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* Introduction
— What is PIC Design
— PIC Design Workflow 1997 vs. 2019

» The basics of circuit-level simulation
— Passive and active components
— Frequency-, Time- and Hybrid Domains
« Layout-aware design approach and PDKs

— Introduction to Process Design Kits (PDKs)
— Layout-aware simulations

« Design automation techniques
— Simulating arrays and chains of modules
— Scripting for schematic capture
— Optimization and automated parameters settings
— Design robustness & sensitivity analysis

System-level performance verification
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Introduction

« What is PIC Design
* PIC Design Workflow 1997 vs. 2019
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Idea

Simulation

Mask Layout

Fabrication
& Testing

« System requirements
« Design Specifications
« Abstract architecture, schematic capture

« Studying design and technology alternatives
« Optimization of the components parameters
e Investigation of the fabrication tolerances

 Layout definition/generating and wire routing
« Checking design rules
» GDS mask generation

» Wafer fabrication
 Packaging
« Testing and gathering statistics

Photonic Circuits Design Flow

meet the
specifications
choose the technology

choose the components and
set the parameters

With CAD SW Help!

agree the layout check that actual
and the schematic layout operates as
expected

perform post-
validation

compensate fabrication imperfections
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PIC Design Workflow 1997 vs. 2019

The state of the art of CAD-tools in 1997

« Design architecture is mainly based on the designer’s experience. It is first
defined symbolically by text or by graphics.

« CAD tools mainly focus on the analysis of waveguide devices and utilizes mode
solvers and BPM methods.

« Setting of the components parameters is iterative and is frequently gambling.
Parameter scans and the use of optimization algorithms are not common.

 There are accuracy problems at various levels in the design process, which results
in multiple trials and errors in fabrication loop.

« As CAD-methods move to 3D and/or vectorial problems, the calculation time
increases.

 When active devices are involved, the optical field modelling needs to be
combined with electrical and/or thermal modelling.

‘R. Baets and D. Van Thourhout, "Computer aided design for integrated optical circuits: task flow and tools,” Conference Proceedings. LEOS '97. 10th Annual
Meeting IEEE Lasers and Electro-Optics Society 1997 Annual Meeting, San Francisco, CA, USA, 1997, pp. 397-398 vol.1.
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The state of the art of CAD-tools in 1997°

Solution Proposed ™

« Creation of expert system tools which store information about basic elements, validated
by numerical simulations or experiments. Emphasis not on field calculation but rather on
combining and manipulating previously obtained information.

« Employing an S-matrix approach for more complex circuits

* Interfaces to mode solvers, BPMs, etc. with easy transformation of the results into the
tables or formulas for future use

« Standardization of the data formats for exchange between the tools

« Automated mask layout generation

‘R. Baets and D. Van Thourhout, "Computer aided design for integrated optical circuits: task flow and tools,” Conference Proceedings. LEOS '97. 10th Annual
Meeting IEEE Lasers and Electro-Optics Society 1997 Annual Meeting, San Francisco, CA, USA, 1997, pp. 397-398 vol.1.
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VPIphotonics Photonic Circuit Design & Analysis
Schematic-driven & Layout-aware

PDK Building Block Libraries Electronic Design Automation
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The basics of circuit-level simulation

« Passive and active components
* Frequency-, time- and hybrid time-and-frequency domains
* Design Example: Widely Tunable Laser Source

Copyright VPIphotonics. All rights reserved.



Photonic Circuit Design & Analysis
Automated Desigh Environment

* *E % Graphical User Interface Device-level
i .
o foalre Circuit Topology Parameter Editor Topology Simulators
Graphical Editor Scripting

Remote Servers, Resources Management

Layout &
@ Mask Design P
Compound Hierarchical Models N N Y,
it om 3 o] ' N
Behavioral Custom : : ] -
N~ [ & Analytical ] [ Measured ] [ Programmed ] Process W=
" .0 . Advanced Parameter Scripting Dyl A ) V )
~ 4 & R & -a 86
. Simulation Domains
- BVIVE - - . Opto- Dynamic Tunable Passive Linear Nonlinear
electronics Photonics Photonics Electronics Electronics " ectnicisebe
ol . Hybrid-Domain Time-Domain Frequency-Domain EDA - | m
”@“ - 3 { TLM, IR/FIR, S-Matrix assembly, Multi-core CPU parallelization Cosimulation | | 1. i
o[ o @ LA
y ¢ y 1 — — . i —
e A o PAM Simulation Control, Optimization & Analysis
Laser PhotonicsTLM Advanced Instrumentation Parameter Simulation Simulation Engine o
y ¢ Visualization & Analysis Tools Sweeps Scripting Driver | I
“ | ¢ o . . . _.|I|ﬁ I Ill
SOA MQW LED Sensitivity and Yield Analysis Bor e o
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System-Level Abstraction of Photonic Circuits

Photonic
Integrated
Circuit

« Circuit-level simulation of a PIC is separated from
device-level modeling of its BBs

» Individual BBs can be modeled by different methods,
providing easy balance between accuracy and speed
requirements

Segmentation into

Building Blocks « This approach enables efficient design of large-scale

PICs, made of many hundreds BBs

< : » Scalable circuit-level simulation techniques are required

Circuit-level U i Models & Simulation E
Simulation ! Parameters E
_________________________ Name Value Unit  Type @&
P . |+ 1 hysiel
* " \ / o+ Emm— \ / ': ﬁﬂh : 3| ModelType Effectivelndex v & s O
. o o o o .. 1 f | tength 100086 7 m s 'O
: / o MMI e \ / N MMI e \ :’ FAVAN : ﬁ MudgECuuplingCuEFﬁcient 0.0 & 1m s O
| -y e ) e ’: : iZ| EffectivelndexDefinition  Parameters - & s |O
! Q : 1 1 . I ﬂ ReferenceFrequency 193.1e12 & Hz s |:|
: Optlcal : [ ] : S]gnal : @ Effectivelndex 26 & 5 |:|
: 1 : 3 : : : [F]| GroupIndex 4.2 & s O _ 1 1
 Sources | || Electrical Sources ; : Analyzers | | Wik & Jald °b - Building Block
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Electronic Elements Optoelectronic Elements Photonic Elements

LA ' 1 ! 1
o TJOAA L MM, o oo o ildds o o 5fm o
@ :; g: :D. DBR EAM Laser PhotonicsTLM V o

v, 10 N #F,I,”IHFT b -I%E

eleCtrlcal pOFtS Passive SaturableAbsorber SOA \MQW LED >_<: i
optical ports /

= Large diversity of basic elements Alt)
many photonic/optoelectronic devices B ;
are spatially distributed! (t)
= Electrical and optical signals complex-valued
amplitudes

B, _ N ] .
E@,t) = z{Av#(t}Fv(ﬁ, w,)e!rt + B, (OF; (7L, w,)e? k) + c.c.

= Complex compact models
governed by partial differential and integro-differential equations for time-domain simulations

“ : Diversity and Complexity of Elements
VPIphofonics in Photonic Integrated Circuits
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XYV riohatanics

Ports for communication with other modules.
Bidirectional ports may both generate and accept signals

{ v

Port 1 Port 3

Port 2

Port 4

Each optical port is a piece of
optical waveguide or fiber:

y [micrometer]

y [micrometer]

Physics behind Optical Signals

Waveguide modes:

E.x (mode 0)
.

E.y (mode 0)

o\
Eﬁ‘ <

x [micrometer]

y [micrometer]

E.y (mode 1)

complex-valued
amplitudes

v,u Forward waves Backward waves

TE-like mode
(X-polarization)

TM-like mode
(Y-polarization)

Modulation frequency << Optical carrier frequency =complex-envelope baseband transformation

R - N . .
EGL0) = ) (A, (OF, (FL @,)e/*nt + B, (OF; (Fu w,)e/*nt} + c.c.

w, = 2mf, are carrier frequencies (~200 THz)
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“VPlpho’ronics S-Matrix Description of Passive PIC Elements

DESIGN AUTOMATION

« Passive photonic circuits and devices are considered as black boxes with N ports and are completely
characterized by a scattering matrix (S-Matrix)

« S-Matrix of a device with N bidirectional two-mode ports consists of 2Nx2N matrix of complex-valued
frequency-dependent transfer functions

« Each transfer function relates complex amplitude of optical signal carried by guided TE/TM modes
traveling towards the device port n with the one traveling away from the device port m

S-Matrix: describes transfer functions between all ports

) () = Tin(f)
S(f) = : T (f)

Tor () = T (F)

out
E 1 (f ) (f ) Jones Matrix: connects waves at input port n and output port m Transfer Function: connects
rout waves at given input and
B2 () | =S Er ) A TTETE  mTETM output ports & modes
T _ mn mn
out (f) N (f) mn (f) T7;]1‘71;4 TE Tﬂ];)];/[,TM TﬂI;E,TM
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“VPIp!:lsqngrgMigg S-Matrix Description of Passive PIC Elements

Simple Example: Unbalanced MZ|

[
FunclmpuldeOpt x

'
)
LT}J_J
2

Optical Spectrum

« For unidirectional signal flow
signal is filtered in steps by
individual S-matrices

« Simulation is performed in the
frequency domain

Power [dBm]

1]

-40 S I N — S I S
-150 -100 0 100 150
Frequency relative to 193.1 THz [GHZ]
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“VPIstquTqigg S-Matrix Description of Passive PIC Elements

Simple Example: Unbalanced MZI with Reflections

Simulation Domain = SMATRIX

* Multi-mode interference (MMI) devices could partially
reflect optical signals

» Bidirectional signal flow is required
« Compound models approach

L

FunclmpuldeOpt

2
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SMATRIX-domain galaxy

Compound Models of Passive PIC Elements
first step to scalability!

. & E— 0o o — * Hierarchical

Assemble S-Matrices of o o design
individual sub-elements and O == o e - )
operate with the 5-Matrix of the
WhOle C]rCU]t aS a S]ngle-ent]ty ) JEESECh;t::LT;tiDn Domain ESr'JI,ﬂ'CI'RI:-(
passive PIC device i=| Single Entity Auto

Title = "Drop" spectrum

~ S-matrix assembl

13 — Y

FATAY W Seic(f) =S () ®S,(F)®...8S, ,(f)®S,(f)

[ ‘ ' [ — I_,_Q I_Lh S.-matrix of thg whole d.evice is. calculated before

signal processing involving solving a sparse system of
TAWAN . .
FunclmpulgeOpt _ ) ) linear equations
Title = "Through" spectrum « Fastest S-matrix assembly algorithm is automatically chosen
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“VPlpho’ronics Modeling of Passive PIC Elements

DDDDDDDDDDDDDDDD

Built-in PIC Elements Compound PIC Elements
S-Matrix from analytical models S-Matrix calculated on-the-fly using assembly techniques

N
'
ol

________________________________________________

Co-simulated PIC Elements
S-Matrix defined in Python or C/C++ A pg’[hOﬂ

Calculated by Device Level Simulators

{ ] asF s . | Directional Coupler: TE Mode Propagation
ast

31 : ' |
2
=< I I
o= =TI
Measured Models NN
w .
‘L = 8. 8 10 1|2

- —- — 2 a

S-Matrix for an element of any type ) L
loaded from file B 5 bk b b

mmmmmmmmmmmm
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“VPlpho’ronics Modeling of Active Components

Y T The models usually are much more complicated and diverse

ﬁ é Marme: PhotonicsTLM.vtms
I PhotonicsTLM.vtms
PhotonicsTLM Description
The Photonics Transmission Line Model (TLM) simulates semiconductor  #
lasers, optical amplifiers, LEDs, passive components, electroabsorption ™=
r T T T T ? modulators and saturable absorbers of the following types: bulk, MOQW,
(INNANLY E] i E’Q"“ﬁ
M : Val Unit
Laser SaturableAbsorber am? R "
¢ || Device Structure . o
. ) B Gain Fitting A
v || Optical Parameters 502e5
¢ || Nonlinear Parameters T — R -
b || Grating Parameters Fatgglmg /// ‘%“\\ fetgf;r:n’
¥ || Carrier Dynamics 2e5 / ] T BN
p - Y // ///”_E*\\“' Ny
assive b || Gain Parameters // s \
° C T \\
b || Spontaneous Emission ols /A:’:__,./ \'\\
v [ Numerical £ ////- T \ \/
T . b | Visualization g 25T BN g
« Bidirectional ports - & = ~ 7
v || Scheduler - \ /_
5 Measured gain data for i
* Nonlinear effects (Kerr, TPA) different values of / \'“\ Y 4
carrier density Fitting of the \\ //
° 1 1 automatically generated
IndeX & ga] n Bragg grat] ngs e gain data for intermediate Fitting of the )
. . . . . values of carrier density measured N
« Single-section and multi-section devices gain data
1888 190 191 192 193 194 195 196 197 198 1992

Frequency [THz]
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Semiconductor Cavity
I, or V,

dk+1

L Wic
Device Device Device
Section k-1 Section k Section k+1 Active Region

Full dynamics of multisection semiconductor devices:

nonlinearities during analog modulation

roles of Kerr and two-photon absorption (TPA) nonlinearities

evolution of lasing spectra during modulation

CW spectral performance and purity (multimode, single-mode, noise floors
spectra during modulation (mode-hopping, dynamic chirp, instabilities)
optical noise (intensity noise spectra, Amplified Spontaneous Emission)

Transmission-Line Model Basics

Device Section k

Az=cAt/n,
TLM T AT
Sections
—\;> . ‘r ‘4 '¢ ‘¢
= al o et
— S PR ,«
/ o
Left / . Right
Facet / \_Facet

i

Photonics Transmission-Line Model

in [L1T — in Ul in out
EF. m-1 E EF‘ m-17 EF. m £ EF. m= EF‘ m+l '-E EF. m+1
- s = - - -
== 58 s <
L] vl L
out 7] in —_ out [T — out [72] in
EB. m-1 EB. m-1" EB m EB. m EB. m+1 EB. m+1

RF noise (Relative Intensity Noise, excess noise due to feedback, chaos)
effects of external optical components, optical injection

modulation responses (IM,FM, magnitude and phase)

carriers and photons dynamics in lasers and amplifiers

TLM for semiconductor lasers:

C. Arellano, S. Mingaleev, A. Novitsky, I. Koltchanov, and A.
Richter, Design of complex semiconductor integrated
structures, Proc. SPIE 7631 - Optoelectronic Materials and
Devices IV, 76310K - 8 pages (2009).
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Time-Domain Modeling of Active Elements

S & S

DC MeasSeq DC
‘\r’T T y T

é;ﬂ ;I_I TT_); @Tm
AT O é o— VAN

Passive Laser C .

Y

How should interconnected components exchange data?

For active/dynamically tunable devices
time-domain sample-by-sample
data exchange is required!

Copyright VPIphotonics. All rights reserved.



Block Mode & Frequency Domain

TX S(f) RX
|

TX »{ S(f) RX

TX S(f) RX

TX S(f) H RX

1) Run first module OOOO ..... O
~ /
? Pass all samples Block of samples
orwards
{E,, E,5 ... Ey}
3) Run next module

4) Pass all samples
Forward and etc.

« Fast and efficient for the unidirectionally

signal flow and passive, including large-scale,

PICs.

« Elements could be described by S-matrices
* No nonlinear effects

Frequency vs. Time Domain

Sample Mode & Time Domain

Laser:_> Mod. Z Amp. | 1) Run all modules O Single sample of
electric field En=E(tn)
Q @),
Laser Z Mod. Z Amp. | 2) Pass one sample
@) @)
Laser :: Mod. :: Amp. | 3) Run all modules

Multi-section and external-cavity
semiconductor lasers

PICs with embedded active elements and/or
dynamically-changing elements

Time Consuming
Inherently inaccurate
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“VPlpho’ronics Circuits with Active Devices

require Sample-Mode Simulations

SMATRIX / \ Passive Circuits are best modeled

*/;, 2l in frequency domain
LW ——— I

QutputDataType = Blocks
BoundaryConditions = Periodic

X

FIR FIR

FIR / \ FIR Active Circuits require switching
p . to time-domain simulations, using
* ” - WgModulator
. =

Sample-mode signals.
OutputDataType = Samples

5

X

00K A

1011~ L \\ P

Driver OutputDataType = Samples

Simple solution: model each passive component in time-domain.

» How good is such an approach?
* How specifically are the passive devices modeled in this case?
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Inherent Inaccuracy of Time-Domain Simulations

Time-domain simulations for linear devices are most often based on either
finite impulse response (FIR) digital filters:

N
Aout (t;) = z A Ain (ti—m) where t; =1-At

m=0

or infinite impulse response (lIR) digital filters:

N M
Aout(ti) — z amAin(ti—m) T Z bm Aout(ti—m)
m=0 m=1

However, even best designed digital filters are not fully accurate in a general case!

Classical problem - fractional delay filter, which delays a sighal for a time period r which
is not equal to integer number of time steps At.
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FIR BAR
L Ty
FuncimpulgeOpt }ﬁ ﬂ
A _FIR A JAVAN
- CROSS
— B4R Optical Spectrum
— CROSS |
YT YT T Y T YT YT YT Y
=
g —-10
AR ANARAR A AN
-630 -500 0 300 650
Frequency relative to 193.1 THz [GHz]
5 — E.;%SS Optical Spectrum
. r_ﬁr\/f-"\r—”‘—‘—‘.r——‘—']r——‘—j Yy (T
=
j 10\
AN ANARARADAN NN
-630 -500 0 300 650

Frequency relative to 193.1 THz [GHz]

Frequency-
domain results

Pure time-
domain results

Time-Domain Approach
for passive PIC sub-circuits

A () AP(T)
A | gy A

Ay () A (F)
N
A?q“t (t)= ZSFIR,mn (Tk)Ai]n (t—7)

* Time consuming

» The accuracy of FIR solution
degrades in the edges of the
simulated frequency band

« Errors are significant as the
number of elements increases
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“VPIpbgmiﬁcg

Any active

Hybrid Time-and-Frequency Domain

Any active

PIC elements

FIR filters

PIC elements

e

PhotonicsTLM

S-matrix assembly

N
= Ny

NS
e SN

Q.

N
o N

pN

r

Ay

Optical error spectra after passing N=>5 interleavers

E I I ! I T I T |
10°F

Region of "accurate”
I simulations (with error<0.1%)

|
ro
T

>
[

- = Time-domain simulations

-+ Level for error equal to 0.1%

— Time-and-frequency-domain simulations

Relative error in transmitted signal

-600 -400 -200 0 200

400

600

Frequency relative to 193.1 THz [GHz]

Frequency relative to 193.1 THz [GHz]

Central frequency regions with errors below 0.1%

600

400

200

0

-200

-400

-600

F Region of "accurate" simulations
with time-and-frequency-domain
approach

| with time-domain
approach

2 4 6 8 10 12 14
Number of interleavers in passive cluster, N

v

Signal Bandwidth

a great way to scale up!

S. Mingaleev et al., Hybrid
time-and-frequency-domain
approach for modeling
photonic integrated circuits,
Proc. IEEE NUSOD, p. 183
(2011).
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Hybrid Photonic Circuits Design Example
Widely Tunable Laser Source

External cavity laser:
* InP gain section

Design example, based on:

Y. Fan, et al., “290 Hz intrinsic linewidth
from an integrated optical chip-based
widely tunable InP-Si3N4 hybrid laser”,
CLEO 2017, paper JTh5C.9.

 TriPleX tunable low loss mirror
» Hybrid assembly

Main design goals:
*  Wide tunability (C-band)
* Low linewidth

Contains small-size devices

Back reflections to laser = with small group delays

changes to carrier density,
gain, effective index =

laser instabilities, noise Hybrid Time-and-Frequency domain is needed!

Based on photonics PDK

supporting TriPleX-foundry
-NTERNAT.ONA@ of LioniX International BV
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External cavity laser:

* InP gain section

* TriPleX tunable low loss mirror

» Hybrid assembly

Main design goals:

*  Wide tunability (C-band)

 Low linewidth

Very tricky to
simulate directly!

Af,, < 100kHz:

Ty > 4/Af,, = 40ps
f. = 2.5THz
= #samples > 108

-100

Hybrid Photonic Circuits Design Example

Widely Tunable Laser Source

Optical Spectrum

-50

DC

| :

Lot

Design example, based on:

Y. Fan, et al., “290 Hz intrinsic linewidth
from an integrated optical chip-based
widely tunable InP-Si3N4 hybrid laser”,
CLEO 2017, paper JTh5C.9.

S-Matrix Assembly

° >

23]

B
) é
SOA
h : DeviceSectionLength = 600e-6 m

Adjustable loop_ mirror i ; l

ActiveRegionType = MQW

3| N " dy
St —

A " .,un‘!' it

1.51

1.52 1.54 156 158 159

Wavelength [um]

Simulated tuning characteristics

Based on photonics PDK

supporting TriPleX-foundry
-NTERNAT.ONA@ of LioniX International BV

Copyright VPIphotonics. All rights reserved.



Hybrid Photonic Circuits Design Example
Indirect Estimation of Narrow Laser Linewidth

Spectral scaling (upper bound) Spectral fitting (more accurate)
« Voigt shape fitting (assumes mix of « Spectral shape fitting using reference laser
Lorentzian & Gaussian spectral shape): with phase change modelled by random walk
P Wiener process
Afy, = 2(f, - f) |2 (Wiener process)
Py * Manually adjust parameters for linewidth
« Factor 200 (-40dB), factor 2000 (-60dB) and optical peak power
« Estimated linewidth: approx. 35kHz « Estimated linewidth: approx. 25kHz
20 Optical Spectrum 10 ] Optical Spectrum A - —
|__ Laser under test I — Laser under test :;aesf:rreunncdee\;f:rtwnh25 kHz linewidth
— Reference laser with 25 kHz linewidth 01
0 4 Pfc 5_10,
E g 20/ I
o 20 40dB 3 >
8 8
. 4 B -40 1 5 10 0 10 15
40 Pf Twz O . 8 HS Frequency relative to 193.1562 THz [MHz]
¢ s Af=1.2MHz ‘
0 40 @m0 B 20 40 50 f=2.5THz s s o s 1
Frequency relative to 193.1562 THz [MHZz] #Sa:ZX'] 06 Frequency relative to 193.1562 THz [MHZz]
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Layout-aware design approach and PDKs

 Introduction to Process Design Kits (PDKs)
* Layout-aware simulation
« Design Example: Integrated Optical Buffer

Copyright VPIphotonics. All rights reserved.



VPIphotonics Photonic Circuit Design & Analysis

DESIGN AUTOMATION

PDK Building Block Libraries Electronic Design Automation

Active Passive Elastic
. - e R=R10hm R = R2 Ohm =
< ; ; (e T eee TTog—
J J | ceorr
J= v e 2 5
= Ay Ay ]
=S8 SaveSmalrix = On T
~~ SmalrixOulpulFile = Butierworth dal
SmalrixSolver = LSQR
&
Z

/]

c

=S

T =

n S

-

c E

g%

Vo

=L

2=

295

S o

© o

Layout Design
500
400 1
300
P — T — . 200 A
T
o]
M
B R S I 0 200 400 600 800 1000 1200 1400
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Introduction to Process Design Kit (PDK)

Foundry-Specific Process Design Kit (PDK):

» listof Conszonentsf ] ol Design simplicity and
« corresponding certified compact models . o

. and geometric layout predlgtablllty for the
- fabrication process info, design rules particular foundry

* process variations

Active

™ -
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PDK BBs Models Characterization

Test & Measurements Device Modeling

Parameters,
Tolerances

Processes Models Models Simulation essll Validation
Database(s)

Layout,
Design Rules
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“VPIpnqmi;.g

PDK BBs Models Characterization

Parameters
Expressions
Data Files

Built-in

Measured and calculated parameters and their variations for analytical models

Modules

Code

# NumberOfInputPorts 5
# NumberOfOutputPorts 5
// Comment line or lines, if required

ModelType = Measured

ment line or lines

# InputPort left#1 TE

# OutputPort right#l TE

# Frequency Magnitude Phase

# (Hz) (dB) (deg)
1.92160e+014 2.6938271e-001 -9.001622e+001
1.92110e+014 2.6970974e-001 -1.344023e+0802
1.94090e+014 2.7012581e-001 -8.927487e+003
1.94160e+014 2.6980897e-001

g MMI| §

. Abgzorption Spactra
Effective Index (real) [T ) ;
.. Etilcning
28 ] W mote 0 | region
3o o | =

261
= e i i 38 40
U244 Measurad ahsarption
= T aata far differant
n = hvoltages o8 A T e LN
g 221 |
L5 i
2 &
5 20 i
ﬁ Fiting of the

18 m=azured

. azsombon dat
16 ‘\\'\ rimatizally
I ] eraiedsbsembion |
T T T T T T T T T datd for Intermediate
120 125 130 135 140 145 150 155 160 valifes of voltages
Wavelength [micrometer] i s 13 150 1 TR
Frequency [THz]
.
Measured and co-simulated models
- - - - class WgGrating(object):

// Comment line or lines, if required T gten]
# SMatrix MMI_M N Waveguide Grating - 'BraggGrating' analytical model.

T

#

def  init_ (self, module_parameters):
T

Inpu

T

# create a list of all module states:
self.states = GetParameters (module parameters)

def transferv(self, port out, port in, mede out, mode j

# main S-matrix calculations (ass
i = self. mode[mode i

60 62

MATLAB
SIMULINK

@ python”

DLL

Microsoft”

com+
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MName: WgStraight.vtms

1D WoStraight_vtms1

Description

— O X

[] Show ID [&]

A linear optical waveguide that supports two fundamental modes (TE- and TM-
like) and is simulated using an 5-matrix approach. The required S-matrix of the
modeled waveguide can be loaded from file ('Measured' model type), calculated

[~ | (= ]

- | | MEme

+ || Physical
i=| ModelType
Length
ModeCouplingCoeffident
EffectivelndexDefinition
ReferenceFrequency
[£,) Effectivelndex
[f]| GroupIndex
[f]| Dispersion
[£,) Attenuation
L [f]] Phaseshift
v+ [ Digital Filter

v+ [ Enhanced

L™ | ™ 11

A
-

Value Unit  Type @&
Effectivelndex - & s
1000e-6 & m 5
0.0 & 1fm 5
Parameters - & s
1931212 & Hz 5
2.6 & 5
4.2 & 5
0.0 & gfm~2 5
0.0 & dBfm s
0.0 & deq 5
| OK | | Cancel | | Apply

{

Demo PDK BB

|E| demofabStraight_DP_vtmg1 - Para

Mame: demofabStraight_DP.wtmg

1D:

Description
A straight optical waveguide with constant width.

MName

*

\_, Port Locations

+ | Physical

L3

f | Length
f | Width

] simulation

demofabStraight_DP_vtmgl

Generic vs. PDK Components

< ElE -H | [= -]

Value

100
0.5

O X

[ Show D [&]

Unit | Type @
& (um) 5
& (um) 5
oK || Cancel || Apply

Using PDK Libraries

Simplifies Design: only few
variable parameters are
available

Certified operation

Still having accurate,
flexible models inside

All features and domain are
supported similarly to the
build-in components

Allows for automatic
conversion into layout for
subsequent mask generation
and fabrication
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“VPIphU’ronics Design of Photonic Circuits using PDK

Circuit Schematic PO BB Corresponding Top Layout View ‘
parametric layout //_ PDK BBs Layout

600
_____ E 500 -

::

demofabStraight |
in0 = (0,450,130)

FreeSpectralRange = 4009 Hz outD = demofabStraight_DP1.in0 - (1100,-25, 180)
ResonanceFrequency = 193.1e12 Hz

< j L BendRadius = 110 (um) 400 +

FuncimpulgeOpEork

300 A

400
ppEEEn——— a0 g i Kt 200 4 390 1 \
demotabSuaight JAVAN
o 380 NS
in0 = (0, 150, 180) ><‘\f\,
FreeSpectralRange = 200e9 Hz = 100 370 4 \
ResonanceFrequency = 193.1e12 Hz out = demofabStraight_DP2.in0 - (1100.-50, 180) N\
BendRadius = 70 (um) 260 :“.)0 6(.)0 260 \
350 \
- 1'00 —‘80 —éO —50 —50 l‘)

Mask generated by a layout tool

Circuit layout contains information:

» components connections,

» their positions,

« geometrical properties and

» corresponding process stages
(mask layers)

PDK BBs Mask Layers

SN

Design rule checking is important at this stage!

Copyright VPIphotonics. All rights reserved.




¥

Design of Photonic Circuits using PDK
Custom and experimental BBs

Amplitude =-6.0% or A Amplitude=00% or A

DC

S

Q0K

o

|

I
i

<

7

200

&
_@ &

Amplitude = 0.0V or &

DC

o

Integrated Optical Buffer

SOA

(experlmental)

MMI

Lo~ en o .-l“'-
@[Delay line (custom)

] ﬂ<: — Layout view
—200 A
—400 4

T D”
-600 1 : : : —200
0 250 500 750 1000 1250 1
—400
—600
—800 |
0 500 1000 1500 2000

-
>

2

~__ [

Experimental and custom BBs

v" user-defined layout

v' easily added by users

v' user-defined simulation model
. ISMART
HOTONICS

Based on photonics PDK
supporting InP-foundry
of SMART Photonics
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¥

5

Amplitude =-6.0% or A Amplitude=00% or A

Design of Photonic Circuits using PDKs
DRCs and GDS mask generation

S

DC

7

Q0K

;

i
B61=TT

SYNOPSYS' D

OptoDesigner

Amplitude = 0.0V or &

DC

Integrated Optical Buffer

2

Automated export to 3" party
layout tool for DRC and GDS mask

LUCEDA

OOOOOO

IPKISS

I ¢ s

SMART
10TONICS

Based on photonics PDK
supporting InP-foundry
of SMART Photonics
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Why Should be Aware of Circuit Layout?

Standard schematic-driven approach

- BB layout determined by its parameters (length, bend angle, etc.)

= |C layout fully determined by connectivity between BBs

= Allows immediate IC simulation as BB model is known at each design step

Two roles of optical waveguides

BB - Building Block
IC - Integrated Circuit

« Could act as connecting device: * Could act as functional device:
routes optical signals between building determine interference between signals traveling
blocks of the circuit in different paths

= Detailed properties (length, width, shape) = Detailed properties are very important, already at
are not critical, may be ignored the beginning of circuit design

Problem: Often, no clear separation possible!

Photonic IC design = circuit design + layout design

= Tight interaction between layout and circuit design necessary

Copyright VPIphotonics. All rights reserved.



Layout-Aware Schematic-Driven Design Flow

How to connect arbitrary oriented components on the layout?

: Dedicated “elastic” elements
introduces, which automatically How could circuit with adaptive layout elements be simulated?
adapted to best fit layout

Use layout information to “resolve” it: find port
locations and directions for all elastic connectors

Create complete circuit
design including elastic

\/ connectors

o . Convert port locations
I o I g °° I ircuit Desi un irecti
TN Circuit Design setup Layout Info and qlrectlons for .

- VPI Design Suite elastic connectors into

MName Value Unit  Type & Waveguide lengths
+ | Port Locations . . .
Al ino auto 7 5 required by simulation
A| outd auto rd 5 models

+ | Physical

. . .. . Runs silently in the
Corresponding circuit representation background, no manual

usually has no geometrical parameters user action needed! Create simulation models for
« At least some BBs require specification of elastic connectors, run
the ports locations in the circuit simulator simulation for the whole circuit

Copyright VPIphotonics. All rights reserved.



16

I 12 I3 14 I5

Ports locations specified

N

Layout-Aware Schematic-Driven Design Flow

Support of elastic connectors

LA

Dynamic WDM Channel Equalizer

out0 = [3000,1600,90] 3
' d
Control Curren’rs ,f'/r 10 Optical Spectra bafore and after Equalization
in0 = BrightAWG1@in 1§ [1250,50,-90] in0 = BrightAWG2@out1 - [1250,200,-90]
N — N FreeSpectralRange =
Brigh\AWG1: BrightAWG2: 800e9 Hz 0
in1 = MMIgoupler1@out0 + [200,300, 90] in2 = PhaseShifter1@out0 +[200,250,90] — 1 I 1 | .
— = &
/ \ FreeSpectralRange = =
' s || 400e9 Hz 3 “1
2 ut2 + [250,200,90] ’\ ) 201
E77 1
in0 = [0,0] \ s Ay q: 7 out0 = [3500,1
OO T P Ay -30 !
— i A = outO MMiIcoupleri@out1 + [2182,0,180] 550 0 5og
— B MMIcouplerl -\ : : Frequency relative to 193.1 THz [GHZ]
GOK bower b - _ #
. A = j outd = [2000,-400] © -
1o K N <. Length = 1000 (um) ~ 1 1
Mooz e 10 ¢ _/ - J Simulation results
— : :
p— o T e R (before and after equalization)
A Length = 2000 (um) 200e9 Hz
g Channels 3 and 5 before Equalization Channels 3 and 5 after Equalization
X il
PhaseShifter5: FAYAN
in0 = BrightAWG 1 @out2 + [650,200,90] i i ]
. g R .
Ang\e ge( angle(ResnnanoeFrequel\cy FreeSpemalRange BendRadius) deg [Py] =1 =]
Support of hybrid 5 || ; | =
ime-&-f domain simulati s 2 ! E 2
t]me' = req Uency- omain simu atlonS ECHgMAL\TKI:RPAR.tmgggr;s;| o f' } ; o ﬂ
reeSpectralRange = 20069 Hz
ResonanceFrequency = 193.1e12 Hz i { ’
BendRadius:rfm(:{n) I I B o . ] ) il 0 ‘ ‘
HeaterCurrent 20 A 60 200 360 125 200 425
J \ / Time [ps] Time [ps]
Support of hierarchical designs —_—gyxz. ™ MMI
. . in0 = this@in0 e = e \
(with elastic connectors) e gm0 e
LengmMud Lh(Resur\anceFrequency FveeSpedrﬁ\Range BenuRamus] (um) [Py]
Phaseshift = get_pl que ) deg [Py]
40
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Design automation techniques

* Design Example: 2D Beam Scanner for LIDAR

« Simulating arrays and chains of modules

» Scripting for schematic capture

« Design Example: High-Order Ring-Based Optical Filter
« Optimization and automated parameters settings

« Design robustness & sensitivity

Copyright VPIphotonics. All rights reserved.



Hybrid Ill-V / Silicon Design Example
2D Beam Scanner for LIDAR

Tun able Laser 1600 - .
Phase TOp LayOUt View Optical Amps
Modulators” wot of distribution network LT
1200 (upper half) Optical R
5_ - { 1000 Phase
._ Array
B 800
600
Pre-amplifier Ph:t:rt:ti;de 400 1 2X32 Spl]tter ~—C
2x32 Splitter Channel!\mpliﬁers ————
Figure taken from * Eﬂ 1 ’ —
[ — ==
= ° —4000 3000 : I

6 mm

]

b

Detailed Circuit
Simulation Setup

11.5 mm Figure taken from *

Design example, based on works performed by University of California Santa Barbara:
* J.C. Hulme et al., Fully integrated hybrid silicon two dimensional beam scanner, Opt. Express 23, 5861-5874 (Feb 2015).

Copyright VPIphotonics. All rights reserved.



Simulating Arrays and Chains of Modules

Arrayed Waveguide Grating Central array of
. Left waveguides Right
. :.f.i_" \\ star coupler star coupler

Ll

FuncimpuldeOpt Fork

2

Bus

Length = !" expr {WgMinimumLength}+({WgNumber}-{NumberOfWaveguides}/2)*({Lengthincrement}+(0.5-{\WWgNumber}%2)*{IncrementDifference})" m
PhaseShift = I" expr {PhaseShiftVariation}*(0.5-rand())" deg

Infinite Resistor Series

: — .
[t e ] » Graphical solution: higher-order
R, R, _ , function modules repeat connected
T—Tt—71 i - T blocks the specified number of times
Ez E : ~ » Parameter expressions could be used to
o v rantengin - set the parameters for each instance
, % i to different values
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Hybrid Ill-V / Silicon Design Example
2D Beam Scanner for LIDAR

Simulation Setup for Testing the Scanning Performance

& PhaseShifter

B HeaterCument =
; InstanceMumber*Currentincremes

S/ N Ho T S=~""8"% _
S @'f <N g T e

¥

SCHEMATIC PAR-.;M::I:S: _ r [ I4 E '\\\‘I
%;E;muigﬁgm =1.8e-4 1K it B ?6[5 |’ f E \T‘Ii‘\_ﬁ' _§_~ —
g:ﬁn;mﬂ;}m Tunable Vernier Ring Laser 1x32 Splitter Optical Phase Array  Surface Grating & Detection ?l‘,ﬁéf{( - :“\1‘,1‘\‘\7::;2;::1::7 .
nll = TSI o
aay T’}%fr ~ “\\L‘.“: NSy
e . . e TN T e I A —— e
v Hybrid time-and-frequency domain modeling for accurate . ’*l,’fg*c';&,l,—:—\]}{i‘ e
. . . . = FRTR e
simulation of tunable laser characteristics S—  Replaced by compact ==
v Hierarchical designs to easily manage system complexity (1x32 splitter) % graphical representation —=
. . . . :: i, | i”}h "i\r, “_'EF_::?:E:EEE
v Graphical solution to concisely represent serial or parallel structures = ,‘c \‘ iééﬁﬂ?t:z_’iﬁ;{ e
, e T P
(phase shifter array) 5 ‘ig‘??p e
. . . % : JJ i\’,_..a._ — Jw: i
v' Python cosimulation to address custom components or technologies ?‘;,LL - J,};;:%: Joe
(beam propagation and projection) A e A
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Hybrid lll-V / Silicon Desigh Example
“VPI[J!’EIQJ onics 2D Beam Scanner for LIDAR

x-coordinate
(controlled by OPA heater currents)

Simulation Setup for Testing the Scanning Performance

=
on
& PhaseShifter R=
oo HeaterCurmrent = lf-:,/- %
; InstanceNumber*Currentincrement A ::)/ =
= A=l .- ""/I L%
5 g 53 SOA p—l g % _ ‘ I /3/ 8 ©
| | A - :n! * _'_'_D_’ I 1x32<E E b :6 -
5 FSR=590 GH FSR =650 GHz : o>
ngWiLength = 10543228 m f e < 8 0

MapGrii
SCHEMATIC PARAMETERS: . . o 8
dT_R1=15°K Q SurfaceGrating > =
dT_R2=5°K S
ThermoOpticCoeff = 1.8e-4 1/°K . . . . . . o
n0=26 Tunable Vernier Ring Laser 1x32 Splitter Optical Phase Array  Surface Grating & Detection =
Currentincrement t=001A S
O
—

v Hybrid time-and-frequency domain modeling for accurate
simulation of tunable laser characteristics Power Distribution vs. OPA Current

0.0
v’ Hierarchical designs to easily manage system complexity (1x32 splitter)
v Graphical solution to concisely represent serial or parallel structures
(phase shifter array) 3
v Python cosimulation to address custom components or technologies
(beam propagation and projection) 0 red S Coandinate. 1o

Copyright VPIphotonics. All rights reserved.



“VPlpho’ronics Automation with Scripting

~
AL :-\_I - 3
o (@ =Ly ~
l\-J‘H\ "-'\—/ 5 i
TUNmLImT 3 def create(self):
s -+ = self.id
. l.r.(H -\-\ 2 ~ i = self.x
B I(_}Il -\" S ] = self.y . o
‘oS - ' Pyth f f
e e = selt.ux ython script for creation o
UGS - Eqmp > vy = self.yy . .
E_> = 7 hase = self.phase N N l h
I ] phase = self. an NxN optical switc
s NP =P = X ] _ et
B> R T T | ~ w = self.w
= =
PRV = b = 1
A 3 = 3 L to =1
e g ~E . = 3 i L wg = L+100.0
[RES Sy = 3 3 0
=ml_> | ~ L sb = 20
— — :
. H_sb = 15.
P -r--\_z = N
2| I(f}.: : : Y mmilx2 id = id + " mmilz2"
~ ’f‘. \" ~ T pde. stalj{mnulxz 1d "URN:TKIT LIB::PDK DFC Modules\Passive\demoMMI1x2 3dB DP.ytmg:")
-\_1 ~ — = - - -
pde.setpos (mmilx2 id, x+5, v)
~ - -
L ":;( S ~ if self.fixed:
- .<.=>.I L = pde.setstate{mmilx2 id, "in0", "[{0},{L1}]".format(xx,vyy))
= |\-_,=1\-./--\__/ - 3 -
= -~
= S = T — mmi?x2 id = id + " mmiZx2"
= - - - - - - -
= - _> N 3 pde.star{(mmi2x2 id, "URN:TKIT LIB::PDK DFC Module \demoMMIZ2x2 3dB DP.ytmg:")
=T m ] ! d i2%2_id, =+33, ¥) -
B > = ; ~ pde.setpos (mmi2x2 id, x+33, v)
= |\. PR i L -
B gt H to_id = id + "_to"
SELS J.(Z}I . H pde.star{to_id, "URN:TKIT LIB::PDK DFO Modules\Tunab lemofabThermoopticModulator SH.yLmg:")
ol .l = =_>3 . Y ! pde.setpos(to id, x+19, y-3)
- = ~ T -
=L e - . H | pde.setstate(to id, "Lengt
- m{_cEm 1 ! pde.setstate (to_id, "
1 pde.setstate(to_id, "Phaseshift", phase, show=False)
5 1y 5 y 5 Y v/ 5
DOOE DREE DS DOEE DORE DR SE0R DRER wg id = id + "
PPN NN AN AN AN AN N NN NN NN NN NN A AN AN IR N AN A IR A — . e o w
(VAVIVIORVIVIVAV RV AVIVIVRVIVAVIVAVIVIVIV RV IV IV AV RV AVIVAV R VAV 1YY pde.star{wg_id, "URN:TKIT LIB::EDK DFO Module PE-yimg:")
de.setpos(wg id, x+19 +3
DHON DOOE DEEE BO00 DO0E DERE OEEE SEAn P pos (wg_id, ¥ !
VAN NP N NN NS N N NS NP NS N NS NN pde.setstate (wg_id, "Length", L_wg)
| [ | ] [ | ] | pde.setstate(wg_id, "width", w)
A AN AN A AN N AN - . .
I I I I I I I I I N I N N #pde. sekstaks (wg_id, "Phaseshift"™, '907)
B EEEEEEEEEEEEE
[ [ [ v/ N/ N/ v/ [ sbl_id = id + "_sbl”
] ] 1] ] ] ] 1] ] pde.star(sbl id, "URN:TKIT LIB::PDK DFC Modules'
/A / /4 Y ' Iy ; ; _
U ! U Iw[t ! ik Ivu Ivu pr:ie.setpos(sbil_J_r:i.r x+13, y-2)
pde.setstate(sbl_id, "Length", L_sb)
2 ] g ] ] ] ] .setstate(sbl id, "H H sb)
"L‘W sl id, "W
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Design of Photonic Circuits using PDKs
Design Robustness & Sensitivity

Optimization of 3-Ring Filter

Desired filter performance

Si-bridge width Ring length correction

0 R
? E E ) l I‘\‘a
| S I Passba.nd Passband
— -20 : andwidth .
‘ g | | Ripple
O e >
+ ' Frﬁ\iSpectr#ang
-40 ‘ /
L , , 1.55e3 1.56e3 1.57e3
Air gap width Ring radius Wavelength [nm]
Find optimum circuit parameters that
v Meet design specifications = Multi-parameter optimization
(e.g. flat pass band, desired bandwidth, FSR)
v Provide min sensitivity to fabrication imperfections = Monte-Carlo simulations (high effort)
and high yield = Corner analysis, Sensitivity analysis, Yield analysis
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XYV riohatanics

3

Fork

4

1
I_l_. — 1  —  E—  E—
FuncimpuldeOpt |
(hpTwc) (GapType)(GapTypeh) (GapType?(
5"@72— | E— | E—  —  — |
0 | YT W t
o Vi
£ : ‘ ‘:
® | Passba.nd Passband
= 0! / ! Bandwidth :
o | Ripple
= ’
(a
éipectryﬁange
=40 ///
1.55e3 1.56e3 1.57e3

Copyright VPIphotonics.

Wavelength [nm]
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(A

Multi-Parameter Optimization

https://youtu.be/Zi2XBGXT7Mo

g]ﬂl 1D
¥l T LfJ
. ) 1A
tlt Z T&)
PassbandClearyVindow = 200e8 Hz
Analyzes Calculates
output objective
spectrum function

I~

=
FPostValus

Passes
resy];s fpr
optimization

Custom optimization routines (in Python or Tcl) could be used.
Differential evolution method implemented in SciPy is used::

|| simulation_script tcl E3 ‘

i T3 TR - S T O T )

bythonﬂc ript {

import vpi_ptcl script as vpi

from scipy.optimize import differential evolution

def FunCOnce (x) :
vpi.setstate('this", '

‘. =[O ]}

'RingLengthCorrectior

vpl.setstate ("this",
vpli.run(l)

return objective_ function
res = differential evolutionl:RunOnCE; bounds
vpl.ptclmessage ("Global
}

sptimization

result:"

= [(20,120), (—-3200,300)])
+str (res.x))

objective_function = vpi.statevalue('CkhbjsctiveFunction', 'InputValus")

Pyt length: 472 lines: 12

Ln:1 Col:1 5el:0|0

Windows (CR LF)

UTF-8


https://youtu.be/Zi2XBGXT7Mo

“Vplpbsqjgglgg Multidimensional Optimizations

Automatic definition of the schematic parameters providing optimum
performance of the design

Multi-param Optimization(read only) - Rosenbrock Function Minimization.vtmu g =
L. . 7 d
« Commonl d optimizat lgorithm |
O On y use O ] ]Za ]On a Or] S Current value: Current value: > ’ a Name: Value:
4703 [ El = N/A
e o . Status: Not Started
« Control d maximum number of
On ro reC]Slon an aX] u nu er O - Mode: | Multi-Param Optimization ¥
o . Runs: 1 =S
] te rat] O n S Multi-Param Optimization Options
[] Interactive
Objective: minimize
Method: Powell
Output: Nelder-Mead
oo Powell
- - = recision: afs
The Rosenbrock function of two variables: A CG Multi-Param Optimization
ax Iterations: | grag ; :
fix,y) = (1 - x)*2 + 100%(y - x"2)*2 - Iteration no: N/A
The minimum of this function is exactly at [1.0, 1.0] ‘ﬂdzrfof“:f’;s | TNC
|| Stick slider § 51 .sQpP
Basinhopping
DiffEv
Continuous Continuous
L{J Active M Active
Sweep depth: 0 Sweep depth: 1
Edit ' | Edit New Control | | Assign
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Design of Photonic Circuits using PDKs
Desigh Robustness & Sensitivity

Optimization of 3-Ring Filter Corner Analysis )
Si-bridge width Ring length correction - - :5’»
—> — —  — HES
—
E ®)
ﬁq
B ! ! =
e
Air gap width Ring radius | “ ”"l"lll.
% [.1-30' AirGap\?V?dth' [nm] [J+3O’62
Find optimum circuit parameters that v" Verify circuit robustness with comparatively
v' Meet design specifications small number of tests
(e.g. flat pass band, desired bandwidth, FSR) v" Verify that circuit performance characteristics
v Provide min sensitivity to fabrication imperfections falls within specification limits
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Design of Photonic Circuits using PDKs
Desigh Robustness & Sensitivity

Optimization of 3-Ring Filter Sensitivity Analysis
Ripple Variation
Si-bridge width Ring length correction _ —— Y
e e Ripple Sensitivity o
0.2
5| dyp |
S| =——~N(u0%) °
'(50 | dxk G -0.181 L
% -1
O]
s
S
E E & ® SiBridgeWidth
. m AierapWidth .
— — . . ¢ RinglLengthCorrection
Air gap width Ring radius < 0
Average absolute sensitivity
Find optimum circuit parameters that v’ Vary one parameter at a time
v' Meet design specifications (for different start conditions of other parameters)
(e.g. flat pass band, desired bandwidth, FSR) v' Determine its impact on circuit performance
v Provide min sensitivity to fabrication imperfections characteristics
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System-level performance verification
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IQ Transmitter

Monolithic Integrated
InP-based Tx & Rx

i
Z o T00E- g;

Subsystem Characteristics

X | \ | /
Wavelength Mode Mode Gain Shape
Linewidth Loss EA Characteristics Loss Gain
Response to reflections Length Response to reflections Length Response to reflections
Carrier Dynamics Coupling Carrier Dynamics Coupling Carrier Dynamics

System

Characteristics| -

Pulse Shape

Chirp

OSNR

Phase Noise
Polarization Dynamics
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= oy i =N

=-T-- i o=
e o~ . —— "’Hﬂi -
e O -

e G|

Transmitter
Constellation Diagram E D FA
1.06 .
ik * Gain
| Noise
0.5
s o
o
-0.5
-1.06 L% ! *
-1.06 0 1.06
1Ta.u]

« The EDFA affects OSNR

Fiber

Loss
Dispersion
Nonlinearities
PMD

« With the addition of fiber, things get interesting: Loss,
Dispersion, SPM, XPM, FWM, Interaction of Noise and Signal

Qlau]

System Performance

Receiver

Constellation Diagram
38

204

—204 =

—40
-41 Q 41

This tells us NOTHING
about end to end
performance
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Transmitter

DSP needed

— Dispersion

— LO Frequency Offset
— Phase Tracking

— Polarization Crosstalk
— Synchronization

— Filtering

EDFA

Fiber

Q[a.u]

System Performance

Constellation Diagram

Copyright VPIphotonics.
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Role of System Modeling

Use off-the-shelf components to perform the full system simulation for:
 Verification

« Benchmarking

* Yield estimate and sensitivity analysis

« Troubleshooting problems

Design without system modeling is risky!
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System Verification Example

PAM-4 Tx under Test  1DEC™ Assessment of PAM-4 Transmitters

( DAC , el . d river’ o PDF f:ﬁpﬁmum sampling Instant
CW laser} MZM) TransferFunction = Bessel U J_Lh m lﬂi o005 & S H\
Bandwidth = SymbolRate/2 Hz Cn . 500s :
PAM-4 Source FilterOrder =4 m M gm |l ’4 i
o O ca ‘Q* j @ TOEC ieter ] / | Ji
2 Universal - - - " o | E & f \ J| |
j 25 - — Elt:E Recidzal 2 - l‘ \ : !
PAMN-M ectrica _T f k \\ \‘ f : Lk
TDECQ ‘) e e
SSPRQ Sequence Level (a.0)
Received Signal Equalized Signal CDFs for sach threshold at 0.45 U_L (left CDFs)

0.00135 , i _ 0.00135

00012} 0.0012 |- B

[ || Visualization of

g g ;ei ‘ . 7 ‘ e %US \ r__l/[_ performance
PO Tk ™ | o\ \ /[ || characteristics

N o1 + RIN=-80 dBHz | ]
\ /\ /\ j ~ ~RIN=-85dBMHz |7

- . , —A— RIN =-90 dB/Hz |3
EERRET O ~~ RIN =-95dB/Hz |]
A —e- RIN = -100 dB/Hz| 3

——— T Se-d
T B T T Amplitude (a.u.)
Time [ps] 50

E —
z E
g 40f
o E

» Reference equalizer taps updated with MMSE criterion
« Calculates equalization noise enhancement factor
« OMA and thresholds can be determined automatically
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* TDEC - Transmitter and Dispersion Eye Closure, defined in IEEE P802.3bs/D2.2 Draft Standard for Ethernet Amendment 10: MZM 3-dB Bandwidth (GHz)
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Media Access Control Parameters, Physical Layers and Management Parameters for 200 Gb/s and 400 Gb/s Operation
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v Accurate parametrized models of passive and
optoelectronic components (including SOAs, DBR/DFB
lasers and etc.)

v Multi-domain simulation engines

v Seamless integration of circuit and layout design tools with
layout aware simulation

v" Integration of circuit- and device-level simulations

v' Automated means for sweeps, optimizations, sensitivity
analysis
v" Scripting capabilities for automation of repeating tasks

v Integration of circuit- and system-level simulations

Copyright VPIphotonics. All rights reserved.

Summary

Definition of PDK libraries with
validated models for active and
passive photonic circuits.

Design for manufacturing:
development of circuits resistance
to device/circuit/system variation

System verification and
electronic-photonic synergy
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