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Context

the interconnect problem: "For the long term, material
Innovation with traditional scaling will no longer
satisfy performance requirements. Interconnect
Innovation with optical, RF, or vertical integration ...
will deliver the solution" (International Technology
Roadmap for Semiconductors 2003)
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The optical alternative

optical interconnect to:
Increase throughput
reduce power dissipation
alleviate thermal constraints
reduce crosstalk
decrease skew
reduce signal distortion
simplify place-and-route for complex circuits
but:
— requires high-speed low-power interface circuits
— process maodifications
— few gquantitative analyses exist
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Target applications

point-to-point (1-1) links?
— routing complexity
— number of repeaters

* power
» silicon real estate

% of Chip Area

100 120 140 160
Technology Generation {nm)

K. Banerjeeet al., Proc. IEEE, May 2001

broadcast (1-N) links (clock distribution)
— timing

— clock noise

— power and thermal issues

network (N-N) links
— throughput
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Structure of integrated optical interconnect

heterogeneous IlI-V on Si intégration

microsource photodetector
photonic waveguide waveguide cladding : .
(high index material)  (low index material) f;:;r; clascl:l(dji%g
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Passive photonic devices

couplers, filters, routers

e intra-chip optical links

signal transport =
waveguides and couplers
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Active devices

850nm, 70uA threshold current, 2.6um
diameter CMOS compatible VCSEL

graft (Liu, JJ. et al., Ultralow-threshold sapphire substrate-bonded top-emitting 850-

interface nm VCSEL array, | EEE Phot. Lett., 14, 1234, 2002)

—>

O Q ) Technological simplification

C. Seassal et al., |EE Electron. Lett., 2001
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Optical interconnect design problems

in 2010, will using
integrated optical
interconnects make
sense?

anticipate technology
evolution through
physical design space
exploration

concurrent design of electronic and optical parts for
optical interconnect

— use of predictive models (technology does not yet exist)

— generic design methodologies and models
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Calculating the power budget

the route to calculating overall optical interconnect power
IS based on required signal quality (BER)

T Photodetector

BER (SNR
tr (SNR) Rq:Coslgar

I:)optmin = 8; : 1 l

Minimum optical - Transimpedance
power at receiver amplifiers

‘ Minimum optical power at
source (Pgyp re)

Electrical power dissipated in optical system

— *
I:)TOTAL_ I:)Laser tn I:)Receiver
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Determining TIA characteristics

Simple analytical R, critical for power
] ) C, critical for data rate
equatlons for transistor
characteristics
iInsufficient (>100%
error)

but extraction requires
transistor-level
schematics

SUUESS

total noise at photoreceiver

2
\/7 2q gate dark)+ 4kT C 4kTG C
R 54D
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Photorecealver front-end | P block

Vdd

photo-
receiver
front end PR

Design (IP) block
performance criteria evaluation method

sizing dimensions .
i _ . sizing method(s)
evaluation dimensions
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TIA syntheS|s

~_R-RA
o 1+A

1+ A
w
’ RCy\/ M, +M _+M M )
\/M A+AYM +M (1+M))
C14M (14 M)+ M M (1+A)

* sizing TIA with iterative procedure

¢ accurate specification tolerance Q=1 \FZ Maximize bandwidth

* systematic convergence

"Design ease” R /A, against

performance criteria evaluation method bandwidth and t.ranS|mpedance
gain
sizing dimensions Amltir Re/Ay reirement

: : : sizing method(s)
evaluation dimensions

bisection

=
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Fast inverter | P block

A, >7 7.32
R, <1kW 221W
Pwr< 4.5mW 4.3mW
FF =1 1.005
= 0.5V 0472
100nm CMOS

0

Design (IP) block relations

performance criteria evaluation method Ot = gm_lT:"gmz =AJR,
gml/gmz = VgstZ/Vgstl

sizing dimensions + + = - +
q : : sizing method(s) gmi O3t 9a3 = 1R, - (041942
evaluation dimensions F = 1/(1,+1)
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Predictive design space exploration

1THzohm Transimpedance am
C

sizing for process
nodes 180-130-100- power / 10

. PP noise constant
70nm ._quantltatlve ren | B
predictions for

technological

evolution ITHZWTIA design with identical specifications
for different technology nodes: validate

use of BSIM3v3 traditional “shrink” predictions
transistor model

parameters from UC

Berkeley (Cao et al.,

CICC 2000)

more details at DATE '
: TIA design @ 70nm node for various BW
(SeSSIOn 3D TueSday requirements (all other specifications remain

16:45) identical)
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Losses in an optical link

LroraL (dB) = Loyt Lyt Lyt Lg+ Leg

I‘CV
w

Y

Source-waveguide coupling coefficient
Transmission Loss

Y-coupler Loss

Bending Loss

Waveguide-detector coupling coefficient
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Transmission |oss

LroraL (AB) = Loyt Lyt Lyt Lgt+ Leg

sidewall roughness
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s=2nm b 1.3dB/cm

K. K. Lee et al., Optics Letters, 2001
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Bending loss

LroraL (dB) = Loyt Lyt Lyt Lo+ Leg

Modal propagation in a bend bends

1.00E+02

Radiation loss 1 00E+00
1.00E-02
1.00E-04
1.00E-06
1.00E-08
equivalent 1.00E-10

index 1.00E-12

profile 1.00E-14

Bending loss [dB]

ForR>2mm, L;=0
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Other losses

Lrorac (dB) = Loyt Lyt Lyt Lgt

Loy Input coupling coefficient (50%=3dB)

Ly Y-splitter loss (0.2dB)

Lor Output coupling coefficient (87%=0.6dB)

Output loss: Y-splitter loss

Light output , ' ‘ \

| — R/
> <« |

Le e

) Substrate

Volume grating coupler
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Bonding issues

flip-chip Is today the most effective and proven technique
— alignment down to 1um accuracy
— solder bumps under 10um diameter

INGaAs/InP

photodiode thermocompression

CMOSIC
In the future:

— molecular bonding
— direct wafer bonding
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Investigation conditions and program

Electrical CDN ‘ Optical CDN ‘

Technology parameters ITRS roadmap

Transistors BSIM3v3 and BSIM4 model
parameters [Berkeley Univ.]

Metallic wires ITRS roadmap Optical devices Existing
technology

InGaAs G8376-02
Photodiode Hamamatsu Corp.

(InGaAl)As/InP Amann TU
VCSEL Munchen

comparison of optical and electrical clock distribution networks:
power vs. chip size
power vs. operating frequency
power vs. number of distribution points
power vs. technology node
— power vs. sidewall roughness
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Electrical-optical comparison

comparing optical clock distribution power dissipation for
varying chip size

@70nm node, 5.6GHz, 256 drop points

——&— Electrical CDN
—=— Optical CDN
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Electrical-optical comparison

comparing optical clock distribution power dissipation for
varying operating frequency

@ 70nm node, 20mm chip width, 256 drop points

—— Electrical CDN
—=— Optical CDN
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Electrical-optical comparison

comparing optical clock distribution power dissipation for
varying number of drop points

@ 70nm node, 5.6GHz, 20mm chip width

—— Electrical CDN
—=— Optical CDN
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Electrical-optical comparison

comparing optical clock distribution power dissipation for
varying technology node

20mm chip width, 256 drop points

—o— Electrical CDN
—=— Optical CDN
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Electrical-optical comparison

comparing optical clock distribution power dissipation for
varying sidewall roughness

@70nm node, 5.6GHz, 20mm chip width, BER=10-1>

—— 128 output nodes
—=— 256 output nodes
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Clock distribution conclusions

optical clock distribution gives a five-fold improvement in power

dissipation at 5GHz

this factor will increase as optical technology improves and operating

frequencies rise
where is work needed?

optical source

passive optical
components

optical receiver

source efficiency
equal to 10-15%

trans. loss ~1.5db/cm
splitting loss ~0.2dB
coupling loss ~ 3dB

TIA power dissipation
too high

source improvements
microsources

sidewall roughness
improvements

reduce photodiode
capacitance
improved circuit
architecture

more details at DATE Wednesday session 5G 12:00
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Reconfigurable optical NoCs (N-N)

connection switch
box box

SoC architectures
- distributed heterogeneous resources

Targets:

no contention

bi-directionality

message
wrappers:

|
- ¢ -~ HHB

MMP architectures

- distributed memory, and/or
- memory accessible through CPU

Masters:
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Microring resonator

depending on the disc material parameters and dimensions, several
resonant wavelengths exist

lightwave will couple into the disc (and then out via the other
waveguide) if its wavelength is equal to one of the microring's
resonant wavelengths

otherwise there is no coupling and the lightwave propagates normally
selectivity critical factor in number of channels
estimation of sensitivity of | , to mismatch ...
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Microring selectivity and FSR

1 [*h]
Lefe )

T T k T T
- = o 2 = = =

Longueur d'onde centrée autour 1550 nm {=1,55pm)

PW) 2 4/t QN
§410 + (- W) 5

Grandeur de la fenétre WDM

.

FSR4
FSR:

transmittance

r

fréquence optique
relative
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Models for system design

library of building blocks (Matlab and VHDL-AMS)
— equation capture for all elements

— parameter extraction for model simulation

— simulation results: power, attenuation, data rate ...

E,(tw())

E,(t,w(1))
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Design environment

File Edit Toolz “Window Help

Choizir des valeurs pour les paramétres du fichier
“inbeMWDM.m" et appuyer sur ‘Mis a jour’:

File Edt Toolk “Window Help

Choisir le nombre S S O OO 2 B O 8 T B ~ -
des caraus WDM: halll B8 £ A t-40 L A | 28 LA b A8 b A | LS kA A/ ﬁ'}ﬁ

Réponse fréquentielle des disques et les impulsions correspondantes des diodes:
Lambdal : début de la bande Lambda?2 : fin de la batnde i — T —T———
de fréquence [enpm]: | de fréquence [en pm) : 1575 i}

n:indice de réfractiondu _ Disk: ypede 7 Dist nomale

maténel [c'=c/n): | : digtribution por lez
valeurs metq: O loi uniforme

dio: détermine la grandewr de ———
limpulsion, H=1"expl(dioww0]"2), | 32012 | — e
la grandsur ~ 1/dic: lohgueur d'onde de rézonance du
Utilizer dellam ou dio [ dizque, +/m en nm:

dellarm: arandeur de
limpulzion au milisu en pm
I = = q: dét. I'Eloignement max. des miliews
to: "time of decay" du des canaus WO [bande de fréqu.

rnicrorésonateur en & de la dinde) +/-q en nm
[Mpe=110"-122) i |_IZI?_

Armplitude normalisée

e R L e e e
b ke Mmoo M D WD

Le nombre des microdizques
du rmicrarézonateur:

0.1
pire : Utilization du casz le pluz pire S . .
= = L Lo v | R el el e Ul 1 L
o ile e pourgetm: |

15625 153 1535 154 1545 155 1656 156 1565 157

Type de répresentation des 1+ restes du filtrage Lonoueur d'onde
rezultats du filrage :

Miz & jour | FINI ~ canauy filtrés

Tenir compte de la diaphonie: n
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Photonic device ssmulation tools

waveguides SRS : - esonators
(transport) BESES : (routing)

2D-3D FDTD (finite difference time domain) method

simulation engine integrated into standard EDA
environment (Cadence)

parallel execution and memory bus usage optimization

2D F. D T.D. Slmulatlons
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Modelling and ssimulation of an optical crossbar

in

signal A3

[

iy

Injection in port #1

u Port #2 u Port #3 Port #4

S aout

(utd
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4x4 optical cross-bar

Total area for passive
network: 0.00425 mm?

i3 % 15 February SLIP'04
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32x32 optical cross-bar
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Conclusion

optical links are moving into the chip

first quantitative comparisons show an advantage for
optical clock distribution over electrical schemes

but is it enough?
do we really need global clock distribution?

optical network on chip promising:
— scalable passive structure developed, test under way
— low real estate, high throughput, should be full-duplex

high-level models necessary for design (SystemC)
watch this space for quantitative comparison

more details at DATE:
— Wednesday session 4E 10:30 and session IP3 11:00
— Friday W2 Parallel optical interconnects inside electronic systems
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