
Robust

Low

Power

VLSI

Using Island-Style 
Bi-Directional 

Intra-CLB Routing in 
Low-Power FPGAs

Oluseyi Ayorinde, He Qi, Yu Huang, Benton H. Calhoun

University of Virginia

September 2nd, 2015



Clustering in FPGAs

ÁMultiple basic logic elements (BLEs) in one 
configurable logic block (CLB)

ÁStandard practice in today’s FPGAs

ÁNecessary for reducing power consumption

ÁReduced use of global interconnect
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Clustering in FPGAs

ÁLarger clusters Ą appreciable overhead

ÁArea, delay, power, energy

ÁGains from reducing global interconnect 
are limited by overhead within logic blocks

Optimizing intra-CLB routing can reduce CLB 
overheads, reducing area and power further
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This Work

ÁGoal –Understand the design space of intra-
CLB routing implementations

ÁCompare different routing strategies
ÁMultiplexer (mux) based

ÁIsland style bi-directional routing (Mini-FPGA)

ÁMake informed decisions based on CLB architecture
ÁLUT Size (K)

ÁCluster size (N)
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This Work

ÁConclusion –Optimal intra-CLB routing 
implementation changes

ÁMultiplexer (mux) based –nominal voltage and high 
speed

ÁMini-FPGA –low voltage and low power/energy
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Outline

ÁIntroduction

ÁCLB Topologies

ÁArea Comparison

ÁSimulation Comparison

ÁDelay

ÁEnergy Consumption

ÁConclusions

6



CLB Topologies

ÁMux-based CLB

ÁSignals in CLB are connected through muxes
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CLB Topologies

ÁMini-FPGA CLB

ÁSignals are routed using connection boxes and 
switch boxes (similar to global interconnect)

ÁTransmission gate switches

ÁIntroduced for use in low-power FPGAs in 
Ryan et. al, 2010 CICC
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Area Comparison

ÁMinimizing CLB area is important

ÁDecrease length of global interconnect wires

ÁUsing transistor count as a representation for 
area

ÁLayouts are not yet completed

Átransistor count = minimum-width transistor 
estimates (MTEs)
ÁCLBs compared all have minimum-sized widths
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Transistor Counts vs. Cluster size
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Transistor Counts vs. Cluster size

ÁMini-FPGA CLBs –area increases linearly

ÁMux-based CLBs –area increases quadratically

For larger clustering values (i.e. more BLEs per 
CLB), mini-FPGA CLBs use fewer transistors, 
decreasing area

Using mini-FPGA allows for increased clustering 
with the same overhead as Mux-based CLBs with 
the same N
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Transistor Counts vs. Cluster Size

ÁPlot does not account for multiplexer 
depopulation

ÁUsing smaller muxesthat do not connect CLB 
input/output to every BLE input/output
ÁReduces area
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Area Comparison

ÁBreak-Even points

ÁArchitectures (k and N) where mux-based and mini-
FPGA CLBs have same area

ÁCLBs with larger N should be implemented as mini-
FPGAs to minimize transistor count

ÁCLBs with smaller N should be implemented as mux-
based FPGAs

13



Break-Even points
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Break-Even points
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Additional Considerations

ÁMultiplexers are built from 2-1 muxeswith buffers 
at each output
ÁMore buffering than necessary for functionality

ÁMini-FPGA implementation is also not idealized
ÁPlenty of room for optimization (connection box/switch 

box depopulation, gating, etc.)

ÁChanges in both would have large effects on 
transistor counts
ÁLeft for future work
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Area Comparison Conclusions

ÁThe CLB topologies increase in transistor count at 
different rates
ÁMux-based Ą quadratically

ÁMini-FPGA Ą linearly

ÁBreak-even points in area exist at clustering values (N) 
where the two design choices have similar areas
ÁLower N ĄMux-based is better

ÁHigher N ĄMini-FPGA is better

ÁFurther work must be done to optimize both 
implementations for a more complete comparison
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Simulation Comparison

ÁMetrics

ÁDelay –CLB performance

ÁEnergy –CLB efficiency

ÁSimulation comparisons conducted at break-
even points

ÁDetermine optimal performance/efficiency at equal 
areas
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Simulation Flow Chart
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Simulation Flow Chart
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Routeabilitythrough VTR limits test cases



Simulation details

Á1 BLE in each CLB configured w/ a chessboard 
patter (odd bits 1’s, even bits 0’s)

ÁEach CLB is driven by k input signals that serve 
as a binary counter from 0 to 2k-1

ÁEnsure worst-case delay pattern is exercised

ÁVoltage is swept from 0.3 –0.8 V
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ED Curve
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ED Curve
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Default configuration 
bit values matter



ED Curve
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Minimum energy 
operation happens at 
different voltages
0.4 V for mini-FPGA, 
0.5 V for mux-based



ED Curve
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Mini-FPGA is lower 
energy at lower 
voltage (sub-VT)

Mux-based CLBs are 
lower energy at 
higher voltages



Simulation Results
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Simulation Results
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Maximum Energy Savings



Simulation Results
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Maximum Delay Savings



2nd Simulation

ÁCompare fully utilized CLBs to each other

ÁConfigured all BLEs in each CLB to chessboard 
patterns

ÁAll other aspects of the simulation are the same
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ED Curve
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ED Curve
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Mini-FPGA 
minimizes energy 
consumption



ED Curve
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Mux-based CLBs 
consume less energy 
over a larger range of 
voltages



Simulation Conclusions

ÁSingle BLE mappings
ÁMini-FPGA CLBs reduce energy consumption 
ÁUp to ~78%

ÁMux-based CLBs minimize delay
ÁAs much as ~256% decrease

ÁMinimum energy point is at a higher VDD in some cases

ÁFully utilized CLBs
ÁSmall difference in energy consumption between CLBs
ÁNo more than 15%

ÁMini-FPGA CLBs consume the lowest energy

ÁMux-based CLBs consume less energy across multiple 
voltages
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Conclusions

ÁMux-based CLBs

ÁArea increases quadraticallyw/ CLB cluster size
ÁMore area efficient than mini-FPGA CLBs with small N

ÁConsumes less energy than mini-FPGA CLBs over a 
larger range of voltages

ÁHigher performance
ÁAs much as ~260% lower delay
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Conclusions

ÁMini-FPGA CLBs
ÁArea increases linearly with increasing clustering (N)
ÁMore area efficient at large N

ÁOpportunity for increased clustering with minimal 
overhead

ÁMinimizes energy consumption
ÁBy as much as ~78%

ÁFully utilized CLBs show minimal difference in 
performance/efficiency
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Thank you!
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