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More-than-Moore perspective

Enhanced CMOS enables new World’s first siPhotonic transmitter in 45nm SOI

Stojanovic, Popovic, Ram

applications
2004
World’s first 60GHz CMOS Amplifier
1997 Niknejad & Brodersen

One of the first CMOS radios
Rudell & Gray




IBM/GF 12S0I (45nm) CMOS

* 300mm wafer, commercial process

* MOSIS and TAPO MPW access

* Advanced process used in microprocessors

* “Photonic enhancement enables VLS| photonic
systems (no.required process changes)

IBM Espresso IBM Power 7
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“Zero-Change” Photonics in 45nm

A \ ° \ /
[ | | ‘)/ \
|| EJ Gate polysilicon BS;
I . - ___________________P___________M_7_—_M_ll ____________________________________________________
[] Crystalline silicon No metal fillon M1-M6 above photonics
[ ] Metal interconnect & Inter-layer dielectrics Gratlrziec&upler &
11 Ridge i Nitrides
o || | Rectangular waveguide N :
waveguide = -
| G k) \,'\ ¢ » G
v L
v T<toonm[  * | C T LT [s[1o»
/ <200nm Buried oxide i <mMin i«
* T
Transistor  Silicon substrate /,’/ Substrate removal

iC. Sun, JSSC 2016]
* Photonics for free! (No modification to the process)

* Closest proximity of electronics and photonics
* Single substrate removal post-processing step

Monolithic photonics platform with fastest transistors



Il BWRC

Integrated photonic interconnects

Off-Chip Laser
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e Each A carries one bit of data

=» Bandwidth Density achieved
through DWDM

=>» Energy-efficiency achieved through
low-loss optical components and
tight integration
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Single channel link tradeoffs

Loss
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Need to optimize carefully

500

512 Gb/s aggregate throughput

N
(-
O

_ . @ Clock RX |

08
o
o

Clock Buffer Tree

| $F{ingc;runirflg Control |
| Ring Tuning Control |

)]
o
o

—
o
o

Energy-Cost [fJ/bit]

Bl Tune-Heating
I Tune-Backend
1 2 4 8 16 24 32 1 Clock

Data Rate per A [Gb/s] [ ISERDES
[ 1Rx
* Laser energy increases with data-rate =[;ser

— Limited Rx sensitivity

— Modulation more expensive -> lower extinction ratio assuming 32nm CMOS
e Tuning costs decrease with data-rate

* Moderate data rates most energy-efficient

Georgas CICC 2011
8



DWDM link efficiency optimization

500
— ——

— “_ 10 ¢ " QOptical Bandwidth Density 1

= 400( £ .

2 e |/

= 300} S, 0|

3 =101 Erectich Die-timited 8W Density

| i =

5™ e

o ——64 Gb/s o 10

w100 e 3 _ Electriédl Package-limited BW Density
. —— 1024 Gb/s 1072
0 10 20 40 0 10 20 30

Data Rate per A [Gbis} Data Rate per A [Gb/s]

* Optimize for min energy-cost

 Bandwidth density dominated by circuit and photonics area

(not coupler pitch)
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ﬁ BWRC

Towards an Optical DRAM System

EOS22 Test Chip
High Performance 45nm

70M transistors
1000 optical devices

Photonic-Interconnected DRAM

(PIM)

7 Mem Controller
8 Mem

o.q_
A Sched

&

o.q_ 30
DB Buffer

PIDRAM Chip

PIDRAM DIMM

——! [ISCA
2010]

DARPA POEM

A4S

Slide 10

Micron D1L Test Chip
Power-optimized
0.22pum Bulk

R R A B R A8 18 1 L i
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2M transistors
1000s optical devices

5mm




World’s First Processor to Communicate with Light

Silicon-Photonic components integrated directly in the chip
zero-change 45nm SOI DARPA POEM & PERFECT — Stojanovié, Asanovié

Independent 1 MB Memory Transmitter Transmitter
Transceiver Test Sites Bank Input VGC

Drop-port Digital Circuits
Photodetector Backend

L Waveguide Receiver
Microring _{= = Circuit
Modulator | Tuning

7 Controller Photodetector ==
Modulator 5 v Spre Receiver
Driver ‘ BRI Joese e | IR . Input VGC
. - 2 : Digital Circuits

Backend and
Transmitter Tuning Controller

Receiver Bank

‘et e |

ERHES R TR

I Waveguide Diffraction Grating SiGe Photodetector Waveguide Taper Modulator Microring  Drop Waveguide
Yo : il
~ ] 3mm 1} > Waveguide Taper
Processor + Memory RISC-V i
Transceiver Banks Processor I c U 5
| Input Waveguide Integrated Heater Output Waveguide

C.Sun et al. Nature, Dec. 15.




RISC-V open ISA
Scalar-vector cores - Boot Linux
0.2-1.35GHz, 4-16 GFlops/W

Slide 12

0.75| 0.80( 0.85| 0.90| 0.95| 1.00| 1.05| 1.10| 1.15| 1.20
10.6| 8.7 7.1 57| 4.6 3.7| 3.1 2.6 200
11.6| 9.6/ 79| 6.4 53| 43| 3.6/ 3.0 250
12.4| 10.3| 8.6 7.0/ 5.8| 4.8/ 4.0/ 33| 28 300
13.0{ 10.9] 9.1| 75| 6.2 5.2| 43| 3.7 3.0 350
13.6| 11.3| 9.6| 7.9| 6.6] 55| 4.7] 39| 33| 2.6 400
[14.2] 12.8] 9.9] 83 6.9 58] 49| 42| 35| 28 450
12.2| 10.3| 8.6| 7.2| 6.1 52| 4.4| 3.7 3.0 500
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8.7 75| 6.5 55| 47| 3.8 900
88| 7.6/ 6.6| 56| 4.8 39 950
7.3| 6.6/ 57| 4.8| 4.0] 1000
6.7 5.7 4.9| 4.0 1050
5.8 5.0/ 4.1] 1100
G f I W 59| 50| 42| 1150
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[Lee ESSCIRC 2014]
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Key Device Components

Vertical couplers

Waveguide Diffraction Grating

T Y RS e
R ——-

Waveguide Taper

[Wade OIC 2015]
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Key Device Components

SiGe Photodetector

SiGe from PMOS strain engineering used in Photodetectors

Waveguide Taper

—— I — —— A~ ———— -

e —— i B Y . e e
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Waveguide
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Key Device Components

Modulator Microring Drop Waveguide

Integrated Heater Output Waveguide

Input Waveguide ¢\ . iine oL 2013, wade OFC 2014]
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..............................................
L4 <

Modulator

heater +

heater -

ﬂhru

—:-_‘—.‘t \J))j
ZUNY
\ ‘\‘ modulator E
PRI TTIHEIAN /} cathode v E
_ Y/ VBiAs :
.

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

PRBS31 B
Modulator Driver

Transmit Site Lo o>

e Driven by a CMOS logic inverter (1.2V

[Wade OFC 2014]

)

pp

+ 5 Gb/s data rate at ~30fl/b with >6dB extinction ratio, L>un VLSI 2015]
3dB insertion loss

— Upto 12 Gb/s with 2-3dB extinction




ﬁ BWRC Receiver

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

Receive Site —S0um Receiver
; 5kQ §
------------- b :
ol [
5 ¥ > o g
i ; ; L 5k 0 Clocl( Buffers E
E i — ¢
2 iﬁ‘ o Dummy TIA Outg |
~-i> i i
W |
i Photo- !\ =
MELECEON /™o em e eme e e me e m e me s emeemenennenee”

"""""" ' [Georgas VLSI 2014]

* Low parasitics from monolithic integration enable single-stage 5kQ
TIA receiver

* 10 Gb/s operation at 290 fJ/bit with 8.3uA sensitivity
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5 Gb/s Chip-to-Chip Link

Laser

Thermal Tuner i i i
1189nm NV  omica ] | *W |
f Yo [Tl

___________________________________________________________________

Laser 4 3.8 dBm
Power

-3.2dBm ! L&Bm‘ 9.65uA Bit 1

-10.5 dBm

L -9.9dBm 1, gquA BitO

1le-001
1le-002
1e-003

11e-004
11e-005
11e-006
11e-007
1e-008
1e-009
1e-010
<1e-010

N

N

Decision Threshold [uA]
o

0 50 100 150 200
Time [ps]
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5 Gb/s Link Efficiency Summary

Modulator Driver

Thermal Tuning* 30 f/bit (5%)

275 f1/bit (42%) Optical power: 3.6mW (13mW

extrapolated without amplifier)

Receiver
357 f1/bit (54%)

662 fl/bit for circuits

* “zero-change” monolithic competitive with
state-of-the-art heterogeneous platforms

* 680 flJ/bit, 14mW optical power [Zheng PTL 2012**]

*Includes all closed-loop circuits + 0.5 nm tuning power **0.5nm tuning power only
Slide 20




5 Gb/s Link Efficiency Summary

Modulator Driver
30 fJ/bit (5%)

Thermal Tuning*

275 f1/bit (42%) Optical power: 3.6mW (13mW

extrapolated without amplifier)

Receiver
357 f1/bit (54%)

662 fl/bit for circuits
560 fJ/bit for laser — wall-plug**

* Not using our best devices in the link

— 1dB loss couplers [Wade, OIC 2015] (on the same chip instead of 4dB in the link)
— 5-10x better photodetector (0.1-0.2 A/W photodetector on the same chip)

* Expect to obtain >40x smaller laser power (65fl/b optical)

**11.6% QD laser wall-plug efficiency
*Includes all closed-loop circuits + 0.5 nm tuning power Slide 21




Electronic-Photonic Packaging

Die-thinned chip with selective substrate removal

WDM N\
transceiver SN
regions ‘

Processor :
and SRAM
regions |

Ccross-section rrrg’ierrrr
FR4

* Flip-chip onto FR4 PCB using C4 bumps
* Selective substrate removal of optical transceiver regions

Stide-22



Optical Memory System Demo

Memory to processor link

————————— read data r———— - -—-—
| Chip (Processor Mode) | g | Chip (Memory Mode) |
| 1MB Memory I

: Im=-TTTooooos o g \] | -'3_:““““."“.
| Array (Inactive) i Receiver W i | AOptIi.(fI | i = Transmltter: |
| i | mplirier i < ><-< H I % I
o i = 1 el
< i 50/50 Power Splitter I = =
| o DO I I Laser [ 1 ° < I
a © _I—‘ O =
S *E %_@__< qg g
s |8 a :
| £ é I==mmmmommmes i“: | Single-Mode Fiber : |mogmmm T é |
1 — 1
| }D—)O i I Optical I i ﬁ : 1 I
1 . a ! Amplifier | 8 Receiver :
T = = -

| Transmiter®l | G PN @) | LTt el |

| _ _J ~ - __ _J

Command + address + write data

Processor to memory link
* Chip 1 acts as processor, Chip 2 acts as memory

e Custom memory controller, DRAM interface emulator
— Takes advantage of full duplex (as opposed to half-duplex) memory interface

* Video demonstration (thermal stress test)
http://www.nature.com/nature/journal/v528/n7583/fig_tab/nature16454 SV1.html
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Tx and Rx DWDM Transceiver Banks

TX

Transmission [dB]

i 3

A
[<3

'16 T T T T T T T I1 T 1
1170 1172 1174 1176 1178 1180 1182 1184 1186 1188 1190
Wavelength [nm]

RXx

Transmission [dB]

-10 -8 9
/ 10
-12 T T T T T T T T T O 1
1170 1172 1174 1176 1178 1180 1182 1184 1186 1188 1190
Wavelength [nm]

Advanced lithography enables tight ring resonance control




11 x 8 Gbps Tx Demonstration

* 11 rings, each demonstrating 8 Gbps modulation
— Independently testing one at a time
— Potential for 88 Gb/s on a single fiber/waveguide

— Each ring is auto-locked [Sun JSSC 2016]
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Going Faster — PAM2 and PAM4

6b SARADC _ _ IntegragngFrgnt_end
% Thermal | <||/| - N
_" Tuning 4—I—LSOAF:C I ~ ,\l * I
Controller I |g Il + = |
e — d Ll e m - —_= - M |
PWM Heater _
Driver Photodlod‘e fqr
power monitoring
— — 7 Drop-port
e ___ ~ Slice[15] / ,—,_'7 :p p
PAM4 Psuedo-random . IJE_ ; | = - -
Symbol Generator I o Sﬂce[zl | —pHeater
- — — — el — — — — i"ﬂi{” Anode[
I T2x20 [ | ™ ] N Sllce[O e
I|_PRES3T [P (R = >Anode(2]
I oo | | & Encoder 1'6,b>| @ b—‘Anode[ﬂ
| PRBS-31 |7 =00 = | Anode[0]
1] N
= p— = In 5
A ?4X4b 1S |JJ — Ou
LUT === ===
16 Serializer and inverter-based Digital PLL(DPLL)
driver slices DCOR0GHD)
z) Ref CLK
o
0GHz 4_Dlgltal Loopi—BB-PD
CK/2 - CK e Filter
+2 |4 - s 5GHz
[Moazeni et al, ISSCC 2017] Basucl“atte Q '
elec

Direct Digital-to-Optical Conversion!



Decoupling Digital
Caps Control Loop

wwg

250pm
Digital PLL (DPLL)

200pm
G N ITERTIRETE <«

Digital
Backend
Modulator Drivers

: Segmented (16 Slices
Vertical Spoked Ring ( )
Couplers

o /]

“\ Power Detector PD
Complete transmitter Segmented Ring-resonator




Transmitter eye diagrams

13

20ps/div_30pWidiv

« Extinction ratio (ER): 3dB, Insertion loss (IL): 5.5dB
 PAM4 coding used: (0,5,10,15)
« 42fJ/b driver energy efficiency



Transmitter specs

Area Breakdown Energy Breakdown (in fJ/b)
Total Transmitter Area = 0.06 mm? Total Transmitter Energy = 685f)/b

Thermal
Modulator Thermal Tuning

Drivers Tuning Modulator 18
and LUT Front-end Drivers
2% 1% 42




N BWRC Improved Rx Topologies
=1. 1.2V

<—Optical Fiber

+ e ‘
I c - 5
BERT, «
3dB power Eye nght
splitter monitor, cou p | i n g
~N—r" and

ne— ~— PRBS31

Grating
couplers

generator m

, L = Latch
! FF—> Flip-Flop
' A = Pre-amp gain
! DeSer = De-serialiser 0 BER with Input senSitiVity
E +Vop 2 Photodetec?cor . 10 ' ' *FD @ 6Gb/s
: Reverse bias o #SE @ 6Gb/s
1 % oFD @ 12Gb/s
= 10-5_ «SE @ 12Gb/s
]
I
o
S 10710
L]
* Leverage tight electronic-photonic & _; | |
: : 0 5 10 15 20
Inte g ration to create new, more Input sensitivity of receiver, | . [kA_]

sensitive receiver structures

— Differential, DDR receiver [Nandish Mehta et al. ESSCIRC16]



A BWRC Platform Performance Summary

[Beamer ISCA 2010] 45nm SOI Bulk Photonics
Conservative Estimates Platform Platform*

Waveguide Loss 4 dB/cm 3.7 dB/cm 10.5 dB/cm
Vertical Coupler Loss 1dB 1dB 3dB

Tx Data Rate 10 Gb/s 20 Gb/s 5 Gb/s

Tx Energy Per Bit 120 /b 42 fl/b 350 fl/b

Rx Data Rate 10 Gb/s 12 Gb/s 5 Gb/s

Rx Energy Per Bit 80 fl/b 297 fl/b 1700 fl/b
Rx Sensitivity 10 pA 8 HA 36 A

PD Responsivity 0.9 A/W 0.44 A/W 0.2 A/W
Thermal Tuning Efficiency 1.6 uW/GHz 3.8 uyW/GHz 10 pW/GHz

 Comparison to a proposal for the processor-memory
system we published 6 years ago

* Meeting/exceeding most system specs

Slide 31 .
*considerably slower process than one assumed in [Beamer ISCA 2010]



Pon Si Photonics in Bqu CMOS
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Key constraints:

> Bulk Substrate

pSi 225 n
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http://moss.micron.com/CORP/ca/brand/imagelibrary/test/Mobile LPDRAM.png
http://moss.micron.com/CORP/ca/brand/imagelibrary/test/Mobile LPDRAM.png

Memory: Bulk photonics integration

First-ever link result with bulk CMOS photonics Micron D1L Reticle

__________

| Chip1 |
I

Single- ! i Single-
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o kN ] .
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[Meade et al. VLSI Tech Symp 14, Sun et al VLSI Ckts Symp 14]




WDM in bulk-photonics - Tx

j e AR |
| Chip |
[ |
[ |
[ |
[ I Optical ./\.-
L | | Amplifier
Polarization | |

Controller !

i lice2 B glice3

slicel

TX DWDM Macro

B gp OSSR

7$Iice 4 E

* All slices BER checked at 5Gb/s
* 45Gb/s aggregate rate per waveguide
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WDM in bulk-photonics - Rx

|

|

]
Rx DWDM Macro Ls RERSSESE A SR
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* All receive slices functional and BER checked at 5Gb/s
* Single fiber more 1/0 BW than x16 DDR4 part




Conclusions

 Silicon-photonics — enabler of new capabilities
— Think “new on-chip inductor” or “new on-chip t-line”

« Potentially revolutionize many applications despite
slowdown in CMOS scaling

— VLSI compute and network infrastructure just a start

* Need process, device, circuit and system-level
understanding
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