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Outline
! On/off link architecture and preliminaries
! Motivation for low-power interconnection 

networks
! Challenges
! Methodology:

" Power-performance connectivity graph
" On/off routing algorithm
" On/off decision mechanism

! Router architecture incorporating on/off links
! Experimental results
! Conclusions
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On/off link architecture
! Link behavior:

" Link on:
! Active, operates at design frequency, 

traffic traversal, full power consumption 

" Link off:
! Inactive, no traffic traversal, no power 

consumption

! Link performance metrics:
" On to off transition delay, 

toff(link)

" Off to on transition delay, 
ton(link)

" Transition energy, Etr
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Benefits of on/off links
! Industry products available:

" Examples: Motorola WarpLink, TI, IBM Blue Logic SerDes
" Backplane and board-to-board communication
" Smaller design overhead, quick solution
" No further design validation

! More robust than DVS links (still in research):
" L. Shang et. al. [HPCA ’02], G. Y. Wei et. al. [ISSCC ’00]
" Smaller CMOS area overhead
" Lower hardware complexity
" No idle power

! Electrical and optical
! Spawns many intellectual research challenges

" Motivation for circuit designers to design more efficient links
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What are interconnection 
networks?

! Fabric connecting 
subsystems within a 
digital system:
" Multiprocessor 

servers
" Chip multiprocessors
" Clusters of 

workstations
" Ports of IP routers
" I/O devices

router
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What makes low power interconnection 
networks important?

! Heavily performance driven
" Low latency and high throughput

" Little work on power-aware designs

! Power consumption increases as network 
bandwidth and frequencies upscale

! Significant consumer of power:
" Thermal problems

" Cooling and power supply cost and space

" Circuit reliability issues

" Portability, battery life in mobile systems
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Why target links for low power 
interconnection networks?

! Major consumer of overall system power
" Example: the link circuitry of the Alpha 21364 µP 

consumes 58% of the 23W allocated router power

! The off-chip link’s power consumption does 
not vary considerably with traffic fluctuations

" Power consumption in links will become more 
dominant as compared to the average system 
power budget as operating frequencies keep 
increasing
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Challenges to be met
! Reduction in path diversity

" Impact on performance
" Packet dropping and loss

! Routing
" Deadlocks and Livelocks

" Similarities with fault-tolerant networks

! Global information sharing among routers to 
determine active paths
" Problems with timing and currency of information

" Power overhead

! Hardware complexity
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DPM methodology: 
3-phase systematic approach

Distributed power-aware 
interconnection networks with on/off links

Distributed power-aware 
interconnection networks with on/off links

Power-performance 
connectivity graph

Power-performance 
connectivity graph

Deadlock-free 
routing algorithm
Deadlock-free 

routing algorithm
Dynamic on/off 

decision mechanism
Dynamic on/off 

decision mechanism
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A fully random on/off link approach can 
cause network disconnectivity

! A core router:
" 2n (n=2) off links per 

router can cause 
network disconnection

! One link per router 
allowed to turn off:
" Routers 3, 9 and 10: 

! Directly and completely 
disconnected

" Router 8:
! Indirectly disconnected
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Power-performance connectivity graph

! Generalized model
" Scalable

! Alternating on/off 
rows and columns
" Small impact on hop 

count when rerouting

! Up to 2 links off per 
router
" Up to 50% power 

savings
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Potential maximal power savings in 
an m×n mesh topology

Ps(m, n), m≥3, n≥3
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On/off routing algorithm
! Physical network split into two virtual networks
! Combination of two non-minimal, fully-adaptive, deadlock-free, 

distributed routing algorithms
" East-Last and West-Last (WLEL, Turn Model)
" Strongly coupled to the connectivity graph

! Each protocol runs on a separate virtual network
" WL protocol (VC0) in eastward direction
" EL protocol (VC1) in westward direction

! One or more virtual channels per virtual network

Virtual network 0 Virtual network 1Physical network
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Statistics acting as dynamic on/off 
decision mechanism drivers

! Statistics or counters obtained from the network 
reflect the level of network traffic

! We use aggregate input buffer utilization
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Ub2

Thresholds as link state switch 
deciders

! Simple thresholds used as link on/off 
deciders:
" Low level utilization ratio αlow

" Low level utilization change ratio δlow

" High level utilization ratio αhigh

" High level utilization change ratio δhigh

! Ubuffer compared against these ratios to 
decide link state

0

Ubuffer

1

αlow

αhigh

Ub1

αhigh-δhigh

αlow+δlow

Vassos Soteriou and Li-Shiuan Peh 16August 20, 2003

Process of switching link states
! 5 stages between on (active) and off (inactive) link states

Link Status:

operational
non-operational
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Virtual-channel router 
architecture with on/off links

! Five stage 
pipelined VC 
routers

! Separate on/off 
mechanism for 
every link 
individually

! Centralized VC 
and switch 
arbitration and 
allocation
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Uniform random traffic for an 8×8 mesh with 
varying packet injection rate (1 of 2)

! Demonstrates on/off policy response to temporal variance

! Injection ratio (5-flit packets):
" 0.1 to 1.0 and back to 0.1 packets per nsec
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Uniform random traffic for an 8×8 mesh with 
varying packet injection rate (2 of 2)

! Latency for various toff and ton is almost the same for all 
three cases
" Power savings is more critical
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Conclusion

! Systematic architectural and algorithmic approach to 
reduce power consumption in interconnection 
networks using on/off links
" Power-performance connectivity graph for meshes
" Deadlock-free, distributed routing algorithm
" Router microarchitecture design of on/off mechanism

! High reduction in dynamic and idle power dissipation 
! Met various design challenges
! Provided a motivation for circuit researchers to 

design links with better on/off and power 
characteristics
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