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 Today is the last lecture:
 Design for low power
 Process technologies beyond bulk CMOS

 Project status report: Wednesday, December 7, 5pm

 Final Presentations:  Tuesday, December 13, 9am-noon
 Final Reports due by:  Thursday, December 15, 5pm

 Include slides, proposal, progress reports in appendix

What’s coming up?

Back to Leakage Current…

Review:
 Reducing VDD reduces dynamic power dissipation
 BUT… reduced VDD also means reduced performance
 Improve performance by reducing Vth

 BUT… reduced Vth means increased leakage current

Ileakage ≈ I0e(Vgs – Vth)/nVT

 I0 is a function of gate oxide, mobility, and size of device
 VT is the thermal voltage (26mV at T=300K)

Contolling Leakage Current

Ileakage ≈ I0e(Vgs – Vth)/nVT

 What can we do to control leakage current?
 VGS, Vth , VT….

 What about Dual Vth synthesis?
 What are the limitations of Dual Vth?

 Remember that leakage occurs whether devices are 
switching or not (i.e., active or not)
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 Minimum energy consumption is achieved if all logic paths 
are critical (have the same delay)

 Use lower threshold on timing-critical paths
 Only applied to off-critical paths
 Doesn’t take into account circuit activity

Static Dual-Vth Assignment Standby/Active Modes

 We want computation to be as fast as possible when 
needed

 When computation is not needed, we don’t care:
 Clock gating:  inhibits switching, reduces dynamic power
 Standby mode:  cuts off or reduces power supply, reduces 

static power

 When do we enter standby mode?
 After some period of inactivity (reactive)
 Analyzing resource needs of current computation

Reducing Static Power (review)

 As mentioned before, Vth has an exponential effect on 
leakage current

 Increasing Vth will lower static power dissipation
 Control indirectly (taking advantage of circuit topology and 

input values)
 Control directly (using low Vth devices) 
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Stack Effect
 Consider a 2-input NAND gate
 Leakage is lowest when both inputs 

A=B=0V.
 Intermediate node Vx settles to:

Vx ≈ Vth ln (1+n)
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Leakage reduction due to stacked 
transistors is called the stack effect

A B VX ISUB=f(Is,VGS,VBS)

0 0 Vth ln(1+n) VGS=VBS= -VX

0 1 0 VGS=VBS=0
1 0 VDD-VT VGS=VBS=0
1 1 0 VSG=VSB=0
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MTCMOS with Sleep Mode

 Lowering VDD reduces power, but drastically hurts 
performance

 Lowering Vth helps to recover some performance, but will 
exponentially increase leakage power

 MTCMOS allows designs to use low Vth devices, but 
effectively only in active mode.

 In standby mode, virtual VDD is lowered to the point where 
leakage is drastically reduced.

 Essentially takes advantage of stack effect

MTCMOS with Sleep mode scheme
 MTCMOS:  

Multithreshold -voltage 
CMOS 

 NAND gate is made of 
LVT devices

 Not connected directly to 
VDD and GND

 Path to supply rails is 
through HVT devices 
controlled by sleep 
signal

MTCMOS Operation

 Active Mode:  
 When SLEEP is off (active mode), Q1 and Q2 are on
 VDDV and GNDV function as real power lines
 NAND operates normally

 Standby (Sleep) Mode:
 Q1 and Q2 are turned off
 VDDV and GNDV are floating
 Leakage current of gate is determined by leakage of HIGH 

Vth DEVICES.

Design Constraints

 When in active mode, the voltage drop across Q1, Q2 
should be small:
 Larger drop reduces drive capability from Vdd to (Vdd-Vx)

 Solution:  reduce resistance of Q1, Q2
 Make the transistor W large
 BUT this takes extra area and power…
 Several gates can share a single sleep transistor
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Gate width vs. delay

 Gate delay and effective supply voltage Veff depend on 
width of sleep transistors

 Large capacitance on virtual power lines also better for 
retaining voltage 
 voltage lines are not greatly affected by switching of 

internal logic gates.

Delay and Leakage vs. Vth

 At low supply voltages 
(VDD=1.0V), delay is very 
sensitive to Vth.

 Using 600nm technology:
 LVth = .3V
 HVth = .6V 

 When switching from LVth to 
HVth, 
 Delay increases by 4X
 Leakage decreases by 3 

orders of magnitude

Silicon-on-insulator & FinFET transistors

Bulk-Si MOSFET – Long channel

[Sze, Ng – Physics of Semiconductor Devices]
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Bulk-Si MOSFET – Long channel
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Bulk-Si MOSFET – Short channel

Short-channel effects (SCE) are caused by S/D depletion widths 
comparable to Lg
 Drain-induced barrier lowering (DIBL)

 Vth roll-off
 Sub-threshold slope degradation

[Streetman, Banerjee – Solid State Electronic Devices]

Silicon-on-insulator (SOI)
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Thin Si layer is expensive. Cost can be reduced using 
Partially Depleted SOI 

[Intel]

Tri-Gate transistor (FinFET)
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Tri-Gate transistor (FinFET)

FinFET width quantization
WFIN = 2 x hFIN + tFIN

W = NFIN x WFIN 
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[Intel]

FinFET manufacturing

[Hisamoto et al.]

FinFET manufacturing

[Hisamoto et al.]

FinFET manufacturing

[Hisamoto et al.]
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FinFET manufacturing

[Hisamoto et al.]

FinFET manufacturing
G
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[Hisamoto et al.]

FinFET layout – INVx3 
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Drawn Lg = 21nm
Effective Lg = 7 nm 

FinFET layout – 6T SRAM

SRAM design rules are usually different than
general design rules in order to make cells
more compact 
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