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What does exascale mean?

IBM: Roadrunner, Los Alamos (2009)

IBM Roadrunner

(12000 PowerX CPUs
6000 AMD Opterons)
Power 2.35MW 10-20MW
Speed 1.04 1000
(petaflop = 101> FLOP/s)
Space 296 Racks ~2X
6000 sq. ft.
Memory 103 ~1000x
Terabytes

Cost S125M ??7?7?



Not just super-computers

Attributes
Aggregate Aggregate | Aggregate| Volume Power
Compu- Memory Band-
tational Capacity width
Rate
Exa Scale Data Center Capacity System relative to 2010 Peta Capacity System
Single Job Speedup | 1000X flops Same 1000X Same Same
Job Replication | 1000X flops up to 1000X | 1000X Same Same

Exa Scale Data Cen

ter Capability

System relative to 2010 Peta Capability System

Current in Real-Time | 1000X flops, %ne 1000X Same Same
ops y
Scaled Current Apps | up to 100 up to 1000X | up to | Same Same
flops, o 1000X
New Apps | up tof1000X | up to 1000X | up to | Same Same
flops, ops, | - with more | 1000X
em accesses | persistence
Peta Scale Depart#nent System relative to 2010 Peta HPC System
/| Same | Same | Same | 1/1000 | 1/1000
Tera Scale E){bedded System ere to 2010 Peta HPC System
y 4 | 1/1000 | TALO00 | 1/1000 | 1/1 million | 1/1 million
EXASCALE EMBEDDED SENSOR
1078 FLOPS 1012 FLOPS 10° OPS
~1MW ~1W <1mW

Source: DARPA Exascale
Study, 2008



4 I\/Iajor Challenges
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* Microprocessors: “at 0.13um approximately 51% of microprocessor
power was consumed by interconnect, with a projection that without
changes in design philosophy, in the next five years up to 80% of
microprocessor power will be consumed by interconnect”, ITRS-07

 “The Energy and Power Challenge is the most pervasive of the
four, and has its roots in the inability of the group to project
any combination of currently mature technologies that will
deliver sufficiently powerful systems in any class at the desired
power levels.”

* “A key observation of the study is that it may be easier to solve
the power problem associated with base computation than it
will be to reduce the problem of transporting data from one
site to another - on the same chip, between closely coupled
chips in a common package, or between different racks on
opposite sides of a large machine room...”

Source: DARPA Exascale Study, Sep. 2008
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Not enough power available
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Interconnect Energies

o No solution < 1pJ/bit 1

103 [ A\\ - ) ll
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> 3.5% capacitance -
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Alternatives
e 3D Stacking * Silicon Photonics
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1.  Off-chip bandwidth:

— 3D: dense through-silicon vias
— Photonics: wavelength division multiplexing

2. Off-chip energy:
— 3D: make things closer

— Photonics: use low-loss light Source: G. Loh, 2008;
Intel 2010



Problem 1: On-Chip Wires

* On-chip wire power does not scale
— Dominated by interconnect capacitance (CVy?)
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Problem 2: Off-chip I/O

Intra-node/SMP Inter-node/MPI
10000 Communication Communication
g CONVENTIONAL
g 1000 OFF-CHIP:
Q - it (1-
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OUR GOAL: < 0.1pJ/bit

Source: Exascale Roadmap
Meeting, Dec. 2009



1. On-Chip I/O
— Network-on-a-chip with reduced-swing interconnect

— Fundamental limits to low-voltage swing

2. Off-Chip I/O
— Sub-1mW/Gbps off-chip I/0




Near-Threshold Operation (V,, ~ 0.4V)

[S. Hanson, 2006]
MIT, MICHIGAN,
PURDUE, INTEL



Synctium: near-threshold parallel processor
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- Throughput of SIMD; ener

- Eight parallel lanes, at near-threshold (V,5=0.5V)

- Variation Tolerance: Razor-like detection/recovery per lane

- Lane weaving

- Decoupled instruction queues

2mm

-efficiency of near-threshold operation

2mm

E. Krimer, R. Pawlowski, M. Erez, P. Chiang, "Synctium: a Near-Threshold Stream Processor
for Energy-Constrained Parallel Applications", IEEE Computer Architecture Letters, 2010.



(1) Energy-Efficient, On-Chip Links

Intel, 80 Cores, ISSCC 2007

e Router Power:

— (1) Buffering: 30%
= — (2) Arbitration: 10%
ne”::: — (3) XBAR: 30%

Eil i"" — (4) LINKS: 30%

e P Package 1248 LGA 14 layers,
kAL O Areg H 343 s gnal pins

(oo e e Qur Goal: low-power on-chip links

— Analog low-voltage swing:
1s&f;edp£:t i ) - (3) XBARS
>< 4 — (4) LINK TRAVERSAL

T Output 4
Input 4 I >
VCn
Shared input ~—
buffer pool

\Crossbar switch )




Conventional Router:
— Each hop requires 4 cycles

Proposed TFC Router:
— First hop requires 4 cycles

— Following hops require 2 cycles

Tokens for advance allocation
— If little congestion, buffering is skipped

NoC power dominated by XBAR and LT
— TFC reduces buffer writes

LT




‘\

—Q)

@

) @

G)—7 -
G)—2 -

0

1 2 3

4

5

Jojelauas) diijel

10jelauss) oljel




Low-Swing, Bitcell-Based Crossbar

Crossbar Input from Router
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Measurement Summary

Traffic Generator Traffic Generator

Crossbar Crossbar
p 3

Traffic Generator
10)eI3UaL) dNyes]

Crossbar Crossbar
0 1

Jojesauas) oyjes|

1
<]
-
o
[}
c
]
o
&
b=
©
L
[

Baseline-sim SWIFT-sim SWIFT-meas
High Injection

Traffic Generator Traffic Generator

Technology 8-Layer, 90nm CMOS
Supply Voltage 1.2V
Chip Size 4mm’
Transistors — Chip 688k
Frequency 400MHz (low injection)
225MHz (high injection)
Measured Energy/bit (1mm) .
(signal + clock) 641)/bit
Network Latency Reduction™ 39%
Power Improvement* 387% Network Total
53% Data Path
Throughput Improvement* 15%

*Relative to a baseline synthesized VC NoC router

ICCD, 2010



Next Goal: 1-5fJ/mm

Conventional Schinkel Stojanovic Our TFC New Goal
Full Swing (JSSCC ‘09) (ISSCC ‘09) Router
Wire Length Imm 2mm
Supply 1.2V 1.2V -
Transceiver 21um? TX:20um 2880um?
Area
Signal Swing 1.2V 120mV 200mV
Energy/Bit 305f) 105f) 356f)

_4

* Determine: Fundamental limits to energy-efficient, on-chip link

 GOAL: 5-50x improvement in on-chip link energy
— Energy scalability
— Low area
— Robust



Energy-Scalable On-Chip TxRx
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Dynamic Operation

Precharge: CLK=0 (

-g l Cwire
oo l —) S Signal

Transmit: CLK =1

(a)




On-Chip Links — Measurement Results

Type Dual | Capacitive Conventif)nal Capacitive-TX Dual Supply-TX, 2b RX Cal
Supply| FFE Full-Swing  |10b RX Cal, No DFE |No DFE|3b DFE|No DFE|3b DFE|No DFE|3b DFE|No DFE|3b DFE
Reference [4] [21 | [51 | [5] | Simulated This Work
Technology 90nm [90nm|90nm|90nm| 65nm 65nm
Target Application | SoC |High Performance| SN | SoC | SN | SN SoC SN SoC SN SoC
Frequency (MHz) | 100’s 1000’s 10°’s{100°s | 1’s | 10’s 100’s 10’s 100’s 10’s 100’s
Wire Length (mm) 1 5 2 2 1 1 1 4 4
Supply Voltage (V) | 1.2 10|12 |12 (05| 1.0 |0.35]0.5 1.0 0.5 1.0 0.5 1.0
Data Rate (bps) 300M [24G| 9G | 5G |5S5M|400M|5M [30M| 622M 70M 72M | 800M | 805M | 45M 50M | 200M | 200M
Signal Swing (mV) | 250 | 100 | 120 [ 1200500 | 1000 | 40 | 75 230 250 250 250 250 250 250 275 275
E/b/mm (fJ) 64 48 525 210 | 30 | 126 | 8.4 |10.9 136 6.5 6.6 37.6 38.4 4.1 4.0 20.2 20.2
memecns | 2y | wa [a [y DR Tw [T RS

SoC - System-on-Chip, SN - Sensor Node/Network




Inverter Cross-Over Point
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Power Efficiency (mW/Gbps)
=

Off-Chip 1/0O Scaling Trends

L J
s -24%lyear (pre-06)

.
* 8
.
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—° -38%lyear (post-06) -
L ]

01 02 03 04 05 06 07 08 09 10
Year

|/O power efficiency is a function of:

e datarate
* process technology

* channel loss
- equalization complexity

Project goal: < 1ImW/Gbps over a scalable 5-10Gbps data rate

Source: S. Palermo,
Texas A&M



(2) Off-Chip Links: Global Clock Distribution
Optimization (with Intel)

* Clock dominates power in links
80
|TX
" /// B CIk/CDR is 71% of Total
CIk/CDR is 54% of °0 7/ SerlPre Power (15Gbs)
Total Power (10Gbs) % 50 // / "\ 0O TX Clk /
2
\ ’; :z ﬂ //’- }Q(F
Q}\ //% / — RX Clk

10 -

0

5Gbps 10Gbps 15Gbps

Intel (vLsI, 2007)

* Clock dominates power in links
* |s there a way to share clock power?




Conventional Clock generation and
distribution

Level Pseudo-differential
3}, CML C9nv. inverter buffers

Transmission Line g + + +
Tz | ST SRR 2) DESKEW: Significant energy
in multi-phase generation
C GND | M5 §~ TX[7]
) 16pum = TX[6] | \2:1 Ser.
u - TX[5] |CKTAP
CML buffers l £ — TX[4] |

Tx PLL :D#?h\t

P

Open-drain L 'j* TX[3:0]

buffers
53

1) CLOCK DISTRIBUTION:
0.5W in the global distribution alone
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ILRO: Extension of Adler’s Equation

de wo Adler’s doesn’t appl
wer = k)2 — X0 y
i /d 2Q to ring oscillators!
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Nn/m — kcosa N sin(27/N)



Chip #2: Near-Threshold, 0.15mW/Gbps,
8Gbps Serial Link Receiver

| Stand alone test super-harmonic ILO

| RX 2
[ RX 1
RX'1 1:10 Demux (quantizers, latches and buffers)
[
s
| |
Din pQ 5‘ ~g

> g
% >

=
» Dout[0:9]

4b eq setting :’_—

A
CKJ0:9] /.K/ 10 x 10b offset trim

10 x 4b coarse
deskew tuning

Super-harmonic Kﬁ Coarse freq tuning: Ve

(oscil{;l{tg at 1/5 40b fine freq/deskew tuning | | [
freq of inj. ck) (thermometer code): F B
Global CK buffer
Half rate . )
inj. CK ]
3b amp ctrl Global clock distribution

— Sub-harmonic Injection-Locking
— Operates at V, ~ 0.6V



P[3]

=
=

(coarse freq

l_

CSP
(possitive common
source node)

IN2+ IN2-

tuning)
b_ Ve

OutP
b
CSN

(negative common
source node)

_|

-
E=Y

=y
N

Hits (total 100runs)

g
o

1
po

o]

2]

=Y

N

DNL (m ul)

Freq (GHz)

0.6

0. 8
Supply Voltage (V)

0.9 1

Kvco (Ghz/V)




Measured Deskew Range and BER
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Comparison Table

TABLE II. COMPARISION WITH PREVIOUS - WORKS

[6] [4] [5] This work
(RX1 and RX?2)
Data rate 6.25Gb/s 7.2Gb/s 7.4Gb/s 8Gb/s
Architecture Software Forwarded Forwarded Forwarded CK
CDR CK CK
Phase deskew | PLL with PI Ring-1LO ILO Super-harmonic ILO
method
Technology | 90nm CMOS | 90nm CMOS | 65nm CMOS 65nm CMOS
RX power 8.22mW 4.3mW 6.8mW 1.3mW 1.98mW
Power 1.31 0.6 0.92 0.163 0.25
efficiency mW/Gb/s mW/Gb/s mW/Gb/s mW/Gb/s | mW/Gb/s
RX area 0.153mm” \[ 0.017mm" 0.03mm” Y} 0.014mm" | 0.018mm"

accepted, CICC-2011



* Lower energy silicon is possible

— Aggressive interconnect circuits show:
e Off-Chip: 5x improvements
* On-Chip: 50x improvements

* Reliability at low-Vdd is issue

— Explore in-situ adaptation to self-heal autonomously

 Magic bullets do NOT exist

— Lower energy --> lower performance
— Dynamically adapt the entire system

— Requires co-design interaction between software,
architecture, and underlying silicon
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