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1. INTRODUCTION

In the last decade, 'miniaturization' has been the buzz word among manufacturers of
portable

electronics,

computers

(laptops),

handheld

devices

and

wireless

communication systems. Consumers have always looked for a single solution to their
many needs

products with improved performance, better reliability, more features,

smaller in size and affordability. An observation was made by an electronics engineer,

Gordon Moore (co-founder of Intel) in the year 1965 that, the number of transistors

per square inch on integrated circuits had doubled every year since the integrated
circuit was invented and, predicted that this trend would continue for the foreseeable

future. Although the trend slowed down noticeably, the count of transistors on an
Integrated Chip has doubled every 18 months (Moore's law) since then.

1.1 Power Consumption in CMOS Circuits
Power consumption in digital Complementary Metal Oxide Semiconductor (CMOS)

logic circuits comprises of two primary components: Active or dynamic power

-

power dissipated when some switching activity occurs in a circuit and, Standby or
leakage power

power dissipated in the circuit due to small leakage current with no

useful work being done. When logic switching occurs in a circuit the parasitic
capacitances at the output node are being either charged or discharged.
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The capacitor charge/discharge current flows through transistors which have a finite
'on' resistance, resulting in power dissipation in the form of heat.

The switching power dissipated in a circuit per cycle is found to be proportional to the

switching frequency of the input signals and square of the supply voltage. Scaling
down supply voltage comes as an obvious solution to reduce power consumption, but
it has several implications on the performance of the circuit, that it places a constraint

on how far down the supply voltage can be scaled. Another common source of
switching power in circuits is due to the short circuit current that flow through the
CMOS transistors. For a very brief time period during the input signal transition both

the sub networks, n-channel and p-channel network conduct at the same time. The
time interval depends on the input and output transition times and so does the shortcircuit power dissipation. Since both these sources of power are a direct consequence

of switching activity in the circuit they are more commonly referred to as dynamic
power. The other form of power dissipation is due to the small leakage current flowing

through 'off' transistors when the inputs to the gate and hence the outputs are not
changing and is therefore called Static or Leakage power dissipation. There has been a

paradigm shift in the design of microelectronics, with more emphasis being given to
energy efficient circuit design having little or no effect on performance

3

1.2 Impact of Technology Scaling on Power

In an effort to improve circuit performance and integrate more features on a single
chip, transistor sizes have been scaled down considerably over the last several years.

An increase in transistor counts per unit area has led to higher power dissipation per

unit area of the chip. The quadratic dependency of power on supply voltage makes
supply voltage scaling an evident solution to reduce power consumption in circuits.

(1)

1aw = CVJDf

where C is parasitic capacitance at the output node of the gate,

VDD

is the supply

voltage and f is the switching frequency. But now, threshold voltage (yr ) of the
device should be scaled down commensurately to achieve good circuit performance.
The propagation delay of a gate is given by

Tpd

CVDD
(VDD

(2)

a
1"T)

where a models short channel effects [1] and VDD

VT is

the gate over-drive. The rule

of thumb for designing high performance digital circuits is to have the ratio VDD
4. This gives a gate swing of one VT to keep the device off and three

VT to

I VT =

drive the

device. Figure

1

shows the trend in

VDD and VT

scaling in deep sub-micron

technologies
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Figure 1: Scaling effect of VDD and VT on gate over drive

The graph clearly indicates a trend in the reduction of gate over-drive with scaling of

transistors in future technologies. The other issue that gains more attention as
threshold voltages are scaled is the static or leakage power dissipation in a circuit.
A study by Intel indicates an alarming trend in the contribution of standby (or) leakage

power to the overall power dissipation in future technologies. This becomes a very
critical issue in the design of high performance circuits for portable devices (that are

battery powered) like laptops, pocket PCs, handhelds and, in burst mode type
electronics where the circuit remains idle for longer periods of time.
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Figure 2: Power dissipation trends in future technologies

Thus, identifying the common sources of leakage in CMOS circuits and, developing
techniques to minimize this form of power dissipation holds the key for design of high
performance low power digital circuits of the future

1.3 Motivation

Most of the previous work on leakage power minimization in CMOS circuits has been

on controlling leakage current when the circuit is in standby and no useful work is

being done. However, with scaling of transistors in future technologies leakage is

bound to increase manifold. Short channel effects are bound to become more
pronounced in sub-130 nm devices resulting in higher leakage current. The leakage
power dissipated in active mode can no longer be ignored when designing low power

circuits. This thesis presents a new design using a self bias transistor and pin reordering in stacks to minimize leakage in transistors due to sub threshold current. The

circuit design is based on the Berkeley Predictive Technology Models (BPTM) for

deep submicron devices with channel length smaller than l8Onm and, TSMC's
0.25 p.m and 0.18p.m model. These techniques can be readily applied to existing circuit

designs and also be combined with other leakage optimization methods (Dual
threshold,

MTCMOS, body-bias) with

minimal

design

over

head.

Also,

implementation of these techniques to logic circuits requires no additional control
circuitry to control leakage and minimize static power dissipation.

1.4 Minimizing Leakage Current in Active Mode (Our Approach)

Figure 3a shows two different leakage minimization techniques implemented in a
logic circuit with a pull-up and pull-down network. One design uses a sleep transistor

technique for power gating and the other, uses the proposed technique (self-bias
transistor). For the sleep transistor implementation, leakage current in the circuit is

reduced only during standby, since the sleep transistor is turned on during the entire

duration of active mode. On the other hand, the logic with the self-bias transistor
(SBT) reduces leakage in both active and standby mode of operation. The self-bias
transistor's operation is controlled by the current flow in the stack (which depends on
the input to the gate) to which it is connected to and not on the system sleep signal.
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Figure 3: (a) Self-bias transistor applied to logic circuit (b) pin reordering for
transistor stacks

The pin re-ordering technique is proposed to reduce leakage power is transistor stacks
for very high speed digital circuits. The pin with highest signal probability of being '0'

is connected to the bottom transistor in a stack to reduce leakage in active mode by
power gating. Figure 3b shows how the input to the bottom transistor in the stack is

switched between inputs A, B and C based on the input being a 1 or 0. A hybrid

VT

design using efficient pin re-ordering technique and dual VT assignment to transistors

is also proposed, to minimize leakage power reduction and, optimize performance in
transistor stacks.

2. SOURCES OF POWER DISSIPATION

The three sources of power dissipation in digital CMOS circuits were identified as the

power dissipated due to switching of load capacitance, short-circuit current and
leakage current. A closer look at each of the sources and the expression for power
dissipated due to each one of them helps us identify the important design parameters
that can be varied to optimize performance and reduce power consumption.

2.1 Switching of Load Capacitance

To calculate the average dynamic power dissipated due to switching activity in a
circuit let us consider the case of a simple CMOS inverter (Figure 4). The input to the

inverter is a square wave with zero rise and fall time. We take it to be so, to avoid
having both the n-channel metal oxide semiconductor (NMOS) and p-channel metal

oxide semiconductor (PMOS) transistors 'on' at the same time (although in a real
world circuit this is not true).
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VDD

fl

v

vout

Figure 4: Static CMOS Inverter

During a high to low transition at the input, the load capacitance CL would be charged
to VDD by the charge current

'DD

flowing into the capacitance. Energy EDD drawn from

the supply through the PMOS transistor is stored on the load capacitance at the end of
the input signal transition as

Ec.

When the input goes low the energy Ec stored in the

load capacitor is discharged through the NMOS transistor. The capacitor charging and
discharging during one full transition at the input is shown in Figure 5.

Charge

Discharge

Figure 5: Load capacitor (dis)charge current and voltage [2]
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EDD

and E can be derived by integrating the instantaneous value of the power during

a single transition.

EDD

(t) VDD
J DD

= VDD cL

0

E

0

dv0
J 1DD (t)v0dt

J CL

0

0

dv01
dt

VDD

dt

= CLVDD f dv0

dt

(3)

0

VDD

v

= CLVD

dt = CL 5 v0dv0
0

CLV/D

(4)

2

From the above expressions we see that only half the energy drawn from the supply is

stored on the capacitor while the remaining is dissipated by the PMOS transistor. The
energy required for each transition is equal to CLVDD2

the total power drawn from the

supply. On an average if the gate switches 'f times every second, then the total power
dissipated equals

dyn

= CLVIf

(5)

However, this a very liberal estimate because, it assumes that all gates on a chip will

switch with the same frequency 'f, when the actual activity in the circuit is far less.

To account for this effect the equation 5 is modified by replacing the total load
capacitance on the chip CL with OCEFF
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1dvn = aCEFFVDf

where

CEFF

(6)

known as effective capacitance, is the average capacitance switched every

clock cycle and z is the activity factor of the circuit. The dynamic power dissipated
can be reduced by operating the circuit at lower supply voltages or by reducing the
total parasitic capacitance on the chip by proper transistor sizing.

2.2 Short Circuit Current

In static CMOS circuits (inverter shown in Figure 4), when the input to gate is
changing and makes either a low-high or high-low transition for a brief period of time
VTn < Vjn < VDD

VTp

.

This is because in the real world, an input signal will have a

small rise and fall time. It is during this window of rise and fall time that, both NMOS

and PMOS transistors will be simultaneously on. Then, power consumed for a single
transition is [2]

= VDD

Ipeaktr

2

where Esc is the short circuit energy,

+ VDD

VDD

Ipeaktf

tr + tf

2

2

the supply voltage,

VDDIpeak

'peak

(7)

is the saturation

current in the transistors, tr is rise time and t1 is fall time. The short circuit power is
proportional to the average of rise and fall time, the supply voltage and the current
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flow. Since both transistors are in saturation the drain current will be controlled by the
square law formula [21]

k'W

'ds =---(VGS -vi)

2

(8)

and will vary with size of the transistors. The simulation of the static CMOS inverter
with load capacitance CL shows that the short circuit dissipation is less if the rise and
fall time of the input and the output are comparable. If the load capacitance CL is small

causing the output rise and fall time to be smaller than the input, the short circuit
dissipation dominates the dynamic power dissipated.

:::::::::::r::::::::::::::::::::::::::::1::J

'Sc

IA
Figure 6: Short circuit current in a CMOS inverter [2]
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2.3 Leakage Current

The power dissipated in CMOS circuits due to small current

('oFF)

flowing through

the devices which are turned off is commonly known as leakage power dissipation.
This form of power consumption has gained more significance in the last five years

with scaling of device size, threshold voltage and supply voltage in an effort to
increase on-chip transistor density, lower power consumption and improve

performance. There are several leakage mechanisms that contribute to the off state

current, some inherent due to the small device geometry referred to commonly as

Short Channel Effects (SCE) and others due to doping profile, drift and diffusion
current and weak inversion. Figure 7 gives a complete picture of the different leakage
mechanisms in short channel transistors (For simplicity we use the NMOS transistor to
illustrate the different leakage mechanisms).

Source

Gate

Drain

I
3, 14

- -

p- well
'2

- subthreshold current

Figure 7: Leakage current in a short channel transistor [19]
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2.3.1 Junction Leakage ( Ii)

In CMOS digital circuits, the bulk terminal of the transistor is connected to either
ground (for NMOS transistors) or VDD (for PMOS transistors). The drain of an NMOS

device (n-type) would be at a higher potential compared to the well (p-type) and the

drain of a PMOS device (p-type) will be at a lower potential than the well (n-type).
Thus in both device types the drain and source to well pn junctions are reverse biased.

A small drift/diffusion current flowing near the edge of the depletion region of a
reverse biased junction causes leakage in the transistor. It has been shown that the
junction leakage is proportional to the junction area and the doping concentration.

2.3.2 Subthreshold Leakage

('2)

A small drain current flowing through a MOS transistor that is turned off (zero gate

bias voltage or VGS < V) is referred to as sub-threshold current
looked at the 'D
VT

VGS curve

('sub )

[3]. If we

of a MOS transistor for gate voltages close to but less than

we see that the drain current

'D

has a exponential behavior (Figure 8). Sub-

threshold leakage although present in long channel devices, was not of major concern

till date. But with the scaling of threshold voltages to match the reduction in supply
voltage we cannot afford to overlook this component of leakage which will constitute

up to 50% of the total power consumption in future circuits using sub-micrometer
technology.
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0.8
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0
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-3

I

Figure 8: Subthreshold leakage current as a function of VT

[4]

The drain current in the sub-threshold region is given by
(VQSVT)
'sub

=1010

(9)

S

where Jo is the drain current for

VGS = VT

Figure 8 we can see that, as

reduced by approximately 85mV the leakage current

VT is

and S is the sub-threshold slope [3]. From

increases by approximately lOx in magnitude

[4].

The sub threshold slope S, can be

used to analyze the leakage behavior of circuits, using different technologies and
having different threshold voltages. Since this research aims to study this component

of leakage current in transistors and propose a new circuit design to reduce

'sub,

a

detailed discussion on sub-threshold leakage current mechanism and influencing
factors is give in chapter 4.
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2.3.3 Gate Oxide Tunneling

(13)

Gate oxide tunneling is a phenomenon arising due to Short channel effects in scaled
devices, and causes leakage in transistors by tunneling of electrons from valence band

to conduction band. The geometry of devices have become smaller and smaller and,
oxide thickness (T0) is one such that has been scaled down considerably over the last

few years, commensurately with the channel length and width. When a bias voltage is

applied to the gate of a transistor, a high electric appears across the thin oxide layer
that reduces the Si-Si02 interface barrier height. A positive voltage applied to the gate

causes electrons at the strongly inverted surface of the channel to tunnel through the
Si02 layer and gives rise to gate leakage current. If suppose, a negative bias is applied

then, electrons from the polysilicon tunnel into the oxide layer resulting in gate
leakage current [3].

2.3.4 Hot Carrier Injection (14)

In MOS transistors the highest electric field is present at the p-n junction and it
increases with the applied reverse bias. Since in digital CMOS we have the source and

the well connected to same potential the highest field is near the reverse biased drain

well pn junction. In a short channel device, the electric field intensity in the channel
(near the drain) becomes very high compared to a device with longer channel length.
The electrons and holes passing through this field can gain sufficient energy to cross

18

the interface potential barrier and enter into oxide layer and is known as hot-carrier

injection. Electrons with a lower effective mass than holes are more likely to be
subject to hot-carrier injection [3].

2.3.5 Punchthrough (15)

Punchthrough occurs in short channel devices when the depletion region of the reverse

biased drain well junction and source well junction interact with one another near the

surface of the channel. In sub-micrometer device the channel length becomes
extremely small that drain and source regions are very closely placed and the distance
between their depletion regions become negligible. A high drain bias widens the drain
well depletion region further and merges the two resulting in a punchthrough.

2.3.6 Gate Induced Drain Leakage (Lj)

Gate Induced Drain Leakage (GIDL) occurs in scaled MOS transistors due to the
combined effect of a high electric field at the drain and tunneling through thin oxide
layer. When a negative bias (zero voltage or small negative voltage) is applied to the

gate of the transistor it attracts holes from the p-type well to accumulate near the
surface. When the drain gate voltage

VGD

is large an electron from the drain will

tunnel through the oxide layer to the n+ polysilicon leaving behind a hole. Since the ptype well is at ground the tunnel created holes in the depletion region of the drain

19

below the gate are driven into the substrate producing GIDL. Its effects can be
lowered by having high and abrupt drain doping [5].
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3. SUBTHRESHOLD LEAKAGE

One of the major challenges faced by hardware engineers of today in the design of

high performance digital circuits is reducing power consumption. Sub-threshold
leakage is one of the major constituents of leakage in sub-micrometer transistors
accounting for more than 40% of the total power consumption in a circuit. It thus,
becomes very important to analyze and understand sub threshold leakage mechanism
in a transistor

why it occurs, the various parameters that affect sub-threshold leakage,

to be able to develop techniques, both at the device and circuit level and reduce subthreshold leakage.

3.1 Leakage Mechanism

To understand what causes sub-threshold current in MOS transistors we consider a
NMOS transistor with its gate having a small bias voltage (less than
Since the transistor is supposed to be off (VGS

< VT),

VT)

applied to it.

one would expect no drain current

to flow through the transistor. However, in reality the small bias voltage at the gate is

enough for it to repel some of the holes in the p-type well away from the surface,
forming a depletion region near the surface of the semiconductor. The positive gate
voltage attracts electrons from the n+ drain and source regions into the surface of the
well below the gate, thus forming a channel for current flow from the drain to source.

21

<
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Figure 9: Channel formation in a n-channel MOSFET biased in weak inversion

It is called weak inversion because the concentration of the holes in the channel is still

larger compared to electrons. If we have the source of the transistor to be at ground

and the drain at a small voltage (VDS

0.1) then VDS drop across the channel is

insignificant and the intensity of the electric field along the channel is small. The drain

current through a MOS transistor comprises of drift and diffusion components. Since,

drift component of the drain current in weak inversion with a small drain bias is
negligible; sub-threshold drain source current of the transistor is dominated by the
diffusion current. [6]. The weak inversion current is given by [18]

=

and

w

,toC, _(m_l)(V) x
L

(VG-VT)

e

mvr

x
VT

)

(10)
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(E "I

m=1+--

l+

= 1+--

where

VT = kT / q

(11)

Wdm

C0

is the thermal voltage,

C0

is the gate oxide capacitance; p0 is the

zero bias mobility; m is the body effect coefficient; Wdm is the minimum depletion
layer width;

t0

is oxide thickness and Cdm is the capacitance of the depletion layer.

3.2 Subthreshold Slope (S)

The dependence of this weak inversion current on the drain source voltage of the
transistor is minimal for long channel devices since the drain and source regions are

well separated with little or no interaction between their depletion regions. From

Figure 8 we see that for long channel devices, subthreshold current varies
exponentially with gate voltage for gate voltages less than the threshold voltage of the

transistor. An important parameter used in the analysis of sub-threshold leakage
current in transistors is the subthreshold slope, S. It gives a measure of how effectively

a transistor can be turned off when
inverse of the loglo(Ids) versus

VGS

VGS

is made smaller than

characteristic

s=I(d(log10I)Y'

dV

J

[3}

VT

.

It is computed as

and is given by

23mkT
q

(12)
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L

(13)

")

Table 1 gives the sub-threshold slope of a transistor in different technologies. For
0.l3jim process the slope is 83 mV/decade which means that when gate voltage

VGS

is

decreased by 83 mV below V then, sub-threshold current would decrease by a factor
of lOx and the device is turned off more effectively. The slope S can thus be used to

gauge how leaky is a transistor. A slope of 100 mV/decade indicates that the device
technology is very leaky and it may not be suitable for low power applications.

Table 1: MOSFET parameter comparison for various technologies
VT0

(volts)

T0

(A°)

(millivolts)

(mV / decade)

0.25 im

2.5

57

430

86

0.18 urn

1.8

40

399

79

0.13

1.0

33

332

83

0.1tm

1.0

25

260

82

0.07 pm

0.8

16

190

84

Technology

VDD

S

For bulk CMOS process the typical values for S are in the range of 70 to 120
mV/decade and it is desirable to have the slope in the lower end of the scale [6].
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Subthreshold slope S, can be made small by having thinner oxide layer (t0) or by

having lower substrate doping concentration to increase the depletion layer width
(Wdm)

[19]. (In the preceding table we find that sub-threshold slope of the different

process technologies are centered around the 80 mV mark, because with the device

size scaling the oxide thickness (t0) has been scaled down accordingly). From
equation 12 we find that S would increase linearly with temperature. This is a very
significant factor as the operating temperature of the most circuits is high due to power

dissipation from switching activity. Thus, sub-threshold leakage is bound to increase
with increase in temperature as sub-threshold slope S would also increase. The Table 2
gives the variation in sub-threshold slope for different operating temperatures.

Table 2: Variation in sub-threshold slope and
process

VT

with temperature for 0.18 .tm

Temperature

VT

S

(°C)

(millivolts)

(mV / decade)

-35

417

64

-15

395

67

5

373

72

25

351

78

45

329

86

65

307

92

85

285

100
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Unlike gate tunneling leakage and GIDL which are more pronounced in scaled CMOS

(known as short channel effects) sub-threshold leakage occurs in both long channel
and short channel devices. However, some of the short channel effects tend to increase

sub-threshold leakage in a transistor. Drain Induced Barrier Lowering (DIBL) is one

such phenomenon which has a huge effect on the sub-threshold leakage current in a
transistor.

3.3 Drain Induced Barrier Lowering (DIBL)

When a high bias voltage is applied to the drain the source potential barrier is lowered

and, this causes an increase in the sub-threshold leakage current. When the drain
voltage is close to O.1V (low drain bias) the drain source energy barrier at the surface

prevents the flow of electrons from the source to drain. When the voltage at the drain
is increased it lowers the barrier potential and some electrons manage to leak from the
source into the drain.

VT

VDS

Figure 10: Lowering of threshold voltage for increasing drain bias voltage in short
channel devices due to DIBL [2]
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In long channel devices the barrier potential is a function of the gate voltage and is not
influenced by the drain-source voltage. This is because in long channel devices the n+
drain and source regions are well separated and so are their depletion regions from one

another that, they hardly have any effect on the electrostatic field potential across the
surface. Hence, for these devices the drain bias does not affect the threshold voltage or

the effective channel length. On the other hand, in short channel devices the drain and

source depletion regions are so closely placed that when the drain bias is high, the
depletion region of the drain widens and it lowers the barrier potential resulting in
flow of electrons from the source to drain. DIBL thus lowers the effective threshold
voltage of the transistor for shorter channel lengths and high drain biases. Its effect can

be measured as the change in drain current for fixed gate voltage as shown in (Figure
10) [7].

Increasing surface and channel doping concentration or making the

source/drain junction to be shallower helps reduce the DIBL effect on sub-threshold
leakage [3, 8].

In general, for short channel devices due to the closely placed drain and source regions

the depletion region of the reverse biased drain and source to well pn junction spreads
across the channel depleting part of the channel. This lowers the sub-threshold voltage

of the device because now, only a small gate voltage is needed in inversion of the p+
well region to form the channel. This is known as

VT roll-off

and is more dominant in

short channel devices due to drain source depletion region interaction coupled with the
effect of high drain bias.
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3.4 Effect of Body Bias

Just as, how different drain bias voltages can affect sub-threshold leakage, a bias
(negative) voltage applied to the bulk (also referred to as body (or) substrate (or) well)

can change the sub-threshold leakage characteristics of the device. However, the
difference being that applying a negative bias voltage to the bulk decreases the subthreshold leakage by increasing

VT

[9]. Figure 11 shows the variation in the drain

current with gate voltage for different body bias voltages

(VBS

) applied to NMOS

transistor on 0.35 jtm process technology.

loop

Q
0

lop

0)

VBB = OV

U

lp

-500m

Voltage (volts)

0

Figure 11: Effect of body bias voltage on drain leakage current

It can be seen that the

IDS

gets shifted to the right for an increase in the applied reverse

bias voltage. The drain current for zero gate voltage at zero body bias is an order of

magnitude higher than at a body bias of -5V. This implies that the device can be
turned off to a greater extent for a body bias of -5V compared to no applied body bias,

thereby reducing sub-threshold leakage. This can be attributed to the fact that the
when

VBS

is made higher V-r also increases and so, a higher voltage at the gate is

needed to turn the device on. The effect of body bias on

VT

is given by [3],

j2ssqN(z (2t8 +V8)

VT = V11, + 2ii8 +

(14)

where V1, is the flat band voltage, Na is the doping density in the substrate; and
1/IB = (kT/q)

ln (Na

In, )is the difference between the Fermi potential and intrinsic

potential in the substrate. The slope of

VT

versus

VBS

is called the substrate sensitivity

and is obtained from 14 as,

/

dVT

qN1
2(2v1B+VBs)

(15)

dVBS

Recalling from equation 12, sub-threshold slope was defined as function of in the body

effect coefficient which is derived from equation 11 by calculating the substrate
sensitivity at

VBS

= 0 which is Cd,,, /

C01

or m

1 [6].

29

3.5 Subthreshold Leakage in CMOS Circuits

Sub-threshold leakage current in a transistor is the drain current flowing through the
transistor for gate voltages less than the threshold voltage of the transistor. In a logic

circuit, sub-threshold current flow through transistors is dependent on the input state
of the logic circuit [22].

VDD

B

V

Sub threshold current

Figure 12: Sub-threshold leakage in CMOS NAND gate

Figure 12 shows a 2-input NAND circuit and the corresponding transistor level
implementation of the same. When input to the gate is 01 (A=O, B=1) the output of the

gate switches to 1

[F = (A.B)'].

The transition at the output of the gate is caused by

charging of the load capacitor through the PMOS transistor in the PUP whose gate is
connected to the input A. However now, the other PMOS transistor connected to input

III]

B is now off. Similarly in the PDN, the NMOS transistor connected to input B is on
while the other NMOS is switched off. This input state results in sub-threshold current

flow through transistors N1 and Pi and the total leakage in the circuit is given by the
sum total of the individual leakage. A low power circuit designer tries to minimize the
leakage current through transistors connected in series (stacked devices). The reason is

simple. In the PUP, since transistor P2 is on and as the two PMOS transistors are
connected in parallel, P2 acts as a short-circuit path and minimizes leakage in Pj
However, in the PDN since the two NMOS devices are stacked on upon the other
there is higher leakage current flow in the off device. The influence of the inputs on
stacked devices is explained in section 5.1. The transistor pin re-ordering technique

proposed in this thesis minimizes leakage current in the active mode of circuit
operation, by considering the signal probability of an input to a transistor and its
position in the stack.
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4. LEAKAGE REDUCTION TECHNIQUES

Several techniques have been proposed in the past to reduce leakage in CMOS digital
circuits caused by sub-threshold leakage current. Some of these techniques have been
combined with newer techniques or have been suitably modified to include the effects

of leakage current due to other sources (gate leakage) to obtain an optimal solution to
the problem. Sub-threshold leakage current constitutes a major part of the total leakage

in circuits of today and hence minimizing sub-threshold leakage can help reduce
leakage to a great extent (From this point on, the term leakage current will refer to
sub-threshold leakage current). The sub-threshold leakage current in a MOS transistor
including weak inversion, DIBL, temperature and body effect is modeled as [5],

'SUI)

=

AxernvT

_-_(vG-v-vTO-y'vs+rvDS)

(

:__

(16)

VT

xLl_e

]

where

A =

w2VT ee

(17)

Leff

V0 is the zero bias threshold voltage and

VT = kT/q

linearized body coefficient. i is the DIBL coefficient,

is the thermal voltage
C0

is the gate oxide

is the
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capacitance,

is the zero bias mobility, m sub-threshold swing coefficient and

ZiVT

accounts for transistor-to-transistor leakage variations.

Before analyzing the various techniques to reduce leakage we shall look at the two

different classifications of leakage current in a transistor, based on the mode of
operation of the circuit. The mode of operation of any circuit block is defined based on

whether or not any useful work is being done by that block. If a circuit block is
operational and results in the switching of the output then it is said to be in the 'active

mode' and those blocks that are not functional are considered to be in 'standby or

sleep mode'. Most of the techniques for reducing leakage power are directed at
minimizing standby leakage current in circuits. In other words, standby leakage power

corresponds to sub-threshold leakage in transistors that are 'off with no system level

activity and, active leakage is the sub-threshold leakage in 'off transistors when the
system is operational.

Large power savings can be obtained using standby leakage reduction techniques in

burst mode type electronics, as they have longer idle times, but fail to achieve
significant reduction in leakage for circuits with high activity. Some of the techniques

developed to minimize leakage in circuits are discussed in the following sections.
Some of these techniques use novel circuit design to achieve leakage reduction while
some need process technology support.
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4.1 Input Vector Control

It has been shown that the input pattern to transistors in a stack affects the leakage
behavior due to 'stack effect' [10]. The idea here is to find the input pattern to a gate

that causes minimum leakage and to switch the input to the gate to this minimum
leakage input vector when the circuit is in standby. The stack effect is explained using

a stack of two NMOS transistors (Figure 13b). The single NMOS transistor shown in
Figure 13(a) would have a large leakage current when it is tuned off, since its drain is
at VDD (DIBL effect). However in the 2 transistor stack, the lower transistor

(N1) will

have a small voltage V5 at its drain and since it would be of the order of few millivolts,

the low drain bias results in smaller leakage current compared to the single NMOS
device. One the other hand, transistor N2 ,has its drain at VDD, and one would expect a

large leakage current through it. However, the source of N2 is longer at ground but a
small voltage Vs that increases the source-bulk reverse bias voltage

VBS

and results in a

higher VT for the transistor. Also, the gate source voltage is now negative forcing the

transistor N2 to be turned off completely.

This method requires a control circuit to generate a 'sleep' signal to indicate system is
in standby and latches to store the minimal leakage input vector to the gate. The circuit

has a small delay penalty, as it requires a small settling time for the circuit to switch
between sleep and active modes [20].
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This penalty is incurred to ensure that the switching power dissipated by the additional

circuits is less than 10% of the total leakage energy saved by the circuit in standby
mode [10].

VDD
VDD
high
1_drain bias

O\

0

VGS < 0

Vs <<VDD

0

(a)

(b)

Figure 13: Leakage current reduction in transistors due to Stack effect

The input vector control is not effective in reducing active leakage in circuits since the

input vector pattern to the circuit cannot be controlled when the system is operational

and hence the 'sleep' signal is low. Consider a scenario, where the sleep signal is low

and hence the inputs to the transistors are mapped to the actual inputs to the system.
Now, if the inputs to the system are such that it results in some of the transistors to be

'off' it results in leakage and, since the input vector pattern is not complaint with
minimal leakage case, leakage is high.
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Figure 14 shows the pull down stack of a three input NAND gate within the system
which is subject to active leakage current in it. Since N2 is on the source of N1 can be
considered to be at virtual ground. The high drain bias in N2 causes large leakage
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sleep

Input

Vector
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Minimum
Leakage
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Sleep Signal
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circuit
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Figure 14: Input Vector Control to minimize standby leakage

current to flow through it when it

is

off. Since leakage in circuits of future

technologies will account for more than 40 % of the total power consumption, it
becomes equally important to minimize leakage in 'active' mode. To summarize we
look at the pros and cons to this technique

Pros: No change to circuit design, can be integrated with other techniques

Cons: Cannot control leakage in active mode, requires additional control circuit,
additional latches to store minimal leakage vector
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4.2 Multithreshold Voltage CMOS (MTCMOS)

Leakage current in circuits during 'standby' mode can be minimized to a great extent
if the path from the logic units to the supply rails can be shut off. This is achieved by

inserting sleep transistors between the supply rail and the logic block as shown in
Figure 15. It is a smart implementation of using low V devices in the logic block to
have good circuit performance and placing high

VT

sleep devices (lesser leakage) to

power gate the logic block during standby mode.

When the circuit is operational the sleep transistors are turned on and the logic block is

connected to a virtual ground and VDD and, when it enters the sleep mode the sleep
transistors are turned off. Either NMOS or PMOS device is sufficient to perform the
gating operation in purely combinational circuits. NMOS transistors come as natural

choice since they have lower 'on' resistance and hence can be made smaller to have

the same current drive. This is important because, when the load capacitance
discharges through the low

VT

logic block, all the current has to flow through the

gating transistor and it becomes a bottle neck to circuit performance.

Therefore, sleep transistor sizing should be done carefully so as to achieve significant

reduction in leakage and not affect the circuit performance. When made too small, it
slows down the circuit considerably due to high 'on' resistance path to ground. If sized
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too large it requires large on-chip area resulting in waste of valuable silicon area and,
it increases the switching energy overhead between the standby and active modes [11].

VDD

-H III

-

low

VT transistor

H- high Vrfransistor

vss

vss

Figure 15: MTCMOS techniques for standby leakage reduction [17]

These circuits, although very effective in reducing leakage cannot be used in
sequential circuits as data will be lost when the gating transistors are turned off.
Similar to the input vector control method sleep transistors cannot control leakage in
active mode (Figure 15). The problem is further alleviated in MTCMOS circuits when,

transistors in the logic path remain 'off' during the active mode. Since sleep signal is

low a dc path to ground exists and results in extensive leakage current through the low
VT

transistors in the logic path. This can be detrimental in circuits with low standby

times as the very purpose of the design (to reduce leakage) fails. The pros and cons for
the MTCMOS technique are

Pros: high performance with reduced leakage

Cons: leakage power dissipated in active mode is high, requires process technology

support, performance limited by the high VT transistor, cannot be used in memory
cells and sequential circuit as data would be lost.

4.3 Dual Threshold Voltage (dual

VT)

Dual threshold voltage technique minimizes leakage in circuits overcoming some of

the shortcomings of MTCMOS technique. The primary concern in the use of
MTCMOS technique is the degradation of performance due to insertion of additional

sleep transistors in the critical path of a circuit. In dual

VT,

this problem is eliminated

altogether by using transistors with embedded threshold voltages. Transistors along
the critical path of a circuit are identified and assigned with low threshold voltage to
have minimal delay penalty and those along the non-critical path with high threshold

voltage to reduce leakage. When the entire system is in standby and transistors are
turned off, the high

VT blocks

reduce leakage in the circuit. During active mode when

system is operational the circuit performance is maintained by the fast switching low

VT

devices in the critical path. Figure 16 illustrates how dual

VT

is applied to a static

and dynamic circuit.

For a circuit imbedded with dual

VT the

input to the transistors need to be switched to

the minimal leakage input vector (input pattern that forces maximum number of high
VT

devices to be off) during system standby. Additional circuit is required as in the

case of input vector control to generate the standby signal and to store the input vector.

In large circuits identifying transistors that fall in the critical path, can by itself prove

to be quite a difficult proposition. One method would be to first assign low
transistors and then assign high

VT to

VT

to all

the device that would not result in performance

degradation.

VDD
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Figure 16: (a) Dual VT for a static NAND gate (b) Dual VT domino logic [11]
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But, it is highly improbable to assign all transistors along the non-critical path a high

threshold voltage without affecting performance [4]. The dual

VT

techniques cannot

be applied to circuits that have a many critical delay paths since most of the transistors

would not have to be assigned low

VT.

In circuits where dual

VT

optimization can be

implemented the problem of reducing active leakage remains to be answered.

Pros: high peiformance with reduced leakage

Cons: leakage power dissipated in active mode is very high in low VT critical path,
requires process technology support

4.4 Variable Threshold CMOS (VTCMOS)

Variable threshold CMOS technique requires process technology support like the dual
VT technique

because it uses a triple well device whose threshold voltage can be varied

dynamically during run-time by applying body bias voltage [12]. This technique
addresses some of the issues in dual

VT

technique. Using this method the threshold

voltage of a device can be suitable adjusted based on the mode of operation (Figure

17). When circuit is in standby the

VT

of the transistors are tuned to be high by

applying a bias voltage to the body to reduce leakage and when in active mode the
is made small to have good circuit performance.

VT
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vss
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Figure 17: Variable Threshold CMOS with different body bias voltage applied in
standby to increase VT and reduce leakage [24]

To provide optimal tuning of threshold voltages adaptive body bias techniques were

proposed in which the threshold voltage of the circuit is set by a feedback loop to

ensure critical paths have the required switching speed. The advantage of using
VTCMOS technique is that it can be combined with variable supply voltage

(VDD)

techniques (for reducing switching power) to reduce leakage in standby mode and
minimize dynamic power dissipated when switching activity occurs. The transistors in
the non-critical path have their threshold voltage to be set to high VT to reduce leakage.
With supply voltage scaling, the threshold voltage of the transistors in the critical path
need to be scaled accordingly to maintain good circuit performance. The price paid for

that being higher active leakage current in the critical path transistors. The supply
voltage and threshold voltage can be set at an optimal level wherein the reduction in
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dynamic power dissipations achieved is offset by the active leakage current due to
scaled

VT.

However, the designer now has the option of choosing

VDD and

VT,

depending what he is expected to deliver. Figure 18 shows the architecture for
implementing adaptive body biasing and supply voltage scaling.

VDD

Figure 18: Combination of variable VDD and VTCMOS technique for power [4]

Although VTCMOS technique addresses the issue of active leakage power
minimization, it requires additional circuit to implement it. It suited for processor

cores where the power consumption is large but may not prove to be effective for
smaller circuits where the overhead in switching power and leakage power of the
additional circuit may prove to be higher than in the circuit that is being optimized.
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The following sections of this thesis present the new idea of using a Self-bias
transistor (SBT) to reduce leakage in digital CMOS circuits to reduce leakage in both

active and standby modes. The basic operation of the device is studied using smaller
circuits and leakage power reduction obtained this design for larger circuits analyzed

subsequently. A novel transistor placement technique to reduce active and leakage
power in circuits without any overheads in terms of additional circuit or delay penalty
is also proposed and its implementation studied.

Pros: high performance during active mode with reduced leakage power in stamdby,
optimal dynamic and static power dissipation

Cons: additional control circuit required for switching
power trade-off

VT,

performance - leakage
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5. LEAKAGE POWER REDUCTION USING SELF-BIAS
TRANSISTOR
Most of the techniques for leakage power reduction in CMOS circuits are focused on
minimizing standby leakage current through the 'off' transistors by switching inputs to

the transistors to a minimal leakage state or, by varying the threshold voltage of the
device when in standby mode, or use dual VT technology. All of the aforementioned
methods are not as much effective in controlling leakage in active mode as they do in
standby mode. Figure 14 illustrated a possibility wherein the system is not in standby
and hence leakage control measure are not effected and yet, some of the transistors are

turned 'off' amounting to leakage. Now this can be very detrimental in systems with

very low standby time and result in higher leakage despite the leakage control
mechanisms in place.

The self-bias transistor (SBT), is used to address this problem of reducing leakage in

both active and standby mode. It acts as a smart switch and disconnects either the
pull-up (PUP) or the pull-down (PDN) network from the supply rails based on whether

the PUP or PDN is causing the gate output to switch. The operation of the SBT is
controlled by the current flow in the branch tow which it is connected to. The device is
turned on only when a large (dis)charge current flows through it else remains switched

off, thus power gating the logic circuit from the supply and thereby reducing leakage
[16].

45

5.1 Self-bias Transistor Operation

A CMOS transistor can be modeled as a switch controlled by the gate voltage. For
single NMOS transistor the current flow through the device depends on gate-source
voltage, threshold voltage and the drain voltage as given by (15)

'ds

neglecting short channel effects where
voltage,

VDS

(18)

=k'-[(VGS_VT)VDS_--VS]

Ids

is the drain current,

VGS

is gate source

drain source voltage, VT is threshold voltage of the transistor, W the width

of the transistor and L its length.

Drain

VDD

Drain

(a)

(b)

Figure 19: (a) NMOS self-bias transistor (b) PMOS self-bias transistor

For a NMOS Self bias transistor (Figure 19(a)) the drain and gate terminals are
connected together as a single node and thus, when the device is turned on the drain
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source voltage will always be equal to the gate source voltage

transistor in saturation as

VDS > VGS

VT.

(VDS = VGS)

placing the

The drain current through the transistor is

now given by (16)

k'W

'ds =---(VGS -vt)

from which we obtain the expression for

VGS

-,

(19)

as,

+VT

(20)

VGs=j2 L

Thus, the self bias transistor would be turned on only when the drain current through it
is large enough to cause the gate source voltage to be higher than VT in magnitude. For

small drain current through the device the transistor remains turned off. It is this
attribute of the self bias transistor that makes it effective in reducing leakage is CMOS

circuits during standby and active mode. A SBT connected between the PDN and

ground functions as a smart switch and power gates the PDN transistors when all
inputs are not high thereby reducing leakage.

5.2 Self-bias Transistor as a Smart Switch

To study how the self-bias transistor can be used in digital CMOS circuits to reduce
leakage, we consider some basic circuits with an NIMOS SBT connected to the PDN
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network and use this in our analysis of SBT's operation as a smart switch to minimize

leakage in active mode. The Figure 20a shows a 2-input NAND gate with NMOS
PDN and PMOS PUP. When circuit is not in standby, the input to the gate can be any

of the 4 possible inputs to a 2-input gate (00, 01, 10 and 11). When the input to the
gate is 00, it switches of both transistors in the PDN and the output of the gate charges
to VDD through PMOS transistors in the PUP. The leakage in the circuit is due to the

two off NMOS transistors and it would be minimal due to stack effect [13]. For the 01
and 10 case, one transistor each in the PDN and PUP remains off. The leakage through

the 'off' PMOS transistor is negligible in both cases as the other PMOS device in
parallel would be 'on' and it acts as short-circuit between VDD and output of the gate.
However in both situations the leakage in the NMOS transistor will be high as it will
have its drain at VDD and source at ground. When both inputs to the gate go high the
leakage in the NAND gate is due to the two PMOS transistors in the PUP. Since these
are in parallel, twice the leakage current due to a single off transistor would flow.

As we are considering the active mode scenario, clearly Input Vector Control cannot

be applied for minimizing leakage. If one were to use Dual

VT

techniques, then the

design would have both NMOS transistors to be of low threshold voltage (critical
path) and the two PMOS to be of high threshold voltage. This alleviates the problem

of leakage further because three out of four possible inputs to the gate result in large
leakage through the low

VT NMOS

devices.
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Figure 20: (a) basic 2-input NAND gate (b) 2-input NAND with SBT

The 2-input NAND gate shown in Figure 20b has a self-bias transistor connected
between the bottom transistor in the PDN stack and ground. When the input to the gate

is 00, both NMOS transistors are switched off and, the current through the PDN is
very small forcing the SBT to remain off.

This power gates the two NMOS transistors from ground and leakage current is
reduced. Also, the SBT increases the count of number of off transistors in the stack

and reduces leakage by virtue of stack effect. The drain of the SBT is at a small
voltage of the order of few millivolts. This causes the transistor above it to have a
negative

VGS

and shuts it off more completely and leakage in the stack is reduced. If

the inputs to the gate are 01 or 10 one NMOS transistor is off. Since the PDN is not
effecting a switching at the output of the gate, the current through the stack is
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negligible and SBT remains turned off. This reduces leakage in the single off
transistor as its dc path to the ground is now cut-off by the smart switch (SBT). For
input 11 both NMOS transistors are switched on causing the output to discharge to 0
through PDN. This causes a large current flow through the PDN stack which forces a
large drain current through SBT turning it on.

The SBT is thus effective in reducing leakage in a 2-input NAND gate in the active
mode, when inputs to the gate are changing and are not same as the minimal leakage
input vector for the given gate. The same idea can be applied to PMOS stack such as a

in a NOR gate. The PMOS self-bias transistor is connected between the top transistor

in the PUP stack and the supply

VDD

.

Based on the inputs to the gate the self-bias

transistor would be turned on or, remain off and help reduce leakage in the stack.

Table 3 shows the measured value of leakage in 2-input NAND and NOR gates in
0.13 p.m process technology with supply voltage of 1.0 V

(VDD).

All transistors are

minimum sized device for the given technology (W = 0.33 p.m, L = 0.13 p.m) and have

a threshold voltage of 332 mV for NMOS transistors and -349.9mV for PMOS
transistors. The Berkeley predictive technology model cards for 0.13 p.m process were

used and circuit simulation was done in HSPICE. From the table we see that the
leakage in the 2-input NAND gate is minimal for 00 input (both transistors in the stack

are turned off) and maximum leakage occurs for the 11 case when two the PMOS
transistors in parallel are switched off.
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Table 3: Active Leakage power dissipated in 0.13 m process logic gates

Leakage power in
2-input NAND (pW)

State

Basic
design

Leakage power in
2-input NOR (pW)

Design
with SBT

Power
savings

.

Basic
design
.

Design
with SBT

Power
savings

00

58

39

33%

419

325

22%

01

210

94

55%

81

24

70%

10

178

85

52

140

34

78%

11

281

120

57%

13

9

31%

%

The NAND gate with self-bias transistor connected in the pull-down stack is shown

to leak much lesser for all possible inputs to the gate. A closer look at the values for
leakage in the NAND gate with SBT shows that the power savings obtained for the 01

and 10 inputs is greater than 50% while for the 00 input is close to 30%. This can be

explained by the stack effect principle that leakage in a stack is minimal when
maximum number of transistors in a stack is turned off. For the 01 and 10 case the
self-bias transistor remains switched off and the stack can be considered to have two

off transistors while for the 00 case we have three off transistors. Further discussion

analysis on the self-bias transistor, its sizing, leakage behavior

in different

technologies, and compatibility with existent methods for leakage reduction are given
in the following sections.
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5.3 Sizing of Self-bias Transistor

The self-bias transistor when connected to a stack of transistors will affect the
performance of the gate since it increases the time constant (RC) of the pull-down /
pull-up stack to which it is connected. So, the use of self-bias transistor for reducing

leakage in digital CMOS circuits needs to be done with careful discretion. The
response of the gate to a high-to-low transition at the input is similar to that of a basic

NAND gate. However the response to a low-to-high transition at the input is much
slower due to the additional NMOS transistor (SBT) in the stack. Since the self-bias
transistor is controlled by the branch current its gate source voltage varies with time
during a transition at the output. When the output of the gate is high and the input goes

low then the output discharges to ground through the pull-down stack. With time, the

charge on the capacitance and hence the discharge current becomes lesser in value.
This reduces the gate source voltage of the self-bias transistor since its

VGS oc

and

slows down the response of the gate. Another important issue of concern is the value
for

VOL

of the NANID gate when using a self-bias transistor. For the NAND gate we

have an NMOS self-bias transistor to reduce leakage. Since the gate and drain of the
transistor are shorted as the voltage at the drain of the self-bias transistor approaches
the threshold voltage of the device it will be turned off and the output cannot discharge

to a complete zero. This should be taken into consideration when designing circuits
which need to tolerant to ground and supply noise. This residual voltage at the output
during discharge helps reduce leakage in the two PMOS transistors when the input to
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the gate is 11. If the residual voltage at the output is equal to VT ( 200mV) then, when

the inputs go high the drain source voltage across the PMOS transistors would be VDD
VT as

against a full VDD drop in the basic design without the self-bias transistor. This

is the reason for a reduced leakage in the NAND gate for the 11 case as shown in
Table 3.
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Figure 21: Self bias transistor sizing for optimizing leakage and performance

The response of the gate can be improved by proper sizing of the self-bias transistor.
Sizing up the self-bias transistor increases the drain current through it and the delay in

high-low transition from the input to the output is reduced. Since the sub-threshold
leakage current is proportional to the size of a transistor (equation 13 and 14) making
the gate faster results in more leakage in the gate. However with the self-bias transistor

in the circuit the leakage is still lower compared to the basic design. The graph shown
in Figure 21 indicates how sizing of the self-bias transistor affects the delay and

leakage in the gate. The simulations were done for 2-input NAND gate in 0.13 J.tm
process technology using HSPICE circuit simulator.

The SBT's size was varied from lx up to 3x the size of a unit transistor in 0.13 f.Lm

process, while keeping the size of the other transistors at the minimum size. The
simulations were done for the NAN]) gate with a high V for all transistors, and the

change in leakage power and delay with SBT sizing was studied. The simulations
were repeated with the same set of parameter variations for a NAN]) gate with all
transistors having low

VT.

For the high

VT

design an increase in 3X size for the self-

bias transistor gives 1 .6X increase in performance with a marginal increase in the
leakage power dissipated. The curve flattens as the size of the self-bias transistor is

increased beyond 2x and, and increasing the size of the self-bias transistor further has

little or no effect on leakage (minimal increase). In the low

VT

design, an increase in

self-bias transistor's size results in a faster response of the gate by 1 .6X. Since the
low VT design is more prone to leakage upsizing the SBT results in a small but steady

increase in leakage. A circuit designer can choose between low VT and high

VT designs

for the gate with different transistor sizing to obtain a high performance leakage
tolerant gate.

5.4 Leakage Tolerant Design using SBT

Table 4 gives a better picture of how the self bias transistor can be used to design
leakage tolerant gates. The table shows three different designs for a 2-input NAN])
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gate in 0. 13tm process with a self-bias transistor connected to the pull-down stack of
the gate. Design I (Figure 22) correspond to a simple NANID gate with minimum sized
transistors and is optimized for faster response.

Table 4: Performance and leakage behavior of 2-input NAND using SBT
NAND

Basic
(Design I)

SBT-JX

SBT-4X

(Design
II)

(Design
III)

Leakage
power

182pW

84pW

llOpW

Delay

28 psec

94 psec

55 psec

The self-bias transistor design can be combined with dual

VT technique

to design high

speed leakage tolerant gates. Leakage in a 2-input NAND gate in the active mode
using both high

VT

and low

VT

designs were simulated for basic NANID gate and the

gate with SBT connected.

To design a gate with good performance and, leakage power optimization being not

much of a concern design I would be suitable. However, if leakage in the circuit is
more of a concern than performance, as in the case of burst mode electronics design II

could be used. The fastest 2-input NAND gate that can be realized in 0.13 im process

(for minimum size transistors) is given by design I, and can operate at a 35GHz and
dissipating on a average 182 pW of leakage power in the active mode.

AHBH

AHXB
.1

I

VDD

VDD

VDD

A H1

AHXBHrjX

AH

H

H
11

Design I

4X

Design III

Design H

1X : W= 330 urn L

130 urn

Figure 22: Design of leakage tolerant 2-input NAND gate

The design H although slower, operating at 11GHz consumes on an average only 84
pW of energy, thus achieving a 54% savings in power. if the critical path in the circuit
operates at a frequency close to 11 GHz then design H can be used to reduce in circuit

block operating at higher frequency to reduce leakage. If there are tighter constraints
on the operating frequency then SBT can be sized to match the required performance.

Design ifi gives a NAND gate operating at 18GHz with marginally higher leakage
compared to design II.

5.5 Experimental Setup

The leakage power dissipated in circuits was simulated and measured using HSPICE
circuit simulator. Circuits designed with different process technologies were studied to
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study the effectiveness of the self-bias transistor in reducing leakage in CMOS circuits

of present and future technologies. TSMC 0.25/Lm and O.18jm process model cards

were used to study leakage in current processes. The effect of scaling on the use of
self-bias transistor was analyzed using Berkeley's predictive technology model cards

(BPTM) for O.13jm, 100 nm and 7Onm process technologies which have accurate

modeling of short channel effects in transistors, sub-threshold leakage and gate
leakage in transistors. The BPTM model cards also provide separated model cards for
low threshold voltage process for a given technology. The low

to lOx

L3ff

VT

model corresponds

current in transistors which are switched off. Some of the process

parameters used in layout of transistors was used to accurately model the effect of
transistor stacking and parasitics in a circuit.

5.5.1 Leakage Current Model

Transistor leakage current is the small drain current that flows through a transistor in
cut-off region or more commonly known as sub-threshold region for gate voltages less
than

VT.

Transistors with gate source voltage greater than threshold voltage can be

treated as short circuit. The total leakage in the circuit was measured using the model

described in [14]. The leakage power dissipated by a single transistor in cut-off is
given by
'kg

'dSV'DS

(21)
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and the total leakage power in the circuit was computed from the summation of
leakage in individual transistors in the circuit. For transistors in a stack the leakage

was calculated by summation of the product of the drain source voltage and drain
current through each transistor that is switched off in the stack. And, for transistors in

parallel the individual drain current were added up and multiplied with the drain
source voltage across the parallel connected transistors. The expression for leakage
power in transistors connected in series and parallel is

'er,es

'ds, VDS

'3parallel

= VDS

'ds,

(22)

(23)

where N is the number of transistors that are switched off. To measure leakage in a
circuit during active mode all possible inputs to the gate that can results in leakage in

any of the transistors in the circuits are applied and the total leakage in the circuit is
then calculated as the average of leakage from all possible inputs. For rn-input gate the
average leakage is given by
2"

'kgaetive =

jI

{(series ) + ( Pparajiei )j}

(24)
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5.5.2 Simulation Parameters

The HSPICE circuit simulator allows the specification of certain process parameter

values that model the effect of transistor stacks accurately taking into account the
parasitics involved in sharing of the drain and source terminals between transistors.
This makes the simulations results obtained from circuit simulation to have little offset

from the measurements obtained using a layout tool. In the simulations of circuits
using BPTM for future technologies this comes in very handy as there no readily
available extracted models for sub-0.1 8JLm process. Also, most of the layout tools do

not have accurate modeling for short-channel effects due to transistor scaling. Some of

these issues were resolved by the use of process parameter HDIF which specifies the

length of the heavily doped diffusion, from contact to lightly dope region and was
used with HSPICE's area calculation method ACM=3.

The area calculation method ACM =3 models MOS diodes of stacked devices
accurately. The area of the drain! source, perimeter of the source!drain are layout
dependent and are not accurately calculated when a transistor is defined by the user in
a spice netlist. GEO, the element parameter was used in defining the layout of stacked

devices in a netlist and the parasitics calculated based on the value of GEO specified
for a particular transistor [15]. The values that GEO can take and their correspondence
in a circuit schematic and layout is given in the Figure

23,
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GEO=1

V V

LDIF

Figure 23: GEO values for stacked devices in HSPICE [15]

GEO = 1: drain of the transistor is shared
GEO = 2: source of transistor is shared
GEO = 3: both drain and source of the device are shared
A circuit with 3 transistors in the pull-down stack is specified as

MN1 OUT Ni NET15 0 NMOS L=130E-9 W=330E-9 GEO=2
MN2 NET15 1N2 NET16 0 NMOS L=130E-9 W=330E-9 GEO=3

MN3 NET16 130

0 NMOS L=130E-9 W=330E-9 GEO=1

5.6 Benchmark Results and Analysis

The proposed self-bias transistor for reducing sub-threshold leakage was implemented
in benchmark circuits for different process technologies. Each circuit was analyzed for
the leakage in it during the active mode by simulating each possible state that gate can

be in and was then compared with results obtained for the same circuit with the selfbias transistor connected to it. The average leakage in the circuit for NAND and NOR

gates in five different process technologies is given by the graphs shown in Figures

24-27. 2-input NAND and not gates were used to study the effect of SBT on 2transistor stacks in NMOS and PMOS and 3-input NAND/NOR gates to study its
effect on 3-transistor stacks. From the graph it can be seen that the self-bias transistor

is very effective in reducing active leakage in both the 2-transistor and 3-transistor
stacks over the different process technologies. The average leakage power dissipation
in O.18tm process for all cases is higher compared to O.13tm although it has a longer

channel length (180 nm) because, 0.18j.im process operates off a 1.8 V supply and

hence results in a higher drain bias (increasing subthreshold leakage due to DIBL
effect) as compared to a transistor designed using 0.1 3jLm process technology.
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Figure 24: Average leakage power dissipated in NAND2 gate
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Figure 25: Average leakage power dissipated in NOR2 gate
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Figure 26: Average leakage power dissipated in NAND3 gate
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Figure 27: Average leakage power dissipated in NOR2 gate

Table 5 shows the power savings in percentage obtained for each technology using the

self bias transistor. Power savings up to 54% can be obtained using the self-bias
transistor in the active mode of circuit operation. This becomes very significant in
portable electronic devices that are battery powered and have low standby times. A

laptop for example has very little idle time when being used, as compared to cellphone (burst-mode type) and hence, reducing leakage in parts of circuit blocks that are

idle although system on the whole is not in standby can help achieve considerable
power savings and prolong battery life.

The self bias transistor when connected to the PDN or PUP stack of the circuits will
contribute to the total leakage power dissipated in the circuit. However, this is very

minimal and the SBT is effective in reducing leakage in the circuits by power gating
the logic network from supply rails when the particular network is not operational (all

inputs are not high (NMOS) I low (PMOS)). In addition, stack effect also aids in the

reduction of leakage current through the logic circuit and large power savings are
obtained using this proposed technique in active mode.

Table 5: Power savings obtained in active mode using SBT

Leakage power (pW)

Power
savings

Basic Design

Design with
SBT

32bit 2-input NAND (word)

5792

2688

54%

32bit 2-input NOR (word)

5216

3136

40%

32bit 3-input NAND (word)

4736

2528

47%

32bit 3-input NOR (word)

3840

2336

40%
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6. LEAKAGE POWER REDUCTION USING PIN REORDERING
It has been shown that maximizing the number of transistors that are switched off in a

stack reduces leakage current flow through the circuit by virtue of stack effect [10].

However, this method can prove effective only when the circuit is idle and is in
standby, and the inputs to gate can be switched to the minimum leakage input vector

and control leakage in the circuit. This technique is more advantageous than most
other techniques as it has minimal overhead in terms of additional control circuitry or

process technology support. Also, it does not affect the performance of the circuit
during normal operation as in the case of sleep transistors which slow down the gate
because of inserting a high VT device in the critical path [11]. The inherent advantage

of stack effect can be exploited to reduce leakage in circuits during active mode of
operation by smart transistor placement in a stack.

6.1 Transistor Stacks

Figure 28 shows the node voltages in the pull down stack of a NAND gate in 0.13tm
process with VDD = IV for different inputs and the corresponding total leakage in the

stack. In the 00 case the top transistor N1 has a high drain bias and hence has a large
drain source voltage

(VDS).

Since the bottom transistor N2 is switched off, its drain

voltage is in the order of few millivots (4OmV in this case) and so the source of N1 is
at a higher potential than the gate.
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0HNI

0HNJ

1HNi

470nV

4OmV

925.5 mV

0HN2

oH
78 pW

247 pW

210 pW

Figure 28: Leakage power dissipation in transistor stacks

The negative

VGS

at N1 reduces leakage in the transistor although it has a very high

When the inputs are 01 causing
of N2 / source of

source of

N1

Nj)

N2

VDS.

to be on, it discharges the intermediate node (drain

and results in a very small voltage of 470 nV at the node. This

can be taken to be at ground and since the drain is at

VDD

the entire

voltage drops across the transistor forcing a large leakage current to flow (DIBL
effect) through

N1.

close to VDD as N1

Similarly when input changes to 10 the drain of transistor

is

N2 is

on and this results in large leakage current.

An useful observation is that the leakage current in the stack due to one off transistor
when the off transistor is lower in the stack is lower compared to when it is in the top

of the stack. This is because NMOS transistors produce a weak '1' but a strong
'0'.When inputs is 10 transistor N1 begins to charge the parasitic capacitance at the

internal node V to

VDD.

But, when the node voltage at V reaches

transistor will be switched off and so V would not reach

VDD

VDD

VT

the

and the drain source

voltage is lesser than VDD by several millivolts. However in the 01 case N2 discharges

the internal node completely to zero and hence the drain source voltage across

N1

is a

full VDD and leakage is higher. Thus, lower the position of the off transistor in the

stack the lesser the leakage. The same idea can be extended to a stack of PMOS
transistors except now the PMOS transistors with higher probability of having a '1'
are now placed closer to the supply rail

(VDD).

6.2 Signal Probability

The basic idea used in determining the signal transition probability of a gate, to
compute the dynamic power dissipation is used. The truth table for a 2 input NAND
and NOR gate is given in table 6.

Table 6:

Truth table for NOR and NAND gates

NOR

NAND

A

B

Out

A

B

Out

o

o

1

0

0

1

0

1

0

0

1

1

1

0

0

1

0

1

1

0

1

1

0

For simplicity of analysis let us assume that the inputs to the NAND and NOR gates
have a uniform distribution of high and low levels. In which case the output of a NOR
gate is 0 for 3 out of 4 possible inputs to the gate and the output of the NAND gate is 1
for 3 out of 4 possible inputs. Thus if the gate of a NMOS transistor in a stack is
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connected to the output of a NOR gate, it can be said that the transistor would be
switched off in 75% of the cases and similarly, if the output of the NAND gate is
connected to the gate of a PMOS transistor the same holds true. This knowledge of
signal probability can be used in placing transistors in a stack such that the transistors

at the bottom of the stack are switched off in most cases and would therefore
contribute to leakage in the circuit far lesser than when placed at random. The
implementation of this idea in common circuits, the results obtained and discussions
are given in the following sections.

6.3 Active leakage in 3-input NAND

The power dissipated in a 3-input NAND due to leakage current in active mode is
measured by using the leakage model described earlier in section 6.5.1. Figure 29
shows the all possible leakage scenarios in the pull-down stack of a 3-input NAND.

The leakage power dissipated is minimal when all inputs are low and maximum
leakage occurs when only one transistor in the stack is switched off. The total leakage

power dissipated in the stack is given below each input case. For the 3-input NAND
the stacks are grouped into two based on the input pattern. The group A comprises of

all possible leakage scenarios when the bottom transistor in the stack is off and the
group B comprises of those in which the bottom transistor of the stack is on.

On closer look at the input patterns and the leakage in the NAND gate, it can be seen
that the total leakage of the stack is about 50 mV in three out of the four cases when

the bottom transistor is switched off, and that the average leakage in the gate is 77 pW

(taking the leakage in the PMOS devices to be negligible since they are parallel
connected and have at least one transistor to be on) with the bottom transistor switched
off, while it is 149 pW when bottom transistor is on.

lv

Group A

lv

57mV

lv

lv

'H

878mV

4OmV

oH

oH
l7mV

1H
39mV

4OmV

907 mV

oH
34pW

57pW

49 pW

171 pW

Group B
lv

lv

° H

o H

0HH

1

i H
470 nV

4OmV

lv

925mV

'H
470nV

126nV

58 pW

'H
2lOpW

l78pW

Figure 29: Effect of transistor position in a stack on Active leakage power dissipated

Similarly, group B can be sub-classified into two groups, one group with the transistor

in the middle of the stack to be off and the other with it being on. It can be seen that

the average leakage in the NAND is lesser when the transistor in the middle is off
This clearly shows that leakage in the gate can be reduced considerably if transistors
with higher signal probability of being a 0 are placed at the bottom of a stack. Figure

30 shows the average leakage in the pull-down stack of 3-input NAND for three
different process technologies. With the new transistor placement techniques power

savings up to 80 % can be achieved in the active mode of operation and the results
clearly indicate that this method is effective in future technologies also.
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70

CMOS process technology (nm)

Figure 30: Comparison of leakage in stacks for different transistor placement
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6.4 Pin Rereordering Technique

The active leakage current in stacks can be minimized if the position of the transistor
in a stack is fixed based on the signal probability at the input. Large savings in leakage

power can be obtained if transistors that are off for longer time at the bottom of the
stack. However this would be of concern in the design of high speed digital circuits.

For faster switching it is desirable to have the transistor with least 0

1 transition

probabilities in the critical path at the top of the stack (Figure 31).

1 H

CL

° H

1 H

1 H

° H

1 H

CL

Figure 31: Effect of transistor position in a stack on propagation delay

If inputs A and B are available before C then the internal node capacitances (Cx and
Cy) are fully discharged and when the input C goes high it has to discharge only the
output load

(CL).

If suppose, the transistor connected to the input C is placed at the

bottom then it would have to discharge Cx + Cy + CL making the response of the gate
slower. This problem can be circumvented by the use of Dual VT technology with
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smart transistor placement. The basic idea is to minimize the delay and also, achieve

considerable leakage reduction. The transistor with higher '0' signal probability is
placed at the bottom of the stack and is assigned high VT (Figure 32), while transistors

higher in the stack are assigned low

VT

(hybrid VT design). Thus, the gate response is

faster compared to the previous scenario (all high VT) and, leakage is minimal because

of the high V transistor at the bottom.

fast

switching

HLOWVT

H

o H

- High

VT

minimizes leakage

Figure 32: Improved design for stacks using hybrid

VT

Table 7 gives average leakage in a 2 transistor stack and 3 transistor stack in l3Onm

process technology and the delay in each circuit for the different designs is given in
Table 8. All designs are assumed to have the bottom transistor in the stack connected
to the input with highest probability of 0 (for NMOS) or 1 (for PMOS). For the 32 bit

2-input NAND gate the hybrid

VT

(marginally slower than low

operating at 58 GHZ) while dissipating 86% less

VT

design (our approach) can operate at 55 GHz

leakage power compared to the low VT design.
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Table 7: Comparison of leakage power dissipated in stacks using different design
Optimizations

Leakage power (watts)
high VT

low VT

Our
approach

(low power)

(high speed)

32-bit 2-inpt NAND (word)

3.8 n

32.0 n

4.3 n

32-bit 2-inpt NOR (word)

1504 p

6112 p

1728 p

32-bit 3-inpt NAND (word)

2.5 n

21.0 n

3.2 n

32-bit 3-inpt NOR (word)

832 p

3296p

1008 p

(hybrid VT)

Table 8: Comparison of delay in circuits for different design optimizations

Delay (psec)
high VT

(low power)

low VT

(high speed)

Our
approach
(hybrid
VT)

32-bit 2-input NAND (word)

20.5

17

18

32-bit 2-inpt NOR (word)

90

73

77

32-bit 3-inpt NAND (word)

53

41.5

43

32-bit 3-inpt NOR (word)

120

88

92

The power dissipation in the hybrid

VT

is only 13% higher than the high

VT

design.

The hybrid VT technique proves to be an excellent solution for the design of very high

performance low power circuits. This method requires no additional control circuit
and hence has little or no overhead in terms of area.

6.5 Case Study

The proposed pin reordering technique with use of hybrid VT is studied using a simple
combinatorial circuit (Figure 33) comprising of 2-input NAND and 2-input NOR gates
in O.13pm process technology.

-P0: 0.

Gi

O-P1:0.

-P0: O.

P0 0.0
P0: 0.7

P0

0.

':: :

Figure 33: A combinatorial circuit using NAND and NOR gates

The numerical value at the input of each gate gives the probability of the signal being

a 0 (at input of NAND gate) or 1 (at input of NOR gate). Since the NAND gate has
NMOS pull-down circuit the input with higher probability of being 0 is connected to
the gate of the transistor at the bottom of the stack. Similarly, for the NOR gate the
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input with higher probability of being 1 is connected to the transistor at the top of the
PMOS stack. The signal probability at the input of NAND gate is computed by,

P0 = P1j(1). P12(1)

(25)

Pj = 1

(26)

Po

where Po is the probability of the output being 0, P1 probability of the output being 1,
Pin1

(1) is probability of input 1 being high and

Pm2

(1) is probability of input 2 being

high. The signal probability at the input of NOR gate is calculated by,

Pj = P11(1). P,2(1)

(27)

Po=1P1

(28)

where Po is the probability of the output being 0,
Pin1

P1

probability of the output being 1,

(1) is probability of input 1 being high and P2 (1) is probability of input 2 being

high. The probability of the signal being 1 or 0 at the input of gates Gi and G2 are
assumed to be 0.5. The table gives the average active leakage power dissipated in the
circuit and the critical path delay for different design implementations.

The hybrid VT technique optimization clearly yields excellent results for performance
with power savings of 54% over the low VT design and is only 4% slower. The high VT

technique which is optimized for minimal leakage power, although gives up to 85%
savings in power has a higher delay (2 1%) compared to the low VT design. Thus, the
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proposed technique of efficient pin reordering and hybrid

VT

assignment can be used

in the design of high speed low power circuit design.

Table 9: Delay and Leakage power of a combinatorial circuit

(performance
optimized)

high VT
(power
optimized)

Our Design

Leakage power

5166pW

4355pW

2376pW

%savings
compared to A

-NA-

16%

54%

Delay

182 psec

221 psec

190 psec

-NA-

21%

4%

low VT
A

% Increase in

Delay compared
to 'A'

B

C

WLi

7. CONCLUSIONS

This thesis focuses on minimizing sub-threshold leakage reduction in digital CMOS
circuits during standby and active modes. Our proposed techniques were found to be
very effective in bringing about considerable reduction in leakage power dissipated in

circuits during the active mode, in which leakage reduction techniques such as input
vector control, dual VT, MTCMOS and body bias control, fail to control leakage. The

proposed self-bias transistor functions as a smart switch, cutting off the logic circuit
from supply rails based on the inputs to the circuit. The SBT gives power savings of

up to 60% in circuits over different process technologies. The reduction in leakage
power was higher for future technologies like 0.13gm, lOOnm and 7Onm. Furthermore,

as the SBT does not cut off both supply rails from the circuit (as in the case of a sleep

transistor), it can be used in memory cells and sequential circuits where data loss is
unacceptable. The self-bias transistor can be used to reduce leakage in circuits where

leakage power optimization is more critical compared to performance. It was shown

that the self-bias transistor when combined with dual

VT

techniques and transistor

sizing achieves good performance and exhibits excellent leakage tolerance. The selfbias transistor can be used with other commonly used techniques to reduce leakage in

standby mode without having to make any design changes or process technology
support.

From simulation results obtained for benchmark circuits, the self-bias

transistor was shown to give up to 54% savings in leakage power dissipated.
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The effect of transistor position in a stack on the leakage in a circuit was also studied
and an efficient pin re-ordering technique was proposed to reduce leakage in transistor

stacks in active mode. Power savings up to 80% was obtained using the proposed
placement techniques. It was shown that the pin re-ordering technique with dual

VT

technology can be used in the design of leakage tolerant high speed digital circuits.

In future CMOS process technologies such lOOnm and 7Onm processes, short channel

effects such a gate leakage, GIDL effect (Gate Induced Drain Leakage), leakage

current due to reduced gate oxide thickness (tunneling effect) start to take more
predominance over other forms leakage [23]. The influence of short channel effects on

the use of self-bias transistor needs to be studied. The influence of temperature on
leakage current in circuits optimized with SBT needs to be analyzed. Some work on
improving the performance of circuits using self-bias transistor can make way for the
use of SBT in high speed low power digital circuit design.
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