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Abstract. Static power consumption is nowadays a crucial design parameter in
digital circuits due to emergent mobile products. Leakage currents, the main
responsible for static power dissipation during idle mode, are increasing
dramatically in sub-100nm processes. Subthershold leakage rises due to
threshold voltage scaling while gate leakage current increases due to scaling of
oxide thickness. It means the static power dissipation should be considered as
soon as possible in the design flow. Leakage mechanisms and reduction
techniques will be reviewed, providing a minimum background about this issue.

INTRODUCTION
In the past, the major concerns of the VLSI designers were
performance and miniaturization. With the substantial growth in
portable computing and wireless communication in the last few years,
power dissipation has become a critical issue. Problems with heat
removal and cooling are worsening because the magnitude of power
dissipated per unit area is growing with scaling. Years ago, portable
battery-powered applications were characterized by low computational
requirement. Nowadays, these applications require the computational
performance similar to as non-portable ones. It is important to extend
the battery life as much as possible. For these reasons power dissipation
becomes a challenge for circuit designers and a critical factor in the
future of microelectronics.
An integrated circuit is composed by sequential and combinational
circuits, memories blocks and I/O devices. Each one gives its own
contribution to the total power dissipation of the system. Fig. 1 shows
the approximate power distribution in microprocessors [1-3]. Power
consumption is concentrated in the logic circuits, 40 % in sequential
blocks and 30 % in combinational parts. Memory blocks and I/O device
represent approximately 30% of the total power.
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Fig. 1. Power distribution in microprocessors [1-3].

There are four components of power dissipation in digital CMOS
circuits, as describe in equation (1).

P = Pdynamic −switching + Pshort −circuit + Pstatic − biasing + Pleakage

(1)

where P is the total power dissipation, Pdynamic–switching is the dynamic
switching power, Pshort–circuit is the short-circuit power, Pstatic–biasing is the
static biasing power and Pleakage is the leakage power.
Dynamic switching power dissipation is caused by charging
capacitances in the circuit. During each low-to-high output transition,
the load capacitance CL, in Fig. 2, is charged through the PMOS
transistor, and a certain amount of energy is drawn from the power
supply. Part of this energy is dissipated in PMOS device and part is
stored on CL. It is discharged during the high-to-low output transition,
and the stored energy is dissipated through the NMOS transistor.
iVdd
vin

vout
CL

Fig. 2. Dynamic switching power dissipation scheme in CMOS inverter

Considering the CMOS inverter, shown in Fig. 2, and assuming that
the input waveform has zero rise and fall times, the energy
consumption during low-to-high output transition can be derived by
integrating the instantaneous power over the period of interest.
Equation (2) shows that it draws CL.Vdd2 Joules from the power supply.
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The charge stored on the load capacitor is equals to CL.Vdd2/2 by
equation (3). This means that only half of the energy supplied by the
power source is stored in CL. The other half had been dissipated by the
PMOS transistor. The high-to-low output transition dissipates the
energy stored on the load capacitance into the NMOS transistor.
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To compute the power consumption, it is necessary to take into
account how often the circuit is switched. Given a gate switching
frequency f, the power drawn from the supply is given by:

Pdynamic −switching = C LV dd2 f

(4)

The dynamic switching power dissipation was the dominant factor
compared with other components of power dissipation in digital CMOS
circuits for technologies up to 0.18µm, where it is about 90% of total
circuit dissipation [4].
Short–circuit power is the second source of total power dissipation
described in equation (1). During a transient on the input signal, there
will be a period in which both NMOS and PMOS transistor will
conduct simultaneously, causing a current flow through the direct path
existing between power supply and ground terminals. This short circuit
current usually happens for very small intervals. In a static CMOS
inverter this current flows as long as the input voltage is higher than a
NMOS threshold voltage (Vthn) above ground and lower than a PMOS
threshold voltage (Vthp) below the power supply, as shown in Fig. 3. It
is proportional to the input ramp, the output load, and the transistors
size. It can be approximated by [5], according to equation (5)
3

Pshort − circuit = K (V dd − 2V th ) .τ . f

(5)

where K is a constant that depends on the transistors size, and on the
technology parameters, Vdd is the supply voltage, Vth is the threshold
voltage, τ is the rise or fall time of the input signal, and f is the clock
frequency.
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Fig. 3. CMOS inverter short-circuit current [6]

This component represents less than 20% of the dynamic switching
power consumption if the NMOS and PMOS transistors are sized in
order to balance the rise/fall signal slopes at input and output nodes [5].
Both of the above sources of power dissipation in CMOS circuits
are related to transitions at gate terminals and for that reason are
usually referred as dynamic power dissipation. On the other hand, the
other two components of power dissipation, static biasing and leakage,
are related to the current that flows when the gate terminals are not
changing, and are therefore commonly referred as static power
dissipation.
Ideally, in steady state, CMOS circuits do not present static power
dissipation. That is the most attractive characteristic of CMOS
technology. However, real systems present degraded voltage levels
feeding CMOS gates and a current flow from the power supply to
ground nodes is observed. This flow is known as static biasing current.
In Fig. 4, a NMOS pass-transistor drives an inverter. From basic
CMOS circuit theory is known that the voltage in node A is degraded
(Vdd-Vth). Since the inverter input is high (Vdd-Vth), its output should be
low. However, the PMOS transistor is weakly ON and, consequently,
presents a static biasing current from power supply to ground nodes.
The static biasing current only happen in specific conditions as
reported above. Static current that flows from Vdd to ground nodes,
without degraded inputs is known as leakage power. In past
technologies the magnitude of leakage current was low and usually
neglected. However, the devices have been scaling for decades to
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achieve higher density, performance. As a consequence, leakage
current in the nanometer regime is becoming a significant portion of
power dissipation in CMOS circuits, as depicted in Fig. 5

Fig. 4. Degraded voltage level at the input node of an CMOS inverter results in static biasing
power consumption.

Fig. 5. Active and leakage power dissipation [7].

With the technology scaling, supply voltage needs to be reduce due
to dynamic power and reliability issues. However, it requires the
scaling of the device threshold voltage (Vth) to maintain a reasonable
gate over drive [8]. The Vth reduction, result in an exponential increase
in the subthreshold current. Moreover, to control the short channel
effects (SCEs) and to maintain the transistor drive strength at low
supply voltage, oxide thickness needs to be also scaled down. The
aggressive scaling of oxide thickness results in a high tunneling current
through the transistor gate insulator [8]. Furthermore, scaled devices
require the use of the higher substrate doping density. It causes
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significantly leakage current through these drain- and source-tosubstrate junctions under high reversed biasing [8].
These are the three major types of leakage mechanisms:
subthreshold, gate oxide and reverse-bias pn-junction leakage (BTBT –
band-to-band tunneling). In addition to these three major leakage
components, there are other ones like gate-induced drain leakage
(GIDL) and punchthrough current. Those components can be neglected
in normal modes of operation [9].
VLSI circuit designers have to respect a power specification.
Accurate and efficient power estimation during the design phase is
required in order to meet the power specification without a costly
redesign process. Precise simulators, such as HSPICETM, can accurately
account for leakage current, but they are only proper for small circuits
due to convergence, CPU time and memory issues. The physical
models to treat the leakage mechanisms [9-10] are too complex to be
used by circuit designers. Faster techniques to estimate the
subthreshold and gate leakage current have been proposed in the
literature [11-12]. It is important to estimate both average and
maximum power in CMOS circuits at different levels of design
abstraction. The average power dissipation is important to determine
the battery life, while the maximum power demanded is related to
circuit reliability issues.
The power consumption reduction in digital systems involves
optimization at different design levels. This optimization includes the
technology used to implement digital circuits, the logic style, the circuit
architecture, and the algorithm that are being implemented.
Optimization in technology level are related to materials used in the
fabrication process, like high-K gate dielectric and metal gates [14], its
dimension and concentration, like oxide thickness and substrate profile,
and device structure, like “halo” doping [15] and silicon-on-insulator
(SOI) structures [16]. Design level involves optimization in physical
and logic design. Placement, routing and sizing strategy are example of
physical design optimization. Logic minimization and technology
mapping are example of logic design optimization techniques [17].
Architectural level typically presents solutions based on parallel or
pipelined structures to achieve the same performance with a reduced
supply voltage [18]. Algorithm level explores the concurrency to be
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implemented in a parallel architecture and the minimization of the
number of operations to reduce the switching activity, and
consequently the dynamic consumption [17].
Leakage mechanisms, estimation and reduction techniques will be
reviewed in the following sections, providing useful background to IC
designers about leakage currents.

LEAKAGE CURRENT MECHANISMS
For nanometer devices, leakage current is dominated by subthreshold
leakage, gate-oxide tunneling leakage and reverse-bias pn-junction
leakage. Those three major leakage current mechanisms are illustrated
in Fig. 6. There are still other leakage components, like gate induced
drain leakage (GIDL) and punchthrough current, however those ones
can be still neglected in normal operation of digital circuits [9].

Fig. 6. Major leakage mechanisms in MOS transistor;

Subthreshold Current
Supply voltage has been scaled down to keep dynamic power
consumption under control. To maintain a high drive current capability,
the threshold voltage (Vth) has to be scaled too. However, the Vth
scaling results in increasing subthreshold leakage currents.
Subthreshold current occurs between drain and source when transistor
is operating in weak inversion region, i.e., the gate voltage is lower
than the Vth.
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The drain-to-source current is composed by drift current and
diffusion current. The drift current is the dominant mechanism in strong
inversion regime, when the gate-to-source voltage exceeds the Vth. In
weak inversion, the minority carrier concentration is almost zero, and
the channel has no horizontal electric field, but a small longitudinal
electric field appears due the drain-to-source voltage. In this situation,
the carries move by diffusion between the source and the drain of MOS
transistor. Therefore, the subthreshold current is dominated by
diffusion current and it depends exponentially on both gate-to-source
and threshold voltage.
Considering the BSIM MOS transistor model [10], the subthreshold
leakage current for a MOSFET device can be expressed as:
V gs −Vth
nVT

I subthresho ld = I 0 e
2 1 .8

where I 0 = Wµ 0 C oxVT e
L

V
− ds

V
1 − e T






(6)

, VT = KT is the thermal voltage, Vth is the
q

threshold voltage, Vds and Vgs are the drain-to-source and gate-to-source
voltages respectively. W and L are the effective transistor width and
length, respectively. Cox is the gate oxide capacitance, µ0 is the carrier
mobility and n is the subthreshold swing coefficient.
In short channel devices, source and drain depletion regions
advances significantly into the channel influencing the field and
potential profile inside that. These are known as short channel effects
(SCE). Such effects reduce transistor threshold voltage due to the
channel length reduction (Vth roll-off) and the DIBL increasing. This
results in significant subthreshold current in short channel devices.

Gate Oxide Tunneling Current
As mentioned before, the aggressive device scaling in nanometer
regime increases short channel effects such as DIBL and Vth roll-off. To
control the short channel effects, oxide thickness must also become
thinner in each technology generation. Aggressive scaling of the oxide
thickness, in turn, gives rise to high electric field, resulting in a high
direct-tunneling current through transistor gate insulator.
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The tunneling of electrons (or holes) from the bulk and source/drain
overlap region through the gate oxide potential barrier into the gate (or
vice-versa) is referred as gate oxide tunneling current. This
phenomenon is related with the MOS capacitance concept. There are
three major gate leakage mechanisms in a MOS structure. The first one
is the electron conduction-band tunneling (ECB), where electrons
tunneling from conduction band of the substrate to the conduction band
of the gate (or vice versa). The second one is the electron valence-band
tunneling (EVB). In this case, electrons tunneling from the valence
band of the substrate to the conduct band of the gate. The last one is
known as hole valence-band (HVB) tunneling, where holes tunneling
from the valence band of the substrate to the valence band of the gate
(or vice- versa). Fig. 7 illustrates these three mechanisms.

Fig. 7. Three mechanisms of gate dielectric direct tunneling leakage [11]

Each mechanism is dominant or important in different regions of
operation for NMOS and PMOS transistors. For each mechanism, gate
leakage current can be modeled by [8]:

  V
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respectively, A = q 3 16π 2 hφ ox , B = 4π 2mox φ ox2 3h q , mox is the
effective mass of the tunneling particle, φox is the tunneling barrier
height, tox is the oxide thickness, h is 1/2π times Planck’s constant and
q is the electron charge.
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Band-to-Band Tunneling Current
The MOS transistor has two pn junctions – drain and source to well
junctions. These junctions are typically reverse biased, causing a pn
junction leakage current. This current is a function of junction area and
doping concentration. When ‘n’ and ‘p’ regions are heavily doped,
band-to-band tunneling (BTBT) leakage dominates the reverse biased
pn junction leakage mechanism.
A high electric field across a reverse biased pn junction causes a
current flow through the junction due to tunneling of electrons from the
valence band of the p-region to the conduction band of the n-region, as
shown in Fig. 8.

Fig. 8. BTBT in reverse-biased pn junction [8]

Tunneling current occurs when the total voltage drop across the
junction, applied reverse bias (Vapp) plus built-in voltage (ψbi), is larger
than the band-gap. The tunneling current density through a silicon pn
junction is given by [8]:

J BTBT = A

EV app
1

Eg

2

3

Eg 2

exp  − B
E








(8)

where A = 2m * q 3 4π 3 h 2 , and B = 4 2m * 3h q . m* is the
effective mass of electron; Eg is the energy-band gap; Vapp is the
applied reverse bias; E is the electric field at the junction; q is the
electron charge; and h is 1/2π times the Planck’s constant.
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Band-to-band tunneling leakage, negligible in current processes
when compared to the subthreshold and gate oxide leakages, starts to
be taken into account in 25nm technologies [19].
The junction tunneling current depends exponentially on the
junction doping and the reverse bias across the junction. Forward body
bias can be used to reduce the band-to-band tunneling leakage.

LEAKAGE ESTIMATION METHODS
The total leakage power in CMOS circuits is determined by the
contribution of leakage currents in each transistor, which has two main
sources: subthreshold leakage current and gate tunneling leakage
current. Band-to-Band-Tunneling leakage is still very small in existing
technologies and can be ignored [19].

Subthreshold Leakage
With technology scaling, the supply voltage needs to be scaled down to
reduce the dynamic power and maintain reliability. However, this
requires the scaling of the device threshold voltage (Vth) to maintain a
reasonable gate over drive [8]. The Vth scaling, result in an exponential
increase in the subthreshold current, according equation (6).
Subthreshold leakage current occurs only in turned-off transistors.
For an individual device, leakage current can be calculated by equation
(6). However, for a whole circuit, the leakage current is not simply the
sum of leakage current of all devices. The circuit topology is
determinant to the overall leakage. In particular, series connected
devices, or stacked devices, have lower leakage than the sum of the
leakage for each device taken in isolation. In a stack with two
transistors, a slight reverse bias between the gate and source occurs in
the pull-up transistor when both transistors are turned off. Because
subthreshold current is exponentially dependent on gate-to-source
voltage (Vgs), according to equation (6), a substantial current reduction
is obtained. This phenomenon is referred as “stacking effect". Fig. 9
depicts the subthreshold leakage current for different stacks of offtransistors.
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Fig. 9. Subthreshold leakage current in different stacks of off-transistors.

Subthreshold leakage estimation methods [17, 19, 20] compute the
subthreshold leakage based on the following steps. The basic difference
in each method is the equation used to model the subthreshold leakage.
I.

Identify the off-plane, plane that does not have a conducting path
from power rail and the output;

II. On-transistors in these off-planes are considered as ideal shortcircuits;
III. Single devices have their subthreshold leakage current computed;
IV. Branches with stacks of turned-off transistors present the “stack
effect” and are evaluated using the Kirchhoff Current Law (KCL).
The follow analysis exemplifies the subthreshold leakage
evaluation for a two off-transistors stack, as show in Fig. 10.

Fig. 10. Two off-transistor stack.
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Considering the subthreshold leakage current model reported by
[18]:
Vgs − (Vt 0 −ηVds −γVbs )
nVT

I S = I 0We
where

I0 =

µ 0 C oxVT2 e1.8
L

−Vds


1 − e VT 



(9)

, VT = kT , Vt0 is the zero-bias threshold
q

voltage, W is the effective transistor width, L is the effective
channel length, n is the subthreshold slope coefficient, Cox is the
gate oxide capacitance, µ0 is the mobility, η is the drain-induced
barrier lowering coefficient and γ is the linearized body effect
coefficient.
In a two-transistor stack the subthreshold leakage currents passing
through the transistors is given by

I SM 1 = I 0W1e

−V2 −[Vt 0 −η (Vdd −V2 )+γV2 ]
nVT

(10)

−Vt 0 +ηV2
nVT

(11)

I SM 2 = I 0W2 e

and the intermediate node voltage V2 is expressed as

 W1 

W
 2

ηVdd + nVT ln
V2 =

(12)

1 + 2η + γ

The voltage V2, calculated by equation (12), is used to determine
the subthreshold leakage current in this branch using equantion
(10) or (11) since IS = ISM1 = ISM2.
V. Subthreshold current in each branch and single device are then
summed to provide the total subthreshold leakage;
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Gate Oxide Leakage

The reduction of vertical dimensions has been harder than horizontal
ones. An aggressive scaling of gate oxide thickness is required to
provide large current drive capability at reduced voltages supplies and
to suppress short-channel effects, such as drain induced-barrier
lowering. This scaling increases the field across the oxide. The high
electric field coupled with the low oxide thickness results in gate
tunneling leakage current from the gate to the channel and source/drain
overlap region, or from the source/drain overlap region to the gate.
These mechanisms are depicted in Fig. 11 (a) and (b), respectively.

(a)

(b)

Fig. 11. Gate oxide leakage current (a) from gate to channel and source/drain overlap region
and (b) from source/drain overlap region to gate

Gate leakage current increases exponentially with decreasing oxide
thickness. When the gate oxide thickness reaches 3nm and below, gate
tunneling current comes into the order of the subthreshold leakage [13].
It also increases exponentially with voltage across gate oxide. Fig. 12
shows the density of gate leakage current (A/m2) in a NMOS device
versus potential drop across the oxide for several oxide thicknesses.
Ignoring the variability in oxide thickness due to process variation,
it is possible to consider only the voltage dependence in a gate leakage
analysis.
Subthreshold leakage is evaluated only when transistor is turned off.
Gate oxide leakage, on the other hand, occurs in both cases, when
transistors are turned on and off. Gate leakage current is independently
in both, turned on or off, transistor states. When transistor is turned off
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the current flows by the overlap source and drain regions. In the case
where the transistor is turned on, the current uses the overlap
source/drain regions and the transistor channel. For these reasons, gate
oxide leakage is usually higher in such condition.

Fig. 12. Variation of tunneling current density with potential drop across the oxide [12].

Considering previous statement, the easy method to investigate gate
leakage current is evaluating the transistor bias conditions. Fig. 13
presents all eight possible bias conditions for a NMOS transistor. Fig.
13 (f) and (g) can be ignored because they represent transient states and
does not occur in steady state. In Fig. 13 (a) and (h) gate leakage is not
present because all terminals have the same potential. In the other
conditions gate leakage has to be computed.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 13. Possible bias condition of NMOS transistors in CMOS logic circuits.
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Estimation methods [12, 22, 23] evaluate gate leakage current based
on transistor bias conditions, depicted in Fig. 13. The gate oxide
leakage current is calculated using equation (7) after each device has its
bias condition defined based on input vector. The total gate oxide
leakage is the sum of the current in each device.
In [23], it is assumed that the internal nodes attain full logic levels
(i.e., they are either at VDD or gnd) and in a transistor stack the entire
voltage drops across off devices. It does not treat the subthreshold
leakage and the interactions between both mechanisms. These
assumptions make the techniques really fast, but the accuracy for
complex gates is compromised.
Both subthreshold and gate leakage mechanisms are explored in
[13]. Subthreshold leakage current is calculated using the model
proposed by [20] and the gate leakage is calculated using the same
concept proposed in [23]. Both leakage currents are added to provide
the total leakage. This approach is valid, however it does not
considered the interaction between both leakage mechanisms since they
are evaluated separately.
A complete, accurate, but some what complex analytical leakage
estimation method is presented in [24]. The methodology proposed in
such work uses numerical solvers to evaluate the interactions between
both mechanisms, compromising the method performance.

LEAKAGE REDUCTION TECHNIQUES

In CMOS circuit, the total power dissipation includes dynamic and
static components during the active mode of operation. In case of
standby mode, the power dissipation is related to leakage currents.
According to leakage mechanisms, described in previous section,
leakage power increases dramatically in the scaled devices, becomes a
significant component of total power consumption in both modes of
operation.
To suppress power consumption in low-voltage circuits, it is
necessary to reduce leakage power in both active and standby modes.
Reduction in leakage current can be achieved by using both process and
circuit level techniques. At process level, leakage reduction can be

Leakage Current in Sub-Micrometer CMOS Gates

17

achieved by controlling the dimensions (length, oxide thickness,
junction depth, etc.) and doping profile in transistor. At circuit level,
several techniques to reduce leakage consumption have been proposed
in the literature [4, 7, 24].
To reduce leakage currents, these techniques explore supply and
threshold voltage leakage dependence, as well as the concepts of
stacking effect and body biasing. Some of such are briefly presented
below.

Dual Threshold CMOS

Dual threshold CMOS is a static technique that exploit the delay slack
in non-critical paths to reduce leakage power. It provides both high and
low threshold voltage (Vth) transistors in a single chip that are used to
deal with the leakage problem.
Fabrication process can achieve a different Vth device by varying
different parameters. Changing the channel doping profile, increasing
the channel length, changing the body bias, and using a higher gate
oxide thickness are examples of fabrications parameters that can be
changed to achieve high Vth transistor. Each parameter has its own
trade-off in terms of process cost, effect on different leakage
components, and short channel effects.
High Vth transistors suppress the subthreshold current, while low Vth
transistors are used to achieve high performance. For a logic circuit, the
transistors in non-critical paths can be assigned high Vth to reduce
subthreshold leakage current, while the performance is not sacrificed
by using low Vth transistors in the critical paths [26]. It has the same
critical delay as the single low Vth CMOS circuits, while leakage power
is saved in non-critical paths. Therefore, no additional control circuitry
is required and both high performance and low leakage power can be
achieved simultaneously. Fig. 14 illustrates the basic idea of a dual Vth
circuit.
With the increase in Vth variation and supply voltage scaling, it is
becoming difficult to maintain sufficient gap among low Vth, high Vth
and supply voltage required for dual Vth design. Furthermore, dual Vth
design increases the number of critical paths in a die, decreasing both
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mean and standard deviation of the die frequency distribution, resulting
in reduced performance [27].

Fig. 14. Dual Vth CMOS circuit [8].

Supply Voltage Scaling

Supply voltage scaling is used to reduce dynamic and leakage power. It
was originally developed for switching power reduction. It is an
effective method of consumption reduction due to the quadratic
dependence of the switching power in relation to supply voltage.
Supply voltage scaling also provides leakage power savings.
Lowering supply voltage provides an exponential reduction in
subthreshold current resulting from Drain-Induced Barrier Lowering
(DIBL) effect. The DIBL effect tends to become more severe with
process scaling to shorter gate lengths. For this reason, the achievable
savings by this technique will increase with technology scaling.
Gate oxide leakage is also affected by this technique. Lowering Vdd
will reduces gate leakage even faster than subthreshold leakage [28].
Fig. 15 shows how gate tunneling current reduces as Vdd decrease.
Thus, this technique saves standby power by decreasing subthreshold
and gate leakage currents.
In theory, the standby power supply for a circuit can decrease to
zero, but the circuit loses performance and its logic states. The optimal
point for power savings using this technique is the lowest voltage
which the circuit retains its logic states and does not compromise
performance [29].
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Fig. 15. Gate oxide leakage current versus power supply.

To achieve low-power benefits without compromising performance,
two ways of lowering supply voltage can be employed: the static
supply scaling and the dynamic supply scaling.
Static Supply Scaling

In static supply scaling, multiple supply voltages are used as shown in
Fig. 16. Critical and non-critical paths and/or units of the design are
clustered and powered by higher and lower voltages, respectively [30].
In an extreme case the combinational logic in a circuit can fall to zero
when the circuit is in idle mode because it does not need to hold its
logic state, increasing the power saving. Whenever an output from a
low Vdd unit has to drive an input of a high Vdd unit, a level conversion
is needed at the interface. Furthermore, the secondary voltages could be
generated off-chip [31] or regulated on-die from the core supply [32].

Fig. 16. Two-level multiple static supply voltage scheme.
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Dynamic Supply Scaling

Dynamic supply scaling overrides the cost of using multiple supply
voltages by adapting the single supply voltage to the performance
demand. When performance demand is low, supply voltage and clock
frequency are lowered, delivering reduced performance with substantial
power reduction [33].
As mentioned before, this technique gets rid of the cost of using
multiple supply voltages. However, the follow overheads are added
when this technique is implemented:
• Circuit has to operate over a wide voltage range;
• Operating system to intelligently determine the processor speed;
• Regulator to generate the minimum voltage for specific speed.

Transistor Stack Effect

Subthreshold leakage current flowing through a stack of seriesconnected transistors reduces when more than one transistor in the
stack is turned off. This effect is known as “stacking effect”. It is better
understood by considering a two transistor stack, as illustrated in Fig.
17. When both transistor M1 and M2 are turned off, the voltage at the
intermediate node (VX) is positive due to a small drain current. Positive
potential at the intermediate node has three effects:
1. Due to the positive source potential VX, gate-to-source voltage of
transistor M1 (Vgs1) becomes negative; hence, the subthreshold
current reduces substantially.
2. Due to VX > 0, bulk-to-source potential (Vbs1) of transistor M1
becomes negative, increasing the threshold voltage (Vth) (larger body
effect) of M1, and thus reducing the subthreshold leakage.
3. Due to VX > 0, the drain-to-source potential (Vds1) of transistor M1
decreases, increasing Vth (less DIBL) of M1, and thus reducing the
subthreshold leakage.
The leakage of a two-transistor stack is about an order of magnitude
less than the leakage in a single transistor, as already shown in Fig. 9.
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Fig. 17. Two NMOS off-transistor stack.

Input Dependence

Functional blocks such as NAND, NOR and other complex gates
readily have stacks of transistors. Due to the stacking effect, the
subthreshold leakage through a logic gate depends on the applied input
vector. Maximizing the number of off transistors in a stack by applying
proper input vectors can reduce the standby leakage of a functional
block. Table 1 presents the input vector leakage dependence in a
NAND gate for a standard 130nm CMOS process.
Table 1. Subthreshold leakage current for 2-input NAND gate.

Input Vector
00
01
10
11

Leakage current (nA)
3.94
15.25
13.65
4.57

Standby leakage power reduction resulted from minimum leakage
input vector is a very effective way to control the subthreshold current
in the standby mode of circuit operation. The most straightforward way
to find a low leakage input vector is to enumerate all input
combinations. For a circuit with ‘n’ inputs, there are 2n input states
combinations. Due to the exponential complexity, an exhaustive
method is limited to circuits with a small number of primary inputs. For
large circuits, a random search-based technique can be used to find the
best input vector.
Gate and band-to-band tunneling leakage are also important in
scaled technologies, and can be a significant portion of total leakage.
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The input vector control technique using a stack of transistors needs to
be reviewed to effectively reduce the total leakage.
Researchers have shown that with high gate leakage, the traditional
way of using stacked transistors fails to reduce leakage and in the worst
case might increase the overall leakage [24]. In scaled technologies
where gate leakage dominates the total leakage, using “10” might
produce more savings in leakage as compared to “00”. The gate leakage
depends on the voltage drop across the transistor gate oxide. Applying
“00” as the input to a two transistors stack reduces subthreshold
leakage and does not change the gate leakage component. It has been
shown that using “10” reduces the voltage drop across the terminals,
where the gate leakage dominates, thereby lowering the gate leakage
while offering marginal improvement in subthreshold leakage [24].
Band-to-band tunneling leakage is a weak function of input voltage
and hence it can be neglect in this analysis [34].
Stacking Single Switch

In CMOS complex gates, a certain number of transistor stacking
(branches), between the supply voltage or ground nodes and the output
node, can be observed. Such branches have usually different amounts
of transistors. The basic idea of this technique is to duplicate transistors
without increasing the longest transistor path or branch, expecting that
the worst-case delay of the logic cell remains the same [35]. This
procedure is applied to both pull-up (PMOS network) and pull-down
(NMOS network) separately. Fig. 18 (a) presents a circuit topology and
Fig. 18 (b) illustrates the optimized circuit, resulted from the developed
method described above.

Fig. 18. (a) Original and (b) modified topology for leakage optimization CMOS gate.
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Power Gating

Power gating technique uses the power supply voltage as the primary
source for reducing leakage current. It refers to using a MOSFET
switch (sleep transistor) to cut off, or gate, a circuit from the power
rails (Vdd and/or gnd) during standby mode. The power gating switch
typically is positioned as header between the circuit and the power
supply or as footer between the circuit and the gnd. During active
operation, the power gating switch remains on, supplying the current
that the circuit uses to operate. During standby mode, turning off the
power gating switch reduces the current dissipated through the circuit.
Turning off the sleep transistor provides leakage reduction for two
primary reasons. First, the width of the sleep transistor is usually less
than total width of transistors being gated. The smaller width provides a
linear reduction in the total current drawn from supply node during
standby mode. Secondly, leakage currents diminish whenever stacks of
transistors are off due to the source biasing effect.
During active mode, the same effects cause degradation in circuit
performance. Even though the on-resistance of the power gating switch
is much less than its off-resistance, it still creates a small positive
voltage at the virtual node. Again, these voltages reduce the drive
capability and increase the threshold voltage of the NMOS devices
through body biasing. Hence, this technique is typically used for paths
that are non-critical.
MTCMOS

Multi-Threshold CMOS (MTCMOS) is a popular power gating
approach that uses high Vth devices for power switches [36]. Fig. 19
shows the basic MTCMOS structure, where a low Vth computational
block uses high Vth switches for power gating. Low Vth transistor in the
logic gate provides a high performance operation. However, by
introducing a series device to the power supplies, MTCMOS circuits
incur a performance penalty compared to CMOS circuits.
In fact, only one type of high Vth transistor is sufficient for leakage
reduction. The NMOS insertion scheme is preferable, since the NMOS
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on-resistance is smaller at the same width and hence it can be sized
smaller than a corresponding PMOS [37].
However, MTCMOS can only reduce leakage power in standby
mode and a large insertion of sleep transistors can increase significantly
area and delay. Moreover, when data retention is required in standby
mode, an extra high Vth memory circuit is needed to maintain the data
[38].

Fig. 19. Schematic of MTCMOS circuit [8].

Body Biasing

Reverse body biasing (RBB) has been used in memory chips since the
years 70’s, to mitigate the risk of data destruction. In logic chips, on the
other hand, the substrate and wells are typically biased stably to the
ground and power supply. However, since the years 90’s, reverse body
biasing has been applied in logic chips for a different reason: power
reduction.
The original propose of the substrate biasing was utilized to reduce
subthreshold leakage during standby mode in portable applications.
More recently, it has been employed to reduce the maximum power
dissipation by lowering Vth (forward body biasing) in active mode, and
by compensating Vth variations.
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Variable Threshold CMOS (VTCMOS)

Variable threshold CMOS is a body biasing based design technique
[39]. Fig. 20 illustrates the VTCMOS scheme. To achieve different
threshold voltages, it uses a self-substrate bias circuit to control the
body bias.

Fig. 20. Schematic of VTCMOS technique

In the active mode, VTCMOS technique applies a zero body bias
(ZBB). As the subthreshold leakage current depends strongly on
threshold voltage, in standby mode, a deep reverse body bias is applied
to increase the Vth, saving thus leakage power. However, this reduction
technique has an overhead in chip area due to additional signal routing
required to provide the body bias voltage.
Reverse body bias can reduce circuit leakage by three orders of
magnitude in a typical 0.35µm CMOS technology [40]. However, more
recent data shows that the effectiveness of RBB decreases with
technology scales due to the exponential increase in band-to-band
tunneling leakage at the source/substrate and drain/substrate pn
junctions [40]. Moreover, a small channel length and a low channel
doping (to reduce Vth) worsen the short channel effect and mitigate the
body effect. This, in turn, weakens the Vth modulation capability of
RBB.
Recent design has been proposed using forward body biasing (FBB)
to achieve better current drive with less short channel effect [41].
Circuit is designed using high Vth transistor (high channel doping) to
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reduce leakage in standby mode, while FBB is applied in active mode
to achieve high performance. Both high channel doping and FBB
reduce short channel effect relaxing the scalability limit of channel
length due to Vth roll off and DIBL. This result in higher Ion compared
to low Vth design for similar Ioff worst case, improving performance.
RBB can also be applied in standby mode together with FBB to further
reduction in leakage current.
It has been shown that FBB and high-Vth along with RBB reduce
leakage by 20X, as opposed to 3X for the RBB and low-Vth [41].
However, FBB devices have larger junction capacitance and body
effect, which reduce the delay improvement mainly in stacked circuits.
Dynamic Vth Scaling

In many cases, applications do not require a fast circuit to operate at the
highest performance level all the time. Active leakage techniques
exploit this idea to intermittently slow down fast circuitry and reduce
both leakage power and dynamic power consumption when maximum
performance is not required.
Dynamic Vth scaling (DVTS) scheme uses body biasing to adjust Vth
based on the performance demand [42]. This technique uses the same
concept of previously discussed VTCMOS technique. However,
VTCMOS changes Vth based on both active and standby mode, while
DVTS modifies it based on circuit performance demand, i.e., the Vth is
changed based on the system performance requirement.
The lowest Vth is delivered via zero body bias, when the highest
performance is required. In the case of low performance demand, the
clock frequency is lowered and Vth is raised via reverse body bias to
reduce the run-time leakage power dissipation. In cases when there is
no workload at all, the Vth can be increased to its upper limit to
significantly reduce the standby leakage power. This scheme deliveries
just enough throughput for the current workload by tracking the
optimal Vth. A block diagram of the DVTS scheme and its feedback
loop are presented in Fig. 21.
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Fig. 21. Schematic of DVTS hardware [42].

CONCLUSION

Power dissipation of electronic products has become an important issue
with the massive growth in portable computing and wireless
communication in the last few years. As power consumption is directly
proportional to the square of the power supply voltage, MOS transistor
has been scaled to maintain performance at reduced supply voltage.
Transistor threshold voltage is also reduced to avoid short channel
effect, resulting in a substantial increasing in leakage currents when
transistor scaling into nanometer dimensions. Standby current becomes
a significant portion of the total IC power consumption, being a
challenge for designers and a critical factor in low-power circuits. It
means the static power dissipation should be considered as soon as
possible in the design flow. Leakage mechanisms and reduction
techniques have been reviewed, providing a minimum background
about this issue.
Analysis of leakage current mechanisms was initially presented.
Such review demonstrated that subthreshold leakage represents the
main leakage mechanism, and with the transistor scaling into sub100nm dimensions, the gate leakage achieves the same order of
importance.
Estimation techniques for both subthreshold and gate leakage
mechanisms have been discussed. Accurate models to estimate
subthreshold leakage have to treat the stack effect. Gate leakage
estimation, on the other hand, is usually based on transistor biasing.
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Leakage reduction techniques were also revised to complete the
basic leakage knowledge. Dual-threshold CMOS, which uses high Vth
transistors in non critical path to achieve leakage reduction without
performance penalties, was the first technique outlined. Supply voltage
scaling, usually used to reduce active power, is also a good alternative
to static power reduction. Other techniques that explore staking effect
were also discussed, as well as techniques based on power gating and
body biasing principle.
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