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Silicon Photonics

*Integration of photonic and electronic components to
realize dense, high-bandwidth I/Os with low power
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Silicon photonics switch IC based on Mach-Zehnder interferometers (MZI)
[F. G. de Magalhaes, et al., “Silicon Photonic Interconnects: Minimizing the Controller Latency” GLSVLSI, 2018]
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Challenge with Verifying SiPh Systems
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C. Sun, et al., “"A 45nm SOI Monolithic Photonics Chip-to-Chip Link with Bit-Statistics-Based
Resonant Mirroring Thermal Tuning, VLSI Symp. 2015.
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Goal: Model SiPh in SystemVerilog

* Want to run efficient simulation of silicon photonics,
analog, and digital electronics in one unified platform

* Can't verify the system by simulating each of them
separately

* Want that platform to be SystemVerilog
* The established platform for verifying most chips (UVM)
* Validated digital models can be directly synthesized

Modeling & Simulation of Si Photonics Systems in SystemVerilog/XMODEL



XMODEL by Scientific Analog

* A plug-in extension that enables fast and accurate
analog/mixed-signal simulation in SystemVerilog
* Event-driven: 10~100x faster than Real-Number Verilog
* Analog: supporting both functional and circuit-level models
* SystemVerilog: enabling analog verification in UVM

~i>le > [ + 58+ gy > W\

Analog/Mixed-Signal XMODEL SystemVerilog XMODEL Simulation
Models Primitives Simulator Simulation Results
Library Engine
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Event-Driven Simulation of Analog

* How do we extend the Verilog's event-driven

algorithm to simulating analog circuits?

0->1

Digital
Analog

W
i
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Expressing Analog Signals

* XMODEL expresses analog signals in functional forms
instead of using a series of time-value pairs:

E c;tMie %l

2

Accuracy relies on fine time step

XMODEL

1-e' | -0.5+1.4e™"

Events occur only when the
coefficients are updated
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Expressing Optical Waves

Baseband Equivalent XMODEL
T oo ﬂ (. * 5 ﬂ ﬂ i ﬂ ﬂ 0
AT < o
-
LLLRETRANE J
I l U J | U J |
2(t) = ct) - o) = 3 et
complex i complex

* XMODEL can express optical waves with fewer events!
* Even when multiple wavelength signals are mixed
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XMODEL's Event-Driven Simulation

* With the signals transformed into Laplace s-domain:

gmi—1 —a;t bi
ZCZ u(t) == X(s) = > o

7

* The response of a system can be computed in an event-
driven manner without time-step integration:

input Iow-pass filter output response
1 11
s ®,+S — S @, +s
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Simulating an Electrical Transceiver

* XMODEL successfully extends the Verilog's event-
driven algorithm to analog circuits!

Signals

W W0o:tb_channel.tx

W Wo:tb_channel.rx

W WO:tb_channel.eq

+ Add Signals

Values Waveforms

100m

83.65m

‘Event Markers -

I ! I ! !
40ns 45ns 50ns 55ns 60ns
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Simulating an Optical Transceiver

* And also to silicon photonics systems communicating
by modulating ~200THz signals!

Signals Values
W WO:th_link.data 1
W Wotb_link.tx W]
W WO:tb_link.out i
. 1 1 1 1 1 1 1 I~
| + Add Signals | 4.8ns 4.85ns 4.9ns 4.95ns Sns 5.05ns 5.1ns 5.15ns

Modeling & Simulation of Si Photonics Systems in SystemVerilog



. )

Modeling Optical Waveguides

* Optical waves can propagate in both directions, couple
to other waveguides, and get reflected at the ends

*Not a typical phenomenon modeled by SystemVerilog

Optical Waveguides

M —@ &
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Circuit-Level Modeling (CLM)

* With XMODEL, you can simulate circuit-level models by
listing the circuit primitives directly in SystemVerilog

* Solving V & |; yet still fast with event-driven simulation!

. 13

. module sc_converter(
In input xreal in,
output xreal out,
Ck -- Ckb input xbit ck, ckb
' ):
O xreal nl, n2:
C Ck switch swl(.pos(in), .neg(n1), .ctrl(ck));
H switch sw2(.pos(nl), .neg(out), .ctrl(ckb));
O—e > OUt switch sw3(.pos(n2), .neg(out), .ctrl(ck));
kb 1 switch sw4(.pos(n2), .neg( ground), .ctrl(ckb)):;
CKO- IT- capacitor #(.C(1e-12)) C1(.pos(n1), .neg(n2)):
capacitor #(.C(1e-12)) C2(.pos(n2), .neg( ground));
A4
endmodule
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Modeling Waveguides

mm 4

* Waveguides can be modeled using a combination of

circuit elements and signal-flow elements

* Circuits at ports model the reflections due to Z-mismatch

* H(s) can model the delay and frequency-dependent TF

pos

Lo

pos

neg O——

H11(s)

H12(S)

Ha4(s)

H22(S)

——0 neg
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Modeling Multi-port Waveguides

pOs pos
Port 1 H11(S) — VP1 — Port 2
H12(S) — Vp2 —P
H13(S) t— Vp3; —P
neg neg
H14(S) t— Vp, —>
pOs pos
Port 3 H31(S) — VP1 — Port 4
H32(S) — Vp2 —P
H33(S) t— Vp3; —P
neg neg
H34(S) t— Vp, —>

Modeling & Simulation of Si Photonics Systems in SystemVerilog/XMODEL



Modeling Y-Branch and Dir. Coupler
*You can model various optical elements by defining
their port-to-port transfer functions H;
Y-Branch thrut
—> H; in thru1  thru2
— | thrut | 25e=™> 0 0
thru2 thru? \/% e—To 0
. u _>
Directional Coupler
in thru Hj in thru cpl iso
»V»
in 0 re=5ID po=i5—Tp
thru e 5TD 0 0 He_j%—STD
. cpl  |ke755Tp 0 0 re—sTD
iSO cpl
-+ —> iso 0 H—J,g_j%_STD Te*STD 0

Modeling & Simulation of Si Photonics Systems in SystemVerilog/XMODEL
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Modeling Phase Shifters

* Phase shifters are just another optical waveguides
* Vary the delays of H_.(s) and H_,(s) with the control input
*In SystemVerilog, schedule the events with variable delay

Adjust Delays

..................................

Modeling & Simulation of Si Photonics Systems in SystemVerilog/XMODEL
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XMODEL Primitives for Si Photonics

* XMODEL offers primitives for basic photonic elements

siph_waveguide siph_phshifter siph_cwlaser
— +
siph_ybranch siph_dircoupler siph_phdetector

Modeling & Simulation of Si Photonics Systems in SystemVerilog/XMODEL
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Build Models with XMODEL Primitives

*You can also model your analog circuits by putting
together XMODEL primitives as building blocks

Functions

Data Sampling,
Stimulus Domain Functions Filters conversion selection,
add filter transition sample
XMODEL ] ] ]
Primitives multiply filter_var slice select
Measurement Connectors . .
Probes scale filter_fir compare delay
pwl_func filter_disc dac delay_var
Logic Circuit poly_func integ adc buffer
gates elements
sin_func integ_mod
exp_func deriv
Over 220 primitives ! limit
~ power
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GLISTER: Build Top-Down Models

*GLISTER is a graphical modeling interface integrated
into schematic editors (e.g. Cadence Virtuoso)

* Simply place the XMODEL primitives on a schematic
and connect them with wires; no coding is necessary!

Virtuoso® Schematic Editor L Editing: siph_ex tb_siph_trx schematic - o x module th_siph_trx (
output xreal rx
Leunch Fle Edit View Create Check Options Window GLISTER Help cadence )
DB @ dd 0mEE @F » ¢ 2-T-2-F-IKQ Q@8I L L2 - // signal declarations
- - ; = e a - xbit clk;
B I
1920 -0 G le=s: BE @ (MM Lo B B- xbit date:
. . . . . - xreal drv;
xreal net6;
xreal src;
xreal tx;

// instance declarations

siph_cwlaser #(.wavelength('{1.55e-86}), .power('{®.@01}}) SP1 (.out(src));
transition #(.value®(0.8), .valuel(l)) XP6 (.out(drv), .in(data));

dc_gen #(.value(1)) XPe (.out(net6));

siph_phdetector #(.R({"{1})) SP3 (.negirx), .pos(net6), .in(tx});
siph_ringres_var #(.oplength_cpl(3.875e-85), .oplength_ring(@.066155), .
gain thru(6.99), .gain cpl(0.14), .gain ring(€.99), .gain mod(0.8002)) SP2
(.ctri(drv), .in{src), .thru(tx));

capacitor #(.C(2e-14)) Rl (.neg( ground), .pos(rx});

resistor #(.R(1000)) R® (.neg( ground), .pos(rx));

clk_gen #(.freg(le+18), .init_phase(0.8)) XPZ (.out{clk));

prbs_gen #(.length(7)) XP1 (.trig(clk), .out(data));

SIERZIRERES]

// inline dump statements
Tinitial begin

$xmodel_dumpfile("xmodel.jez");
$xmodel_dumpvars(”level=0");

end

limouse L: schSingleSelectPt{) M: hiZoomin() R: schHiMuusePopUan
23) ama: seio [I] endmodule // tb_siph_trx
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Modeling Mach-Zehnder Modulators

* MZM modulates the transfer gain by varying the
interference between two paths

* Can be modeled using the Y-branch, waveguide, phase
shifter primitives of XMODEL

delay

del
carl Jp—>| axtb — )(k —

"\ Adjusts delay with
the ‘ctrl' input

Modeling & Simulation of Si Photonics Systems in SystemVerilog/XMODEL



Simulating MZM-based Transceiver

. D)

* With a testbench described using XMODEL primitives

Virtuoso® Schematic Editor L Editing: siph_ex tb_mzm_trx schematic - o x

Launch File Ecit View Create Check Options Window GLISTER Help cadence

|||UBWUIII°§°l[sTaIXCDV-» ¢ B2 -FLQQAQAETB L L e E

1O -0 -0 O e RS G ™ W g (e B

S lengthiT B et 1 S dump _____
~ prbs._gen transition .o TUUR
nimouse L: schsingleSelectPt() M: schZoomFit(1.0 0.9) R: schHiMuusePop‘mJ
5@ | | cma: sero [l
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Simulated Waveforms

* Data is transmitted by modulating the optical power
* The low number of events makes the simulation fast

Signals Values Waveforms
B WO:tb_mzm_trx.drv 4
~200THz
Optical Wave!
| ]
B WO:tb_mzm_trx.out 0
W WO:tb_mzm_trx.n_out 0
| + Add Signals | : 4rlls 4.5|ns 5r|15 5.5|ns
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Problem in Modeling Ring Resonators

*When you form a ring using the basic SiPh primitives,
you will form a loop propagating events indefinitely

* Causing slow simulation speeds

in v thru

Ring resonator

>
=
ctrl axtb

Ring modulator

in v thru

N

D P

drop m add

Ring filter
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SiPh Primitives for Ring Resonators

*We can model these ring-based elements as multi-port
waveguides with their port-to-port transfer functions

* And avoid the propagation of events inside the rings

siph_ringres siph_ringres_var siph_rindfilter

RINGRES RINGRES_VAR RINGFILTER
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Approximating Port-to-Port TFs

*Some TFs don't fit into canonical forms due to delays
* They can be approximated as a sum of canonical TFs

Ring Resonator:

s 0 ) ! ! !- ! ! !
.................. 5 : : : : : 1
. 2 2N ZsTR P T
H(S) _ T a(T —|—m)e T E L e s | S
1 — ozTie_STRE © 10
llllllllllllllllll E
e Sl = original
Bilinear = 5 | == approximation
T - 't _ | | | | 1 M |
ransformatlon 30 1535 15401545 1550 13551560 1565 1570
I 0
1+ STn 1 s
H(s)~» K, —emsIo g |
1+ 8T, 9 2
n ’ 5
1‘ s -10
© —
Bandstop filter having a notchat 27" o T ongmal
© = approximation
|_

n-th resonant frequency s 15495 1550

Wavelength (nm)

1550.5 1551
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Modeling Micro Ring Modulator (MRM)

* The control terminals may have finite impedance (C,)

* May also model temperature sensitivity and/or
integrated heater .

S oplength_cpl: wavelength®*n

gain_thru: gain_thru, gain_
anode . O - NN -/ qain ring: gain_thru, gain -
o _ wavelength: wavelength{m)

cathode [P ©

CIHEATER E o

te [ﬁ,coeff

ring_heater | - - |-

heater ctrl<3:¢> [Ppm—in<3:8> temp mL
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Simulating MRM Characteristics

*We can simulate the MRM's transfer characteristics by
sweeping the wavelength and measuring output power

1= siph_pamy.tb_ringmod:schematic

........ “DC
-1 TIME- # trig — filename:. ";mbﬂ_dc.dut" ______________________________
prope | Ftarts 1.30%5E, step LIRS, otep: 22.8m
delay: 10.8ns, periad: 1B.8ns] o - o | 0 0 0 s e e e e e e e e e e e e e e e e e
1) [

...........

.........

"""""""" deanodecathede T

: CONST_MREAL Jfl— - - - - - - - -

DUMP — |
R | LA heater ctrlxs@s o o | R
--------- wmodel : S -
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Simulated Results

mm )9

*Varying the round-trip delay of the ring changes the
resonance frequency and modulates the output power

Title Graphs
1.0
0.8+
0.6
DC Transfer 5
W vcirl=-3.5 “%
W vcirl=-2.5 O p4al-
B vcirl=-1.5
| vcirl=-0.5
0.2+
0.0

Wavelength (nm)
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MRM for WDM

* Checking crosstalk between MRMs with resonances at
1310, 1311, 1312 and 1313nm

Title Graphs

DC Transfer
B wavelength=1.31e-06,vctrl=-3
B wavelength=1.31e-06,vctrl=-0
B wavelength=1.311e-06,vctrl=-
W wavelength=1.311e-06,vctrl=-
wavelength=1.312e-06,vctrl=-
B wavelength=1.312e-06,vctrl=-
B wavelength=1.313e-06,vctrl=-
| wavelength=1.313e-06,vctrl=-

Wavelength (nm)

Modeling & Simulation of Si Photonics Systems in SystemVerilog/XMODEL



] mm 3]

Predistortion and Equalization

* Predistortion (PD) compensates errors in PAMy levels
* Equalization (EQ) compensates freq.-dependent loss

* A look-up table (LUT)-based implementation:

|
|

4X 2X

Thermometer VIR wlo Pre-Distortion w/ Pre-Distortion Apun 11« A
Code A— %24 "
 A<23:05H] 11 A=24 A=24 ® T2 44 a8
gy DAC > g6 > >< >< cploa| ™ o1let C
EC<23:0>; 01 C = 8 c = 5 Yy
. % g b bn-1 Isbn-1] Isb
in<230>iafo0|1¢ [ > p=g D=0 ,"&““;E\“ JO SM
msh[n] Isb[n] A1l 11 [+ A
4l 10 10 [+
= a1 B
C + 01 o1« C
D +»00|1 1100 ¢+ D
[H. Li, etal., JSSCo01/2021] mebnl mselmtl - isblnet] st
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PAM4 TX with PD and FFE

. 37

siph _pam4 tx _pam4 _ffe'schematl

Data Generator

- D_e il

S S+ - - DB_e< @ D
Celk .—.—> tx_dotoger - o1
. o © o Di_e<i@: —ENID

- O o=@

B_wa

- -‘:Eﬁ;“:’ [ofdedat =Y

...... T
<25 D250

D_e i o o

----- [ s T
R e
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Simulated Eye Diagrams

without PD & EQ with PD with EQ

siph_pamyg. tx_pamy_ffe:tb_run
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Simulating MRM Transceiver

* Driving MRM with PAM4 TX and receiving with TIA

<z@wddx 2, vodd xs

- (CONST_XREAL 5 T
o Mzzaaee - - =2
{ % VEE -
. . . . R ———] [ T e S N e e e s — - - s
=z =+
......... widd - - . B . . P . B . . .. L
— = . DUMP
"""" vddx? . |S 5 — .
........ g ﬁ . - - Xmodel - - - - - - - - - -
........... = . B . . . . . - -Freq: 28.@GHZ - - - - - . - . - - - . - - - . - - - - - -

siph_pamyg.tb_trx_mrm_ich:schematic
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Simulated Waveforms

Signals Values Waveforms

B WOtb_tne_mrm_lch.tx_a -13.95m
B WOtb_tne_mrm_lch.tx_c 2

B Wo:itb_tneemrm_lch.cw_mod 0

B Wotb_trx_mrm_lch.rm_out 0

I i i i i
L | 1 1 1 1]

+ Add Signals 199ns 199.1ns 199.2ns 199.3ns 199.4ns 199.
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Simulated Eye Diagram
* Eye diagram of the RX TIA output

0.14

5 s 0.12
0.10
0.08
0.06

0.04

—0.35F 0.02

0.00
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4&-Channel WDM Transceiver

........... v foo g o - ) o .
i i
...... wddxZ vddwvas - - B - 50 . (-1
<30 wild = -+ =k
o (I:EINSF;XREAL?—.— ¢ —— g CE el .
. . N2 808 - - - - . . . [v . . . . . . -
’ '%euter_ctrl{}:@)ﬁ._g E}
{consr_em i =5 E
LEIG0E E] 2

wavalen
© povery

wrmadel

laval: 1
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4-Channel WDM Eye Diagrams

0.072

0.09C
0.064
0.056 0.075
H0.048
0.06C
H 0.04c
1003 0.045
0.024 0.03¢
0.01€
0.015
0.008
0.00C ; i i ; i i ; 0.000
0.09 0.064
0.08 0,056
0.07
1 0.04¢
H0.06
H 0.04c
1005
{0032
H0.04
0.024
0.03
0.02 0.01€
0.01 0.00€
I I I ] I I I 0.00 | i i | i i | 0.000
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time le—-11 Time le-11

Modeling & Simulation of Si Photonics Systems in SystemVerilog/XMODEL



MRM Thermal Control Loop (TCL)

* Closed-loop control of MRM temperature with an

integrated heater

* Adjust temperature so that Vi=V2 =2 |_ /., = R1/R2

* MRM loss at detuning is set by the ratio R1/R2

1[MPD

= *.ﬁ‘éé

Rz/—r»

V2

PAM, n ™

R1/

V1

T

2A
PDAC
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Modeling MRM TCL

== 40

ode

ode

© hedter_ctrl<3i@z 0 0

in

dircaupler

I/OPOWQrS """

weld ) i R ctrla Dl

*s.'t:nsc)r_ljc:"Jl o Bang-Ban e

- ring_tel otrl
in- - out<S1Es

B |

T S T

.......

......................................

......................................

............

 siph_pamy.ring_tcl:schematic
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Simulated Result
Signals Values Waveforms
! ! ! ! |
n .......................... l. ........................... : ............................ E............................: ..........................
W WO:tb_ring_tclL.LDUT.V1 -5.55
W WO:tb_ring_tcl.DUT.V2 -5.407

B WO:tb_ring_tcL.DUT.ctrl[11:0] 1.96K

W WO:tb_ring_tclL DUT.MRM.tem[ -3.111

+ Add Signals |
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Summary

* Presented ways to extend the XMODEL's event-driven
simulation approach to silicon photonic systems

* Expressing optical waves in equation forms
* Modeling optical waveguides as transmission lines
* Approximating TFs of ring resonator elements

* Demonstrated that we can model & simulate:

* 4,-channel wavelength-division multiplexing (WDM)
* PAM4 MRM-based transceiver with PD and EQ
* Thermal control loops for MRMs

Modeling & Simulation of Si Photonics Systems in SystemVerilog/XMODEL
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