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PHOTONIC INTEGRATION: MANY FUNCTIONS ON A CHIP ORIVERSITY

Complexity of the circuits depends on
« number of functional blocks

o
« density of integration Modulator

Circuits connect elements together with waveguides
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MANIPULATING LIGHT ON CHIPS UNIVERSITY

Complexity Power consumption

Overall Performance Ecological Footprint

Reliability Cost

Ergonomy goes down

goes up

The benefits of scale
7
7
OFC 2022 - SHORT COURSE SC454 mT"il‘ .
] sy LMeEC
PHOTONIC INTEGRATION: MANY FUNCTIONS ON A CHIP UNIVERSITY
light i wavelength signal
e filtering modulation
light detection
source 52
o
df\

Circuits connect elements together with waveguides
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WAVEGUIDES UNIVERSITY

W \ guided mode: n (1)

Propagate light from the input to the output

c
Nefrr(A)

+ wavefronts propagate with velocity vy, (1) =
(nerr(A)= effective refractive index)

+ Dispersion: n.r¢(4) is wavelength dependent

* Group velocity: time delay of a wave packet: v, (1) = (/1)
9
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SPLITTERS UNIVERSITY
Splits light in two equal parts
* one input
» two outputs
e symmetric
Reciprocal: Also has 3dB loss when used as a combiner.
10
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2%X2 COUPLERS
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inl outl

Can be based on an MMI or other designs in2 out2
Couples fraction K = x? of the power to another — N .
In ou
waveguide
11

11
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MACH-ZEHNDER INTERFEROMETER W UNIVERSITY
T(A

beam splitters + waveguides
delay line will give a wavelength dependent response /
neffAL
wavelength

. Ap =2
e

S

coupler

13
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RING RESONATORS T(1) INIVERSITY
Optical feedback loop
Resonance when n,¢¢Lyjing = m. A

wavelength
15
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WAVELENGTH FILTERING %
channel drop filter .f»
- selects a passband from l%!s:»
a wavelength range
drop
interleaver Iﬁ» -:»
- separates alternating m
pass
wavelength bands
. outl
demultiplexer i out2
- separates multiple l:» ZEZ
wavelength channels outs
16
16
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VERTICAL FIBER INTERFACES ORIVERSITY

Diffraction grating couples light

from fiber to waveguide (and back)

17
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ELECTRICAL MODULATION _ _ . NIVERSITY
Electrical actuation: Switching and modulation

Electrical signal * Thermal
CW light

* Carrier injection/extraction
* Electro-optics

Modulated light Different applications:
* Tuning: slow, analog
* Switching: slow, digital (<kHz), full amplitude
* Signal modulation: fast (GHz — 100GHz)
+ amplitude
* phase

18

18
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PHOTODETECTION Mechanisms UNIVERSITY
. » photodiodes: absorbed photon
" modulated light creates electron-hole pair.
i * p-i-n diode

o + metal-semiconductor-metal diode
’ electrical signal

* photoconductors: absorbed photon
, creates free carriers

* photobolometers: absorbed photon
heats material, which then changes
electrical resistivity

Examples
 [lI-V semiconductors (visible, telecom, MIR)
* Germanium (telecom)
 Silicon (visible, NIR)

19

19
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LASERS AND AMPLIFIERS ORIVERSITY

\ Introducing optical gain on a PIC

» semiconductors (llI-V, Germanium)
can be electrically pumped

amplification .
P  rare-earth (Erbium) can be

incorporated in glass waveguides

light
source

» parametric gain (four wave mixing)
requires nonlinear material

20

20
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PHOTONIC INTEGRATION: A MIX OF MATERIALS Lithium Niobate  {niversiry
Polymers
! Glass, polymers, “ -V
‘ n-v semlFonductors 1&‘ *’h nemisdnductors
I1I-V semiconductors Silicon H
(GaAs, InP) w\ wavelength )
=~ light filtering signal
modulation
i transport
light detection
source » ’
]
11I-V semiconductors
(GaAs, InP)
Germanium
21
21
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GROWING PHOTONIC CHIP MARKET ONIVERSITY

Different material systems

2020 2021
* Indium Phosphide

x Gallium Arsenide

Global Photonic Integrated Circuits (PIC) Market, By Raw

Material

w B E

--

2022 2023 2025 2026

» Silicon On Insulator * Silicon On Silicon

= Lithium Niobate

75% = semiconductor technology

source: maximizemarketresearch 22
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The market will be
REGISTERING
a CAGR of over

22.7%

The market was valued

$0.98 BN in 2019

READ
THE

REFORT: il

WHAT IS SPECIAL ABOUT “SILICON PHOTONICS”?

37.7%

of the growth
will come from
North America

The market is FAIRLY FRAGMENTED with
numerous players occupying the market share

Trends & Latest Highlights

n

GLOBAL SILICON PHOTONICS MARKET 2017-

_
[T

= ‘unec

GHENT
UNIVERSITY

speed data transmission

EMERGEN

source: emergen research 23
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WHAT IS SILICON PHOTONICS?

The implementation of high density photonic integrated circuits by

means of CMOS process technology in a CMOS fab

=
[T

=L mec

GHENT
UNIVERSITY

Enabling complex optical functionality
on a compact chip at low cost

24

24
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SILICON IS NOT A GOOD PHOTONIC MATERIAL ONIERSITY
oo
H signal
3 light wavelength B_
. transport filtering modulation
light B
source & No efficient detection
High waveguide loss modulation »
mechanism ’
Indirect bandgap: ,
no light emission ‘
Poor absorption for
telecom wavelengths
25
25
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SILICON PHOTONICS: WAVELENGTHS AND MATERIALS ONIVERSITY
Compatible with a CMOS fab
High refractive indices
|
0.3
27
27

Wim Bogaerts — Ghent University - IMEC 10



SC454 — Silicon Photonic Circuit Design OFC 2022 - 07 March 2022

OFC 2022 - SHORT COURSE SC454 T

= ‘mmec
WHY SILICON PHOTONICS? GHENT
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Large scale manufacturing

Scale
g

Submicron-scale waveguides

28
28
-
e umec
SCALING ON-CHIP WAVEGUIDES UNIVERSITY

-------------------- = -

. I1I-V semiconductors

Glass waveguide index contrast ~ 10%

Higher index contrast
Smaller waveguides
:': Ipm
silicon wire:

index contrast ~ 200%

29

29
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SILICON PHOTONIC WAVEGUIDES ORIVERSITY

Neore = 3.45
Ncladding = 1.45

High intensity

silicon-oxide on sidewalls

Si substrate

30
30
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HIGHER CONTRAST, SMALLER CORES, TIGHTER BENDS UNIVERSITY
Silica on silicon
Contrast ~0.01-0.1 Indium Phosphide
Mode diameter ~ 8um
Bend radius ~ 5mm Contrast ~0.2-0.5 Sili o |
Size ~ 10 cm? Mode diameter ~ 2um ilicon on insulator
Bend radius ~ 0.5mm Contrast~1.0-2.5
Size ~ 10mm? Mode diameter ~ 0.4um
Bend radius ~ 5pm
Size ~ 0.1mm?
10000 x
31
31
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HIGH INDEX CONTRAST: A BLESSING AND A CURSE ORIVERSITY

Every nm3 matters

CMOS technology is the only manufacturing technology with sufficient nm-process control
to take advantage of the blessing without suffering from the curse

= ‘unec

32

32
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BARE SILICON-ON-INSULATOR WAFER ONIVERSITY
Silicon (220nm)
-
Silicon substrate
33
33
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PHOTOLITHOGRAPHY ORIVERSITY

1. Spin-coat Photoresist + pre-bake

2. Mask is projected in the resist
(UV light at 248nm or 193nm)

= -y
Exposed
Photoresist

3. Post-Exposure bake

4. Resist is developed

37

37
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SILICON ETCHING

1. Plasma etches the exposed silicon

2. Remaining resist is stripped

Silicon (220nm)

39

39
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PARTIAL SILICON ETCHING

1. Lithography of second layer

2. Plasma etching Grating\
3. Resist Stripping ‘

“umec

40

40
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DOPED REGIONS FOR MODULATORS AND HEATERS
1. Lithography of windows
2. lon implantation

3. Resist Stripping

& mec

GHENT
UNIVERSITY

41
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1. Oxide cladding
Planarization (CMP)
Opening of window
Epitaxial Growth of Ge

Planarization (CMP)

a k~ 0w N
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GERMANIUM PHOTODETECTORS ORIVERSITY

L=

-
“Q Photodetector

46

46
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ELECTRICAL CONTACTS: DAMASCENE PROCESS

1. Depositing dielectric layers
2. Lithography and Etching holes
3. Filling with Tungsten (W)
4

. Planarization (CMP)

8

Naa——((

s

N #Tungsten‘contacts,_ |

. &

—_

‘unec

GHENT

UNIVERSITY

>8: /)

—_
N\

[V
N—
SN\

a7

47
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METAL INTERCONNECTS: DAMASCENE PROCESS UNIVERSITY

1. Depositing dielectric layers
2. Lithography and Etching tracks
3. Filling with Copper (Cu)
4. Planarization (CMP)

Travelling-wave
S

7\ Nelectrodes
N N
N iﬁjf§%§§§§§ \

.y N >/ > 4 \\‘\x\' g

Repeat for more layers

48

48
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METAL BONDPADS UNIVERSITY

1. Deposit dielectric layers

2. Depositing Metal (AICu)

3. Lithography and Etching pads

49

49

Wim Bogaerts — Ghent University - IMEC 17



SC454 — Silicon Photonic Circuit Design OFC 2022 - 07 March 2022

OFC 2022 - SHORT COURSE SC454 =

= ‘mmec
SILICON PHOTONICS CHIPS ORIVERSITY

1. Passive circuits with multiple etch layers

2. Modulators and Photodetectors

3. Metal wiring
. ~Modulator

Photodetector

50
50
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WAVEGUIDES ONNERSITY
Waveguide losses dominated by scattering.
. 2.0 -
Use better litho + etch ]
1.8+
1.64 \
E’ 14 I - ﬂimec'sZOOmmrefwireloss
m 1 220 nm
=, 124 .
& 10+ |
5 0.8 ‘ imec’s new 300 mm wire loss
5] ——— ——
8_ 0.6-: *70nm
£ 041 __.
sidewall 02- l | =
roughness ]
7T 71
1490 1500 1510 1520 1530 1540 1550 1560 1570
Wavelength [nm] 51
51
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DIMENSIONAL DEPENDENCE OF A WAVEGUIDE UNIVERSITY
3.0- : .
-0.006 24+ -0.0070
28
o] neff(W) -_ . l-0.0065
24- A - |- 0.0060
[-0.004 _ 22 -
55 x . [-0.00ss <
g 20 > -0.003 § 3 -0.0050 i
5 18- Oneys oo S = " I 0.0045 —i:
Ly aw = i s
gl [65 00 B -0.0040
- 0.0035
12 J - 0.000
1.0 1.8 T T T T T -0.0030
200 400 600 200 1000 1200 140 160 180 200 220 240 260
Wire width (W) [nm] Wire heigth (h) [nm]
W
S—
Si [ h
52
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SENSITIVITY OF SILICON PHOTONICS WAVELENGTH FILTERS UNIVERSITY

* geometry
* stress

* temperature

wire width

wire height

temperature

Especially wavelength filters are sensitive:

dA

ow ~ 1M m

0A

oh ~ 2 m

dA

o7 = 0.8/

=

wavelength

w
<>

h | [si ]

sio,

53

53
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THE BASIC OPTICAL PHASE SHIFTER: A HEATER UNIVERSITY

Waveguides are thermally sensitive:
A¢) ~ Aneff ~T ~ Pelec ~ VZ ~ 12

Integrate resistor close to the waveguide
efficiency: P, = 5 — 30mW
(for silicon waveguides)

phase|shift
voltage
54
54
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THE BASIC OPTICAL PHASE SHIFTER: A HEATER ivERsiTY
Performance determined by geometry
* not too close to waveguide
(metal absorbs)
» volume to be heated (thermal mass)
+ Thermal leakage paths
55
55
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ELECTRICAL SIGNAL MODULATION

Add doped junction to silicon waveguide:
modulate refractive index

substrate

= ‘mmec

GHENT
UNIVERSITY

al strip line

waveguide core

56

56
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ELECTRICAL SIGNAL MODULATION
Add doped junction to silicon waveguide:
modulate refractive index

+ travelling wave modulator

* ring resonator modulator

25Gbls, 1Vpp
Vbias= -0.2V, ER = 2.3dB, Q = 5.3, Opt. Power=13dbm,
1560nm, PRBS=2e31-1

otk muwmc.gnagalngpwy.y.dgj

.

56Gbls, 2.5Vpp
Vbias=-0.75V, ER=4dB, Q=4.2, PRBS=2e31-|

j«»‘mﬂ:wuwmmn-nnyosogg

e 0D

ST | T SRR SRR ST ST

N

57
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injection

depletio

=}

et

accumulation

—

m .
e mec
CARRIER-BASED MODULAT I§i¥ksiv

Refractive-index of semiconductors depends
on local carrier density

Modulate carrier density in waveguide
+ phase modulation

* (spurious) amplitude modulation

(free carrier absorption)
Modulation mechanisms

+ carrier injection (in pin diode)
speed limited by carrier recombination
(~GHz2)

« carrier depletion (in pn diode)
speed limited by RC constant

+ carrier accumulation (in capacitor)
speed limited by RC constant

58

58

Butt Coupling
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GE-DETECTORS COUPLING FROM SILICON WAVEGUIDES ORIVERSITY

Evanescent Coupling Two level

BOx

BOx

BOx

Relevant parameters
- Responsivity (A/W)
- Bandwidth (GHz)

" - Dark current (nA)

59

59
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[11-VV LASERS ON SILICON

Silicon does not emit (indirect bandgap)
Bonding of I1I-V layer stack on silicon

Careful engineering of the transitions

Top Contact (Anode)

Side Contact
(Cathode)

Side Contact
(Cathode)

-
.
S Tunnel
R
80z
pa— [ S
=]

p-InGaAs

f
Active regiof]

source: UCSB, UGent 62

62
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[11-V EPITAXY ON SILICON: DIFFICULT

300 nm GaAs:Be (2x10'° cm?) 22,5 nm GaAs:UID
50 nm 40 — 0% Al,Ga; ,As:Be (1x101cm?)

20 nm 20 —» 40% AL, Gay ,As:Be (5x10'7 cm?)
30 nm Al ,Ga, sAs:Be SCH (4x1017 cm)

17.5 nm GaAs:UID
A A A AA A
°

37.5 nm p/UID GaAs ]-7x e
At Qnm GAaAcUAID & 10 nm GaAs:UID
30 nm Al ,Ga, sAs:Si SCH (2x1017 cm3)
20 nm 40 — 20% Al,Ga,; ,As:Si (2x10'7 cm3) 17.5 nm GaAs:UID
A A A A A A
50 nm 0 — 40% AL Ga;.,As:Si (1x10'8 cm3) 10 nm GaAs:UID.
101
= 17.5 nm GaAs:UID
A A A A A A
UID 50 nm GaAs

%T “umec
UNIVERSITY
Challengin
+ lattice constant mismatch
* polar vs. apolar material
Solutions:
* Thick buffer layers
* high aspect ratio growth
* quantum dots
First lasing demonstrated
(optically pumped)
63

63
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pMm-scale building blocks

cm-scale chips

64

SMALL BUILDING BLOCKS — LARGE CIRCUITS

mmmm) thousands — millions components

_—

GHENT

‘unec

UNIVERSITY

OFC 2022 - SHORT COURSE SC454

Rapidly growing integration

0O(1000) components on a chip
« photonics + electronic drivers
 different applications (mostly comms)

* Relatively small chip volumes
(compared to electronics)

Number of compenents

10° 4

104 4

10° 4

107 4

10! 4

10°

SILICON PHOTONIC CIRCUIT SCALING

GHENT

‘unec

UNIVERSITY

—— Doubling every 18 months
—— Doubling every 12 months
m  Transceiver data points

Non-transceiver data points

number of components/chip

Year

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

All photonic circuits are ASICs

Khanna et al. 2016 65

65
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PHOTONIC LARGE-SCALE INTEGRATION IS HERE UNIVERSITY

That does not mean it is easy... ""-.,,”
)
Larger circuits — lower fabrication yield? "
O'...
——
e St et Y

66

66
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MORE THAN JUST PHOTONS GHENT

UNIVERSITY

Silicon photonics goes beyond the optical chip

software configuration

— - —
e S R

_.~:/105.RF signals ~ 100005 optical elements

67

67
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—
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UNIVERSITY

THE PHOTONIC CHIP IS JUST A PART OF THE SYSTEM

&

2

2
‘3
%
2
8
3
4~
x

analog digital software user
photonics electronics electronics
integrated package
68
68
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PACKAGING TECHNOLOGY

« Combining photonics and electronics
» Fiber interfaces

* RF connections

Thermal and mechanical

multi-core fibers

fiber arrays-

69
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FABLESS SILICON PHOTONICS
Many fabless Silicon Photonics companies have emerged
» from direct collaboration with fabs (Luxtera, ...)

 starting from MPW (Caliopa, Genalyte, Acacia)
Established players are also partnering
* e.g. Finisar with ST

* Many keep their fab a secret

How to enter as a new (fabless) startup?

e
Il

= ‘unec

GHENT
UNIVERSITY

70

70
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COMPLEXITY AS AN ENABLER

Integrated Electronics
+ billions of digital gates: unprecedented logic performance
* millions of analog transistors: unprecedented control

— (even with imperfect components: enabled by design!)

elements J I_> complexity
—

Integrated Photonics (Silicon Photonics)

—_

GHENT
UNIVERSITY

Kt i ’{ N
More _| More - ; More
J [—> «, functionality j‘\s

\

» technological potential of 10000+ photonic elements on a chip

* not even scratched the surface of what this could do

=L mec

71

71
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—
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GHENT
UNIVERSITY

PHOTONIC CIRCUIT DESIGN

72

72
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ENABLING COMPLEXITY IN PHOTONICS
Industrial PIC technology platforms (Si, InP, ...)
» demonstrations of sensors, spectrometers, ...

« commercial products

But: fairly simple circuits ~ 1970s ICs

\

More complexity is enabled by design methods

* Design capture: translating ideas to circuits “
* Circuit simulation (electrical+photonic)

* Variability analysis on circuits

* Yield prediction and improvement ]

—_

I mec

GHENT
UNIVERSITY

73

73
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COMPLEX CIRCUITS # COMPLICATED BUILDING BLOCKS UNIVERSITY
ot v o You can do a lot with a few building blocks
.'}%\ _ =\ s
N ‘ & ‘ Electronics: Transistors, Resistors, Diodes, ...
v \ / J = Photonics: Waveguides, Directional couplers, ...
Complexity emerges from connectivity
But you need to support complexity
- Accurate models
- Variability
- Parasitics
74
74
OFC 2022 - SHORT COURSE SC454 =
-
ey UMeEC
DESIGNING PHOTONIC INTEGRATED CIRCUITS UNIVERSITY

Can we learn from electronic ICs?

» Millions of analog transistors
+ Billions of digital transistors
* Power, timing and yield

* First time right designs

* Very mature Electronic Design Automation (EDA) tools!

* Awell established design flow

Can we repurpose this for photonics?

75

75
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DESIGN ENVIRONMENTS ARE EMERGING ~ LUCEDA  SIEMENS (i,
Combinations of Photonics Design and EDA “Vplphpmmcﬁ SYNoprsys: =l
- Photon
Physical simulation combined with circuit design Design. (9 Jumerical
Physical and functional verification (% Optiwave cadence

First PDKs with basic models

76
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WHAT IS A DESIGN FLOW? GHENT

UNIVERSITY

e Design is the creation of a plan or
convention for the construction of
an object or a system 99

Design Flow

> )|

— ¢Cq repeatable pattern of activity,

usually involving multiple tasks with a
specific set of outcomes

7

77
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WHAT IS THE PURPOSE OF A DESIGN FLOW? ORIVERSITY

idea/ a working chip
concept

to translate an idea into a WORKING chip.

78

78
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A TYPICAL DESIGN CYCLE UNIVERSITY
idea/ design simulate design verify fabricate
concept function function i design device
function
Front-End
design flow time

81

81
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OFC 2022 - SHORT COURSE SC454 TIFIT .
A GREAT IDEA? o, LTNEC
Questions to be asked
idea/ * What should my device do?
SOnEERt * What are its operational principles?
» How well should it perform?
*  Where/How will it be used?
To go from an idea to a design, you need
SPECIFICATIONS
design flow time
83
83
OFC 2022 - SHORT COURSE SC454 =
& " mmec
DESIGN CAPTURE AND SIMULATION NIVERSITY
Capture design intent
deSLgn ;imut'éte in a functional description
* underlying equations
* behavioral models
* flow of information
This typically results in a
schematic circuit
design flow time
84
84
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DESIGN CAPTURE

Select/construct functional blocks

Connect them together

* Netlist:

list of connections (“Nets”) and which
components the nets are attached to.

* Schematic:

graphical representation of
a netlist, with placements

arm?2

—

I mec

GHENT
UNIVERSITY

Example:
Mach Zehnder Interferometer 85
85
OFC 2022 - SHORT COURSE SC454 ﬁ .
SCHEMATIC EDITOR drag and dropping components ﬂ:f\,’,‘gmm
and drawing connections make waveguides
| explicit if needed
£
Schematic Editor /
Fie Edit View Help /
BIUS[we|v]==IpClme ®
PDK Library . Parameter ¥ | Value ¥
Center Wavelength 1550
/‘ — vj’::\:‘) lavelength (nm) - -
arametrization
splitterx2 Bandwidth (Hz) 10k P
component coupler2x2 Resistance (Ohm) 105
libraries grating coupler Loss (dB) 06
medulator Effective Index 25
. . phase shifter Group Index 349
scriptability I
directional
pad_in —
ring filter B \
out > *ﬂ \
9o PT N
MyLibrary Q Bl different connectiong
> insert instance "phase shifter” ps1 250.0 120.0 psi . .
oot inserted (waveguides, direct
> select instance psi v gnd . .
oot aslected . " optical, electrical)
command Dmmmdsimlminnmng/ \ n
\ \
\ interface to specify
circuit simulation 1/0 ports 86

86
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HIERARCHY VERSITY
Netlists are hierarchical '.
» Hierarchical cells:
contain another netlist
* Atomic cells:
contain a circuit model
Example:
Ring-Loaded Mach Zehnder Interferometer 87
87
OFC 2022 - SHORT COURSE SC454 =
&
just a CHENT mmec
WAVEGUIDES IN PHOTONIC SCHEMATICS A UNIVERSITY

[ J link to the
output

grating splitter combiner grating

coupler coupler
direct (logical) +E]—F
connection arm1 What are waveguides?

Simple connections between building blocks

« the length and shape does not really matter
+ it should just provide a good connection

+ similar as an electrical wire
phase sensitive Functional blocks with a certain phase/time delay
(delay in MZI)

separate building » length and shape are very important
block

» should be treated as a building block

88

88
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PV thiae I *punec
MODELS FOR CIRCUIT SIMULATION INIVERSITY
Should allow simulation in a larger circuit
- based on equations
- based on measurement data
- based on EM simulations
Photonics: Nothing really standardized
* No standardized simulation method
* No standard model description
* No standard signals
9
90
OFC 2022 - SHORT COURSE SC454 ﬁ .
A Goob CIRcUIT MODEL ﬁ*rl:fv"éks.wlmec
- Maps input signals correctly to output signals
- In frequency domain and time domain
- Is efficient (for circuit simulations)
- Has meaningful parameters
- Can be extracted from measurements
Sin(t) Y ) 5. (t)
o1
91
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BLACK-BOX VS. WHITE-BOX MODEL UNIVERSITY
White-box:
* knows the circuit
» captures the physics Dro nda
m L1
Sin(t) ‘ ‘ Sout(t)
S~ G
Black-box:
* internals unknown
* mathematical fit’
Sin(t) MY _— S,,.(t)
92
92
OFC 2022 - SHORT COURSE SC454 ﬁ .
sy LMeC
OPTICAL CIRCUIT SIMULATION X UNIVERSITY
4
Generalized scattering of an incoming wave o
b] = B]e jwt
» Calculates one wavelength at a time
3 /y
» gets response between all ports in one operation
* Can only model linear, time-invariant systems
\
2

A
/: Alie—ja)t

a; =
Sz1(w)

out in frequency (wavelength)

dependent

93

93
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FREQUENCY DOMAIN SIMULATIONS sy
Frequency domain simulations are very
useful for calculating
* Insertion losses
+ Backreflections
» Dispersion (wavelength dependence)
» Wavelength filter response

and can also be extended to model

+ Slowly varying effects

1430 1455 1490 1525 1580
wavelength

 Certain optical nonlinearities

“unec

94

94
OFC 2022 - SHORT COURSE SC454 ﬁ N
== mec
WHAT IS A PORT OF A WAVEGUIDE COMPONENT? ivERsiTY
Orthogonal states
* Physically separated waveguides 4 A Y
+ Each mode in the waveguide g //
Example: 6 “ports” — 6x6 S-matrix 3 physical
waveguides
In practice:
Only use the relevant
modes (rest is “loss”)
2 guided modes o
95
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TIME DoOMAIN OPTICAL CIRCUIT SIMULATION ORIVERSITY

Calculate time response of a circuit

» » * to a stimulus

excitations circuit monitors (or combination of excitations)
+ at certain output monitors

* using discrete time steps

+ Faster than electromagnetic simulations

* Supports large circuits

« Slower than frequency domain

» Only response to specific stimulus

= ‘unec

96

96
OFC 2022 - SHORT COURSE SC454 .
I mec
LIGHT PROPAGATES THROUGH CIRCUITS UNIVERSITY
s\/ > b(t) = B(t)e /¥t

b building block |

incoming wave

building block

a(t) = A(t)e J@t A(t) » B(t)

spatial profile = waveguide mode

Time domain:
+ time-varying signals propagating between nodes
» Linear, nonlinear and electro-optic systems
+ Basically any equation can describe a node
+ Still fast, but slower than frequency-domain

» Every excitation needs a new simulation

outgoing wave

97

97
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OPTICAL VS. ELECTRICAL CIRCUIT SIMULATION

optical = electrical ... at very high frequency
+ ultra-small time steps (fs)
« ultra-long simulations (102 time steps)

» high-bandwidth signals (200THz)

impractical!

Solution: analytic signal

= complex amplitude on carrier

\ 4

—

= umec

UNIVERSITY

period ~5fs

complex envelope

e amplitude
¢ phase
of carrier

98

98

—_

OFC 2022 - SHORT COURSE SC454 - NRCC
X X N7 X
OPTICAL SIGNALS . — 2 %2 BM‘E‘RS.TYM
two directions Y — not all simulators
An optical link carries an support all combinations
an optical signal... P—
- vanva NS
signa complex number A A &y
line C]—‘ r e =
|D power phase
wavelength:
N channels
single WDM spectrum
mode/polarization: TEO MO TEL
M modes [ | | [ [T |

99

99
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SIMULATING LINEAR CIRCUITS INIVERSITY
Photonics does not fit easily in Spice
Effort-flow systems
| m Voltage Current
| _ m Pressure Flow
Temperature  Heat Flow*
m Force Motion
—
Photonic?  [IZi[ H-field
Not the best formalism for photonics
(more like an RF wave)
104
104
OFC 2022 - SHORT COURSE SC454 @ . mec

PHOTONICS AND ELECTRONICS USE DIFFERENT FORMALISMS  SHENCc oy

How to co-simulate?

electrical:
- effort-flow / SPICE

ps

gc_out

t2 out vertical_in .

ring splitter

gnd optical:
PDout <] - Scattering waves

105

105
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—

ﬂmﬂ -
= mec
SIMULATING PHOTONICS + ELECTRONICS ONIVERSITY
Real system: photonics + electronics
Example: optical link
[ S— receiver
) [
signal in <] ‘
signal out
—_ 104
106
OFC 2022 - SHORT COURSE SC454 @ .n1]ec
SIMULATING PHOTONICS + ELECTRONICS ONNERsITY

Circuit has optical and electrical parts:

Some components overlap

optical

I

wg

107

107
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SIMULATING PHOTONICS + ELECTRONICS ONIVERSITY
Simulating everything in electrical simulator (SPICE — MNA)

* Use native, verified models for electronics
 Build Verilog-A models for photonics
VeriIog_—A models
108

108

OFC 2022 - SHORT COURSE SC454 @ . n1]ec
SIMULATING PHOTONICS + ELECTRONICS ONNERsITY

Simulate everything in a photonics simulator (Interconnect, Caphe, OptSim)

» Optimized models and formalisms for photonics

custom models
+ for photonic
“ circuit simulator

» Electronics models need to be mapped. No verified fab models

~
~,
Seadee=”

109

109
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W -
= mec
SIMULATING PHOTONICS + ELECTRONICS UNIVERSITY
Co-simulate with waveform exchange
» Photonics and electronics in optimized model, executed sequentially
« Output of one simulation = input of next simulation
P ~ SPICE T
e N simulator .. /
B ns ! i
i iwaveform exchange E
i \ i (unidirectional) i
‘\\ o b (AL Optical
9 7 ; / simulator
N, \\p.d ----- ;// 4L
= - = 110
110
OFC 2022 - SHORT COURSE SC454 =
[T -
cmr LMeEC
SIMULATING PHOTONICS + ELECTRONICS UNIVERSITY
True cosimulation (photonics and electronics in lockstep)
+ Both photonic and electronic simulators run in parallel o
Mixed-signal
» Photonic and electronic model exchange data at each step ,,Sim“'ator
. _ SPICE LT NS
N .~ simulator "-. / AN
' "r W
i full signal exchange i
i (bidirectional) '
/ ;! Optical
/ ; / /  simulator
= 111]

111
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CO-SIMULATION

Cc
=]
@)

]

)
-
Y
L

& "Jumerical cadence

Cadence INTERCONNECT

- : Ty Stream In Data for each
Optical Partition Timestep
Verilog-A View Stream Out Data for
each Timestep
Loading and Calling

(

Electrical Partition

1 v
p T VMV ( ! INTERCONNECT
g Functions (written in C) Analog Design
~ from INTERCONNECT o -
| >¥ Dynamic Link Libraries Enviroment
|~
[Spectre Calling Verilog-A

Import the netlist

n generated by ADE using
T_, INTERCONNECT is : OAGIS

l Optical Partition

Symbol View

>

supported using OASIS
Framework

Schematic View Simulation results will be

generated in a
Parametric Storage
Format (PSF)

| Optical Partition

Optical and electrical co-design in Virtuoso Schematic

Photonic simulation in Lumerical Interconnect

A. Farsaei, APC 2016, JTu4A.1

112
112
OFC 2022 - SHORT COURSE SC454 =
-
S umec
FROM FUNCTION TO LAYOUT UNIVERSITY
-~ Layout: the patterns used for
esign . . .
ayout fabricating a chip
* Geometric primitives
e Placing of components
e Connecting components
design flow time
113
113
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—

= ‘unec

LAYOUT UNIVERSITY
Geometric patterns
» Originally drawn by hand

* Now drawn by computer

* or programmed using scripts

Different layers
» correspond to process steps: Mask layers

+ or to logical operations (e.g. Boolean
operations)

Different purposes

* Intent of the drawn shape:
process, exclusion, annotation, ...

114

114

OFC 2022 - SHORT COURSE SC454

—_

I mec

LAYoOUT: CIRCUITS ORIVERSITY

Organized in (reusable) Cells
- placement

- transformations

Hierarchy: Cells contain other cells

Routing
- Optical connectivity with waveguides
- Electrical connectivity with metal wiring

- Avoid crossings/shorts/disconnects

119

115
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LAYOUT EDITORS

component
libraries

scriptability

alignment and snapping

drag and dropping at waveguide ports
components }
Layout Editor /
File Edit View Help /

P

Plmo

B I US[we]~]=i=D

PDK Library

| waveguide
splitter1x2
coupler2x2
grating coupler
modulator
phase shifter
directional

ring filter

MyLibrary

2 Porameter | Valle ¥
. length (um) 50.0
waveguide width (um) |0.45
heater offset (um} 10
heoter width (um) 08
contact lemsi (um) 20
contact_width (um) 12
/—\: optical and

> set ps1 length 50
> set ps1 position 430.0 155.0

interface to vgrification

(DRC and LVS)

- command plomﬂMificcﬂbﬂ’llug/ \\ \ W=
4 | N\
) N

routing of waveguides
and electrical wires

smart waveguide cells with automatic
bend radius and flaring in long segments

I L
parametrization

—

= umec

UNIVERSITY

electrical pins

116

OFC 2022 - SHORT COURSE SC454

A DESIGN CELL

combines the different aspects of the design

* symbolic representation

* a model

Static content: can be stored in a file (e.g. EDIF)

layout (shapes on mask layers)

location and orientation of the ports

Easy exchange, tool vendor independent

—_

= “unec

UNIVERSITY

117

117
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A PARAMETRIC CELL

Same as a cell, but the content is generated
based on parameters

Input: user parameters

Output: data

—

[T unec

Layout View
- paraml
- param2
- param3
- paramé4

ﬂ

- paraml
- param2
- param5
- param6

evaluator code

[ Model View \

T
ﬂ(%aswv

4

in the middle: an evaluator function

a piece of software code

tool vendor dependent

Storage: in a database

118

118
OFC 2022 - SHORT COURSE SC454 .
1 sy LMeC
| .t s THE SymMBOL VIEW UIVERSITY
oz | e )
" Abstract representation of a component
SPLT_1
out2
B =
it = even o1 * Symbolic drawing
- vertical in out » 1/O ports/terms (optical/electrical)
+ Parameters
PHS_1 . "
n ou
=l
sa it =0 ) There is a standard in electronics
X in oy (EDIF files) but not between photonics tools.
| —F
>
119

119
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vi = unec
S THE NETLIST/SCHEMATIC VIEW &

The netlist describes the internal connectivity of a
(sub)circuit
« Circuit elements (instances)

gc_in, gc_out - grating coupler

> wg - waveguide
out ps - phase shifter

+ Connection between ports
gc_in:out —wg:in
wg:out — ps:in
ps:out —ring:in
ring:out — splitter:in

« Connections with outside world
gc_in:vertical_in —in

gc_out:vertical_in — out
pd:out — PDout
pg:gnd — GND

120

120

OFC 2022 - SHORT COURSE SC454 ﬁ .
PCell: 3 child cells = [mec

THE LAYOUT VIEW ORIVERSITY

Hierarchical description of polygons on layers

* Raw polygons

A\ \

» |nstances of other cells

Two instances of .
the same PCell + single

* array

polygons o . .
Here parametrization is used most intensively

 calculate complex shapes

» perform repetitive placements

121

121
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SCHEMATIC DRIVEN LAYOUT (SDL)

design
function

design flow

—

= ‘unec

GHENT
UNIVERSITY

Layout: the patterns used for
fabricating a chip

e Geometric primitives
* Placing of components
e Connecting component

Schematic Driven Layout:

Derive information from
circuit schematic
* Component placement
e Component connectivity

time

127

122

OFC 2022 - SHORT COURSE SC454

SCHEMATIC DRIVEN LAYOUT (SDL)

—_

I mec

GHENT
UNIVERSITY

Derive the physical layout from the schematic
— Generate the Layout (P)Cells
— Place the Layout Cells

— Connect the layout cells together

Not trivial to fully automate
— What is the optimal placement?
— |s the topology possible?
— Constraints for length matching?
— On which layer to route?

— Waveguide bends and crossings?

Combination of manual + auto

123

123
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PLACEMENT AND ROUTING UNIVERSITY
Photonic-specific constraints
+ ‘optical length’ and phase control
* minimal bend radius
« waveguide spacing
* matching port direction
* single routing layer!
124
124
OFC 2022 - SHORT COURSE SC454 da, S , T .
Luceda, Synopsys, T umec

Pure photonics
or based on EDA tools

« define connections
» place components
* route waveguides

PHOTONIC SDL TOOLS ARE EMERGING _Cadence ..

Mentor Graphics,

GHENT
UNIVERSITY

125
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IS THE LAYOUT VALID?

check
design
rules

—

= ‘unec

GHENT
UNIVERSITY

Design Rule Checking

meets the fabrication
rules of the fab?

* minimum features
* layer combinations
e overlaps

* pattern density

design flow time
124
126
OFC 2022 - SHORT COURSE SC454 @ N umec
DESIGN RULE VIOLATIONS: EXAMPLES ONIVERSITY
]
Edge Spacing Violation
Violation
Width Violations Encapsulation
Violation
127

127
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Silicon Photonics:

DRC techniques were designed for electronics: 90-degree angles...

— All-angle waveguides — discretized...

— Nanometer scale sensitivities

PHOTONIC PROBLEMS WITH DRC?

— Arbitrary geometries (e.g. slot waveguides, PhC)

GHENT
UNIVERSITY

>

= "1mmec

Design layer
B width exvor

\ Spacing error

% Whatis bad?
&~ Whatis intentional?
Do . [
. O ¢
o ’:\ : 3 al
e~ gl : :
54 b, = o2
o . & 03 . o3
0<w<wi wisw<w2 w2<w<ws >
o> ol o> o o> o3 0 Wi w2 w3
R. Cao, VSLI-SoC 2014 129
128
OFC 2022 - SHORT COURSE SC454 ﬁ .
i ey UMeEC
Eg PATTERN DENSITIES UNIVERSITY
Eg Pattern density must be sufficiently uniform
':gg — Etch rate control
Eg — Avoid CMP dishing
£
;gg Tiles are added
T o
HE  There must be sufficient room
ﬁ.Eg to add tiles
g — Slab areas (AWG)
Al ey
— Dense waveguide arrays
129
129
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FUNCTIONAL VERIFICATION

schematic?

e
Il

= ‘unec

GHENT
UNIVERSITY

_ Does the layout
verify correspond to the circuit

design
function

Parasitic effects that were
not in the schematic

design flow time
130
130
OFC 2022 - SHORT COURSE SC454 =
T
. sy LMeC
FUNCTIONAL VERIFICATION: LAYOUT VERSUS SCHEMATIC UNIVERSITY
Check Connectivity Check functionality
Are the correct components placed? Did we use the right parameters?
Are they properly connected? Does the layout perform the correct function?
connected

not co?nected

engineered crossing
not connected

e.g. does the waveguide have the
correct width (i.e. optical length)

131§

131
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FUNCTIONAL VERIFICATION UNIVERSITY
design verify
function design
function
design flow time
137

132

OFC 2022 - SHORT COURSE SC454
POST-LAYOUT SIMULATION
Resimulate the circuit based on the actual lay ﬁ .
Include lengths, crossings, reflections, ... || [ i =
0 =
e e A =
o — w
!,,_@+ le—s | ImaloW i’
B | o T oty (T s
- =5
”—@[_'_‘ -
L :
LUCEDA ' 133

133
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FABRICATION

—

I 1mec

“ . . GHENT
no plan survives contact with the enemyinsry
H. von Moltke (misquoted)

fabricate
device

design flow time

134

134

OFC 2022 - SHORT COURSE SC454

’:JX 2000nm

—_

THE ACTUAL FABRICATION PROCE:T%W

Layer depositions

e T e T8 Pattern definition (lithography)
se 1 Pattern transfer (etch)
e N “~ . Planarization

Thermal treatment

example: IMEC silicon Photonics Doping and implantation

and each step with imperfections and
variability

‘unec

135

135
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LITHOGRAPHY: NOT PERFECT
Spatial low-pass filter
— Minimum feature size
— Minimum pitch
— Pattern rounding

Example: Bragg grating

= ‘unec

GHENT
UNIVERSITY

AERERRRERNREREY
— JUUUUU UL

134

136

OFC 2022 - SHORT COURSE SC454

Overcome rounding: add OPC
— serifs
— cutouts
Makes mask more complex (and costly)

Not always possible without violating DR

OPTICAL PROXIMITY CORRECTIONS (OPC)

=L mec

GHENT
UNIVERSITY

hammerhead serif

ST

137

137

Wim Bogaerts — Ghent University - IMEC

OFC 2022 - 07 March 2022

56



SC454 - Silicon Photonic Circuit Design

OFC 2022 - 07 March 2022

OFC 2022 - SHORT COURSE SC454 .
. aer LMeC
FABRICATION: IN-LINE DATA UNIVERSITY
design fabricate
function device
design flow time
138§
138
OFC 2022 - SHORT COURSE SC454 ﬁ .
sy LMeC
P IN-LINE PROCESS DATA  {iiltsiny
= Wg gap -> 160nm :
- Collect data from wafers as
o [ they are being processed
LI PR Y -
— Line width
— Etch depth
A red points: intentional excursions .
€O 1_FEOL STI_WG_PATTERHING WG_Eich cd D{SIPP.WG.STI.ETCHALASONKLAS100XP] - Layer thICkneSS
%H§5%%§M§“H?Ea%@ Feed in design process
. w — FRONT-END: Predict behavioural change
_| wewidth>4800m — BACK-END: Adjust layout
Efp i il Fiis
STATISTICS!
139
139
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THERE ARE MANY SOURCES OF NON-UNIFORMITY ﬁf\:‘gnsnv

“unec

140

140

OFC 2022 - SHORT COURSE SC454

process conditions

exposure dose
resist age
plasma density

slurry composition

device geometry

line width

layer thickness
sidewall angle
doping profile

I "mmec
DESCRIBING VARIABILITY AT DIFFERENT LEVELS SRIVERSITY

optical device properties

effective index
group index
coupling coefficients
center wavelength

circuit properties
optical delay
path imbalance
tuning curve

system performance
insertion loss
crosstalk
noise figures
power consumption

147

141
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Intra-die

VARIABILITY EFFECTS WORK ON DIFFERENT SCALES

= “unec

GHENT
UNIVERSITY

lot-to-lot

142

142
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* width/thickness

+ effective/group index
240
235
230

225

o
o

Thickness [nm]
RONR
o (4]

205

200

195

MAPPING GEOMETRY ON OPTICAL PROPERTIES

Waveguide Geometry

GHENT
UNIVERSITY

sio,

Sio,

190

440

460 480 500
Width [nm]

Y. Xing, Phot.Res. 2018 143

ZL“nmec

143
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sio, |
MAPPING GEOMETRY ON OPTICAL PROPERTIES AV
85’
. . sio, | —
« width/thickness T
« effective/group index
Waveguide Geometry Geometry Model
240 4.381 -6-Simulated
— -First-order model
235 4.36 —= -Second-order model
230 434 ~= ~Third-order model
225 432
E220 a3t
a
§ 215 4.28
=210 4.26
|_
205 4241
200 422
195 42
190 4;10 460 4;50 4'13.15 22 225 23 235 24 245 25
" n
Width [nm] ¥ Xing, Phot.Res. 2018 _
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LINEWIDTH MAP

*10°

Interpolated Width Map [nm]

Width [nm]

= “unec

UNIVERSITY

Interpolated Width Map [nm]

149
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YIELD PREDICTION SCHEME

building blocks
+ models

sensitivity of model
parameters

to fabrication
parameters

{mmmmmm
$ , EEEN -7
i H ‘EEEEEN
for fabrication Nk
parameters e

e e e n

circuit netlist + layout

. place circuit on wafer
and adjust model
parameters

“unec

Y

circuit simulation

O,

1530 1535 1540 1545 1550 1555 L1560 L1563 1370

wavelangth

variability

Yield
prediction

tranlmu“lnn 1481
Lo
8

“4%25 1530 1535 1540 1545 1550 1555 1560 1565 1

wavelength (um]

Monte-Carlo on

dies and wafers
crosstalk

Bogaerts , JSTQE 2019 149
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OFC 2022 - SHORT COURSE SC454

OTHER EXAMPLE: 4-RING DEMUX

* 4 rings with 1.6nm spacing

« A, =155um

Linear Power Transmission

‘unec

GHENT
Transmission of a four-channel optical demultiplexer

1.0

1.552 1.554 1558

Wavelength [pm]

200pum

14

Bogaerts , JSTQE 2019
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EFFECT OF LINEWIDTH VARIATION

14

12

10

number of peak pairs

L I
peak separation

1.0 15 20 30
Peak separations [nm]

B

Linear Power Transmission

fabrication linewidth variation onlv (o = 1nm)

e
Il

= ‘unec

GHENT
UNIVERSITY

Transmission of a four-channel optical demultiplexer

10

0.8 f

0.6

0.4

0.2
[

0.0,
1548

1552 1.554
Wavelength [pm]

I
\
|

148
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BRINGING THE DEVICES CLOSER TOGETHER

number of peak pairs
o

1l
peak separation

05 10 15 24
Peak separations [nm]

30um

Linear Power Transmission

fabrication linewidth variation only (¢ = 1nm)

10

Transmission of a

four-channel optical demult

—_

I mec

GHENT
UNIVERSITY

iplexer

).0
1548

1.550

1.552 1554
Wavelength [jum]

[

I.‘ |

1558

Bogaerts , JSTQE 2019 149
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[T} -
= _[mec
TESTING ONNERSITY
Put the device on a measurement bricat
setup and characterize its performance device
design flow time
150
150
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How TO TEST? ONNERsITY

Electrical, optical, or both?

Testing after packaging?

Need statistics?

depends on application

Wafer-scale testing -> grating couplers

151

151
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CHALLENGE: DEFINING GOOD TESTS ORIVERSITY

You need to think about tests during the design stage
— Which structures are representative?
— How can | isolate them?
— What parameters do | want to measure?
— How will | analyseffit the data?
Parameters for your component models!

— What makes a good model? Typical silicon nanowire

Example: waveguide model

¢ nepp(A) -> polynomial?

* loss(X) -> polynomial? 300 nﬁ..
* nonlinearities?

Silica
substrate

500 —-|

How to measure ngss? nm
152
OFC 2022 - SHORT COURSE SC454 ﬁ .
e umec
OUR SIMPLE DESIGN FLOW CNIVERSITY
idea/ design simulate design verify fabricate
concept function function layout design device
function
design flow time
153
153
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OUR SIMPLE DESIGN FLOW

idea/ design simulate design check verify fabricate
concept function function layout design design device
rules function

Exchange of Information?

design flow

GHENT
UNIVERSITY

time

= "1mmec

159

155
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EXCHANGE OF INFORMATION

Files
- Layout: GDSII and OASIS
A. - Netlist/Schematic: Spice, EDIF

1 - PCell code: Skill, Python , Tcl
- Data: Touchstone, XML

Databases
- proprietary
- EDA standard: OpenAccess

GHENT
UNIVERSITY

- Models: Spice, VerilogA, C++, Python

=L mec

154

156
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DESIGNING IN CODE VERSUS GUI URIVERSITY
Designing in Code Designing in GUI
from ipkiss3 import all as i3
class RingResonator(i3.PCell):
class Layout(i3.LayoutView):
ring_radius = i3.PositiveNumberProperty(default=20.0)
wg_width = i3.PositiveNumberProperty(default=0.45)
coupler_gap = i3.PositiveNumberProperty(default=0.3)
def _generate_elements(self, elems):
r = self.ring_radius
g = self.coupler_gap
w = self.wg_width
elems += i3.CirclePath(layer=i3.Layer(2), R
radius=r,
line_width=w)
elems += i3.Line(layer=Layer(2),
begin_coord=(-r, -r-w-g),
end_coord=(+r, -r-w-g),
line_width=w)
return elems
157
157
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oo Umec
DESIGNING IN CODE VERSUS GUI UNIVERSITY
Designing in Code Designing in GUI
Pro: Pro:
+ Easytoreuse * Intuitive quick start
+ Easy to upgrade design * Visual feedback
+ Easy to share and version « WYSIWYG
» Easy parametrize * Quick point and click
+ Easy to document and make examples
» Everything is numerically correct Con:
« Difficult to make complex things
Con: * No calculations
« Harder to learn * Alot of manual work
* No immediate visual feedback « Easy make small (invisible) mistakes
158
158
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DESIGNING IN CODE VERSUS GUI INIVERSITY
Designing in Code Designing in GUI
- parameter sweeps - schematic connectivity
- calculated geometries - layout positioning
- circuit models (floorplanning)
- automatic placement - fixing the last DRC errors
and routing - quick manual routing
159
159
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ABSTRACTIONS IN A CIRCUIT DESIGN FLOW UNIVERSITY
System [EEEEY
design concept
' : — Behavioral
I B KO | e simulations
Circuit (il I
design l
l Physical
simulations
Component
design
design flow time
160

160
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ABSTRACTIONS IN A CIRCUIT DESIGN FLOW UNIVERSITY
System
design
Behavioral
I simulations
Circuit I
design l
l Physical
simulations
Component
design
design flow time
161
161
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= mec
PDK: INTERFACE FROM FAB 1O DESIGNER ONNERSITY
\ ( f% o H P
TH %
HEHZ

component design
simulation, measurement

technology and
verification rules

PDK

e \

component libraries
documentation
support scripts

PDK for photonics

circuit design and simulation

DESIGNER

layout generation and verification

162

162
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ABSTRACTIONS IN A DESIGN FLOW UNIVERSITY
System EERY
design concept
/ : — Behavioral
I e S Mulations
Circuit IR | design a I
design ' — )
e HE
l — J Physical
. \, . simulations
Ccomponent  Physical com nt design and
design electromagnetic simulations
design flow time
163
163
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o UNEC
WHY MORE COMPONENT DESIGN IN PHOTONICS RiVtrsiy
More geometric design freedom
— Photonic Crystals
— Subwavelength gratings
— Arbitrary holographic functions
More complex behaviour
— Phase: interference effects
— Wavelength dependence
— Nonlinearities
Requires accurate physical modelling
164
164
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COMPONENT DESIGN VS. CIRCUIT DESIGN

Component Design

Hesseacessenozses
“\\\‘

”,

Circuit design

—

o umec

UNIVERSITY

Circuit
capture

%”’ simu atlo\n\“s layout ”:l:'““-
Ptaggp N
1649
166
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ce. mec
PHOTONIC CIRCUIT DESIGN TOOLS UNIVERSITY
7
&) Optiwave IS SIDuLIA “VPIp!jgjgglgg
b \nsys
Design, ®
""/_‘.’("’.?f(@/ S‘/ﬂ UPS‘/S
adence
SIEMENS cadence
Menior @ Nazcadesion
167
167
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(documenteélﬁ“ ’ u'nec
TOOL CAPABILITIES UNIVERSITY
S\/"[]PS\/S Fullwave OptSim Optodesigner Optodesigner Optodesigner
Beamprop

- ™ Spectre AMS Virtuoso Virtuoso Assura

SIEMENS Eldo L-Edit L-Edit Calibre
Menbor LightSuite

LUGEDA camfr * Caphe IPKISS IPKISS

u - MOdeDeSigner componentMaker ___
VPIphotonics
(9[umerica/ FDTDSolutions Interconnect

" ModeSolutions

ANSYS Device

Nazca Nazca

P]mtml Fimmwave PICwave
Design, | Omnisim
DS =LA CST StUdio ----
Esls

168
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& " mmec
PHOTONIC CIRCUIT DESIGN: LEARN!NG ("VCLES ONIVERSITY
9 months
l h hours/days/weeks —|
-.\‘ / P E\] w
idea circuit circuit chip verification  fabrication testing
schematic simulation layout
Learning cycles through fabrication take a lot of time.
169
169
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W .
PROTOTYPING A NEW (SILICON) PHOTONIC IC ey Py, e UMEC
Design (4M) MDais;:gel";;oUCHIP.
Fabrication (6M) Fh,a 7Cepss'e'f ..... "s ______ 19; k -
Package (1M) DP:CL;( ;Z;.i’"a.t.i.o.n's ......... 1539k,;$
Test (2M) Ter:tvh 1"‘6.41'.{3 ------ zziil;

Then you discover the bugs...

® .
.
.
~ ® e
~~~~~
-~

Repeat!

170

170
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. ZL“nmec
PROTOTYPING A NEW ELECTRONIC CIRCUIT input-output blocks EHCHT

UNIVERSITY
Select a suitable programmable IC: FPGA, DSP, uC (1d)
Program and test the chip (1-4w)
Only then, if needed:
» Design ASIC ...

Aanysilicon

logic
blocks

Time to Market
NRE

Design Flow
Unit Cost

Performance

Power Consumption

Unit Size

177

171
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THE PHOTONIC FPGAS? T,

or programmable photonics
reconfigurable photonics
photonic processors

universal photonic circuits ...

Photonic Integrated Circuits
that can be reconfigured

using software
to perform different functions.

172

172
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—_

= umec

PROGRAMMABLE PHOTONIC CHIP NIVERSITY

] ] _ ) Optical signals in and out
Can process signals in the optical domain
* balancing ‘ f
« filtering .

. RF signals Photonic
» transformations out Processor RF signals in

Both on Optical and RF signals «

173

173
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GENERIC PROGRAMMABLE OPTICAL PROCESSOR

Optical inputs and outputs

RF inputs: modulators

(balanced)

RF outputs: balanced PDs \

photodetectors 4
Specialized high performance blocks
Connected by a programmable

linear optical circuit b )
\waveguide mesh/

_with tungble couplers

Yand phase shifters’

RF outputs

e
Il

o umec

UNIVERSITY

high-speed
phase modulators

blocks

179

175
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PROGRAMMABLE WAVEGUIDE MESHES

Forward meshes Recirculating Meshes

Clements et al. Optica 2016

T

179

176
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THE BASIC UNIT CELL: 2%2 UNITARY GATE UNIVERSITY
al(t) = A, (t). eJwt+p(t) 0 6
F Bi] cosz jsin= ARB
lightwave \f [Bz] - 0 0 [ e1¢2] [ ]
in a waveguide jSinE COSE
input -
waveguides 2%2 Unitary transformatlon

optical gate

A
waveguides™

\f
SN 0i(©) = By(). el
L.

Phase delay A
Power coupling k

b,i() = B (t).el°t+926)

Review: Bogaerts et al, Nature 2020 177

177
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THE BASIC UNIT CELL: 2%x2 UNITARY GATE ONIVERSITY
On-chip implementations: Control of the coupling

l

at least 2 control points needed

Control of the phase

l

* Phase shifter + Tunable Coupler

* Mach-Zehnder interferometer

Control of the coupling

Control of the phase 179

178
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PROGRAMMING A 2X2 OPTICAL GATE ORIVERSITY

Coupling all light to output 2
Use monitor to tune the phase reresrrisr .

Use monitor to balance the coupling

minimize the power in the detector

detector

2x2 optical gate

Stanford University Miller, OpEx 2013 181

181
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PROGRAMMING A 2X2 OPTICAL GATE ORIVERSITY

Cascading gates

Couple all light to output 4

Sequentially optimize 2x2 gates

Stanford University Miller, OpEx 2013 18

185
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APPLICATIONS OF FORWARD-ONLY MESHES INIVERSITY
Linear circuit performs real-time matrix-vector product (MAC operation)

b=M:-a

_al —bl—
a b2
a

.3 b3
a
Ay, b, |

184

186
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APPLICATIONS OF FORWARD-ONLY MESHES ivERsiTY

Linear circuit performs real-time matrix-vector product (MAC operation)
Basic operation in b M
» Pattern Recognition — a
+ Linear Quantum Optics
« Artificial Neural Networks
187
187
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(RE)ROUTING LIGHT INIVERSITY
Light can be arbitrarily routed

. . R —
Multiple routes in the same mesh . _/_
bar f \_
— —d/ =9
/
193
193
OFC 2022 - SHORT COURSE SC454 This coupler is -
used twice sy LMeC
MACH-ZEHNDER INTERFEROMETERS UNIVERSITY
Basic building block for FIR filters
. . b =
Delay can be adjusted per unit lengths \ f
s AL

- \ YAV

©

'E -15

$ o = o

: \ \O 4

g

= =30

=35
4053 0.2 0.0 0.2 0.4
Wavelength (1550 +/- nm)
1994
198
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RING RESONATORS ORIVERSITY

Loop light in itself

_ 1 =
Coupler ring resonators together \ f

TV

M

N
_f\JQ

T T T
1.550 1.552 1.554

T T T
1.556 1.558 1560

wavelength

199

199

OFC 2022 - SHORT COURSE SC454

—_
1

=L mec

A NEW WAY OF DESIGNING FUNCTIONALITY ORIVERSITY

Full Custom design

geometry design

for k in range(N):
_ . . . . set_current(k, I)
PDK-based Circuit Design Programming a Mesh read mondtor(h, 1)
read_monitor(k, 2)
set_current(k+l, 0.9*I)

\ set_current(k-1, 1.1*I)
read_monitor(k-1, 1)
read_monitor(k+1, 2)

standard
phase standard 2x2
shifter (
standard 2x2 N
-\. /
Custom circuit design with
standard tunable couplers Software
and phase shifters defined

functionality

200

200
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NEW TYPES OF IP

Programming routines
Circuit synthesis

Control strategies extraé

fur?i{)nality
programmable

< /
core blocks fef
ASPICs
programmabl
ASPICs /

Pluggable design IP
« linear cores

¢ electronic controls

IO

. strate
synt\fsm g\

‘unec

programming
algorithms

GHENT

UNIVERSITY

GQQ;roI

electronic
control
loops

ﬁable

PIC

Bogaerts, JSTQE 2020 201

201
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SUMMARY

(Silicon) Photonics is growing towards a circuit platform

» Technology supports larger circuits

» Acircuit-oriented design flow is emerging (similar to electronics)
* Fabs are building PDKs

Challenges

idea/
concept

» Schematic-driven Layout for photonics

+ Variability: fabrication, performance, models

» Verification: DRC and LVS

+ Design for manufacturability

» Photonic-electronic-software stacks

* New design methods for programmable photonics

—_
1

= “unec

UNIVERSITY

202

202
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“unec

UNIVERSITY

PRACTICAL SETUP

20

203

)
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‘unec

GHENT
JUPYTER NOTEBOOKS o= -
[3 Wn's Portal [ BNP Paribas Fortis [ American Express [ Tx-an-ieb - fang: [[) Trelo G My Drive- GoagleD ¢\ Agile board - infra-%. (3 InfraRhodeCode @) Z4F Home # Minena () QMaP-2TE [ Faceback
~ JUPYtEr 01_Waveguides Las checksoint Last Thurscay at 4 50 P (unsaved changes)
interactive notebook < s Ve e
B+ ¥ & B 4+ & W B C Makdown v = | Ceffoolbar
. f g
tEXt, I ures In [17]: straight_wire.find_modes( 1_si.n().real, amin=n_sio2.n().real, scan_step=-0.005)
+ formulas :
In [19]: mode_ni

* python code
simulation and design mode 0, Ey (Real)

* built-in IPKISS

)

. Jupyter
v

02 ‘.

204

204
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THE IPKISS DESIGN FRAMEWORK LUCEDA e tMec

Design framework for Photonic Integrated Circuits
* Parametric design

* Focus on reuse and automation

History

Developed at Ghent University — imec in 2000-2014
* Spin-off into Luceda Photonics in 2014

Currently thousands of users worldwide

205
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THE IPKISS DESIGN FRAMEWORK

DA amr UMec

measurement UNIVERSITY

One component definition

component
layout

circuit layout

for

Circuit design

circuit
simulation

Layout

3D geometry
Simulation

‘_\

physical
model

209

206
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THE IPKISS DESIGN FLow

Python script based

class RingResonator(i3.PCell)s
“""A generic ring resonator class.

wg_template = i3.WaveguideTemplateProperty(default=TECH.PCELLS.HG.DEFAULT,
doc="trace template used for the bus and the

bus = 1
ring

ChildCellProperty(docs
13.ChildCellProperty(do:

s waveguide”)
ing waveguide”)

def _default_ring(self):
return i3.Waveguide(name=self.name+’_ring", trace_template=self.wg_template)

def _default_bus(self):
return i3.Waveguide(name=self.name+’ bus”, trace templates=self.wg template)

class Layout(i3.LayoutView)s

def _default_ring(self): nn
ring layout = self.cell.ring.get_default_view(i3.layoutView)
ring_layout.cet(trace_templatesself.ug_template,
shape=i3.ShapeCincle(center=(0, 0), radius=self.ring_|
return ring_layout

def _default_bus(self):
r, s = self.ring_radius, self.coupler_spacing
bus_layout = self.cell.bus.get_default_view(i3.LayoutView)
bus_layout.set(trace_template=self.ug template,
shape=[(-r, -r-s), (+r, -r-s)])
return bus_layout

nstances(self, insts):

insts 4= i3.SRef(name="ring", reference=self.ring)
insts 4= i3.SRef(name="bus", reference=self.bus)
return insts

def _generate

def _generate_ports(self, ports):
ports 4= self.instances["bus"].ports
return ports

ring_radius = i3.PositiveliumberProperty(default=TECH.UG.BEND_RADIUS, doc="n circuit
coupler_spacing = 13.PositivelumberProperty (default=TECH.WG.DC_SPACING,
doc="spacing between bus and simulation

circuit model

GHENT
UNIVERSITY

“unec

DA

measurement

component
layout

one single
component
definition

3D geometry

physical
n_'\odel‘

e

207

207
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THE IPKISS DESIGN FLow

Python script based

class RingResonator(i3.PCell):
""A generic ring resonstor class.

1t=TECH.PCELLS.WG.DEFAULT,

wg_template = i3.WaveguideTemplateProperty(def:
doc="trace template used for the bus and the ring")

o

bus = i3.ChildCellProperty(doc="bus waveguide")
ring = i3.ChildCellProperty(doc="ring waveguide")

def _default_ring(self):
return i3.Waveguide(name=self.name+”_ring”, trace_templatesself.ug_template)

def _default_bus(self):
return i3.Waveguide(namesself.name+”_bus”, trace_templatesself.wg_template)

elass Layout(i3.LayoutVieu):
ring radius = i3.PositivelunberProperty(default=TECH.G.BEND_RADIUS, doc="radius of ring")

coupler_spacing = i3,PositiveNumberProperty(default=TECH.kG.DC_SPACING,
doc="spacing betueen bus and ring waveguide")

def _default_ring(self):
ring layout = self.cell.ring.get_default view(i3.layoutView)
ring_layout.set(trace_template=self.wg_template,
shape=i3.ShapeCircle(center=(0, 0), radius=self.ring_radius))
return ring_layout

def _default_bus(self):
r, s = self.ring_radius, self.coupler_spacing
bus_layout = self.cell.bus.get_default_view(i3.LayoutView)
bus_layout.set(trace_templatesself.wg_template,
shapes[(-r, =r=s), (+r, =r=s)])
return bus_layout

def _generate_instances(self, insts):
insts += 13.SRef(names"ring”, referencesself.ring)
bus”, referencesself.bus)

def _generate_ports(self, ports):
ports += self.instances["bus"].ports
return ports

»

4

= “unec

UNIVERSITY

LUCEDA

] python

powered

extremely flexible
easy-to-read

powerful engineering libraries
industry standard

208

208
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Arrayed Waveguide Gratings
Echelle Gratings

Fully parametric

Design from specifications

Integrated layout and simulation

Validated on fabricated devices

0

Measurement Result

“l";i\ s‘!!’LMI

Transmission in db

ARRAYED WAVEGUIDE GRATING DESIGN

e
Il

o “umec

UNIVERSITY

Simulation Result

=25
S Wavelength in nm 209
209
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== mec
[ )
IPKISS NOTEBOOKS LUCEDA ivERsiTY
Explore your designs in a browser Y -
000 o 100 P 1 W bt . o 4 - - h‘D $
Very rapid experimentation P ot S B
Interactive code and plots f;c;;;_-,_ e -
B bt for [ [ - X
. ) = JUPYEEr Feg g, g WA & My Die- G, o 0¢gs= |
Widely supported community i e — -:m?w q
+ .c‘ ecsbos: ‘
Fiop NN Wb ST - - T S z
~ Jupyter '“““"anrqm;;::r" T R s‘ ‘
-‘ \ . ®
N
: Powered by Jupyter
S e _v 219
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FIRST NOTEBOOKS ORIVERSITY

A pL_jthOﬂ Unfamiliar with Python?
/01_01 jupyter_notebooks: How to use a notebook

/01_02_python_getting_started: basic Python tutorial
/01_03_numpy_and_plotting: Numpy and Matplotlib

Check if everything works and if you find your way around the

notebook interface.
s
Jjupyter

211

211
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=L mec
PRACTICAL ORIVERSITY

) (

1. Connect to the Wifi network

2. Open web browser (Chrome, Firefox, Opera)
3. Connect to Jupyter server

4. Log in with your personal ID/password

212

212
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NOTEBOOK: INTERACTIVE ENVIRONMENT oo HTIEC
. UNIVERSITY
Variables
A name that is used to denote something or a value is called a variable. In python, variables can be declared and values can be assigned to it as follows,
In [2]: x =2
y=5
Xy = 'Hey .
Text and explanations
In [3]:  print x+y, xy
7 Hey
Executable
python code
SHIFT+ENTER
to execute
213
213
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NAVIGATING g TMEC
UNIVERSITY
= Jupyter .
Click here to go
back to start
Files Running Clusters
Select items to perform actions on them. Upload New~ 2
- #
O circuit_design
D circuit_simulation
(3 component_design
O design_flows
. Folders Create blank
0 dfm with notebooks reiEhaek hame
[ filter_design
[ intro_ipkiss
[0 intro_python
[ layout
O luceda_getting_started
214
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)

[T} -
mmec
NAVIGATING ORIVERSITY

Z Jupyter

Files Running Clusters
Select items to perform actions on them.

-~ #& | python_getting_started
Running o

Notebook

0 _images_source Notebook:
O _tex click to start

0 images

& 00_Introduction.ipynb
& 01_Basics_and_Built-in_Functions.ipynb

& 02_String_Formatting.ipynb

& 03 Data Struc

tures-Lists_Tuples_Sets.ipynb

& 04 String_and_Dicts.ipynb
& 05 _Control_Flow.ipynb
& 06 Functions.ipynb

& 07 Classes.ipynb

219

215
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PRESS H FOR ‘HELP’ File Edit View Insert Cell Kernel Help
+ | x|@ B 4+ v MW B C  Markdown v CellToolbar

_—
T -

Useful menu and toolbar

Keyboard shortcuts

The Jupyter Notebook has two different keyboard input modes. Edit mode allows you to type codeftext into

Keyboard S h 0 rtcuts a cell and is indicated by a green cell border, Command mode binds the keyboard to notebook level actions

and is indicated by a grey cell border with a blue left margin.

are extremely powerful

Command Mode (press [£sc| to enable)

] find and replace : extend selected cells below
’|: open the command palette |4]: insert cell above
|: enter edit mode [5]: insert cell below
[ | run cell, select below []: cut cell
| run selected cells [c]: copy cell
|: run cell, insert below [Shift-v]: paste cell above
|: to code [V]: paste cell below
: to markdown [2]: undo cell deletion
[7]: to raw [5],[0]: delete selected cell
[1]: to heading 1 £t-1}: merge selected cells, or current
} to heading 2 cell with cell below if only one cell
[5]: to heading 3 selected
[4]: to heading 4 Save and Checkpoint
[5): to heading 5 [5]: save and Checkpoint

Close

2149

216
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Interactive plots consume resources.

max_open_warning, RuntimeWarning)

OFC 2022 - SHORT COURSE SC454 TTTIT .
I “mmec
TAKE CARE OF MEMORY ORIVERSITY

C:\luceda\ipkiss_311\python\envs\ipkiss3\1ib\site-packages\matplotlib\pyplot.py:516: RuntimeWarning: More than 20 figures have
Close them When ready been opened. Figures created through the pyplot interface (“matplotlib.pyplot.figure®) are retained until explicitly closed an
. d may consume too much memory. (To contrel this warning, see the rcParam *figure.max_open warning ).

1
5

X=9.53783 y=7.03618

217
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GETTING STARTED...

: J U pyter 02. IPKISS Layout elements Last Checkpoint: 6 hours ago (autosaved

File Edit View Insert Cell Kemel Help
New Notebaok » 4 % M B C  arkdown v = CellToolbar
| Open... |

Make a Copy. 1
Rename.
Save and Checkpoint LaYOUt EIementS

Revert to Checkpaint » |
ptebook we give an overview of predefined Layout elements in IPKISS. Th

Print Preview the user work a lot of common primitives are already provided.

Download as »
Trusted Notebook tu p

Close and Halt

GHENT
UNIVERSITY

- open browser (Chrome, Firefox)

- connect to notebook server:
https://wscarapils.intec.ugent.be

- notebook login / password

Launch a notebook

Step 1:
Copy the notebook

ZL“nmec

219

218
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o “umec

UNIVERSITY

BUILDING YOUR FIRST
PHOTONIC CIRCUITS

219

219

OFC 2022 - SHORT COURSE SC454

» Four 2x2 couplers
« 3 Crossings

« Connection waveguides

A SIMPLE PASSIVE CIRCUIT

= “unec

UNIVERSITY

2x2 Couplers Crossings

Waveguides

¢

220

220
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BUILDING BLOCKS UNIVERSITY
Passive: waveguides, splitters, couplers, crossings

Active: modulators, detectors, tuners

Where do they come from?
* Make them yourself
* Use existing blocks

* From a shared library

* From the fab : Process Design Kit (PDK)

Building blocks are process-specific

= "1mmec

22]]

221
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I
WAVEGUIDES

UNIVERSITY

S(A) = e/Meff@7

in out
._[E_. guided mode: n.¢f(4)

Propagate light from the input to the output

+ wavefronts propagate with velocity v,, (1) =

_°c
Nerf(A)

(nesr(1)= effective refractive index)

+ Dispersion: n.sr(4) is wavelength dependent

c
ng(4)

+ Group velocity: time delay of a wave packet: v,(1) =

S(w) = eJ'ZFCTlef{(w)L/w oo Umec

227

222
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DIRECTIONAL COUPLER ORIVERSITY

Very common implementation of 2x2 coupler

» based on interference of even and odd mode in waveguide pair

- Power coupling: K = sin? (ko + L. k")

couplingin couplingin
the bends straight section
224
225
OFC 2022 - SHORT COURSE SC454 - ﬁ .
D sy LMeC
DIRECTIONAL COUPLER = - UNIVERSITY
08 10 —
— straight — cross ]
—  cross — straight
0.7
0.8
'E 0.6 ,E
H Z 06
) £
5 0s 3
E E 0.4
5 04 xample: 50/ E
for 1550nm
0.2
03
0.0
0.2 0 10 20 30 40 50 60
las 150 152 154 156 158 160 162 coupler length [um)
wavelength [um]
K =sin?(ky + L. k")
ko and k' are wavelength dependent
224

226
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EXAMPLE: GRATING COUPLER

Diffraction grating couples light
from fiber to waveguide (and back)

» wavelength dependent

e
Il

= "1mmec

GHENT
UNIVERSITY

vertical in out

221

227
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RECIPROCITY

Linear, passive components are

reciprocal

521(w) = 513 (w)

—_
1

=L mec

GHENT
UNIVERSITY

vertical in out

229

228

Wim Bogaerts — Ghent University - IMEC

92



SC454 — Silicon Photonic Circuit Design OFC 2022 - 07 March 2022

OFC 2022 - SHORT COURSE SC454 —

I mec
S-MATRIX INCLUDES REFLECTI

GHENT
UNIVERSITY

vertical in out

circuits propagate bidirectionally

e.g. Grating coupler / -
has reflections \\_/

229

229
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Z“unec
CONNECTING COMPONENTS INTO CIRCUITS ORIVERSITY

Select functional blocks

Connect them together

Example:
Mach Zehnder Interferometer

* Netlist:
list of connections (“Nets”) and which
components the nets are attached to.
+ Schematic:
graphical representation of
a netlist, with placements

230

230
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CIRCUITS

>

in E]out

Mach-Zehnder interferometer

Interference with a delay: Periodic response

6 Transmission of a MZ|

0.

o
o ®

Power Transmission
°
>

ot IO

ool ¥ V'V
?50 152 154 156
Wavelength [im] 231

231
OFC 2022 - SHORT COURSE SC454 add =
e umec
CIRCUITS UNIVERSITY
pass
o
Ring Resonator: light circulates in the ring
resonance when L.ngsr(1) = m. 4
10 ra
—  pass
— drop
08 — add
g 0.6
g
010530 1535 - 1540 wave{lg:::)n o 1550 1555 1560 232
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A Fabry-Perot cavity is formed

Interference causes ripple on the transmission

Example: weak reflections on two grating couplers:

ssion [dB]

£
i

CIRCUIT EFFECTS: COMPONENTS CAN INTERACT

—

= umec

10

LAIVUEDCITY

— in->out

a8 150

152

154 156

wavelength [um]

233
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arm2

grating splitter

phase sensitive
(delay in MZI)
separate building
block

coupler
direct (logical) +E]+
connection arm1

What are waveguides?
Simple connections between building blocks

WAVEGUIDES IN PHOTONIC SCHEMATICS
——{—}—

Functional blocks with a certain phase/time delay

combiner

the length and shape does not really matter

it should just provide a good connection

justa
waveguide
link to the

output

grating
coupler

similar as an electrical wire

length and shape are very important

should be treated as a building block

—_

= “unec

UNIVERSITY
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BUILDING CIRCUITS IN A JUPYTER NOTEBOOK ORIVERSITY

/ m wg - \ [ > out2

out2

D = . —
in gc

outl

splitter
[ > outl

Define schematics in python code
 List building blocks (or subcircuits)

* gc, splitter, wg
« List internal connections

* gc:.outesplitter:in, splitter:out2<—wg:in
» List external ports

* in «—(gc:vertical_in, outl « splitter:outl, out2 «<>wg:out

235
235
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. GHENT
BUILDING CIRCUITS: AUTOPLACEANDCONNECT UNIVERSITY
Circuits with direct connections: no waveguide generation
from addon_luceda.auto_place_and_connect import AutoPlaceAndConnect
child cells = {"dc1": my_dircoup,
"dc2": my_dircoup,
"wgl”: my g, 4 components
"wg2": my_wg}
links = [("dcl:out2", "wgl:in"),
("wgl:out" , "dc2:in2"), i i
("dc2:out2", "wg2:in"), 4 internal connections
("wg2:out”, "dc1:in2")]
external port_names = {"dcl:in1" : "in1",
"dcl:outl™ : “out1l™, .
"de2eint® : "inz", 4 input/output ports
"dec2:outl” : "out2"}
my_ring = AutoPlaceAndConnect(child cells=child cells,
links=links,
external_port_names=external_port_names)
my_ring_lo = my_ring.Layout()
my_ring_lo.visualize(annotate=True) ) /
w
auto-generate layout 234
236
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Generate waveguides for connections

BUILDING CIRCUITS: PLACEANDAUTOROUTE

reflection
vertical_i

from picazzo3.routing.place_route import PlaceAndAutoRoute

dc_circuit = PlaceAndAutoRoute(name="dc_with_gc",
child_cells={"dc": my_dc,

"ge_in" @ fe,

"gc_out_bar” : fc,

"ge_out_cross” : fc,

"gc_reflection” : fc

5 components

links=[ ("gc_in:out”, "dc:in1"),
("gc_reflection:out”, "dc:in2"),

4 internal connections ("dc:out1”, "gc_out_bar:out"),
("dc:out2", "gc_out_cross:out™),

1
external_port_names={"gc_in:vertical_in"
"gc_out_bar:vertical i
"gc_out_cross:vertical i

ut_bar”,
4 input/output ports

)
transformations = {"gc_in": i3.Translation((-108,-20)),

"gc_out_cross
"gc_out_bar™:

) manual placement

dc_circuit_layout = dc_circuit.Layout(child_transformations=transformations,
bendiradius=1e.d
dc_circuit_layout.visualize(annotate=True)

"out_cross”,
"gc_reflection:vertical_in": "reflection"}

i3.Rotation(rotation=180) + i3.Translation((1@@, +20)),
i3.Rotation(rotation=18e) + i3.Translation((1ee, -20)),
"gc_reflection™: i3.Rotation(rotation=186) + i3.Translation((10@, +60)),

I:: vertical_i out

in

®

S
auto-generate layout

out vertical_i .

out_bar

e
Il

= ‘unec

GHENT
UNIVERSITY

out_cross
vertical_i

237
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Circuits can be nested

Break up circuits into reusable parts

out

USE HIERARCHY: YOU CAN USE A CIRCUIT AS A BUILDING BLOCK

—_
1

=L mec

GHENT
UNIVERSITY

1
1
'
1
]
1
1
'
1
1
1
1
1
'
'
1
]
1
1
'
1
1
1
1
'
T
'
1
H

sink
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JUPYTER NOTEBQQKS ON THE SERVER INIVERSITY
\ jupyter
&7_,/4)/ % \\ > ot
@ 1. Getting started: Python, notebooks, IPKISS
2. Building a first circuit
3. Process Design Kits and Design Rule checking
4. Wavelength Filters: Rings, MZIs, AWGs
5. Programmable Photonics
6. Design Examples
239
239
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& " mmec
THE SMALL PRINT ON COPYRIGHT ivERsiTY
The material on the server is copyrighted
* The IPKISS toolset
* The addon libraries
* The notebooks
Please do not download the material to your own PC. It will probably not
work as the server has a specific set of pre-configured utilities.
Interested in using IPKISS, contact info@Ilucedaphotonics.com
Interested in using the course material, contact wim.bogaerts@ugent.be
You can continue to use the server until 30 June 2022.
240
240
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Further reading

Abstract Silicon Photonics technology is rapidly maturing as a
platform for larger-scale photonic circuits. As a result, the asso-

‘unec

ITY

LASER
&PHOTONICS

ciated design methodologies are also evolving from p

oriented design to a more circuit-oriented design flow, that

makes abstraction from the very detailed geometry and enables ircuit R EV' EWS
design on a larger scale. In this paper, we review the state of this — B ol -]
emerging photonic circuit design flow and its synergies with elec- &

tronic design automation (EDA). We cover the design flow from
schematic capture, circuit simulation, layout and verification. We
discuss the similarities and the differences between photonic
and electronic design, and the challenges and opportunities
that present th Ives in the new ph ic design landscape.
such as variability analysis, photonic-electronic co-simulation
and compact model definition.

107 ANNIVERSARY
WILEY-VCH

Silicon Photonics Circuit Design: Methods, Tools and

c hal Ie nges Schematic Editor Loyout Editor
PDK Library
Wim Bogaerts 2" and Lukas Chrostowski®  [—— p—
e == e
coupler2x2 Gircuit Simulation x2
grating coupler n pler
modulator — = I—l I—l I | ‘Paramet
phas::muef r:.nm:rmlmqm(nm) 15! ifter ' Gm"na:ﬂnd (nm) (630
Bandwidth (nm) 80| Trench Width (nm) 325
Fiber Angle (degrees) |10 L1 [Numberofperiods |25 *
MyLibrary @ " M Taper Length (um) |35
Lasers and Photonics Reviews 12(4) 241
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Professor in Silicon Photonics
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