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Background

Huge data traffic for cloud services
High power consumption of interconnects

=Vl RI[€E 50—100-Gbaud modulation with a power of <300 mW

(Including Drivers)

Challenge

Electro-Optic Hybrid Integrated Si Transmitters
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Transceiver Design Flow

Electronics Photonics
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There is a barrier between electronics and photonics
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Verilog-A Modeling Approach

Electronics Simulators
Photonics (Verilog-A PDKs)

“include "constants.vams"
OneTwoSpI\tter - . , } "
X81 ;gglﬂDetectOF include "disciplines.vams
kappa=0.5
S responsivity=1.0 .
bandwidth=row GHz ~ module Waveguide(in, out);

input [0:1] in;

&- —D—- output [0:1] out;
CwLaser optical [8:1] in, out, -

X84 EDFA
wavelength=1550 X8_3
power=10 gain=3.0

© Keysight Technologies, Inc.

® \Verilog-A
M Analog circuit (or device) modeling language

B Used in many electronic circuit simulators
M Photonics device models in electronics simulators

M Allows for co-design and co-optimization



Verilog-A Model Overview

C. Sorace-Agaskar, et al., Opt. Express, vol. 23, no. 21, pp. 27180-27203, Oct. 2015.
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x Optical frequency w is too high (=300 THz) for circuit simulation
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Si Mach-Zehnder Modulator 5

Modulators convert electrical signals to light intensity
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v Commercial products v Efficient due to slow light effect

High-frequency (> 25 Gbaud) Verilog-A model is still missing
This work: Accurate RF modeling of Si rib and PCW modulators



Proposed Model Schematic 6

Electrical Domain (Netlist)

pn Doped Phase Shifer

L,2 L2
Input Output Lj2 Rj2 T i RJ2 L2
V., o Ti—W— - - —W—TMN——o v
in MVAV out
Skin
R/2 R,2 Effect

VC
Substrate
Losses

Eno  Eou(t) = exp(ag/2 — jo(t)) i (1) [~
Optical Domain (Verilog-A)

M Distributed circuit model

M Provides the phase mismatch between RF and optical pulses
M Provides the RF propagation losses (skin effect and substrate losses)

W Fitting parameters: L,, L,, Ry, Ry, Cy, Cy, Ry, Ry, Con(V), Neg(V), N



Electrode Extraction 7

B EM simulation with Keysight Momentum
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Small signal AC analysis using Lumerical CHARGE
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Modulation Efficiency

Modal equivalent index: n.(V) = ng + n,V

M n, was calculated using mode simulation (ex. Lumerical MODE)
W n, was determined from the ER of measured eye
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Slow Light Effect

Modulation efficiency of a PCW phase shifter o« group index nj
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Verilog-A model equation of a PCW phase shifter: n,(V) = ny + n,n,V
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Full Simulation Schematic 11
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Simulation schematic corresponds perfectly to the actual device

Coupler




Result - Frequency Response 12
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Simulation agreed well with the measurement up to 40 GHz
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For PCW modulators, simulation can estimate n, dependency



Eye Diagram (Rib Modulator) 13

Measurement Simulation Measurement Simulation
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The error of ER was less than 1 dB up to 64 Gbps



Eye Diagram (PCW Modulator) 1

ny dependence of ER 50 Gbps, V,, = 3.5V
was measured
at different wavelengths Measurement Simulation
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Model accurately predicted ER improvements due to slow light effect



EO Co-Simulation

B Hybrid integration of a SiGe BiCMOS driver and Si PCW modulator
B BiCMOS device models were provided from a foundry

| Peaklng

VBiCMO‘S-DriT)erV |

Bonding wire

Si PCW Modulator

15

Optical Out., 50 Gbps

ER=3.5dB

Co-simulation predicted the overall performance



Conclusion 16

Purpose ® Remove the barrier between electronics and photonics
B Verilog-A modeling of Si optical modulators at high frequencies

Result W Accurate model including propagation loss and slow light effect

B Good agreement between measurement and simulation
up to 64 Gbaud
Conclusion

Verilog-A modeling approach is effective for the state-of-the-art
EO co-design beyond 50 Gbaud

Future work: Process variation modeling for yield analysis
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