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High-Level Outline

n Professional trajectory
n Research group at Concordia
n Solving the energy problem of I/O
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Professional Trajectory
n BASc (1999), EE, UW
n MS + PhD (2005), EE, Columbia

l VLSI Analog Computer, 100 mm2

n 2005-2007: IBM Watson
l VCO/PLL design
l Circuits to explore process variation

n 2007–: Concordia University
l SSCS chapter chair since 2019
l 2024 book release
l IC design for high-speed and other 

applications
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Research Directions
n ICs for wireline

l Oscillators, PLLs, CDRs, photodiodes, optical receivers, laser 
diode drivers, ring-modulator drivers, thermal control

n Systems in package for harsh environments
l MEMS actuators, gate drivers, class-D amplifier control, PGAs

n Contactless ECG measurement
l Automatic bandwidth control, motion artifact modelling and 

mitigation
n Mixed-signal computation and security

l Spiking neural networks, physical unclonable functions, ODEs
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Research Team

• Absent: James Kyriacou (MASc), Sara Granata (MASc), Thimoté Desroches (MASc, ETS), Thin 
Tran (MASc, ETS), Benoit Malenfant (MASc, ETS)

• Recent grads: Nurahmed Aimaier (PhD, Dolphin), Allan Riboullet (MASc, ETS à in France), Sara 
Radfar (MASc, Linear optical receivers, Axonal Networks), Ata Mahsafar (MASc, CMOS for 
Optical logic gates)
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Montreal: A City of Universities

6

n When will you visit next?
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Outline
n Problem context
n Metrics
n Recent trends
n Potential directions

l Non-retimed, but not necessarily linear 
l Dense electrical to WDM
l CPOs w/o EIC

n Conclusions
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Energy Trends

n Compute energy
n Faster now: AI
n Production is flat

MediaTek, ISSCC 2026
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Per-Lane Metrics

n Data rate
n Energy per bit (pJ/bit)

SSCS Magazine 2025
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Aggregate Data Rate Metrics

n Beachfront/shoreline: Tb/s/mm
n Distance increases perimeter
n Area density: Tb/s/mm2

n Cost and vertical coupling
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Optical Transceiver Architectures: Pluggable

n Pluggable is serviceable
n Interface losses = energy dissipation
n Linear pluggable, DSP: TRx to Host
n Linearity needed for residual ISI

ISSCC 2026, Broadcom



12 of 32

Optical Transceiver Architectures: CPOs

n Co-packaged optics: Shorter traces, less loss
n Less serviceable à Pluggable light sources
n Much easier to get bits to and from OE

l Less loss and denser I/O
l May eliminate retiming in OE on one or both ends

ISSCC 2026, Broadcom
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Optical Transceiver Architectures: CPOs

n Broadcom solution: 106 Gb/s PAM4, MZM
n Retimed on OTx, direct drive for ORx
n 7 nm CMOS stacked on PIC
n 4.2 pJ/bit

ISSCC 2026, Broadcom
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Detailed CPO Cross-Sectional View

n Short, dense chip-to-chip links (C2C) @ 32 Gb/s
n 2.6 pJ/bit, incl laser (10 % WPE)
n Wavelength division multiplexing gives 256 Gb/s/fibre
n Efficient due to modest line rate and short links

ISSCC 2026, NVIDIA
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Detailed CPO Cross-Sectional View

n Forwarded clock, retiming in ORx
n Test chip has mux/demux for testing
n EIC between GPU and PIC

ISSCC 2026, NVIDIA
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XSR Performance Comparison

Dickson DL Talk 2025
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UCI Performance Comparison Dickson DL Talk 2025
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Proprietary Links Dickson DL Talk 2025
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Case for Modest Data Rate

n 50 cm twinax cable
n Clock forwarding
n 32 nm CMOS

n Power increases with DR
n Energy/bit increases

JSSC 2013, Intel
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Efficient Optical Tx

n 8 x 38 Gb/s, WDM, monolithic integration
n Driver efficiency ~106 fJ/bit
n 8 dBm per 𝝀 @ 10% WPE adds 1.6 pJ/bit

ISSCC 2026, UPenn
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Direct Connect: Switch to PIC 

n As reach shrinks, connect PIC directly to Host?
n Can we tolerate the distance?
n What is the minimum distance?
n Advocates of chiplets: Almost as good as on-die

ISSCC 2026, NVIDIA



22 of 32

n UCIe module: 64 lanes Tx & Rx 
n ~ 1 mm, 7 ps TOF
n 0.29 pJ/bit @ 16 Gb/s (SE)

ISSCC 2025, Cadence

UCIe Channel Dimensions

Ch
ip

 e
dg

e



23 of 32

UCIe-Sized Optical Tx

n Pads ~ ring diameter
n Need ring tuning pins
n Differential drive 

l > VDD swing needed
l Modest rate = higher Q

n Increase depth
n Separate UCIe for Rx UCIe-Matched 

SiPh Chip
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Challenges

n Driving cap via TL
n PD to TIA via TL
n I/O count per lane

l Differential ring and TIA
l Tuning for ring

UCIe-Matched 
SiPh Chip
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Ring/PD Via Transmission Line

n TL between driver/VCSEL
l Can be matched: Γ! < 1

n Driving ring via TL
l Γ! = 1
l Add termination across ring?

n PD to TIA via TL
l Γ" = 1

n Power/termination 

Transmission line

Γ!

Transmission line

Γ!

Transmission line

Γ"

TIA
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Simultaneous Bidirectional Signaling
n Rx tolerant to uncorrelated 

interference
n View reflection through 

same lens and EQ
n Observation ≠ actuation
n Short TOF (< 1 UI)
n Low loss (many 

reflections)

VLSI 2022, NVIDIA
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Our Approach to Ring Tuning

n Double bus ring: Quasi complementarity of outputs

ECHEVERRÍA et al.: SELF-CALIBRATED MICRORING WEIGHT FUNCTION FOR NEUROMORPHIC OPTICAL COMPUTING 603

Fig. 1. Weighted addition function with a single microring and one wavelength
per waveguide represented as (a) a generic building block of a weighted addition
function, (b) a single-ended microring-based weighted addition function, and (c)
a differential microring based weighted addition function.

processes [18], [20], [21]. The choice of an appropriate tuning,
stabilization and control circuits profoundly influences the over-
all performance and scalability of a microring based system.

This research focuses on establishing an all-analog, self-
referenced, and automatic electronic feedback circuit for mi-
croring stabilization with a single microring and one wavelength
per waveguide. Its functions include microring’s resonance tun-
ing to the operating laser wavelength, real-time temperature
monitoring and stabilization, and dynamic control of the op-
tical spectrum for neuromorphic computing applications. The
designed circuit achieves self-calibrated weights for changes in
temperature for a 6 ◦C range maintaining accuracy and precision
resolution slightly above 9 bits and 11 bits, respectively. The
paper is structured as follows: Section II presents the concept
of a weight function in neural networks. We delve into the
design of the MRR, and the thermal tuning mechanism em-
ployed. Additionally, we describe the control strategy devised
for regulating the weight function and the calibration method.
Section III presents our experimental results for the thermal
tuning and the weight function measurements. In Section IV,
we analyze the experimental outcomes and propose potential
future enhancements. Finally, Section V summarizes the key
results of our work.

II. WEIGHT FUNCTION AND CONTROLLER DESIGN

A. Weight Function

Neural networks consist of interconnected nonlinear ele-
ments, commonly referred to as neurons, with adjustable linear
weights known as synapses [1]. The synapses are implemented
with tunable weights [2], [4], allowing for dynamic adaptation
and learning within neuromorphic photonic systems. Specifi-
cally, a weighted addition function, illustrated in Fig. 1(a), can
be implemented using a bank of dynamically spectrally tuned
MRRs to enable learning and plasticity. By tuning to the de-
sired wavelength and adjusting the microring’s intracavity phase
shifts, localized circuits can dynamically modify the strength
of synaptic connections, or weights, to enable adaptability and

Fig. 2. (a) Schematic, cross-section, and micrograph of the photonic circuit
with double bus MRR and through/drop monitor photodetectors (MPD) to
implement tuning, stabilization and weight function with thermal feedback
circuit, (b) measured transmission spectrum of the MRR, and (c) measured
thermal shift efficiency.

neural network functionality [1], [2], [22]. The fundamental
expression for the weighted addition function is expressed as
follows:

ui = !wi · !yi ∀ i ∈ [1, N ] (1)

where ui is the output light intensity, !wi is the weight vec-
tor, !yi is the input light intensity and N is the weight vector
size. In an MRR-based system, the weight vector !wi can be
realized in either single-ended or differential configurations. In
the single-ended setup (Fig. 1(b)), the intensity at either the
through or drop port yield weight values between 0 and 1.
Conversely, the differential configuration (Fig. 1(c)) employs
balanced photodetectors resulting in weight values spanning
from −1 to 1.

B. Microring Resonator Design

This work requires a double bus MRR with power taps at both
through and drop ports that will serve as inputs for the thermal
feedback stabilization circuit (TFSC) to tune and stabilize the
microring. The double bus MRR is designed based on [23]
and fabricated in an AMF silicon-on-insulator (SOI) 193 nm
lithography technology platform with a silicon layer thickness
of 220 nm and buried oxide thickness of 3 µm. The MRR
waveguide is etched to a 90 nm thick slab and has 500 nm width
for single-mode operation, an insertion loss of approximately
2 dB, a radius of 10 µm, and a measured free spectral range
(FSR) of 8.8 nm. The schematic representation of the designed
MRR with a cross-section view and a micrograph are shown in
Fig. 2(a).

Critical coupling maximizes extinction ratio leading to a
higher dynamic range for the microring weight function. Due
to process variations, the microring is designed slightly under
coupled with through and drop gaps of 300 nm and 350 nm,
respectively, and includes coupling regime correction electrodes
connected to the microring’s waveguide. Applying reverse bias
to the MRR waveguide using the coupling correction electrodes
reduces the propagation losses inside the ring, thus moving
from under coupling to critical coupling regime. The fabricated

JLT 2025
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Reference & Calibration Free Lock Point

n Lock at high slope for max OMA 
n Difference between through and drop à Error signal
n PI control
n Thermal Feedback Stabilization Circuit (TFSC)
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Fig. 3. Optical transmission spectrum versus detuning wavelength of a double
bus MRR with through, drop and the through minus drop (error signal) curves.
The wavelength where the error signal equals to zero is represented by λError
and determines the zero value for detuning wavelength axis.

MRR features a measured Q-factor of 22,900, a full-width
half-maximum (FWHM) of 70 pm, and an extinction ratio (ER)
of 23 dB as illustrated in Fig. 2(b). For the thermal tuning, a
titanium-tungsten (TiW) metal layer is included 2 µm above
90% of the microring’s waveguide circumference with a nominal
resistance of 450 Ω, resulting in a thermal tuning efficiency
of approximately 100 pm/mW as shown in the thermooptic
characterization results (Fig. 2(c)). The thermal tuning efficiency
could be improved with isolation trenches [24] that confine the
heat within the microring structure. Additionally, waveguide
semiconductor heaters [25], [26] could enhance the efficiency by
achieving the thermooptic phase shift through the heat generated
due to resistive losses when an electrical current is applied
through the microring semiconductor waveguide. These meth-
ods result in tuning efficiencies above 1 nm/mW.

C. Thermal Tuning Operation

To explain how the proposed thermal stabilization circuit
works, Fig. 3 illustrates the transmission spectrum of both
outputs of a double-bus MRR with a continuous-wave (CW)
laser at the input. The transmission curves of through (blue) and
drop (red) follow the equations described by (2) and (3) [27]:

TT =
r22a

2 − 2r1r2a cosφ+ r21
1− 2r1r2a cosφ+ (r1r2a)2

(2)

TD =
k21k

2
2a

1− 2r1r2a cosφ+ (r1r2a)2
(3)

where TT is the transmitted intensity of through, TD is the
transmitted intensity of drop, φ = βL is the single-pass phase
shift, with L the round-trip length and β the propagation con-
stant of the circulating mode. r1 and r2 are the self-coupling
coefficients of through and drop, respectively, k1 and k2 are the
cross-coupling coefficients of through and drop, respectively,
and a is the single-pass amplitude transmission.

The input signal to the TFSC is the difference between the
through power and the drop power, represented by the solid
black line in Fig. 3. The error signal is symmetric with respect

Fig. 4. Block diagram of the thermal feedback stabilization circuit using
through and drop monitoring photodetectors, transimpedance amplifiers, sub-
tractor and proportional-integral-derivative controller that drives the integrated
heater of the MRR.

to the resonance notch of the microring spectrum, with each
side being a monotonic signal that crosses zero. This property
allows for a feedback controller that varies the power applied
to the integrated heater to lock the operation of the MRR at the
wavelength (λError) where the error signal is zero or, in other
words, where the optical power at the through and drop outputs
are equal. Waveguide taps sample the output powers used for
the tuning circuit.

The TFSC shown in Fig. 4 requires a double bus MRR with
monitoring photodetectors (MPDs) for the through and drop
ports. The MPDs monitor the optical power at the outputs
of the microring and the generated photocurrents provide the
input signals for the self-referenced thermal feedback tuning,
stabilization, and control circuit. The resulting photocurrents
are amplified by low speed transimpedance amplifiers (TIAs).
Subsequently, the difference between these signals serves as an
error signal to feed a PID controller. The output of the PID
is then used to vary the power supplied to the integrated TiW
metal heater for temperature changes within the waveguide of
the microring structure. As a consequence of this temperature
alteration, the refractive index of the microring’s waveguide is
modified leading to a shift of the resonant peak wavelength given
the thermooptic effect in silicon [28], [29]. Finally, the micror-
ing’s resonant peak shifts until the wavelength of the CW laser at
the input of the microring matches the point where the difference
between the photocurrents becomes zero, resulting in a precise
and dynamic adjustment of the microring’s resonant frequency.
The default operating point of the MRR occurs for TIA through
gain (GT ) equal to TIA drop gain (GD). This condition is set to
achieve automatically a balance where the difference between
the amplified photocurrents from the through and drop ports is
minimized. This effectively leads to an equilibrium point where
the average transmitted intensity of through (TT ) equals the
average transmitted intensity of drop (TD) multiplied by the
respective TIA gains and photodetector responsivities RT for
through and RD for drop as expressed in (4).

GTRT [r
2
2a

2 − 2r1r2a cosφ+ r21] = GDRD[k21k
2
2a] (4)

For the specific case of GTRT = GDRD, the locking point
is achieved at the location of the optical spectrum where the
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of the microring and the generated photocurrents provide the
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is then used to vary the power supplied to the integrated TiW
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Reference & Calibration Free Lock Point

n Locks ring over wide temperature sweep
n L: Wavelength sweep
n R: Temperature sweep
n Robust to temperature, wavelength, input power
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Fig. 10. (a) Measured optical spectrum of a microring modulator after a laser
sweep with TFSC ON and with TFSC OFF, and (b) temperature sweep from
35 ◦C to 15 ◦C and corresponding measured applied heater power showcasing
the real-time temperature tracking capabilities of the feedback system.

the designed circuit to stabilize the microring when there are
variations in the laser wavelength.

To obtain the same wavelength range for the TFSC OFF and
TFSC ON curves of Fig. 10(a) we perform two measurements
with the following configurations. For the TFSC ON curve,
the laser wavelength is chosen to be 1 nm red-shifted with
respect to the microring’s resonance wavelength at steady state
ambient temperature, 19 ◦C. Then, the TFSC is turned on while
applying a laser sweep of 500 pm. Note that the speed of the
laser swepp is lower than the thermal constant of the feedback
loop. The optical transmitted powers of the through and drop
ports are measured using a power meter and the values of the
TFSC ON curves are plotted. For the TFSC OFF curve, the
TEC temperature is increased to 29 ◦C to red shift the optical
spectrum approximately 700 pm. A 500 pm sweep is performed
while the measured values of the optical transmitted powers
of through and drop ports are plotted. The circuit’s ability to
sustain consistent operation across varying thermal conditions
for a fixed input wavelength is demonstrated by performing a
temperature sweep using a thermoelectric cooler (TEC). The

Fig. 11. (a) Eye diagram at the through port of the MRR after a temperature
sweep from 20 ◦C to 15 ◦C with the TFSC (a) OFF and (b) ON for a 2 Gbps
optical input signal. (c) Eye diagrams with the TFSC ON at 15 ◦C and (d) 35 ◦C.
For all conditions, a laser of a fixed wavelength is used.

power applied to the integrated heater is measured and plotted
in Fig. 10(b).

A measurement of a 2 Gbps transmitted eye diagram in the
through port is performed with and without the thermal feedback
stabilization circuit connected as shown in Fig. 11. The stability
of the tuning and stabilization circuit is evaluated to assess its
robustness and reliability. In the experiment, the temperature
range for an eye diagram persistence measurement is limited to
a change of 5 ◦C due to the induced misalignment between the
fiber array unit (FAU) and the vertical grating couplers (VGC)
given the thermal expansion and contraction of the glue epoxy
to fix the DUT to the mechanical stage. It is worth noting that a
change in local temperature of less than 1 ◦C would end up in
the loss of the operating point. To showcase stabilization across
a broader temperature range, the stage underwent realignment,
and the thermal feedback system is activated at temperatures of
15 ◦C and 35 ◦C, as illustrated in Fig. 11. When the thermal
feedback stabilization circuit is ON, the eye diagrams exhibited
minimal variance and distortion across the temperature range,
indicative of the circuit’s stability and resilience to thermal
fluctuations.

B. Weight Function

We evaluate the accuracy and precision of the control by com-
paring the actual measured weight versus the desired command
weight. A set of 16 weight values distributed over a range (0, 1)
are defined and applied to the TIA drop gain which translates
into a corresponding gain relationship variation between the
through and drop TIA’s gain in the thermal feedback loop. As
a consequence, this produces a change in the heater’s current
leading to the modification of the transmitted weight value that
is measured with a power meter while the eye diagram of the
2 Gbps PRBS signal is monitored with the DCA as depicted in
Fig. 12.

The performance of the system is quantified in terms of
accuracy calculated using the mean absolute error, and precision
calculated as the standard deviation over the mean expressed as
σaccu = ‖µ̄ − µ̂‖ and σprec =

√
〈(µ − µ̄)2〉 [32], where µ is

the measured weight, µ̄ is the mean over the measured weight
and µ̂ is the command weight. Both performance values can be
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Summary
n Shorten the electrical traces best performance
n Selective use of equalization
n Leverage C2C density, WDM à Modest rate
n Eliminate EIC in CPOs 

l Solve challenges of TLs
n Use simple thermal tuning



31 of 32

References
n S. Mirabbasi and L. C. Fujino, "Through the Looking Glass—The 2025 Edition: 

Trends in solid-state circuits from ISSCC," in IEEE Solid-State Circuits 
Magazine, vol. 17, no. 1, pp. 97-118, winter 2025

n M. Mansuri et al., "A Scalable 0.128–1 Tb/s, 0.8–2.6 pJ/bit, 64-Lane Parallel 
I/O in 32-nm CMOS," in IEEE Journal of Solid-State Circuits, vol. 48, no. 12, 
pp. 3229-3242, Dec. 2013

n D. T. Melek et al., "A 0.29pJ/b 5.27Tb/s/mm UCIe Advanced Package Link in 
3nm FinFET with 2.5D CoWoS Packaging," 2025 IEEE International Solid-
State Circuits Conference (ISSCC), San Francisco, CA, USA, 2025, pp. 590-
592

n Y. Nishi et al., "A 0.297-pJ/bit 50.4-Gb/s/wire Inverter-Based Short-Reach 
Simultaneous Bidirectional Transceiver for Die-to-Die Interface in 5nm CMOS," 
2022 IEEE Symposium on VLSI Technology and Circuits (VLSI Technology 
and Circuits), Honolulu, HI, USA, 2022, pp. 154-155

n J. G. Echeverría et al., "Self-Calibrated Microring Weight Function for 
Neuromorphic Optical Computing," in Journal of Lightwave Technology, vol. 
43, no. 2, pp. 602-610, 15 Jan.15, 2025



32 of 32

Questions?

glenn.cowan@concordia.ca


