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Photonics is a Key Enabler of 5G, Data Centers, Al and More
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Dense wavelength division multiplexing (DWDM) fiber optic connections
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The trends...

The rising demands for compute power;

Optical interconnects will continue to replace copper to bring the power consumption down.

Photonic packaging evolves quickly and moves towards 3DIC

Challenges:

- Signal integrity: EIC & PIC should be co-designed to optimize their overall performance
- Thermal integrity
- Optical I/O
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Agenda

* Basic: model optical signal using Verilog-A

* Advanced photonic Verilog-A models

* Create Verilog-A models through automation
* Example: 4-ch DWDM SiP transceiver design

* Key takeaway



Basics of photonic Verilog-A
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What is Verilog-A model?

Verilog-A models are analog behavior models module Simplberes (a, b);
) ] inout a, ;
that can be solved by SPICE circuit solvers. electrical a, b;
parameter real r = 1000 from (0:inf);

Verilog-A model behavior and ports can be

analog begin

customized by script. I(a,b) <+ V(a,b) / r;
end
Compatible with various electrical analyses endmodule

(dc, ac, tran)

r=100 [ r=200




How to simulate optical signal using Verilog-A?

‘cad/constants. vams"
‘cad/disciplines.vams"

‘include ../
‘include ../

* Electrical signal includes potential and flow module Optical Waeguide(in ght,outLight:

inouwt [0:3] lefilight: /' [0:1] is left side input, [2:3] is lefi side output
nout [{Jﬁ] righﬂ,ig]]l; {J’J,‘ .fj is r{gh:’ side oulpud [:’SJ' is r;'gh! side inpul. uptical
[0:3] rightLight, leftLight;

* Optical signal is complex (Re & Im),

parameter real L = 0.00035; ¥ lengith
frequency-dependent, mode-dependent, Ll -
parameter real alphad = 287.6: /' loss

a n d b i d i re Ct i O n a I parameter real G _{req = 1.93e14:  // reference frequency parameter passed in from
. top level simulation

#initialize intermediate points
optical [0:1] rightOutput;
* Workaround: ol [01] RO
optical [0:1] transfer; // for calculated phase-shift and amplitude change
O t. I . I . t d b b optical [0:1] transferCart; // for above in real and imaginary forms
ICal SIgnal IS represente uses

p g p y pol2cart convs1(transfer, transferCart); // convert waveguide effect to real and

imaginary parts

i cartmul mulout1{transferCart, lefiLight[0:1], rightOutput); /Cale oniputs
Ea C h p 0 rt IS a St ru Ct ure d po rt cartmul mulout 1 B{iransferCart, rightLight[2:3], lefOutput);

A n a Iyt i Ca I Iy d e S C ri b e i n p u t-to-o u t p Ut S ig n a I ““ﬂfﬁ;ﬁ:ﬁ phase-shift and amplitude change in polar coordinates

.. . . . E(transfer[0]) <+ (-L*np*2*'M_PI*G _freq/' P C)%(2*'M_PI);
transmission (single directional) Btransfer{1]) < expCalphaA*L);

¥ Output delayed signals
E(rightLight[0]) <+ absdelay(E(rightOutput|0]). L*ng/'P C):
E(rightLight[ 1]} <+ absdelay(E(rightOutput[ 1]), L*ng/"P_C):
E(lefiLight[2]) <+ absdelay(E(lefiOuiput[0]). L¥*ng/'P C)
E(lefiLight|3]) <+ absdelay(E(lefiOutput|[1]). L*ng/'P C);
end
endmodule

C. Sorace-Agaskar, et. al.,, "Electro-optical co-simulation for integrated CMOS
photonic circuits with VerilogA," Opt. Express 23, 27180-27203 (2015)
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Photonic SPICE/Verilog-A challenges

Challenge 1

Port_A Port_B Port_A Port_B Port_A Port_B Port_B Port_A
* Male/Female type unidirectional ports are
—DE Re ﬂ—b —DE Re 0 |—p —E Re j—b 4— 9f Eﬂ— d I d h . V | -A d I
=) widely used In photonic Verilog-A moael,
—DE Im Il—b —DE Im 1 > —E Im ZI—P 4— mil Il‘— . . . .
B a B a B B B =] making schematic connection very restricted.
= . E - = . E = . E x T E * Ansys’ Solution: Bi-directional ports
D o I DU GO+, R ra DU D - A DU QU [P g ys’ Solution:
‘—E Re 0 |4
C | m []e>
Model of vender A Model of vender B
—] = []— X—’E ke [o]—» Challenge 2 — e
m Re — . . . e & regras
—L] * No industry standards for optical port interface!
C—I 2 Re 2 |Q— > > . . .
E m ! ¢ POSSIbIe SOIUtIon: IEEE Worklng Group P3186 Standard for a Port Interface Representing Photonic Signals Using
‘_E I E‘_ 4_E Im 54— Simulation Program with Integrated Circuit Emphasis (SPICE)-class Circuit
Simulators

Challenge 3

* Creating model requires a lot of model expertise

* Maintaining/updating complex models with hundreds/thousands lines
of code is time-consuming.
Ansys’ solution: Automated model compiler!
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Advanced photonic Verilog-A models
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Mode library overview

Waveguides: Fixed and parameterized waveguides




Ring modulator

All-pass ring modulator Add-drop ring modulator
Model source data:

Ring radius
Coupler data :
: Compile
Waveguide neff, ng, loss
Thermal tuner data

Carrier-depletion/injection tuner data

Electrical RC parameters

etc...

Frequency sweep




Photodetector

Model source data:
Frequency-dependent responsivity
Voltage-dependent dark current Compile

Voltage-dependent net bandwidth

Electrical RC parameters
Enable/disable sh : . . Channel crosstalk
nable/disable shot noise Transient response (1-ch input) . @1550 nm, 1mW

etc... * @1550 nm, ImW . @1550.8 nm, 1ImW

«—
100 GHz

0.0 100.0 200.0 300.0 400.0 500.0
time (ps)




S-parameter elements

Model source data:
Lumerical S-parameter data file Compile

Touchstone S-parameter data file

File Edit Format View Help

|[”port 1","LEFT"]

["port 2","RIGHT"]

("port 1","TE",1,"port 1",1,"transmission",8)
(50, 3) 400.0
1.8737028625000080e+0814 6.1510072296566035e-002 -2.4883991886875516e+000
1.8762521180952381e+0814 6.588804151182135%-002 -2.2086162510369083%:+000
1.8788013736904762e+0814 6.6778269975932697e-002 -2.0147206933514687e+000
1.88135686292857144e4814 6.5675594802882432e-082 -1.87564271708882863e+008

1.84 7 y_5_params - Notepad — m} 2
1

1

1

1

.8 File Edit Format View Help 521 A2
. }|! Ansys Lumerical

.g{! Created Wed 12/69/2020 17:20:21.85

# HZ S MA R 50.80

! Ports: port 1, port 2, port 3
! Mode: label="TE"; ID=1

. 8¢

FY

1.91428e+14 9.0322185 78.687 0.706023 -36.405 0.69198 -36.4156 0.706023 -36.405
0.0472482  -5.57883 0.08243284 123.913 ©.69198 -36.4156 0.0243284 123.913
8.0473715  -5.72998
1.91518e+14 0.0308474 84.0228 0.705845 -29.6452 0.692091 -29.6558 0.705845
-29.6452 160.0
0.0464452  1.97367 0.0240062 135.289 8.692891 -29.6558 0.0240062 135.289
8.0465754  1.81826
1.91667e+14 0.0294763 89.3587 0.705671 -22.8854 0.692194 -22.8961 0.705671 K. 59 1.54 1.56
-22.8854 wavelengthl {u)
0.0456502  9.52618 0.023684 146.664 8.692194 -22.8961 9.023684 146.664 oo

8.8457792 9.36651
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How to create models
through automation?
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Compact model library (CML) compiler

* Automates generation of photonic compact model libraries (CMLs)

Component data collection Compact Model Generation Circuit/System Design

Photonic Verilog-A models

~ & > X & &
ﬁ Measurement data Deploy Validate  Build install ~ Build T Run

Lumfoundry Data Library  Library Tests Tests
= + Schematic symbols

Element Status Center

Library path

« | [Reload Compact ..
models Jr 3

Library master file | /home/developer/Desktop/temp/my_models/library.json

W select all (é p's D w
“a Copy Layer Dataset Layout Materials | Structures = Import | Solvers | Resources SEIECt Name Phﬂtﬂﬂlc MOdel Valldate Bu”d ~ dd
s Paste Builder Builder Geometry v v v v v v . . A
Ring_Med_C _band ring_medulater . . ] -
clipboard Build
Objects Tree @® Perspective View = v EAM electro_absorption_medulator . . Delete
o
3 &a » xQ4ri@ aQls J@O0 £ i
. . PD photedetector_simple . .
Name
e _ Simulation data Rename
i layer group
v [ materials
» [ gopdk si (silicon) - Palik
gopdk 5i02 (Glass) - Pali
+ [ gopdk Si3Na (Silicon Niti Clear
1 »

gopdk Cu (Copper) - CRC
» [ gopdk Al (Aluminium )-F
gopdk TiN - Palik
» [ geometry
(] CHARGE_simulation_region
CHARGE




Let’s see an example
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Example — 4-channel DWDM Transceiver Design

B yyr

L

v gy [N = -
el [oYoYoYo sy ROKOXO

Silicon photonic (SiP), ring-based, 4-channel DWDM transceiver design
Channels: 1551.72nm, 1552.52nm, 1553.33nm, 1554.13nm
Data rate: 25Gbps x 4 = 100 Gbps
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Schematic design & simulation
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Conclusion

* We presented the use of standard Verilog-A language for modeling advanced photonic
components in PIC analysis, where complex, bidirectional, multimodal, and multi-
wavelength optical signal are fully supported.

* Photonic Verilog-A models are compatible with commercial SPICE solvers, making
them ideal for EIC and PIC co-design and co-optimization.

* Ansys’ CML Compiler can help creating Photonic Verilog-A models in automated
approach.

* Model vendors and EDA vendors need to work together to create IEEE standards for
optical port interface!
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