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13.1 Introduction

 

Semiconductor devices are aggressively scaled each technology generation to achieve high integration
density while the supply voltage is scaled to achieve lower switching energy per device. To achieve high
performance, however, commensurate scaling of the transistor threshold voltage (V

 

th

 

) is needed. Scaling
of transistor threshold voltage is associated with exponential increase in subthreshold leakage current
[1]. Aggressive scaling of the devices in the nanometer regime not only increases the subthreshold leakage,
but also has other negative impacts such as increased drain-induced barrier lowering (DIBL), V

 

th

 

 roll-
off, reduced on-current to off-current ratio, and increased source-drain resistance [2]. DIBL increases
the dependency of V

 

th

 

 on channel length. A small variation in channel length might result in large V

 

th

 

variation, which makes device characteristics unpredictable. To avoid these short-channel effects (SCE

 

)

 

,
oxide thickness scaling and higher nonuniform doping needs to be incorporated [3] as the devices are
scaled in nanometer regime. The International Technology Roadmap for Semiconductors (ITRS) predicts
gate oxide thickness of 1.2 to 1.6 nm for sub-100nm CMOS [4]. The low oxide thickness gives rise to
high electric field, resulting in considerable direct tunneling current [5]. This current destroys the
classical infinite input impedance assumption of metal-oxide semiconductor (MOS) transistors and thus
affects circuit performance severely. Higher doping results in high electric field across the p-n junction
(source-substrate or drain-substrate), which causes significant band-to-band tunneling (BTBT) of elec-
trons from the valence band of the p-region to the conduction band of the n-region. Peak halo doping
(P+) is restricted such that the BTBT component is maintained reasonably small compared with the
other leakage components. 
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This chapter proposes different integrated circuit techniques to reduce overall leakage in both logic and
cache memories. A spectrum of circuit techniques including dual V

 

th

 

, variable V

 

th

 

, dynamically varying the
V

 

th

 

 during runtime, sleep transistor, natural stacking, and multiple/dynamic supply circuits are reviewed.
Based on these techniques, different leakage tolerant schemes for logic and memories are summarized. 

 

13.2 Leakage Components

 

A metal-oxide semiconductor fluid-effect transistor (MOSFET) of the nanometer regime has three
dominant components of leakage:

1. Subthreshold leakage, which is the leakage current from drain to source (I

 

sub

 

 in Figure 13.1).
2. Direct tunneling gate leakage, which is due to the tunneling of electron (or hole) from the bulk

silicon through the gate oxide potential barrier into the gate.
3. The source/substrate and drain/substrate reverse biased p-n junction BTBT leakage; this leakage

component is expected to be large for sub-50-nm devices [6].

Other components of leakage current described in Roy et al. [7], such as gate-induced drain leakage
(GIDL) and impact ionization leakage, are not expected to be large for regular nanoscale CMOS devices. 

 

13.2.1 Subthreshold Leakage

 

Subthreshold or weak inversion conduction current between source and drain in a MOS transistor occurs
when gate voltage is below V

 

th

 

 [8]. Weak inversion typically dominates modern device off-state leakage
due to the low V

 

th

 

 that is used. The weak inversion current can be expressed based on the Equation
(13.1) [8].

(13.1)

where

 

 

FIGURE 13.1  

 

Leakage components in MOSFET.

source drain

gate

n+ n+

n+

body

p

Igc

Igb
Band-to-

band
tunneling

p+ p+

IgdoIgso

IgcdIgcs
Isub

I Ae esubth

q

nkT
V V V V

qV

kTGS TH SB DS
DS

= −
− − + −( )

( )
0

1
γ η

    

A C
W

L

kT

q
eox

eff

= µ0
2 1 8' .( )

 

9537_Book.fm  Page 2  Friday, July 8, 2005  1:31 PM

© 2006 by Taylor & Francis Group, LLC



 

Circuit Techniques for Leakage Reduction

 

13

 

-3

 

V

 

G

 

, V

 

D

 

,

 

 

 

V

 

S

 

, and V

 

B

 

 are the gate voltage, drain voltage, source voltage, and body voltage of the transistor,
respectively. Body effect is represented by the term 

 

γ′

 

V

 

SB

 

, where 

 

γ′

 

 is the linearized body effect coefficient;

 

η

 

 is the DIBL coefficient, representing the effect of V

 

DS

 

 on threshold voltage; C

 

ox 

 

is the gate oxide
capacitance; 

 

µ

 

0

 

 is the zero bias mobility; and n is the subthreshold swing coefficient of the transistor.
This equation shows the exponential dependency of subthreshold leakage on V

 

TH0

 

, V

 

GS

 

, V

 

DS

 

 (due to DIBL),
and V

 

SB

 

. Each of the leakage reduction techniques described in the latter sections utilizes these parameters
in a MOSFET to achieve a low leakage state.

 

13.2.2 Gate Leakage

 

Gate direct tunneling current is due to the tunneling of electron (or hole) from the bulk silicon through
the gate oxide potential barrier into the gate. The direct tunneling is modeled as 

(13.2) 

where J

 

DT

 

 is the direct tunneling current density, V

 

ox 

 

is the potential drop across the thin oxide, 

 

φ

 

ox 

 

is
the barrier height of tunneling electron, and t

 

ox

 

 is the oxide thickness [9]. The tunneling current
increases exponentially with decrease in oxide thickness. It also depends on the device structure and

NMOS device [11]: 

• Edge-direct tunneling (EDT) components between gate and source-drain extension (SDE) region
(I

 

gso

 

 and I

 

gdo

 

) 
• Gate-to-channel current (I

 

gc

 

), part of which goes to source (I

 

gcs

 

) and rest goes to drain (I

 

gcd

 

)
• Gate-to-substrate leakage current (I

 

gb

 

)

Tunneling current increases with the increase in voltage drop across oxide (V

 

ox

 

). The voltage across
oxide in different regions (i.e., channel, gate-source overlap, and gate-drain overlap region) depends on
biasing of the nodes representing the region.

 

13.2.3 Source/Substrate and Drain/Substrate P-N Junction Leakage 

 

Drain and source-to-well junctions are typically reverse biased, causing p-n junction leakage current. A
reverse biased p-n junction leakage has two main components: One is minority carrier diffusion/drift
near the edge of the depletion region, and the other is due to electron-hole pair generation in the depletion
region of the reverse biased junction.

In the presence of a high electric field (

 

>

 

 10

 

6

 

 V/cm), electrons will tunnel across a reverse biased p-n
junction. A significant current can arise as electrons tunnel from the valence band of the p-region to the
conduction band of the n-region. Tunneling occurs when the total voltage drop across the junction is
greater than the semiconductor band-gap. Because silicon is an indirect band gap semiconductor the
BTBT current in silicon involves the emission or absorption of phonons. 

In an NMOS device, when the drain or source is biased at a potential higher than that of the substrate,
BTBT current flows through the drain-substrate or source-substrate junction. If both 

 

n

 

- and 

 

p

 

-regions
are heavily doped, which is the case for scaled MOSFETs using heavily doped shallow junctions and halo
doping for better SCE, BTBT significantly increases and becomes a major contributor to the total off-
state current. Substantial increase in BTBT current is observed at high reverse biases. Reducing substrate
doping near the substrate-drain/source junction is an effective way to reduce the BTBT current; however,
this increases the SCE leading to considerable increase in the subthreshold current. Although circuit
techniques specifically targeted at reducing BTBT have not been reported, forward substrate biasing can
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the bias condition [10]. Figure 13.1 describes the various components of gate tunneling in a scaled
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be used to reduce BTBT in a MOSFET (because electric field reduces with reduction in the reverse bias
across the junction).

 

13.3 Circuit Techniques to Reduce Leakage in Logic 

 

Because circuits are mostly designed for the highest performance — for instance, to satisfy overall system
cycle time requirements — they are composed of large gates and highly parallel architectures with logic
duplication

 

.

 

 As such, the leakage power consumption is substantial for such circuits; however, not every
application requires a fast circuit to operate at the highest performance level all the time. Modules in
which computation is bursty in nature (e.g., functional units in a microprocessor or sections of a cache)
are often idle. It is of interest to conceive of methods that can reduce the leakage power consumed by
these circuits. Different circuit techniques have been proposed to reduce leakage energy utilizing this
slack without impacting performance. These techniques can be categorized based on when and how they
utilize the available timing slack (Table 13.1) (e.g., dual V

 

th

 

 statically assigns high V

 

th

 

 to some transistors
in the noncritical paths at the 

 

design time

 

 to reduce leakage current). The techniques, which utilize the
slack in 

 

runtime,

 

 can be divided into two groups depending on whether they reduce standby leakage or
active leakage. Standby leakage reduction techniques put the entire system in a low leakage mode when
computation is not required. Active leakage reduction techniques slow down the system by dynamically
changing the V

 

DD

 

 or V

 

th

 

 to reduce leakage when maximum performance is not needed. In the active
mode, the operating temperature increases due to the switching activities of transistors. This has an
exponential effect on subthreshold leakage (Equation (13.1)), making it the dominant leakage component
during active mode and aggravating the leakage problem. 

 

13.4 Design Time Techniques

 

Design time techniques exploit the delay slack in noncritical paths to reduce leakage. These techniques
are static; once they are fixed, they cannot be changed dynamically while the circuit is operating.

 

13.4.1 Dual Threshold CMOS

 

In logic, a high V

 

th

 

 can be assigned to some transistors in the noncritical paths to reduce subthreshold
leakage current, while the performance is not sacrificed by using low V

 

th

 

 transistors in the critical path(s)
[12]. No additional circuitry is required, and both high performance and low leakage can be achieved

 

th

 

 circuit. The path distribution of dual
V

 

th

 

 and single V

 

th

 

 standard CMOS for a 32-bit adder is illustrated in Figure 13.2(b). Dual V

 

th

 

 CMOS has
the same critical delay as the single low V

 

th

 

 CMOS circuit, but the transistors in the noncritical paths
can be assigned high V

 

th

 

 to reduce leakage power. Dual threshold CMOS is effective in reducing leakage
power during both standby and active modes. Many design techniques have been proposed, which
consider upsizing of high V

 

th

 

 transistor [13–15] in dual V

 

th

 

 design to improve performance. Upsizing of
high V

 

th

 

 transistor affects switching power and die area that can be traded off against using a low V

 

th

 

transistor that increases leakage power. 
Domino logic can be susceptible to leakage — especially wide OR domino gates. Low threshold

evaluation logic reduces noise immunity. Thus, for scaled technologies, domino may require larger keeper

 

TABLE 13.1

 

Circuit Techniques to Control Leakage in Logic

 

Run Time Techniques

Design Time Techniques Standby Leakage Reduction Active Leakage Reduction

 

Dual-V

 

th

 

[12,13,14,15,16,17]
Natural Stacking [20,21,22,23] DVS [37]
Sleep Transistor [24,25,26,27,28,29,30,31]

Multiple Supply Voltage [19] VTCMOS [32,33,34,36] DVTS [38,39]
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transistors that, in turn, can affect speed. Figure 13.3 depicts a typical dual V

 

th

 

 domino logic [16] for low
leakage noise immune operations. Because of the fixed transition directions in domino logic, one can
easily assign low V

 

th

 

 to all transistors that switch during the evaluate mode and high V

 

th

 

 to all transistors
that switch during precharge modes. When a dual V

 

th

 

 domino logic stage is placed in standby mode, the
domino clock needs to be high (evaluate) to shut off the high V

 

th

 

 devices (e.g., P1, I2 PMOS, and I3
NMOS). Furthermore, to ensure that the internal node remains at solid logic ZERO, which turns off the
high V

 

th

 

 keeper and I1 NMOS, the initial inputs into the domino gate must be set high.
Instead of changing the channel doping profiles, a higher t

 

ox

 

 can be used to obtain a high V

 

th

 

 device
for dual threshold CMOS circuits. In order to suppress the SCE, the high t

 

ox

 

 device needs to have a longer
channel length as compared with the low t

 

ox

 

 device. Multiple t

 

ox

 

 CMOS (MoxCMOS) can optimize the
power consumption due to subthreshold leakage, gate oxide tunneling leakage as well as switching power.
An algorithm for selecting and assigning optimal transistor oxide thickness is derived in Sirisantana et
al. [17]. The simulation results on IEEE International Symposium on Circuits and Systems (ISCAS)
benchmark circuits for 70-nm technology show that the total power consumption of MoxCMOS circuits
can be reduced by an average of 34% with over 70% reduction in gate oxide tunneling leakage compared
with standard CMOS circuits.

 

13.4.2 Multiple Supply Voltage

 

Supply voltage scaling was originally developed for switching power reduction. It is an effective method
for reducing switching power because of the quadratic dependency of switching power on supply voltage.
Supply voltage scaling also helps reduce leakage power because the subthreshold leakage due to GIDL
and DIBL decreases as well as the gate leakage component when the supply voltage is scaled down. In a
1.2-V, 0.13-

 

µ

 

m technology, it is demonstrated that the supply voltage scaling has impacts in the orders
of V

 

3

 

 and V

 

4

 

 on subthreshold leakage and gate leakage, respectively.

 

FIGURE 13.2  

 

(a) A dual V

 

th

 

 CMOS circuit and (b) path distribution of dual V

 

th

 

 and single V

 

th

 

 CMOS.

 

FIGURE 13.3  

 

Dual V

 

th

 

 Domino gate [16] with low V

 

th

 

 devices shaded.
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To achieve low-power benefits without compromising performance, two methods of lowering supply

multiple supply voltage approach [18] as depicted in Figure 13.4. Critical and noncritical paths or units
of the design are clustered and powered by higher and lower supply voltages, respectively [19]. Because
the speed requirements of the noncritical units are lower than the critical ones, supply voltage of
noncritical unit clusters can be lowered without degrading system performance. Whenever an output
from a low V

 

DD

 

 cluster has to drive an input to a high V

 

DD

 

 cluster, a level conversion is needed at the
interface. The secondary voltages may be generated off-chip or regulated on-die from the core supply.

 

13.5 Runtime Standby Leakage Reduction Techniques

 

A common architectural technique to keep the power of fast, hot circuits within bounds has been to
freeze the circuits — place them in a standby state — any time when they are not needed. Standby leakage
reduction techniques exploit this idea to place certain sections of the circuitry in standby mode (low
leakage mode) when they are not required.

 

13.5.1 Leakage Control Using Transistor Stacks (Self-Reverse Bias)

 

Leakage currents in NMOS or PMOS transistors depend exponentially on the voltage at the four terminals
of transistor (Equation (13.1)). Figure 13.5 illustrates the variation of I

 

DS

 

 with respect to V

 

GS

 

 (V

 

G

 

 is tied
to “0”). Increasing V

 

S

 

 of NMOS transistor reduces subthreshold leakage current exponentially due to the
following three effects:

• Gate-o-source voltage becomes negative, thus the subthreshold current reduces exponentially. 
• Negative body to source potential causes more body effect resulting in increased threshold voltage

and thus reducing the subthreshold leakage.
• Drain-to-source potential decreases, resulting in less DIBL and thus lower subthreshold leakage. 

This effect is also called self-reverse biasing of transistor. The self-reverse bias effect can be achieved
by turning off a stack of transistors [20]. Turning off more than one transistor in a stack raises the internal

 

FIGURE 13.4  

 

Two-level multiple supply voltage scheme [18].

 

FIGURE 13.5  

 

Leakage control using self-reverse bias.
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voltage (source voltage) of the stack, which acts as reverse biasing the source. Figure 13.6(a

 

)

 

 depicts a
simple pull-down network of a four input NAND gate. This pull-down network forms a stack of four
transistors. If some of the transistors are turned off for a long time, the circuit reaches a steady state
where leakage through each transistor is equal and the voltage across each transistor settles to a steady
state value. In a case where only one NMOS device is off, the voltage at the source node of off transistor
would be virtually zero because all other on transistors will act as short circuit. Thus, there is no self-
reverse biasing effect, and the leakage across the off transistor is large. If more than one transistor is off,
the source voltages of the off transistor, except the one connected to ground by on transistors, will be
greater than zero, and the leakage will be determined mainly by the most negatively self-reverse biased
transistor (because subthreshold leakage is an exponential function of gate-source voltage). The voltages
at the internal nodes depend on the input applied to the stack. Figure 13.6(a) shows the internal voltages
when all four transistors are turned off. These internal voltages make the off transistors self-reverse biased.
The reverse bias makes the leakage across the off transistor very small. Figure 13.6(b) depicts the
subthreshold leakage current vs. number of off transistors in a stack. A large difference in leakage current
exists between one off transistor and two off transistors. Turning off three transistors does improve
subthreshold leakage, however, there is a diminishing return.

It is evident from the preceding discussion that the leakage through logic gates depends on the applied
input vector. Functional blocks such as NAND, NOR, or other complex gates readily have a stack of
transistors. Maximizing the number of off transistors in a natural stack by applying proper input vectors
can reduce the standby leakage of a functional block. A model and heuristic is proposed in [21] to estimate
leakage and to select the proper input vectors to minimize the leakage in logic blocks. Table 13.2 presents
the quiescent current flowing into different functional blocks for the best and worst case input vectors.
All the results are based on HSPICE simulation using 0.18-

 

µ

 

m technology with V

 

DD

 

 = 1.5 V. Results show

FIGURE 13.6  (a) Effect of transistor stacking on source voltage and (b) leakage current vs. number of transistors
off in stack.

TABLE 13.2 Input Vector Control

Circuit Input Vector Iddq (nA) Comments

4 input NAND ABCD=000 0.60 Best
ABCD=111 24.1 Worst

3 input NOR ABC=111 0.13 Best
ABC=000 29.5 Worst

Full adder A,B,Ci=111 7.8 Best
A,B,Ci=001 62.3 Worst

4 bit ripple adder A=B=0000,Ci=0 91.3 Best
A=B=1111,Ci=1 94.0 Best
A=B=0101,Ci=1 282.9 Worst

VG1 = 0

VG2 = 0

VG3 = 0

VG3 = 0

Node 1:
Vq1 = 89mv

Node 2:
Vq2 = 34mv

Node 3:
Vq3 = 14mv
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that application of proper input vector can be efficient in reducing the total subthreshold leakage in the
standby mode of operation [22]. 

Recent studies [23] demonstrate that as gate leakage is becoming a significant component of leakage,
the input vector control technique using a stack of transistors needs to be reinvestigated to effectively
reduce the total leakage. It has been reported that with gate leakage, the traditional way of using stacking
fails to reduce leakage and in the worst case might increase the overall leakage. The gate leakage depends
on the voltage drop across different regions of transistor (Section 13.2). Having “00” as the input in a
two transistor stack has a high voltage drop across the gate-drain overlap region of the first transistor
increasing the gate leakage, which may dominate the total leakage at room temperature. (Gate leakage
is insensitive to temperature whereas subthreshold leakage is a strong function of temperature and
increases with temperature [7].) Forcing inputs to “10” reduces this gate leakage component at the cost
of subthreshold leakage. In scaled technology where gate leakage dominates the total leakage, using “10”
might produce more savings in leakage as compare to “00.” A three-transistor stack (NMOS) with input
“100” can improve total leakage compare to “000” inputs for similar stack where subthreshold is the
major component of leakage. The source/substrate and drain/substrate junction BTBT leakage is a weak
function of input voltage, and thus it can be neglected from the analysis [6].

13.5.2 Sleep Transistor

This technique inserts an extra series-connected transistor (sleep transistor) in the pull-down/pull-up
path of a gate and turns it “off” in the standby mode of operation [24]. During regular mode of operation,
the extra transistor is turned on. This provides substantial savings in leakage current during standby

leakage as compared with a single off device. Due to the extra stack transistor (sleep transistor), however,
the drive current of forced-stack gate will be lower resulting in increased delay. Thus, this technique can
only be used for paths that are noncritical. If the Vth of the sleep transistor is high, extra leakage saving
is possible. This circuit topology is known as MTCMOS (multi-threshold CMOS) (Figure 13.7) [25].

In fact, only one type (i.e., either PMOS or NMOS) of high Vth transistor is sufficient for leakage
reduction. The NMOS insertion scheme is preferable, because the NMOS on-resistance is smaller at the
same width, and thus it can be sized smaller than a corresponding PMOS [26]. MTCMOS can be easily
implemented on already existing circuits. A 1-V DSP (digital signal processing) chip for mobile phone
applications has been recently developed using the MTCMOS scheme [27]; however, MTCMOS can only
reduce leakage power in standby mode and the large inserted sleep transistors can increase the area and

FIGURE 13.7  Schematic of MTCMOS circuit [25] with low Vth devices shaded.
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mode of operation. As depicted in Figure 13.6(b), stacking of two off devices can significantly reduce
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delay. Moreover, if data retention is required in standby mode, an extra high Vth memory circuit is needed
to maintain the data [28]. Instead of using high Vth sleep transistors, a super cut-off CMOS (SCCMOS)
circuit uses low Vth transistors with an inserted gate bias generator [29]. For the PMOS (NMOS) insertion,
the gate is applied to 0 V (VDD) in the active mode, and the virtual VDD (VSS) line is connected to the
supply VDD (VSS). In standby mode, the gate is applied to VDD + 0.4 V (VSS − 0.4 V) by using the internal
gate bias generator to fully cut off the leakage current. Compared with MTCMOS where it becomes
difficult to turn on the high Vth sleep transistor at very low supply voltages, SCCMOS circuits can operate
at very low supply voltages. Recent designs have been proposed using low-Vth devices for the sleep
transistor to minimize the performance and area impacts [30]. 

In Figure 13.8, two small sleep transistors are added to conventional CMOS domino gate to save
leakage [31]. In standby mode, clock is left high and sleep signal is asserted. If the data input were high,
node 1 would have been discharged. If the data input was low, node 1 would be high, but leakage through
NMOS dynamic pull-down stack would slowly discharge the node to ground. The NMOS sleep transistor
is added to prevent any short circuit current in the static output logic while the dynamic node discharges
to ground. Node 2 would rise as static pull-up turns on which would cause the NMOS transistors in the
pull-down stacks of the following domino gates to turn on, accelerating the discharge of their internal
dynamic nodes. Because sleep transistors are not in the critical path (evaluation path), minimal perfor-
mance loss is incurred. 

13.5.3 Variable Threshold CMOS (VTCMOS)

the VTCMOS scheme.To achieve different threshold voltages, a self-substrate bias circuit is used to control
the body bias. In the active mode, a zero body bias (ZBB) is applied. While in standby mode, a deep
reverse body bias (RBB) is applied to increase the threshold voltage and cut off the leakage current. This
scheme has been implemented in a two-dimensional discrete cosine transform core processor [32].
Furthermore, in active mode, a slightly forward substrate bias can be used to increase the circuit speed
while reducing the SCE [33]. Providing the body bias voltage requires routing a body bias grid and this
adds to the overall chip area. Keshavarzi et al. reported that RBB lowers integrated circuit (IC) leakage
by three orders of magnitude in a 0.35-µm technology [34]. More recent data, however, demonstrates
that the effectiveness of RBB to lower IOFF decreases as technology scales due to the exponential increase
in band-to-band tunneling leakage at the source/substrate and drain/substrate p-n junctions due to halo
doping in scaled devices [34]. For scaled technologies, forward body biasing (FBB) can be used together
with RBB to achieve better current drive with less SCE [35]. 

Raising the NMOS source voltage while tying the NMOS body to ground can produce the same effect
as RBB. Forward body biasing can also be realized by applying a negative source voltage with respect to
the body, which is tied to ground. Figure 13.9(b) illustrates the circuit diagram of this technique [36].
The main advantage is that it eliminates the need for a deep N-well or triple-well process because substrate

FIGURE 13.8  Domino gate with sleep transistor [31].
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Variable threshold CMOS (VTCMOS) is a body-biasing design technique [32]. Figure 13.9(a) depicts
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of the target system and the control circuitry can be shared. The source voltage of the PMOS should also
be raised if the charge in the storage node is to be kept constant while the NMOS source voltage is raised.
A charge pump circuit is required if the body of the PMOS is to be raised higher than the source of the
PMOS for RBB. In cases where VDS can be further reduced, additional leakage improvement is possible.
The smaller VDS raises the transistor Vth (DIBL mechanism) and substantially reduces the subthreshold
leakage component. GIDL component and gate leakage are also reduced due to the smaller gate-to-drain/
source voltages.

13.6 Runtime Active Leakage Reduction Techniques

Not every application requires a fast circuit to operate at the highest performance level all the time.
Active leakage techniques exploit this idea to intermittently slow down the fast circuitry and reduce the
leakage power consumption as well as the dynamic power consumption when maximum performance
is not required.

13.6.1 Dynamic Vdd Scaling (DVS)

Dynamic supply scaling overrides the cost of using two supply voltages (static supply scaling), by adapting
the single supply voltage to the performance demand. The highest supply voltage delivers the highest
performance at the fastest designed frequency of operation. When performance demand is low, supply
voltage and clock frequency are lowered, just delivering the required performance with substantial power
reduction. Implementing DVS in a general-purpose microprocessor system includes three key components:

1. An operating system that can intelligently vary the processor speed
2. A regulation loop that can generate the minimum voltage required for the desired speed
3. A microprocessor that can operate over a wide voltage range

software control, as the hardware alone may not distinguish whether the currently executing instruction
is part of a computation-intensive task or a nonspeed-critical task. Supply voltage is controlled by hard-
wired frequency-voltage feedback loop, using a ring oscillator as a critical path replica. All chips operate
at the same clock frequency and same supply voltage, which are generated from the ring oscillator and
the regulator.

13.6.2 Dynamic Vth Scaling (DVTS) 

Similar to the dynamic VDD scaling (DVS) scheme, a dynamic Vth scaling (DVTS) scheme can be used
to reduce the active leakage power in sub-100-nm generations where leakage power accounts for a large
fraction of the total power consumption even during runtime. When the current workload is less than

FIGURE 13.9  (a) Variable threshold CMOS [32], and (b) realizing body biasing by changing the source voltage
with respect to body voltage, which is grounded [36].
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Figure 13.10 depicts a DVS system architecture [37]. Control of the processor speed must be under
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the maximum, the operating system commands a lower clock frequency to the hardware. Based on the
given reference clock frequency, the DVTS hardware raises the transistor Vth via RBB to reduce the runtime
leakage power dissipation. In cases when there is no workload at all, the Vth can be increased to its upper
limit using body biasing, to significantly reduce the standby leakage power. “Just enough” throughput is
delivered for the current workload by tracking the optimal Vth while leakage power is considerably reduced
by intermittently slowing down the circuit. 

Figure 13.11 plots the power consumption of DVTS and DVS systems for a speculative 70-nm process
technology (only subthreshold leakage is considered) where leakage power accounts for 52% of total
power dissipation (T = 125°C) [38]. By reducing the clock frequency without changing the VDD or Vth,
total power decreases in proportion to the operating frequency. This is because dynamic power is a linear
function of clock frequency. The leakage power does not change with clock frequency, which makes 52%
of total power wasted even when the clock frequency is zero. By dynamically scaling the VDD together
with the clock frequency, the speed requirement can be met while consuming significantly less power.
Because the leakage power is dominant, DVTS appears to be comparable to DVS in saving total power
for this technology. Figure 13.11 demonstrates that when the desired clock rate is 30% of the maximum
operation frequency, 92% total energy savings can be achieved using DVTS. The following discussions
address the merits and issues related to DVTS system designs.

FIGURE 13.10  Dynamic voltage scaling architecture [37].

FIGURE 13.11  Total power vs. clock frequency for DVTS scheme and DVS scheme (BPTM, 70 nm, VDD = 0.9 V,
Vth = 0.15 V [38]).
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• Simple hardware. Charge pumps are a simple solution for boosting voltages where current demand
is low. No external inductors are needed and power consumption is very low compared with buck
converters, which are used for DVS systems. Charge pumps are used in DVTS systems to generate
the body bias voltages, which are outside the supply rail.

• Transition energy overhead. Results VTCMOS demonstrate that the energy overhead for a 120-
K-transistor test chip in 0.3µm triple well technology consumes 10 nJ per Vth transition [32]. In
case the Vth transition occurs frequently, transition energy overhead for DVTS systems becomes
nonnegligible. 

• Substrate noise. Charge pumps generate an unregulated body bias voltage due to the absence of
external inductors. Any fluctuation in body bias will induce noise in logic. 

• Process complexity. PMOS and NMOS body biases of the DVTS control circuit must be isolated
from the target system in order to function as a reference. Thus, deep N-well or triple well
technology is needed for the DVTS systems. The overall cost penalty by using these advanced
processes is less than 5% [32].

Several different DVTS system implementations have been proposed in literature [39,40]. Figure 13.12
shows a DVTS hardware that uses continuous body bias control to track the optimal Vth for a given
workload. A clock speed scheduler, which is embedded in the operating system, determines the (reference)
clock frequency at runtime. The DVTS controller adjusts the PMOS and NMOS body bias so that the
oscillator frequency of the critical path replica tracks the given reference clock frequency. The error signal,
which is the difference between the reference clock frequency and the oscillator frequency, is fed into the
feedback controller. The continuous feedback loop can also compensate for process, supply voltage, and
temperature variations. A simpler method called “Vth hopping scheme,” which dynamically switches
between low Vth and high Vth depending on the performance demand, is proposed in [40]. The schematic
diagram of the Vth

bias control in Figure 13.12, the discrete control has two levels of Vth. If control signal VTHlow_Enable
is asserted, the transistors in the target system are forward body biased and the Vth is low. When
performance can be traded off for lower power consumption, VTHhigh_Enable is asserted and a high
Vth is applied. The operating frequency of the target system is set to fCLK when Vth is low and to fCLK/2

when the Vth is high. An algorithm that adaptively changes the Vth depending on the workload is also
verified and applied to an MPEG4 video encoding system. In future technology generations, the effec-
tiveness of RBB is expected to be low due to the worsening SCE and increasing band-to-band tunneling
leakage at the source/substrate and drain/substrate junctions. FBB can be applied together with RBB to
achieve a better performance-leakage trade-off for DVTS systems.

13.7 Circuit Techniques to Reduce Leakage in Cache Memories

SL, VPWELL,
VNWELL, VDL, VWL, VBL, and VBLB. Various SRAM cell architectures have been proposed in the past where

FIGURE 13.12  Dynamic Vth scaling system proposed in Kim and Roy [39].
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 hopping scheme is depicted in Figure 13.13. Compared with the continuous body

Figure 13.14(a) illustrates the seven available terminals in a conventional 6T SRAM cell; V
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one or more of the seven terminal voltages are controlled during standby mode for reducing the leakage
components shown in Figure 13.14(b). Each technique exploits the fact that the active portion of a cache
is very small, which gives the opportunity to put the large idle portion in a low-leakage sleep mode.

Effectiveness and overhead of each technique are evaluated based on the following discussions. First,
the impact of the technique on various leakage components should be considered. Although subthreshold
leakage still continues to dominate the IOFF at high temperatures, ultra-thin oxides and high doping
concentrations have led to a rapid increase in direct tunneling gate leakage and BTBT leakage at the
source and drain junctions in the nanometer regime. Each leakage reduction technique needs reevaluation
in scaled technologies where subthreshold conduction is not the only leakage mechanism. Second, the
impact of the leakage reduction technique on SRAM read/write delay should be considered. Third, the
transition latency/energy overhead should be taken into account, because of the limited time and energy
budget for the mode transition. Last, the leakage reduction technique should not have a noticeable impact
on SRAM cell stability or soft error rate (SER). Based on these discussions, the different low-leakage

A source biasing scheme raises the source line voltage (VSL) in sleep mode [41–45], which reduces
subthreshold leakage due to the three effects described in Section 13.5. The gate leakage in the cell is also
reduced due to the relaxed signal rail, VDD–VSL (Section 13.2) [45]. An extra NMOS has to be series
connected in the pull-down path to cut off the source line from ground during sleep mode, and this, in
turn, imposes an extra access delay. The reduced signal charge in sleep mode also causes the soft error
rate (SER) to rise, which requires additional error correction coding circuits [44].

FIGURE 13.13  Vth hopping scheme proposed in Nose et al. [40].

FIGURE 13.14  (a) Seven terminals of the 6-T SRAM cell, and (b) dominant leakage components in a 6-T SRAM.
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SRAM cells are summarized in Table 13.3.
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Reverse body-biasing (RBB) the NMOS (or PMOS) can reduce subthreshold leakage via body effect,
while not affecting the access time by switching to zero body-biasing (ZBB) in the active mode [43,46,47].
A large latency/energy overhead is imposed for the body-bias transition due to the large VBB swing and
substrate capacitance. This scheme becomes less attractive in scaled technologies because the body
coefficient decreases with smaller dimensions, and the source/drain junction BTBT leakage becomes
enhanced by RBB.

Supply voltage is lowered in a dynamic VDD SRAM (DVSRAM) [43,48], which, in turn, reduces the
subthreshold, gate, and BTBT leakage. This scheme requires a smaller signal rail (VDL–VGND) compared
with the SBSRAM for equivalent leakage savings. Although there is no impact on delay in the active
mode, the large VDD swing between sleep and active mode imposes a larger latency/energy transition
overhead than the SBSRAM. Moreover, the greatest drawback of the DVSRAM is that it increases the
bitline leakage in the sleep mode because the voltage level in the stored node also drops as the VDD is
lowered. Therefore, this scheme is not suitable for dual Vth designs where the speed-critical access
transistors may already be using low Vth devices with high leakage levels. 

TABLE 13.3 Low-Leakage SRAM Cell Techniques

Source Blasing (VSL) Body-Blasing (VPWELL, VNWELL) Dynamic VDD (VDL)

Scheme

References [41], [42], [43], [44], [45] [43], [46], [47] [43], [48]
Leakage

reduction
subthreshold, gate: ↓↓ subthreshold: ↓↓

*BTBT: ↑
subthreshold, gate: ↓
bitline leakage: ↑

Performance *Delay increase No delay increase No delay increase
Overhead Medium transion overhead Large transition overhead Large transition overhead
Stability Impact on SER No impact on SER *Worst SER

Floating Bitlines (VBL, VBLB) Negative Word Line (VWL)

Scheme

References [49] [50]
Leakage 

reduction
subthreshold, gate: ↓ subthreshold: ↓, *gate: ↑

Performance No delay increase No delay increase
Overhead *Precharge latency overhead *Low charge pump efficiency
Stability No impact on SER No impact on SER, high voltage 

stress
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A technique that biases the bitlines to an intermediate level has been proposed to reduce the access
transistor leakage via the DIBL effect [49]. Because only the access transistors benefit from the leakage
reduction, the overall leakage savings is moderate. Unlike the three previously mentioned techniques,
this scheme has to be applied to the entire subarray because the bitline is shared across different cache
lines. The main limitation comes from the fact that there is a precharge latency whenever a new subarray
is accessed. This would mean that an architectural modification is required in order to resolve the multiple
hit times in case the precharge instant is not known ahead of time.

The negative word line scheme [50] pulls down the VWL to a negative voltage during standby in order
to avoid the subthreshold leakage through the access transistors. However, it has issues such as increase
in gate leakage and higher voltage stress in the access transistors. Although this technique has no impact
on performance or SER, a power loss occurs due to the generation of a negative bias using charge pumps.
This becomes more serious as the supply voltage is scaled.
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