zax) (D) — g7'(DY)
Actual transmission D (D) « I_TO“’)
Weight u (21) 1-2D

A key advantage of feedback control is a relaxed modeling requirement, which can be seen
by comparing the control model, Fig. 5, to the physical model, Fig. 10. The relevant physical
phenomena include thermal, electrical, optical, and photoelectric effects. The circular, nonlinear
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system of physical equations are derived in the Appendix, yet do not need to be solved for
weight control. All of these effects are countered during the feedback control stage which has no
modeling requirement.

In the control rules, there is reference to parameters that are fixed regardless of command
weight values. Their values must be determined during a calibration phase with a calibration
procedure. Table 2 summarizes the parameters involved in control along with calibrated values
from a typical device. In this section, we describe the calibration procedure in steps, each
including: the procedure, the parameters that are calibrated, any modifications needed for the
multichannel case, and the intermediate control rules enabled by that step.

3.1.  Common parasitic resistance (multichannel only)

The MRRs share a common ground (GND) trace which has a parasitic resistance. As described
in Sec. 7.4, this causes a difference between measured voltage and voltage just across the heaters,
which must be accounted for when using >1 channel. We first calibrate the common connection
resistance, Rcomm, With the lasers turned off. Reopmm is described by a N X N matrix (Eq. (24)).
First, the current is zeroed on all but channel i.

Ii =Lt #0; Ijz; =0 ()

and then voltage is measured on all other channels to fill out one row of the common resistance
matrix

Rcomm,ji = Vj,meas/lset Vij (6)

This is repeated over all i. After this step, the actual heater voltages can be derived from the
measured voltages by applying the R, matrix to the known vector of currents.

3.2. Baseline sweep in current

To assess the electric and thermo-electric properties, the laser is turned off, and the applied
current is swept for one channel at a time. The measured voltage is used to calculate applied
power and resistance. This relation is fitted with a linear regression to find ambient resistance
and the thermo-electric coefficient. In the multi-channel case, current is kept at zero for all
other channels. After this step, the parameters needed for the control rule (I) «— (E) have been
calibrated, enabling further calibration steps to proceed in terms of nominal electrical power.

3.3. Photoresponse peak search

In this step onward, all DFB lasers are turned on. The deviation of voltage away from baseline (i.e.
lights-off) voltage is used as an indicator of photoresponse or circulating optical power within the
MRR. We perform a Nelder-Mead search [65] to converge on the peak photoresponse occurring
at resonance. The calibration parameters for nominal applied power, P, ., and maximum
photovoltage, AVinax, are determined by the on-resonance point. In the multi-channel case, this
peak search occurs simultaneously for all channels to find the vector of bias powers. After this
step, no additional control rules have been made available; however, it is now possible to calculate
the value for estimated transmission, D, using the newly calibrated parameter AVy. D, defined
in Eq. (19), is not a true transmission and could also be referred to as a normalized photoresponse,
which is a function of photovoltage.

3.4. Photoresponse HWHM search

To find the width of the photoresponse peak, we perform a binary search between the peak power
and a detuned power, looking for a photoresponse that is half of the peak photoresponse (i.e.
<D> « Dpax/2). During the binary search, if the photoresponse is greater than the target, the
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Fig. 5. a) Simplified control model. Feedback control occurs in the domain of §-D, which are
invertible functions of current and voltage. b) Illustration of the feedback control rule. First,
an estimated transmission is requested. Then, the controller performs a binary search for the
commanded value over the § domain. The converged value of 6 becomes the commanded
value for the thermoelectric control step. Blue, dotted curve: Example measurement of D
vs. 0. This curve is not measured during calibration because it can shift horizontally with
environmental fluctuations.

applied power steps away from resonance — if the photoresponse is below target, the power steps
closer to resonance. Every iteration, the magnitude of the power step is halved. The binary
search converges efficiently, resulting in an estimate of the half-width at half-maximum power
on that side, Ppywhm. In the multi-channel case, the searches occur on each channel sequentially
while the other channels are held at their approximate resonance point. It is convenient to define
a normalized electrical power, ¢, as

P-P

5= —_—tes 7
Phwhm ( )

so that, at § = +1, transmission is half of maximum.

The feedback control procedure of () «— (D) is now available. This control procedure
consists of a binary search for a target estimated transmission exactly like the HWHM search
described above. This binary search is illustrated in Fig 5(b). In the multi-channel case, the
binary search for D is repeated on each channel twice: first, a rough (10% tolerance) search on
each channel is performed sequentially, then, the sequential search is repeated over a small range
around the first estimate of §; with a finer 1% tolerance. The control rule must be repeated twice
because making large changes in the second channel’s tuning invalidates the first one due to
thermal and electrical cross-talk.

3.5. Edge transmission correction (optional)

As discussed in the Appendix, we estimate the relation between transmission of the MRR and
voltage deviation from baseline to be quadratic, but this approximation is not exact. For more
accurate weighting, we can measure the actual transmission vs. estimated transmission along

the filter edge, denoting this correction function as D = g (D) Without this edge correction

step, g is assumed to be an identity function. With edge correction, the real transmission, D,
is measured directly using the weight decomposition setup described above. A set of binary
searches is performed to track the photoresponse to 7 values over the domain 0 < D < 1, thus
building an estimate of g. In the multi-channel case, it is not assumed that g is the same for
different channels. The set of binary searches occur on each channel sequentially while the other
channels are held at their approximate resonance point.

The disadvantage of this step is that it requires direct optical measurements of the weights,
plus additional calibration and instrumentation. It thus negates some of the reasons of using
feedback control. As a tradeof, this step gives an increase in weight accuracy, as seen in Sec. 4.
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Table 2. Calibrated parameters used during control

Name | Symbol Value Calibrated during
Common connection resistance (ch. 1—=2) | Rcomm,12 120Q2 Step 3.1
Ambient resistance Ry 2.06kQ Step 3.2
Thermoelectric coefficient a 134 Q/mW Step 3.2
Electrical power on resonance P, 2.35mW Step 3.3
Maximum photovoltage AViax 0.26V Step 3.3
Electrical power offset at half photoresponse | P, . 0.57mW Step 3.4
Actual vs. estimated transmission g(D) function Step 3.5

It could be rendered obsolete if a better a priori estimate of transmission vs. voltage deviation
were developed, which is considered in Sec. 5.

4. Results

We perform the above calibration procedure on a two-channel feedback controlled weight bank
and then evaluate the accuracy and precision of the following control rule. The evaluator generates
a grid of command weight values, which the controller converts to applied currents, as in [52].
The evaluator then measures actual weights through the scope decomposition method. Actual
weights are compared to the desired command weights. Performance is quantified in terms
of mean deviation from the command weights (a.k.a. accuracy), ouccu = ||f£ — ||, and their

non-repeatable standard deviation around this mean (a.k.a. precision), oprec = 1/((/,t - ﬁ)2>.
f refers to the mean over measurements. Both values can be expressed as a percentage, or a
dynamic range DR = ({tmax — fmin) /0", Or as an effective bit resolution: log, (DR). Control
performance is summarized and compared to prior results in Table 3.

4.1. Single channel control

The single channel control evaluation is shown in Fig. 6 for 21 points over the range of command
weight values. The dashed line represents the target weight. Black points are measured weights
over 5 trials. The center, red curve is the mean weight value, and the high/low, blue curves
show one standard deviation around this mean. The evaluation is repeated at 24°C and 26°C.
Laser detuning from as-fabricated MRR resonance, A¢qprier — Ao, is 2.32nm and 2.31nm in
these respective cases. At each temperature, calibration is repeated before controlling at that
temperature. Using the transmission edge correction in Step 3.5 results in an increase in accuracy
from 4.2 bits (5.4% error) to 5.3 bits (2.5%) and precision from 4.8 bits (3.6%) to 5.4 bits (2.4%).

4.2. Multi-channel control

Two-channel weight control results are shown in Fig. 7 over an 11x11 grid and 3 trials. The black
grid indicates target weight vectors; red vector lines are mean offset from these targets; blue
ellipses represent the two-dimensional standard deviation around these means. Temperature was
26°C, and A¢gprier — Ao Was 2.31nm for each channel. A comparison is made between the case
using only the estimate of photoresponse and with the optional transmission edge calibration.
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Table 3. Accuracy and precision of weight control strategies

Experiment Accuracy (bits) | Precision (bits) | Required observations

Single channel

Feedforward [66] 4.1 5.0 Spectrum, Weight
Feedback 4.2 4.8 Resistance
w/ edge cal. 53 54 Resistance, Weight

Multi-channel

Feedforward [52] 4.8 5.0 Spectrum, Weight
Feedback 4.2 5.3 Resistance
w/ edge cal. 5.1 5.5 Resistance, Weight

The accuracy in both cases (4.2 bits (5.4%) without edge cal., 5.1 bits (2.9%) with edge cal.)
are very close to those of the one-channel results. Error tends to be worse for negative weight
values because these correspond to the more sensitive on-resonance region. The achieved control
accuracy is commensurate with state-of-the-art digital weight resolution used in neuromorphic
electronics [67,68]. 4 bits + 1 sign bit has been deemed by significant parts of that community to
be sufficient for neuromorphic processing [69].

The primary difference in the calibration procedure for multi-channel case is calibrating
for common connection resistance, which affects the estimate of voltage across individual
heaters. For comparison, we repeated the above evaluation procedure while neglecting common
connection resistance (Step 3.1) finding that multi-channel control failed entirely. This indicates
that it is both essential and practical to precisely calibrate for the parasitic resistances found in
the common ground network.

5. Photoresponse characterization

The relationship between real transmission or weight and the measured photoresponse is important
for accurate feedback control. Since current-mode drivers are used, the photoresponse is defined
in terms of voltage away from the baseline voltage. We observe a relationship that is approximately
quadratic, defining estimated transmission as D = (AV/ AVimax)? in Eq. (19). To evaluate this
estimate, we performed a more detailed characterization of the photoresponse of one device over
arange of laser parameters. To the authors’ knowledge, a characterization of N-doped heaters
such as this has not yet been reported.

Figure 8 shows the effects of input laser power. The laser power is swept from 3mW to
20mW, limited by equipment, and the normalized electronic power, J, is swept from —1 to 2.
The estimated fiber-to-chip coupling efficiency is 28%. The laser detuning is 2.32nm. The
transmission is measured with a power meter and the photoresponse is measured with the
source-meter. Figure 8(a)-8(b) clearly show a correspondence between voltage change and actual
transmission. Figure 8(c) indicates that the on-resonance photoresponse is not proportional
to input power, as predicted by the simplified theory in the Appendix. The photoresponse
relationship g : D + D is plotted in Fig. 8(d). The black line represents an ideal estimate such
that D = D. The response is nearly correct with slight saturation closer to the resonance point,
and it is notably insensitive to laser power.
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Fig. 6. 1D command-control evaluations of accuracy (accu., center-red lines) and precision
(prec., high/low-blue lines) at 24°C and 26°C. The actual measured weight, y, is plotted
against desired command weights, /i, and compared to the ideal target (black dashed lines).
In (a)—(b), the optical weight edge is not directly measured during calibration (Step 3.5: edge
calibration), while, in (c)—(d) the weight edge calibration is performed.

Another characterization is performed by varying the initial wavelength offset of the carrier sig-
nal. The laser wavelength away from MRR resonance as-fabricated is swept from 1.85 to 2.32nm.
Current is swept from O to 1.5mA such that the MRR will tune through the laser wavelength. In
Figure 9(a)-9(b), it can be seen that the peak photoresponse and on-resonance transmission are
affected by detuning in a nonlinear way. As seen in Figure 9(c), the photoresponse is different for
low (left) and high (right) edges of the peak, an effect that gets emphasized at smaller detunings
(purple). The photoresponse is larger on the high edge where current is greater. In the laser
power sweep in Fig. 8, the detuning was sufficient to not observe the asymmetry.

In both characterizations, the error of the estimate of g can be attributed to an on-resonance
transmission that is less than ideal. Supposing a lossless MRR, the decrease in Q factor in Fig. 3
could be explained by temperature-dependent MRR-to-bus couplers; however, this mechanism
does not explain the drop in extinction ratio. Due to the heater symmetry, the MRR without
internal loss would remain critically coupled to drop 100% power on resonance. Absorption
in the heater reduces the peak transmission by breaking this critical coupling condition and/or
by absorbing power directly. We can therefore conclude, firstly, that the absorption in the
heater is non-negligible compared to the coupling coefficient of the MRR to the WGs and that
Eq. (13) is incomplete. In Figure 9, it is also seen that the amount of absorption changes with
the applied current to get to resonance. Stronger evidence of bias-dependency is provided by
the response being more asymmetric for smaller detunings — where the marginal difference
in current between low and high edges is larger. We can therefore conclude, secondly, that
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Fig. 7. Evaluation of two-channel command and control, following the format of [52], Fig.
4. Black grid crossings: desired weight vectors. Red arrows: offset between desired and the
mean of actual weights over 3 repetitions. Blue ellipses: variance of actual weight values
over the repetitions. a) Without the weight edge calibration (Step 3.5), the accuracy is 4.2
bits. b) With edge calibration, the accuracy is 5.1 bits. Accuracy is worse at negative weights

because this corresponds to the more sensitive on-resonance point.

Eq. (15) is incomplete, and absorption has other dependencies than just circulating power. This
conclusion is corroborated by the nonlinearity of Fig. 8(c). One possible explanation is that a
higher bias voltage sweeps the generated photocarriers out of the active region at a faster rate.
Another possibility is a temperature-dependent absorption coefficient. Surprisingly, the peak
photoresponse and transmission are non-monotonically related to detuning, perhaps a hint that
two competing phenomena are being observed.

We did not arrive at a concrete expression for an improved estimate of g as it is affected by the
laser power, electrical biasing, temperature, and heater geometry. The estimate performs better
for larger initial detunings. The characterizations provided here could be useful for further work
towards estimating g. Better estimates of transmission vs. photoresponse would render the filter
edge calibration step unnecessary.

6. Discussion

Feedback weight control presents major advantages over feedforward control, especially for
larger silicon photonic systems with many resonators. The calibration phase is much simpler
and requires fewer measurements. In contrast to past work, no thermal cross-talk calibration is
necessary. Furthermore, the control phase is robust to temperature fluctuations very likely to
occur outside of the stabilized laboratory setting.

6.1. Sources of temperature fluctuation

Realistic analog photonic networks will very likely contain two significant sources of heat:
CMOS controllers and laser neurons. The amount of heat these generate in close proximity to
the silicon photonic layer can fluctuate significantly in a way that is difficult to predict on the
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a) Change in measured voltage away from baseline. b) Actual transmission measured by a
power meter. c) Actual transmission, D, from (b) plotted against estimated transmission,
where the solid black line represents an ideal estimate.

fly. Co-integrated CMOS controllers will become necessary for systems to scale beyond wire
bonded I/O count limits. Numerous researchers in the neuromorphic photonics community have
reported semiconductor lasers that exhibit neuron-like spiking behavior [70-74]. Spiking laser
neurons, proposed by Nahmias et al. in 2013 [75] and reviewed in [76], all generate heat that
could potentially vary with activity. In this situation, feedforward weight control techniques
relying on complete temperature predictability will be infeasible.

6.2. Filter edge correction

Calibration of the transmission edge in terms of actual vs. estimated transmission had a significant
impact on control accuracy. This step defeats some of the purposes for feedback control in that
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transmissions must be measured during the calibration phase. A key difference between these
measurements and the calibration measurements needed for feedforward control is that only one
channel’s transmission must be measured at a time. One direction for further work would be
performing calibration with a power meter as opposed to scope-based weight decomposition
(although decomposition would still be needed to evaluate control accuracy). Another direction
would be more accurate a priori estimates of the photoresponse function, g, such that edge
correction measurements are not needed.

6.3. Control within a network

Prior work argued that online weight control for neuromorphic photonics would be a particular
challenge because average optical power levels are affected by activity [66]. A consistent input
power is needed to act as a reference level for in-ring sensor response. In the complete silicon
photonic neural network shown in Fig. 1(b), it can be seen that MRR modulator neurons stand
between the pump lasers and MRR weights. Weight values affect network dynamics including
the average transmission of neurons, thus creating a circular, unstable, and non-local dependency
between the transmissions of all the weights and of all the modulators. This type of coupling is
in fact essential for creating a complex dynamical system capable of information processing.

When using MRR modulator-class neurons, it is always possible to temporarily break this
circular dependency by detuning the MRR neurons. This ensures that a consistent power reaches
the weight banks regardless of their weight states. At that point, the weights can be appropriately
calibrated and configured, after which the photonic neurons would be brought back to resonance
with their respective carrier signals. The time to reconfigure weights is much slower than the
signal bandwidth, which is typical of neural networks; nevertheless, reconfiguration time is
an important metric in some applications. Further work could seek to reduce this time using
fast, non-thermal tuning effects and/or optimized control algorithms, perhaps combining prior
techniques in lookup-based feedforward calibration with feedback adjustments.

The device pictured in Fig. 2 was originally fabricated to address the issue of varying input
power levels — by using 3 MRRs per wavelength, a differential measurement between the total
input power and power coupled through the weight could be made. Further work could investigate
using the additional sense MRRs when the input power level is unknown, although this appears
to be unnecessary with networks of MRR modulator neurons.

6.4. Footprint

Work on continuous transmission control for analog matrix multiplication in silicon photonics has
focused on grids of microrings (MRRs) [25,43] and meshes of Mach-Zehnder interferometers
(MZI) [22,26,77]. MRR-based weights represent an area savings of more than 10X when
compared to MZI-based weights. In this work, the longitudinal MRR pitch was arbitrarily chosen
to be 300um but could be reduced to S0um accounting for the contact design needed for feedback
control, shown in Fig. 2(a). The lateral pitch is limited by the MRR radius and offset between a
proP WG and the THRU WG of the subsequent weight bank. Assuming the radius of 8um used
here and a prop WG spacing of Sum results in a lateral pitch of 30um. For comparison, the
length of MZIs is limited by directional coupler length (20um), WG routing into and away from
the coupler (40um), and thermal phase shifter length (40um), where the values in parentheses
come from [22]. The lateral heater pitch was 80um, limited by heater width and access WG
radius. Each matrix element requires two MZIs leading to a footprint of 200um x 80um — 10.7
times the MRR weight footprint of 50um X 30um. Feedback control strategies for MZI matrices
applying configurable unitary operations have been proposed [78], and a system for demixing a
multi-mode input has been demonstrated by Annoni et al. [61]. Incorporating feedback sensors
further increase the mesh footprint, for example, the contactless probes used in [61] have a
minimum useful length of 50um [79]. In [25], the authors calculated that a broadcast and weight
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network of 25 neurons would consume 106mW and occupy 0.39mm? with passive weights.
Substituting the larger area of an N-doped weight would increase that area to 0.94mm?.

7. Conclusion

We have demonstrated continuous, multi-channel feedback control of a MRR weight bank using
embedded N-doped photoconductive heaters as sensors. Furthermore, we presented a rigorous
characterization of photoresponse for over a range of carrier wavelength offsets and powers.

Controlling MRR filter response is a challenge in all MRR circuits due to fabrication variations
and thermal sensitivity. This work exhibits major advantages over prior MRR weight bank
control approaches in the form of calibration simplicity, required instrumentation, and control
robustness. It is distinct from prior work on MRR feedback control because it shows control over
a continuous range of transmission values, rather than tracking a single on-resonance point.

Further work includes developing control procedures that can attain the highest accuracy
without direct off-chip transmission measurements, instead employing on-chip detectors or more
accurate modeling of the relation between photoresponse and actual transmission. Another
direction would be introducing feedback control for two-pole MRR weights, which have substantial
impact on channel count and robustness [80]. Electrical I/O is a limiting factor in photonic
integrated system scaling, so other further work could investigate co-integrated CMOS controllers
capable of performing the necessary calibration and control procedures.

Feedback control renders feasible the problem of controlling large analog networks of microring
weights. Microring weight banks present novel opportunities for reconfigurable analog photonic
networks. Rapid developments in silicon photonic platforms and the surrounding industry could
soon enable large-scale analog photonic systems with applications to new performance domains
of machine information processing.

Appendix: Theory and model

The N-doped heater embedded in a MRR with an incoming laser signal contains an interplay
of thermal, optical, and photoelectric effects. The calibration/control rules in this work rely on
an understanding of these effects, although, unlike a feedforward controller, they do not need
to solve the equations to precisely invert the system of equations. The full model is shown in
Fig. 10. Both resistance and refractive index change with temperature. Refractive index affects
transmission at the laser wavelength. Transmission affects the photoelectric absorption, which
in turn affects resistance. Changes in resistance change the applied electrical power at a given
applied current. In this section, we derive the relations between underlying physical phenomena
since further study of them might yield improved weight control results.

7.1. Thermo-electric effects

The power dissipated in the resistor is well-defined as
P=1V =1IR (Ohm’s law, Joule’s law) (8)

where [ is the applied current — the only independent variable with an ideal current-mode driver —
and V is voltage. R is the actual resistance, which depends on temperature and photoelectric
absorption. We first consider the heater resistance without any incoming light.

R = Ry(1 + BAT) (Temperature-dependent resistance) C))
AT = zP + ATenvironmental (Temperature) (10)

where the parameters are Ry(2): ambient resistance, S(Q2/K): temperature coefficient of
resistance, and AT(K): temperature change. The temperature is affected both by dissipated
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Fig. 10. Physical model of the N-doped heater embedded in a MRR with an incident laser.
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would require high-fidelity modeling of this system, but the feedback control model, shown
in Fig. 5, can use a vastly simplified. The effects of varying laser wavelength and power
parameters are examined in Sec. 5.
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power via z(K/mW): the self-heating coefficient, and by environmental fluctuations. Assuming
no optical input and no environmental fluctuation, we can define a baseline of the applied power

R = Ry(1 + aP) (11)
I’R

p=—— 90 (12)

- 1= QIZR()

where we use an underbar to indicate the absence of optical input. The parameter @ = Sz is
the net change in resistance vs. power in Q/mW. Already it can be noted that Eq. (12) has an
asymptote — this corresponds to thermal runaway that occurs when « is positive and current-mode
drivers are used. Equation (12) is used heavily in calibration (Sec. 3) because it maps approximate
power to the independent actuation variable, current.

7.2. Transmission and thermo-optic effects

The transmission through the prop port of a MRR filter is a Lorenzian-like peaked function, £,
of the form

D=L (M) (Resonator transmission) (13)
HWH My

where D is DrRoP port transmission and A, is the resonance wavelength. The transmission function

is a comb with multiple resonances, but we focus only on one resonance order. The parameters

are Acqrrier; Wavelength of the laser signal, and HWH M|,; half-width half-maximum of the

filter peak. The resonance is also affected by temperature:

A = Ao + kAT  (Thermo-optic resonance shift) (14)

where Ay is as-fabricated MRR resonance, k is thermo-optic coefficient in (nm/Kelvin), and AT
is as in Eq. (10). Just like resistance, the dependent variable A, shifts in proportion to dissipated
electrical power and is also affected by ambient changes in temperature. The as-fabricated
resonance is sensitive to fabrication deviations that are spatially-correlated [81, 82]. For MRRs
that are far apart or on different wafers, Ag can vary by more than an FSR in the worst-case.
When they are nearby, standard deviation in 4y can reach 0.35nm [81].

7.3. Photoelectric effects

a =uDpcarrier (Photo absorption) (15)
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where a is the optical power absorbed within the MRR heater, u is the fraction of light that is
absorbed vs. transmitted to DROP port and p.q,rier: Optical power of the carrier signal. If we
assume that the maximum prop port transmission is 100%, i.e. Dyax = 1, then

Amax = UPcarrier (16)
-p=_¢ (17)
Dnax Amax

where apmax occurs at resonance. This indicates that the transmission can be determined by
measuring the electrical photoresponse if the on-resonance photoresponse is also known.

The generated photocarriers reduce the resistance of the N-doped heater; however, this relation
is not trivial. Neither change in resistance nor change in current are proportional to a in all cases.
For this reason, we describe the electrical impact of photoabsorption as a function. Since we use
current as the independent source variable, this function is stated in terms of photovoltage, the
dependent measurement variable.

V =V - f(a) (Photovoltage) (18)

where V is the baseline voltage without optical input. The function f is monotonically increasing;
however, it can vary from MRR to MRR and even within the same MRR with different DFB
powers and wavelength offsets. We investigate this relationship in Sec. 5, although do not arrive
at a universally accurate formula for f. It is likely that f depends on layout dimensions and
semiconductor diffusion and transport quantities.

Through characterization, we observed that the actual transmission is usually proportional to
the change in voltage squared, thus we find it convenient to define an approximate transmission

. AV )2
D = 1
( Avmax ) ( 9)

where AV =V - V. D is an expression of normalized electrical photoresponse, not a real
transmission. Rearranging the above equations, we can replace f with a different function, g,
that captures the error of this approximation.

D =g(D) (20)

If the approximation is accurate, then g is the identity x = y function. Controlling the weight
value requires inverting g. We take two approaches in the calibration procedure Sec. 3: either
relying on the approximation of g~! to be the identity, or directly measuring g and inverting it
using interpolation. We find that, in the two-channel case, direct measurement increases accuracy
by a factor of two.

Finally, the effective weight is determined by the difference in photocurrents induced in
the THRU and prop port photodiodes which are proportional to the corresponding thru port
transmission, 7', and prRop port transmission, D. When loss in the MRR is negligible, these
transmissions are complementary, resulting in

p=1-2D @

7.4. Common connection resistance

The MRRs share a common ground (GND) trace to save on electrical I/O. By using current-mode
drivers, the current through each N-doped heater is known exactly; however, since the common
trace has a parasitic resistance, the voltage across just N-doped heater number i: V; pearer, iS
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different than the voltage measured by the corresponding source-meter: V; ;0qs. Since continuous
calibration relies on an accurate measure of heater voltage, we must account for this difference.

Vonp =0 < Vi,comm (22)

Vi,meas = Vi,heater + Vi,comm (23)

where V,omm is the voltage at the junction of the two GND-side traces. In the 2-channel case,
shown in Fig. 2(c), the common ground resistance is a scalar. For >2 channels, the common
ground tree forms a resistive network. We can use a matrix of resistances, R¢opmm, to describe
the relation between the current through all heaters and the common-side voltage of all heaters.

Vi,comm = z:chomm, ijIj (24)

where Reomm,ij can have non-zero values depending on the ground network. The matrix of
common connection resistances describes the effect that current on channel j has on the voltage
observed at channel i. Its values would be difficult to derive from the layout, although it can
simply be measured with a straightforward procedure described in calibration Step 3.1.

7.5. Summary

To simulate this device, we would need to specify all of the above parameters. With a feedforward
calibration approach, the control rule would need all the parameters and to invert this fairly
complex relation. In contrast, for feedback control, the goal is only to estimate transmission
based on voltage measurement. In that case, we only need to know the parameters Ry, @, AVpax,
Rcomm, and 8-

This system of equations is capable of oscillating. When the MRR moves on-resonance, the
photoelectric effect reduces the voltage, thereby reducing the actual electrical power. In turn,
temperature decreases, blue shifting the resonance. If this shift is sufficient to bring the MRR
off-resonance, then voltage will return to its nominal value, thereby red shifting, and so on. The
asymmetry of the photoresponse peak in Fig. 5(b) is indicative of the possibility of instability.
The left edge (blue shifted from resonance) is steeper, and its slope can increase past vertical,
such that no stable solution exists. Oscillation is of course undesirable for weight control. It
can be avoided by tuning along the right edge (red shifted from resonance; i.e. electrical powers
greater than the nominal resonance power).
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