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Optimize and control VDD and VTH

Tip 1
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Means to Maintain Throughput at Low VDD

Parallel / Pipeline   (circuit can be slow)
Good for signal processing, but at the cost of area penalty 

Lowering VTH to recover circuit speed 
(circuit should be fast)

Speed requirement changes from time to time
Variable VDD, Variable VTH

Utilizing surplus timing   
(some circuit should be fast, others can be slow)

Speed requirement differs from circuits to circuits
Multiple VDD, Multiple VTH 

It is essential to control VDD and VTH for low-power, 
high-speed circuit design.

Ref. [1]
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Controlling VDD by Circuit
Series regulator
+ easy to integrate
- low efficiency 

(η<Vout/VDD)

Vout

Vin

Vx

Vx
Vout

Vin

VSS

PW
M

DC-DC converter (switching regulator)
+ high efficiency  (η=～0.9)
- off-chip L, more pads

VDD

+
-Vref

Vout≒ Vref

η=0.95: Ref. [2]
Switching noise: Ref. [3][4]
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Controlling VTH by Circuit
Substrate bias (body effect)

p-well

n-well

VBB.p

VSS

VBB.n

VDD

VTCMOS : Ref. [5]-[8]
FTCMOS : Ref. [9]
Switched Substrate-Impedance Scheme : Ref. [10]
Sa-VT CMOS : Ref. [11]
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Trade-offs between Power and Delay

Power : P = p t •fCLK • CL • VDD +   2 I 0 •10      •V DD 

VTH
S Delay :

k • CL • V DD
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Power is reduced while delay is unchanged if both VDD and 
VTH are lowered such as from A to B.

Ref. [1]
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Total Power is Min. When Pleakage/Pactive = 30/70

Ref. [12][13]
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Total power is minimum when Pleakage/Pactive is 

30/70.

Tip 2
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If you don’t need to hustle, relax and save power.

Tip 3
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Dynamic Power Reduction 
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0 0.2 0.4 0.6 0.8 1

N
or

m
al

iz
ed

 p
ow

er
 P

 ∝
ƒV

D
D

2

0

0.2

0.4

0.6

0.8

1

Super-linear

V DD

(V DD - VTH)1.3

Ref. [14]
Courtesy Prof. T. Sakurai, U. of Tokyo
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Active Leakage Power Reduction

s=0.1V/decade
VTH/VDD.MAX=0.15
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Power-Delay Optimization for Interconnects 
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(by changing the number & size of repeaters)
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Work As Slowly As Possible before Working 
Hastily for Taking A Break

Active

Active

Sleep

E=CVH
2

E=CVL
2

Cycle
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Utilize surplus timing

with multiple VDD’s and VTH’s

Tip 4
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Clustered Voltage Scaling

Minimize penalties associated with level converters.

Conventional

Critical Path
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Ref. [17]
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Flip-Flop with Level Converter

CK

CK
CLK CK

CK
D

CK

Flip-Flop

VDDL VDDH

CK

Level-Converter

QVDDL
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CLK CK
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VDDL
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Q
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VDDH

M1 M2

CK

Master Latch
Slave Latch +

Level Converter

F/F + LC

Slave-Latch
Level-Conversion
F/F    (SLLC)

Ref. [18]
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Area, Energy, Delay Comparison
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SLLC Layout
SLLC is placed in VDDH row.
VDDL is provided from an 
adjacent VDDL row by a 
signal interconnection.
Clock trees are placed in 
VDDL to reduce power for 
clock distribution.
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Row-by-Row VDD Assignment

VDDL row
VDDH row

VDDH row

VDDH row

VDDH
VDDL VSS

VDDL row

VDDL row

VDDL row

Mostly compatible with conventional 
layout, and hence, no penalty.

1) A single pair of power supply lines 
for each cell row.

2) Existing cell layout in a library can 
be utilized for both VDDH- and VDDL-
cells without modification.

Row assignment algorithm for EDA … Ref.[19]
1) Conventional P&R for single VDD.
2) Total area of VDDL-cells is computed and accumulated on the

downward path in the cell rows.
3) When the accumulated VDDL-cell area exceeds an average total

cell area per row, one of the rows is selected as the VDDL row 
such that the total distance of cell movement is minimized. 

4) Steps (2)-(3) are carried out repeatedly from top to bottom.
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Design Flow
Design flow: 

1) Conventional design for VDDH

2) Partition circuits for VDDH and VDDL

3) Modify P&R for non-critical circuits
(Floorplan and critical path design
are preserved.)
Advantages:

1) Small penalty in design time
2) Minimum addition to the 

conventional design methodology

Single-VDD Netlist

P&R

Dual-V DD Structure Synthesis

Dual-V DD P & R

Dual-V DD Netlist

RTL

Timing Analysis

Timing Analysis

Logic Synthesis

Ref. [19]
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Design Example

QCIF 10fps Codec @ 30MHz 
0.3µm CMOS
3 million transistors
9mm x 9mm
Three designs
1) Conventional design at 3.3V
2) 2.5V design with VTH control by VTCMOS … Ref. [6]

0.2V ± 0.05V @ active 
0.5V ± 0.05V @ standby 

3) Dual-VDD (2.5V, 1.75V) design in VTCMOS … Ref. [18]

MPEG-4 Video Core
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Design Results
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Path-Delay Distribution
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Optimum VDDL/VDDH

Rule of thumb: VDDL/VDDH=0.6~0.7 minimizes Ptotal.
Ref. [20]

(a) Power reduction ratio versus 
VDDL/VDDH calculated from theory.
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Dual-VDD Layout Results

Cell number Cell area (mm 2) Row number
VDDH -row -row -row -row -row -row

-cell F/F LC -cell

RISC, DMA 2451 1247 251 4687 0.70 0.42 67 41

DCT, IDCT, MCB 2364 1767 148 10695 0.85 0.89 53 55

VLD, VLC 1389 634 85 5885 0.50 0.73 21 31

MEC, MEF 845 723 6 3594 0.37 0.39 22 24

Total 7049 4371 490 24861 2.42 2.43 163 151
(%) (19%) (12%) (1%) (68%) (50%) (50%) (52%) (48%)

F/F: SLLC-F/F, LC: Level-Converter

VDDL
VDDLVDDH

VDDLVDDLVDDH VDDH

VDDL/VDDH=0.7 balances numbers of VDDL/VDDH rows.

VDDL
VDDH
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Another Example

Dual-VDD design :
VDDL/VDDH = 1.9V / 2.7V (= 0.7)
75MHz 
Power reduced by 47% (76% cells at VDDL)
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Ref. [19]
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Total power is minimum when VDDL / VDDH =0.7

Tip 5
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Multiple VDD Theory
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Three VDD’s

V1 = 1.5V,  VTH = 0.3V,  p(t):lambda
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Optimum Numbers of Supplies
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The more VDD’s, the less power, but the effect will be saturated.
Power reduction effect will be decreased as VDD’s are scaled.
Optimum V2/V1 is around 0.7.
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Multiple VTH Theory
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For multiple VTH  (VTH.1 < VTH.2 <…< VTH.n )

For single VTH (VTH.1), chip leakage current is

where Wi is equivalent total gate width under Vi.

Delay and the equivalent total gate width is mostly in proportion 
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The chip leakage ratio can be computed in the same way as in the power 
dissipation under multiple VDD.   
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Three VTH’s

VDD = 1.5V, VTH.1 = 0.3V,  p(t):lambda
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Optimum Numbers of Thresholds

At VDD=1.5V, % of circuits in VTH.1, …, VTH.4 is 0.4%, 3%, 11%, 85%.
The more VTH’s, the less leakage, but the effect will be saturated.
Leakage reduction effect will be decreased as VDD are scaled.
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Two types are sufficient 

(Dual VDD’s, dual VTH’s)

Tip 6
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Adapt to the change

with variable VDD and VTH

Tip 7
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Dynamic Voltage Scaled Microprocessor
External VDD 3.3V±10% 
Internal VDDL 0.8V~2.9V ±5% 
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Variable Supply-voltage scheme : Ref [22]
MIPS3900 (’97) : Ref [22]

ARM8 (’00) : Ref [23]
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Body Bias Controlled Processor

16Mbit
DRAM

Speech Codec

Multiplexer

MPEG-4 Video
Codec

Host
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DRAM
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PLLCam
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filter
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T=27℃
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Variable Threshold-voltage CMOS : Ref [6-8]
MPEG-4 Codec : Ref [18][24]

SH-4 : Ref [10]
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VDD-Hopping in Real-Time Applications

Processor coreProcessor core

Voltage
frequency
controller

Voltage
frequency
controller

Clock & VDD
Clock & VDD
Control info

3

1 2 3 N...4

TR3

TR1
TR2

TR4

TSF = Time constraint of sync frame

1 2
TTAR3 TTD

fVAR = f1 = fCLK

fVAR = f2 = fCLK/2

fVAR = f3 = fCLK/3

fVAR = f4 = fCLK/4

TTD

TTD

TTD

Application slicing and software feedback guarantee 
real-time operation.

Ref [25][26]
Courtesy Prof. T. Sakurai, U. of Tokyo
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Two Hopping Levels Are Sufficient 
MPEG-4 encoding
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Changeover Time Makes No Difference
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Two hopping levels are sufficient 

(f, f/2)

Tip 8
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VTH-Hopping
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Experimental Results with RISC Processor
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Cooperate across various levels of design 
hierarchy

Tip 9
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Scalability of Reverse Body Bias

000.0E+0

100.0E-9

200.0E-9

300.0E-9

400.0E-9

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Body Bias (V)

Po
w

er
 (W

at
ts

)

Total Leakage Power

SD leakage
Ibn junction leakageIbp junction leakage

Optimum

10X1000XIoff Red.
0.5V2VOpt. RBB

0.18 µm0.35 µmTech

RBB less effective with technology scaling

I/O 
circuit

Microprocessor critical path 
circuit

I/O 
circuit

Microprocessor critical path 
circuit

Total Leakage Power
Measured on Test Chip

0.18 µm

Ref [30]
Courtesy Intel Labs. T. Kuroda (46/64)

Effectiveness of Reverse Body Bias

RBB less effective at shorter L and lower VTH

Courtesy Intel Labs.
Ref [31]
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Forward Body Bias
1GHz Router Chip 5GHz 32b Integer-Execution CoreRef [32]

Ref [33]
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Two Modes in VTCMOS
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Tradeoff Associated with γ

Larger γ is better as long as |VBB|>VO

given Ioff
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180nm node

VTCMOS is effective as long as |∆ VBB| > VO
(VO = 0.5～1V < VDD)

Ref. [34][35]
Courtesy Prof. T. Hiramoto, U. of Tokyo
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Vo Scaling in High-Speed Mode

Ref [36]
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Technology-Circuit Cooperation
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Right circuit for the right job

Tip 10
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Clock Induced Power Dissipation in F/F
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Conditional Flip-Flop
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COD-F/F: Low Power
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Highlight One’s Good Point
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F/F Blending : Create A Best Mix of the Advantages
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Summary
Tip 1: Optimize and control VDD and VTH.

Trade-offs between power and delay are given by VDD and VTH. 

Tip 2: Total power is minimum when Pleakage/Pactive = 30/70.
Optimum VDD and VTH are given by this condition.

Tip 3: If you don’t need to hustle, relax and save power.
Squeezing out last 10% of performance is very costly in dynamic & 
leakage power consumption due to super-linearity. 
Last 5% of performance increase demands 20% more power in repeater 
insertion in a long interconnect due to super-linearity.

Tip 4: Utilize surplus timing with multiple VDD’s and VTH’s.
Employ lower VDD, higher VTH, in non-critical circuits to reduce power 
dissipation, leakage current, without degrading chip performance. 

Tip 5: Total power is minimum when VDDL/VDDH =0.7.
This rule almost applies to any design in any technology. 
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Summary (cont.)
Tip 6: Two types are sufficient. 

Dual VDD’s, dual VTH’s are enough in design with multiple voltage planes. 

Tip 7: Adapt to the change with variable VDD and VTH. 
VDD, VTH can be optimally controlled by circuit.

Tip 8: Two levels are sufficient. 
f and f/2 are good enough in VDD, VTH hopping. 

Tip 9: Cooperate across various levels of design hierarchy. 
System knows when you can cut a corner.  Circuit knows how to make it.
Technology provides multiple kinds of MOSFET’s and designers make 
use of the gift. 

Tip 10: Right circuit for the right job.
Employ different circuits with their own good points, and create a best 
mix of the advantages rather than employing a single best circuit. 
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