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USC | O interconnection and packaging in a large system
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% Example: SGI Origin switch-based system architecture
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L atency

Pin to pin hub 41 ns i n
Local memory 310 ns |
4P remote memory 540 ns L;Icl_rl
8P averageremote memory 7/07ns " — | |
16P average remote memory 726 ns i

30pP average remote memory 773 1S Example 10 subsystem block diagram ;ﬁmﬁ““' Fat Bristied
64P average remote memory 867 ns

128P average remote memory 945 ns

Node-to-node 16 kB page block transfer < 30 s
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H I PPI-6400 inter connect

Narrow key side for pin T —, \ Fin 1 _\ 151 ? . |
£ D=y ° Copper interconnect:
{ L * Poor form factor (< 1 GByte/s/inch)
g jDDDUHH 3 5 e Limited bandwidth (< 1 Gb/s)
4 T U e Limited distance (< 50 m)
£l et S N
e i e vl
e HIPPI-6400 e ectrical connector
] S ar | 360 ex « 2.31"x0.75" edge dimension
5 {9k (o5 e « 2 row, (100 pin connector (23x2x2=92 signals)
E « 0.664" |diameter cable up to 50 m
s o * 6" bend radius for cable
o e hee |« 2 Bytedata 500 Mb/s per direction, 4b/5b coding

0.8 GByte/s peak bandwidth per direction, 1.6
GByte/s bisection bandwidth (bisection bandwidth
density 0.7 GByte/sinch or 2.2 Gb/s/cm)



% High-perfor mance opto-electronic interfaceto CM OS

i Potential power savings using all-optical signal processing

USC PONI MUX IC (vl1) 0.5mm

CMOS 11 x 2.5 Gb/s+ CLK
10 x 2 mm2 die 1:2/2:1 MUX
submitted 2/18/98

received 5/2/98 w55 Gb/sbi-section data
Vpp=36V ~ bandwidth per cm
57W
Power estimates * 2.7 ns Tx/Rx mux/demux
Vpp Power Tech. A end-to-end latency
(V) (W) (mm)
36 57 05
33 47 0.35 )
. A A AT A 12V <V <20V
Power consumption using HE [i* R (LVDS compliant).
0.5 mm CMOS technology NN
| 072 W 25 Gb/s |/O i -.: -.i..!-!T.i._I-!l!l...l...'l..l:l:l!l_!E!l!.l.-;.nllll:ll-l..,.!l-l.l-'.l ...:...!.:;;;I.;-:.._I‘;.::.; .l-l;;_;.:; IEI L
[3.74 W Core

[1.24 W 1.25 Gbis /0

57 W Totdl

“ A 55 Gb/s/cm data bandwidth density interfacein 0.5 nm CMOS...”,
B. Madhavan and A. F. J. Levi, Electron. Lett. 34, 1846-1847 (1998)
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USC electrical and optical system test between two Pentium hosts

Electrical test fixturefor LA chip HP POLO-2 moduleand LA chip
requires 40 coaxial cables requires 2 ribbon fibers



% System impact of > 50 Gb/s per linear cm

i1 Multi-GByte/sdata rate per linear cm

HP PONI module +
USC interfacelC
supports

> 4X capacity

IBM ATM switch
In 1 cm form-factor

HP PONI Tx-module

IBM 8265 Nways ATM switch
12.8 Gb/s capacity, ~ 1 m back-plane

¢+ USC - HP PONI DARPA program can provide > 50 Gb/s per cm using
USC interface I C
12-wide fiber ribbon, 2.5 Gb/s per fiber signaling, and M TP connector
BGA surface mount to PCB 10
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Alpha 21264, 9.6M transistors, 600 MHz, 2.4 BIPS, 64b, 45 W, internal

Vpp =24V, 14.4x14.5 = 208 mm? four-metal 0.35 nm CM OS, 499 PGA
package.

0

Z

1 11 W (25%) power for clock distribution B oo
S EEE+L1
i 8kB Icache, 8 kB Dcache o
i 96 kB L2 cache O e (B R
o v e 147Es02
0.5um 3.3v 0.35um 2.5v i i 2% Lhegl
’ i s Wangs 5 | 205402
. . ER-<" FF 23E.
40 s - R sical S { TAIE0Z
1o By o e B 205602
waug(} B Clock . P """_:.,‘@w‘- <2
m .Cﬂre 3 | iz i aR \beﬂ-"
10 i }'E-
Flgure 7 CPU Clock Skew
T T T MH
300 366 433 500

Alpha CPU clock skew in 1.7M transistor, 30 W, 200 MHz,
400 MIPS, 64b. V,=3.3V, 16.8x13.9 mm? three-metal

Source: http://infopad. EECS.Berkeley.EDU/ 0.75 mm CMQOS, 431 pin PGA package.
HotChips8/1.2/1.2.10.html 12 W for clock distribution.

Source: Digital Technical Journal 4, 1 (1992)

12
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1997 - Jan. Intel Pentium MMX (150 - 233 MHz)
i Average CPU clock ratedoublesevery 1997 - 2Q AMD K6 MMX (233 - 300 MHz)
18 months 1997 - 2Q Intel Pentium 11 (233 - 300 MHz)
_ ) 1998 - Intel Deschutes (333 - 450 MHz)
i Main memory datatransfer speeds 1999 - Intel Pentium I11 (450 - 550 MHz)
increase 10% every 18 months 1999 - Intel Merced
- . . Processor Clock (MHz) SPECint95  SPECfp95
i Co_nventlonal Inter connects cannot Pertium |l 266 10.8 6.9
deliver performance that matches DEC Alpha 266 79 118
Improvement in CPU Pentium Il 300 11.6 7.2
DEC Alpha 333 9.8 12.5
Pentium I1 450 18 13.3
f/2 MHz x 64 b Pentium Il 450 18.7 13.7
Pentium 11 = 4f MB/s L2 cache
CPU, f MHz SRAM DEC Alpha 500 15.0 20.4
Pentium 11 500 20.6 14.7
AGP
7 X b | (HEHX]} T T = T T
" My o Mz x4 T
(2XAGP) System control ler _ Main memory ) N
DRAM LM}
266 MHz x 32b
=1 GBytels -
(4xAGP) PCI 1/0
expansion slots il . - ]
I I I ; M
LAN SCSI ISA / IDE bus PCI 1/O bus 1980 1985 900 9S00 J0S
extension controller 33MHzx 32b
High-speed  Hard drive CDROM = 132 MB/s Source: Hennesy and Patterson “Computer architecture”,
network Morgan Kaufmann (1996) 13
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i 25M transistors, 160 MHz, 2.1 MIPS, 32b, 0.5 W, internal V5 =1.6 'V,

7.8x6.4 = 50 mm? three-metal 0.35 M CM OS, 144 pin QFP package

To minimize pin power and support a high-speed internal core, 50% of
chip areaisdevoted to two 16 kB Dcache and I cache

90% of thetransistors are devoted to Dcache and | cache

The pad ring occupies 33% of chip area and the processor corefillsthe
remaining 17% of chip area.

Source: |EEE J. Solid-state circuits 31, 1703 (1996)

ar

Power dissipation
|cache

| box

Dcashe
Clock

IMMU

Ebox

DMMU
Write buffer
Bus interface
PLL

271%
18%
16%
10%
9%
8%
8%
2%
2%
<1%

14
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M emory access-time bottleneck
[ ]F. S ]I"'I'iil‘.li.\f
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04 No moving parts M echanical moving parts
Revolutionary
Technology
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]
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Future high-perfor mance microprocessor architecture
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Single chip VLIW or M P with

integrated
LO Cache
80% scalar hit rate

L1 Cache
80% scalar hit rate

CPU-OL1ns

480 GBytels
CPU-2

64 kByte
CPU-l' L O Cache

CPU-3

100 GByte/s

64 bit words
f =10 GHz

Total 8, 32-bit instructions/ f

Total 2, 64-bit data/ f
Power =100 W

3-10 ns
8 M Byte
L1 Cache

Main Memory

20 GByte/s

3-30 ns
10 GBytelocal

3-1000 ns
1 TByte network

Scalar: 800 Gb/s communication channel

<4 W total micro-photonic power

162 W electrical rambus power consumption
Vector: 4.8 Th/scommunication channel
<19 W total micro-photonic power

7.8 KW electrical rambus power consumption

16
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LUA The Rambus approach

Physical organization of a Rambus-based system

Memory Modules

L[l | /
poooon = 2 HI e
— E-
—

Rambus technology
 Vdd =3.3V, 50 nsaccesstime
« f =500 - 600 MHz Byte-wide bus
e« 9-chip 72 MB module3.5x 3.5x 1.5 cm’ e
* Power per 8 M Byte chip: e
Evaluaterequest =0.55W
Read from device =0.76 W
Writefrom device=0.86 W

Power consumption dominated by data transfer

10 GByte/sRambusdata transfer: read 15.2 W
write  17.2W

17



@ Micro-photonic technology in systems
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Reduce high-speed communication power (x40 lessthan Rambus)

Lower electrical noisein system (x10 less dl/dt)

> 0.1 m backplane inter connects can maintain bisection bandwidth (multiple Tb/s)
WDM all-optical functionality can give ps node routing latency (useful for <1 m),
deadlock protection, and collisionless adaptive routing

Processor node 10x10 cm?

Switch with
ps pass-though laten

Main
Memory,

> 0.1m backplane inter connect
(optical 400f Gb/s/cm per layer)

> 0.1m backplane inter connect

18



M Future M CM-L packaging for direct CMOSto optical I/O
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CombinesCM OS VL Sl function with dense high-speed optical |/0

Standar d-cell opto-electronic CM OSinterface

Separate optical and electrical ther mal management using integr ated heat spreader
Signal rate> 2.5 Gb/sper 1/0

Seal and structural integrity VLSl CMOS 1 cm?
from plastic over-mold with C4 or wire bond

integrated heat spreader
for thermal management

Direct CMOSto optical 1/0

Plastic or glass parallel optical

inter connect with 250 um
waveguide spacing

MCM-L substrate

Plastic OSA Optical BGA feed

Plastic over-mold and > 2000 BGA and OBGA
VLS CMOS OSA attachment integrated heat spreader ~ optical / electrical / thermal contacts




s
% Heter ogeneous integration of photonic M edia Access Control
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Ultra-low node latency using emer ging functional micro-photonic technology.
WDM all-optical routing using active micro-resonator s have potential for psnode

latency and deadlock protection.
§ Heat
Silicon IC

C4 attached to laminate ground

|Tx 2D array MAC Rx 2D array|

Silica-glass or polymer /

multi-layer waveguidelow-  All-optical functional micro-photonic circuit has
temperaturelaminate pass-through mode for ultra-low node latency
integrated with electrical

laminate 2
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i Challenge: Rapid switching of
optical power from one high-Q
resonator to another.

¢ U(t) = Uyt = 0)ewt/Q)

1 Functionality beyond point-to-point
Interconnect: Example

¢+ System Area Network MAC state
machine

<4
Local
eectronic
node
(2

Micro-photonic state-machines

Tx, Rx MAC protocol

Transfer of optical power between resonators

- &

(i) Spoil Qtorapidly transfer optical power

(if) Trangent dynamics of cavity formation

(iii) Typical values, | ,= 1.5 nm, w, = 10% rads?,
Q~10%-10*andt, ~1-10ps

:

o
oD :

000000000
d00a0nend
o Xa¥Tas
6

()|
TXCL)
000
0/N000000
o(}ooooot

7N

%1,6088 1@km WDI12

wagl 28KV

Functional micro-photonic cir cuits



UIS(C Thepromiseof optics: “ Free, infinite-bandwidth, anywhere,
AT anytime!”
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i1 New system design optimization and functionality
any distance for a given bandwidth
less heat because of distributed nature of system enabled by optics
reduce /O count
lower power than copper
low EMI
low cost
ps node latency, deadlock protection, adaptive routing

1 Getting technology from heretothere
Adoption helped by one-stop technology shopping for
standard packaging and board-level integration
standard CM OSlibrary cells
standard OSA footprint
proven reliability asgood or better than copper

demonstration systems and applications %
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Optoelectronics“inside”
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i Optoelectronicsin CM OS-based systems

need data-com to keep component cost low
need availability
need standardsthat help the designer

complete design support
— library cdlls, evaluation boards, mechanical, system testing, software

need compelling system demonstrations
new ar chitectures, new functions, higher performance, reduced cost

integration with software

i DARPA

Focus
integrated optoelectronic/ CM OSinside systems

WDM microphotonic functionality inside systems
Support one-stop technology shopping

23



