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What does exascale mean? 

IBM Roadrunner 
(12000 PowerX CPUs 
6000 AMD Opterons) 

2018 

Power  10‐20MW 

Speed (petaflop = 1015)  1000 

Space  ~2x 

1000  ~1000x 

?  ???? 

IBM Roadrunner 
(12000 PowerX CPUs 
6000 AMD Opterons) 

2009 

Power  2.35MW 

Speed  
(petaflop = 1015 FLOP/s) 

1.04 

Space  296 Racks 
6000 sq. R. 

Memory  103 
Terabytes 

Cost  $125M 

IBM: Roadrunner, Los Alamos (2009) 



Not just super‐computers 

 109 OPS 
 < 1mW 

SENSOR 
1018 FLOPS 

~1MW 

EXASCALE 
 1012 FLOPS 

 ~1W 

EMBEDDED 

Source:  DARPA Exascale 
Study, 2008 



4 Major Challenges 

1)  Memory and Storage 

–  Capacity; Latency 
2) Concurrency and Locality 

–  fCLK = 1GHz  Parallelism 

–  So[ware / hardware 

4) Energy and Power 

–  Interconnect 

Random Inputs 

3) Resiliency Challenge 

–  Low VDD 
–  Process Variability 



Interconnect Energy Wall 

•  “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 combina_on of currently mature technologies that will 
deliver sufficiently powerful systems in any class at the desired 
power levels.“ 

•  “A key observa_on of the study is that it may be easier to solve 
the power problem associated with base computa_on than it 
will be to reduce the problem of transpor_ng 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 

•  Microprocessors: “at 0.13um approximately 51% of microprocessor 
power was consumed by interconnect, with a projec_on that without 
changes in design philosophy, in the next five years up to 80% of 
microprocessor power will be consumed by interconnect”, ITRS‐07 



Power Density 

Source: ITRS 2010 



Not enough power available 

Source: Bill Dally, 2011 



Need more bandwidth 



Interconnect Energies 

3.5% capacitance 
improvement / year 

Gap widening > 100x 

No solution < 1pJ/bit 



Alterna_ves  
•  3D Stacking 

Source: G. Loh, 2008; 
Intel 2010 

•  Silicon Photonics 

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 

Electrical transceivers 



Problem 1: On‐Chip Wires 
•  On‐chip wire power does not scale 

–  Dominated by interconnect capacitance (CVDD
2) 

ON-CHIP (Status Quo): 
100 - 200fJ/bit/mm  

[DOE, Exascale Workshop] 

OUR GOAL: < 5fJ/bit/mm 



Problem 2: Off‐chip I/O 

Source: Exascale Roadmap  
Meeting, Dec. 2009 

OFF-CHIP: 
1-10pJ/bit (1-10mW / Gbps) 

CONVENTIONAL 

OUR GOAL: < 0.1pJ/bit 



Low‐Power Interconnects Overview 

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/O 



Near‐Threshold Opera_on (VDD ~ 0.4V) 

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



Sync_um: near‐threshold parallel processor  

-  Throughput of SIMD; energy-efficiency of near-threshold operation


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


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

-  Lane weaving

-  Decoupled instruction queues"

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  

•  Our Goal: low‐power on‐chip links 
–  Analog low‐voltage swing: 

–  (3) XBARS 
–  (4) LINK TRAVERSAL 

•  Router Power: 
–  (1) Buffering: 30% 
–  (2) Arbitra_on: 10% 
–  (3) XBAR: 30%  
–  (4) LINKS: 30% 

Intel, 80 Cores, ISSCC 2007 
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Token Flow Control NoC  (Li‐Shiuan Peh, MIT) 

•  Conven_onal Router:  
–  Each hop requires 4 cycles 

•  Proposed TFC Router: 
–  First hop requires 4 cycles 
–  Following hops require 2 cycles 

•  Tokens for advance alloca_on 
–  If li#le conges_on, buffering is skipped 

•  NoC power dominated by XBAR and LT 
–  TFC reduces buffer writes 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Low‐Swing, Bitcell‐Based Crossbar 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Measurement Summary 

21 ICCD, 2010 



Next Goal: 1‐5fJ/mm 
Conven_onal 
Full Swing 

Schinkel 
(JSSCC ‘09) 

Stojanovic 
(ISSCC ‘09) 

Our TFC 
Router 

New Goal 

Wire Length  1mm  2mm  10mm  1mm  1mm‐5mm 

Supply  1.2V  1.2V  ‐  1.2V  0.5‐1.0V 

Transceiver 
Area 

21um2  TX:20um  2880um2  23um2  20‐30um2 

Signal Swing  1.2V  120mV  200mV  250mV  50mV 

Energy/Bit  305fJ  105fJ  356fJ  28‐60fJ  1‐5fJ/mm 

•  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 

Channel: 
1-4mm 

Digital Offset Cancellation Decision Feedback Equalization 



Dynamic Opera_on 



On‐Chip Links – Measurement Results 



Inverter Cross‐Over Point 



Off‐Chip I/O Scaling Trends 

•  I/O power efficiency is a func_on of: 
•   data rate 

•  process technology 

•  channel loss 
 equaliza_on complexity 

•  Project goal: < 1mW/Gbps over a scalable 5‐10Gbps data rate 
Source:  S. Palermo,  
Texas A&M 



(2) Off‐Chip Links: Global Clock Distribu_on 
Op_miza_on (with Intel) 

•  Clock dominates power in links 

•  Clock dominates power in links 

•  Is there a way to share clock power? 

Clk/CDR is 54% of 
Total Power (10Gbs) 

Clk/CDR is 71% of Total 
Power (15Gbs) 

Intel (VLSI, 2007)  



Conven_onal Clock genera_on and 
distribu_on 

1)   CLOCK DISTRIBUTION: 
0.5W in the global distribution alone 

2) DESKEW: Significant energy  
in multi-phase generation  



Chip #1: Injec_on‐Locked  
Receiver Architecture 

31 



ILRO: Extension of Adler’s Equa_on 
Adler’s doesn’t apply 

to ring oscillators! 



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

–  Sub‐harmonic Injec_on‐Locking 
– Operates at VDD ~ 0.6V 





Measured Deskew Range and BER 



Comparison Table 

accepted, CICC-2011 



Take‐Away Points 
•  Lower energy silicon is possible 

– Aggressive interconnect circuits show: 
•  Off‐Chip: 5x improvements 
•  On‐Chip: 50x improvements 

•  Reliability at low‐Vdd is issue 
–  Explore in‐situ adapta_on to self‐heal autonomously 

•  Magic bullets do NOT exist 
–  Lower energy ‐‐> lower performance 

–  Dynamically adapt the en_re system 
–  Requires co‐design interac_on between soRware, 
architecture, and underlying silicon 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