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for Low Power

• Increasing demand for low-power devices
• Smart phones, laptops - battery life
• Desktops - electricity costs
• Servers - power & cooling constraints
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The New Power Wall

• Power density and cooling challenges

• Today: Core i7 

• 32nm, 750M transistors, 3GHz, 4 cores

• Power ~ 100W (40W/cm2)

• Soon: Core YN128

• 11nm, ~16B transistors, ~4GHz, 128 cores

• Power ~ >>1000W (400W/cm2)
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~ 1/100

Ultra-low Voltage 
Operation
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Ultra-low Voltage

• Power budget:  100 Watts

• 4 × 3GHz	

	

 	

 	

 ➛	

12 Gflops (nominal)

• 400 × 300MHz	

	

 ➛	

120 Gflops (NTC)

• 10x frequency reduction

• Much higher sensitivity to process variation

5



Timothy MillerDVR & HSU, WEED 2011

ARCH@OSU

Effects of Process Variation

• High degree of variation

• Amplified effects at near-threshold
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Consequences of Variation

• High frequency variation from core to core

• (1) All cores at max F ➛ Heterogeneous

• (2) All cores at same F ➛ Inefficient

• Frequency of CMP dictated by slowest core

• Faster cores could run at a lower voltage, 
to achieve the same frequency, saving 
power.
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Proposed Solutions

• Dual Voltage Rail (DVR)

• Half Speed Unit (HSU)
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Core-to-core variation
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Dual voltage rails (DVR)
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DVR:  Main Idea

• Slow cores on high rail, for speed

• Fast cores on low rail, to save power

• Reduced core-to-core variation

• Increased frequency at constant power
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Within-core variation
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Half-Speed Unit
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HSU:  Main Idea

• Slowest blocks have divider enabled, 
removing them from the critical path.

• Allows frequency to be raised for faster 
blocks.

• System frequency no longer limited by 
slowest core.
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Calibration

• Optimization goal:
• Identify voltage levels and core 

configurations that maximize Frequency 
for a given Power budget.

• Requirements:
• Functions to estimate a core’s:
• maximum Frequency from Voltage
• Power from Frequency and Voltage
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Experimental Setup

• Processor
• Modeled by SESC
• Dual-issue OOO
• 32nm, 64 cores
• 2GHz at 900mV
• 200-800MHz at NT
• NT at 300-500mV

• Benchmarks
• SPEC2000
• 4112 simulations

• Circuit modeling
• SPICE
• Markovic̀, et al *

• Variation modeling
• VARIUS
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D. Markovic, C. Wang, L. Alarcon, T.-T. Liu, and J. Rabaey, “Ultralow-power design in near-
threshold region,” Proceedings of the IEEE, vol. 98, no. 2, pp. 237 –252, Feb. 2010.*
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core Variation
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DVR Performance
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HSU Performance
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DVR + HSU Performance
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Energy
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Related Work

• Global Asynchronous Locally Synchronous 
(GALS)
• Complex to implement

• Other dual-voltage work
• Finer granularity, higher overhead
• For variation or design-time optimization
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Conclusions

• Substantial effects of variation at NTC.

• Simple techniques for reducing those 
effects.

• Able to improve performance by 50% 
energy efficiency by 32%.
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Questions?
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HSU Speedup PDF
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Figure 7: Average frequency increase from DVR relative to the SVR
baseline. For reference, we show the theoretical best case where
every core has its own ideal voltage supply (64Vdd).
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Figure 8: Core speedup (IPS increase) relative to unoptimized base-
line (SVR, no HSU)

Figure 8 shows the effects of HSUisoP and HSUisoV on
core performance. For HSUisoP most cores see a perfor-
mance improvement with the greatest number of cores clus-
tering around 50% speedup. Some cores do see a perfor-
mance degradation. HSUisoV has a similar distribution, but
shifted to the right; no cores are slower than the baseline and
the majority have an almost 2× increase in performance.

Figure 9 shows the performance improvement from HSU,
averaged across all chips in our experiments, broken down by
benchmark. HSUisoP achieves an average speedup of 32%

over the baseline, for the same power consumption. HSUisoV

does even better, with a speedup of 58% over the baseline, at
the same Vdd, but with a higher power consumption.

4.2.3 Performance Improvements from DVR and HSU

DVR and HSU can be combined to further improve perfor-
mance in the presence of variation. DVR and HSU address
different variation issues and therefore synergize well.

Figure 10 shows the per-benchmark effects of DVR, HSU,
and their combination. On average DVR alone improves
performance by 29%. When combined with HSUisoP and
HSUisoV the performance improvement jumps to 48% and
49% respectively. This shows that DVR and HSU combine
very well to achieve an almost 50% performance improve-
ment over the baseline NT CMP.
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Figure 9: Per-benchmark speedup (IPS increase) relative to unopti-
mized (SVR, no HSU)
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Figure 10: Per-benchmark speedup (IPS increase) relative to unop-
timized (SVR, no HSU)

4.3 Energy Savings

Since DVR and HSU reduce runtime for the same power, en-
ergy is reduced. Figure 11 shows CMP energy reduction, av-
eraged across chips. DVR reduces CMP energy by about 23%
of baseline, HSU by around 25%, and together around 32%.

5 Related Work

Zhai et al [26] examine a chip multiprocessor architecture de-
signed to run in near-threshold. Since optimal frequency and
voltage differ for cores and caches, they organize the CMP in
clusters of cores that share a single fast L1 cache. This im-
proves energy efficiency over a traditional architecture. Dres-
linski et al [27] developed a reconfigurable, hybrid cache ar-
chitecture designed to operate reliably at near-threshold volt-
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Figure 11: Energy (execution time × average power) for DVR and
HSU relative to baseline (SVR, no HSU). Post-manufacturing opti-
mization goal is performance improvement.
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