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Data Centers

Global DC IP Traffic

(in exabytes per year)

952

Arnual 1P traffic ine

2012 2013 2014 2015 2016 2017 2018 2019+ 2020* 2021

@ Cloud Data Center @ Traditional Data Center

(Statista 2021)



Data Center Network

Google Data Center Network

Spine Spine Spine Spine
Block 1 Block 2 Block 3 Block 4

Spine
Block M

10G->40G ->100G

-> 200G ->400G
Edge Aggregation Edge Aggregation — Edge Aggregation
Block 1 Block 2 Block N / ToR
switch

OO00CO00-0 O0OO00CCOO0-C  OO000000-C
Ref: "A Decade of Clos Topologies and Centralized Control in Google's Data Center Network (Plus a Look Ahead)”, Amin
Vahdat, ONS 2015 Keynote

Total bandwidth: 2 Tbps = 10 Tbps = 100 Tbps = 200 Tbps =» 6 Petabps



Attenuation

Why photonics for interconnects?

FR4 dielectric, 8 mil wide and 1m long 50 Ohm strip line
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—Total loss
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= Conductor loss

— Dielectric loss
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1.0E+06

1.0E+07  1.0E+08
Frequency, Hz

1.0E+09

1.0E+10

Kollipara DesignCon03

CEI-112G VSR

Il Coniesl

(4x100G over copper)

Inlerconnes]

Mosdula

400GBASE-DR4
(4x100G Parallel SMF)



Co-Packaged Optics

. . Core Mz LU
\ itch Die switches ".([{' 7(%
\ Rggregate g ; ~ ii
\ : - Switches ’

CPO Module

ToR  -gzadiads

y 4 4
EE EE
55 58
Requirements on Optical Tx
- MMF or SMF ?
- Direct or external modulation? => Si Micro-Ring Modulator
- Large modulation bandwidth density (Si MRM) for Photonic 1/O

- High energy efficiency (small J/bit)

=» Disaggregated DC Architecture
- CMOS compatibility (MCM)

- Large scale integration



High-Performance Si MRM

intel

(Intel, OFC 2019)



Si Photonic I/O Research at Yonsei

- IHP Photonic BIiCMOS

Monolithic integration of

| 7 -'-‘ Si photonic devices and
vt T il "W e I High-performance SiGe HBT
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Monolithic Si Photonic WDM Transmitter

- 100Gbps (4 x 25 Gbps) Tx
Light In
Aq o A3 Ay
Grating
Coupler
|Driver4
|Driver3 RMs
| Driver2 —
[Driver1 Chd
=—0
25Gbps I >
Input Data > ﬂre& EF }b Ch2 ;o
—Q
— ﬁ <Pre-driver> ~ <Driver>
u—‘-» Light Out

A 7oAz g
- Accurate modelling of Si MRM
- Optimization of driver circuits by electronic-photonic co-simulation

- Temperature controller for Si MRM
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Model Parameter Extraction

1 2
%a(t) =(jo,, —;)a(t) —j\/;Em ()

E,u () =Ein(f)—j\/rza(f)

a : Optical energy amplitude in the ring

7, : Amplitude decay-time constant by round-trip

e

7, : Amplitude decay-time constant by coupling

7 . Total amplitude decay-time constant (l =
T
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Bias Voltage 4

1556.40 1556.45

1556.50

1556.55

Wavelength [nm]

1556.60

<Extracted parameters>

T T
Vaias (V) ety (ps/;ad) (ps/rad)
0 2.632166 | 22.7239 | 12.8595
-1 2.632185 [ 22.9560 | 12.9335
-2 2.632216 | 23.5576 | 13.1224
-3 2.632233 [ 23.5578 | 13.1225
-4 2.632250 [ 23.5579 | 13.1225




Equivalent Circuit SPICE Model for RM

_R.(s) s+2/1,
AO(S)_ V(S) _G.sz+(2/2')S+D2+1/z'2 2
j i Ty R
m = = Q A e
2 e o +
<0IC, 2015> & ) R,
8 5| gvj ;"C Vout
R, P B
§S+— 2 8 L
g L % (A) 65pm
==> = 14 40} o Measurement (B) 95pm o -
C , 1 R R, — Simulation (C) 125pm
SH T St Al s T " 10 40
CR‘ L LC Rl Modulation frequency [GHz]
<Calculated RC Parameters for D,=70pm>
Viias (V) | Ry (kQ) | C (fFF) | R, (kQ) | L (nH) ,; """"" ma v VR EOYD i e  LaMneed  Laemuvel s
0 207 | 7.14 | 10.00 e di s ————— ——— "
_1 3.15 470 9'96 finesim T::l;:::-:j: o
2 515 | 287 | 971 | 114.41 e
-3 7.19 2.06 9.71
-4 8.99 1.65 9.71




Verification with Measurement Results

+0—] — — —o +
Block A Block B Block C "
VSignaI out
Parasitics : :
{Pad & Interconnect) Electrical Part Optlcal Part
- 00— — — —=0
a ° ¥
Rs """ Block B | R """"""""""""""" Block C |
Mh— | W o+ |
L o P R, :
Ci;'vj gv’ ;" c vout
=i L :
JE i o - |
b
® <Extracted RC Parameters>

Sio; VBias (V) Rs (Q) Cj (fF)

V' AV eak-to-peak SWING driving PRBS31, 25-Gbps
0 14.26 v Freq. response of Orx, oscilloscope included

_1 10 95 ‘/ SimUIated by Synopsys HSPICE
) v' Simulation time is 4.43s for 1-us transient

-2 249 | 9.47 (Verilog-A model: 980.25s)
-3 8.55 =220 times faster!
-4 7.90

<Photonics Research, 2019>



Co-simulation with Driver IC

Ve wm Vertical Eye Opening (V)
Sl o i
R, - E R, MRM So0.12 1

Si MRM 10(

Largle-signal —° E’
Equivalent VOUT i Light in Light oijt c o4
m=3 Vbias Circuit —-0 E) (EY E ,& ,,,,,

@
- =

\'A Vv 08

IN m= IN I%W

2

BiCMO T ag

S > 0.06

Itail ¥
Driver 2 \
= 10 1020 20 3030 4%o
i -Si i ; ||w|(‘m,
<Schematic of co-simulation> <Layout of transmitter> !
A (Iy; = 10.4mA) B (Iyy; = 18.4mA) C (I, =41.3mA)

Degradation due to Large enough eye opening Too much power consumption
large RC time constant & smallest power consumption
(Optimum design)

<OFC, 2018>



PAM-4 Signal Optimization with Co-simulation

RLMgy(%)

v" IHP Photonic BiCMOS foundry service

v'  Differential cascode common-emitter structure
with emitter degeneration employed

v' PAM4 summation with different TR size

<Photonics Research, 2019>




Measurement Setup

O-band
Tunable
Laser Source

Electrical
Signal

jreesre e s =




Measurement Results

<4-ch ring transmission curve>

[T

N

-30.0 1 I J -
- Ch1‘/Ch2 Ch3_Ch4

1300 1305 1310 1315 1320 1325 1330 1335 1340

Wavelength [nm]
<Power Breakdown>

307.5mW,
26%

Pre-driver & buffers

= Driver

Channel 1

<4 x 25Gb/s>

C‘!ltannel 3.




Normalized Transmission (dB)

Temperature Sensitivity of Si RM

_an-
~ mc

Temperature increase
=> Index increase
=>» Resonance A\ increase

T T T
1546.2 1546.4 1546.6

Wavelength (nm)

T
1546.8

25Gb/s Modulation

P../ Py, (dB)

1548.0

15485

A (nm)

1549.0

15495



Junction current (A)

Heater DAC e
MRM Driver CODE-ensor| Digital
(3Vp2p,difr) Temperature Block
Voata Sense-ADC (Initial
(deples &
Power Digital
25D-thl S ~ On/Off PID
ata T - Control)
KT 1 ; N
_ D : -
VD - ln(l_) Source Pring:Drop I
q § Vowma
‘ (@ Find maximum OMA
UE S m—T) TIA Power detector
100p4 ——20° —
——30C
YT == >
1“ 40CIIIIIIIIIIIII> Vo = 7
100n | —
10n / ln, - I—I Vi
1n / |_ -----
100p V /4
10p //
10 (Sl ,
0.0 02 04 06 0.8 1.0

Temperature Control with Temp. Sensor

Temperature Sensor
= (P/IN Junction)

PRing:Th\

@ Initial sweep

(3 Save CODE,,, .,

when OMA maximized Vyeater

Junction voltage (V)

48dBQ, 20-GHz BW

OMA

@ PID control
with saved
temp. code _ﬁ_ﬁ.

N Step1 te t

CODE ensor 1 P P
—
—

v' Temp. control with two steps
- Step1 (Calibration Mode)
:Initial sweep (Find optimum CODE,,,,and save it)

Voua - Step2 (Lock Mode)

:PID control to maintain CODE, .,
v" Decouple OMA monitor power when Lock Mode



Measurement Setup
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Heater voltage (V)

Measurement Results

Calibration Mode Lock Mode
ﬁ —
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Performance Comparison

15’ JSCC 18’ISSCC 16’ JSSC 16’ JSSC 19’ JLT This Work
130nm SOI Siph + | 100MM SOISIPA 4 4301 SOI SiPh + | 45nm CMOS S . 0.25um
Process 65nm CMOS + 40nm CMOS 0.25um BiCMOS Photonic
65nm CMOS ol BiCMOS
Wavelength 1550 nm 1310 nm 1550nm 1180 nm 1550 nm 1550nm
Demo.
data-rate 25 Gb/s 10 Gb/s 2 Gb/s 5 Gb/s 25 Gb/s 25Gb/s
Driver (0] (0] (0] (0] X o
Integration (Wire-bonded) (3D face-to-face) (Wire-bonded) (Monolithic) (Monolithic)
Controller X (0] X O X (0]
Integration (Off-chip PD) (3D face-to-face) (Off-chip DAC) (Monolithic) (Off-chip PD) (Monolithic)
Analog closed- OMA monitor OMA monitor OMA monlto_r w/
e . . w/ power detector | Temp. sensing
Scheme Average Power loop w/ slope quantizati Bit-statistics
w/ digital reconfig on & wo-step approac &
) h PID control
Manual
Reference Setting 0 o X X X X
Resonance
wavelength N/A N/A 5nm 2.5nm 0.55 nm 3.27 nm
tuning range
Controller
Power 0.17 mW 0.15mwW 29 mw 0.72 mW 3.91 mW 3.325 mW
Energy efficiency 0.0068 pJ/bit 0.015 pJ/bit 1.45 pJ/bit 0.144 pJ/bit 0.1564 pJ/bit 0.133 pJ/bit
<OFC, 2020>

v' Monolithic, high data-rate, and energy-efficient
<Photonics Research, 2021>



Summary

e |Importance of Si Photonics for Data Center Connectivity

- Co-Packaged Optics requires

Large bandwidth, Energy efficiency, Size efficiency
- For Tx, Si MRM is most promising

- Lots of active R&D efforts for Si MRM based photonic integrated circuits
and systems

e At Yonsei

- Based on IHP’s Photonic BiCMOS technology
- 100 Gbps (25 Gbps x 4 A”) Si MRM EPIC solution
with built-in temperature controller achieved

e For successful photonic 1/0O R&D,

expertise both in photonics and electronics needed





