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ABSTRACT

To achieve higher packing density and improved performance, CMOS devices have
been continuously scaled down from last few decades. The reduction in feature size makes
power consumption to be a critical issue in nanoscale CMOS VLSI circuits. In order to
maintain the power consumption under control, supply voltage (Vas) and threshold voltage
(V) has to be commensurately scaled to achieve an improved performance. However, the
reduction in ¥V, results in substantial increment in leakage currents which degrades device
performance in nanoscale regime.

Input vector control (IVC) is a popular technique for leakage power reduction. It
utilizes the transistor stack effect in CMOS gates by applying a minimum leakage vector
(MLV) to the primary inputs of combinational circuits during the standby mode. CMOS
gate’s sub threshold leakage current varies dramatically with the input vector applied to the
gate, the idea of IVC technique is to manipulate the input vector with the help of a sleep
signal to reduce the leakage when the circuit is at the standby mode. However, this technique
becomes less effective for technology nodes below 32nm. Various circuit level techniques for
leakage reduction includes reverse body biasing, gate oxide variation, pin reordering and logic
reconstruction. Applying dual T, along with stacking in non critical paths can reduce leakage
to a greater extent not only in standby mode but also in active mode. We can apply pin
reordering technique which is a post processing step that has a low layout impact and is
therefore an inexpensive optimization for leakage and delay.

Besides this technique, the reverse body bias variation technique along with stacking
helps in reduction of subthreshold leakage to a greater extend. With the variation in reverse
body bias voltage, transistor threshold voltage (Vi) can be increased which substantially
reduces subthreshold leakage current. On the other hand, gate oxide thickness (T,,) can be
increased to modify threshold voltage and reduce subthreshold and gate tunneling leakage ina
CMOS VLSI circuit. These approaches should be carefully used as the increase in Tox and Vi,
the device suffers from adverse short channel effects. Along with these techniques, pin
reordering and logic reconstruction can be used which are low cost and powerful techniques

for leakage and delay reduction.
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Chapter 1
INTRODUCTION

From the last few decades, CMOS ftransistors have been continuously scaled for
achieving higher packing density along with improvement in the device performance. The
shrinking of feature size results in increased power consumption which should be
considered as a critical aspect in a nanoscale CMOS VLSI circuits. In case to maintain the
power consumption within limits, supply voltage (¥4s) of CMOS transistor must also be
scaled. Moreover, for maintaining gate drive current threshold voltage (Vi) has to be
scaled to achieve an improvement in performance [1]. However, reduction in Vy,results in
increase of leakage currents of CMOS VLSI circuits. Furthermore, to avoid the adverse
effect of short channel in MOS transistor, it is desirable to reduce oxide thickness (7Tox) in
same proportion as that of the channel length. The reduction in Vi, and T, further results
in higher subthreshold and gate tunneling current. Apart from this, the use of the higher
value of the substrate doping density in scaled devices causes flow of leakage currents
from drain region and source region to body terminals of a MOS transistor. This leakage
current usually referred as band to band tunneling leakage current (BTBT). Along with
these three, the other leakage mechanisms which mainly occur in small geometries are
gate induced drain (GIDL) and punch through leakage currents. The GIDL occurs due to
higher electric fields in drain and substrate of MOS transistor which is biased in
accumulation region. On the other hand, punch through occurs due to extending of drain
region to substrate and source region to substrate in the channel [I]. These two
components can be neglected when the device is operating in normal modes.

The leakage currents occurring in nanometer CMOS VLSI circuits is basically due to
gate, subthreshold and reverse biased pn junction leakage which degrades device
performance. The reduction of these leakage currents at various technology nodes is the
primary concern in current technology nodes. There are different dominating leakages at
different technology nodes. For the technology nodes up to 65nm, the subthreshold current
dominates the gate and BTBT leakage .This leakage can be effectively reduced by the
stacking effect of transistors [2-6]. As we move further to lower technology nodes up to
32nm, the gate leakage becomes the major contributor after the subthreshold leakage.

Although BTBT leakage do not contributes significantly to the overall leakage current but it



degrades device performance. This work presents various algorithms to reduce these leakages
at different technology nodes which are primarily based on the gate replacement algorithm
[7]. The gate replacement algorithm uses the stacking effect in the transistors to reduce
subthreshold leakage by increasing number the transistors which are in ‘off’ state in a
transistor stack. To achieve this, the gate which produces higher leakage is replaced by
another gate incorporating an extra SLEEP signal. This replaced gate is the gate with same
functionality as that of previous gate in active mode while possessing a lower leakage in
standby mode of operation [7-11]. Along with stacking effect, various other circuit level
techniques can be employed for further leakage reduction. Various circuit level techniques
for leakage reduction includes reverse body biasing, gate oxide variation, pin reordering and
logic reconstruction [12-20]. With the variation in gate oxide thickness (7o), threshold
voltage (V;) can be modified which results in reduction of the subthreshold leakage and gate
tunneling leakage in a CMOS VLSI circuit [12, 16]. On the other hand, reverse body bias
voltage variation substantially reduces subthreshold leakage current while increasing BTBT
leakage in nanometer regime [17, 18]. These approaches should be carefully used as the
increase in T,. and Vi, the device suffers from adverse short channel effects. Along with
these techniques, pin reordering and logic reconstruction [19-22] can be used which are low
cost and powerful techniques for leakage and delay reduction. These approaches are applied
to various benchmark circuits using HSPICE simulator for analyzing leakage current and

delay in nanometer regime [23-25].

1.1 Leakage current mechanisms

In recent nanoscale VLSI circuits, one can observe three main sources of leakage
currents referred as gate, subthreshold, and reverse biased pn junction leakage [1] as
presented in Fig. 1.1. As we know, the current flow in the channel region of the MOS
transistor is due to the formation of inversion layer. In case, the gate bias voltage is not
sufficient to invert the channel, there are still carriers present in channel which suffers
potential barrier. Due to this potential barrier, no current flows in the channel. This state is
called weak inversion state. The subthreshold current streams from the drain region to source
region when the transistor is operating in weak inversion. Conversely, gate leakage arises due
to the continuous scaling of thickness of oxide. It results in a high field region between gate
and channel. Using this phenomenon, electrons/holes tunnel from substrate to gate through

the potential barrier across oxide which is known to be gate oxide tunneling current. Apart
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from this, reverse biased pn junction leakage is the adverse effect of reverse biased voltage
applied in MOS devices. For nanoscale VLSI circuits, the gate and subthreshold leakages are

primarily dominated because of the reduced channel length and gate oxide thickness [1, 3].

| gate leakage

! subthreshold leakage

v
Il reverse-biased
v

< substrate o Junction BTBT

bulk

Fig. 1.1 Different leakage current mechanisms
1.1.1 Gate Tunneling Current

The aggressive scaling of device in nanometer regime results in increasing short channel
effects that degrades the device performance in nanoscale technology nodes. To control short
channel effect, scaling of oxide thickness becomes necessary. Continuous scaling in oxide
thickness results in higher electric fields which in turn lead to current due to direct tunneling
through transistor gate oxide. Gate oxide tunneling arises because of the tunneling of
electrons from source, drain and channel region into the gate of the transistor through gate
oxide potential barrier. This leakage phenomenon primarily based on three mechanisms
which are referred as electron conduction-band tunneling (ECB), electron valence-band
tunneling (EVB) and holes valence-band tunneling (HBV) as shown in Fig. 1.2. In ECB,
tunneling of electrons takes place from conduction band of substrate to the gate conduction
band or vice versa. In case of second mechanism, electrons tunnels from the valence band of
substrate to the gate conduction band. In hole valence band tunneling, holes tunnels from
valence band of substrate to the valence band of gate [1-3].

With the increase in thickness of gate oxide, the exponential drop of tunneling current

can be formulated as [1],
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where 4 = q3/8mhey, B=(Vgs /Tax) ; CZS?ITQD, a is considered as constant which lies

between 1 to 0.1 and mainly depends on the oxide potential drop. The Planck’s constant and

barrier height of electrons/holes in the conduction/valence band areh and ¢, respectively.
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Fig. 1.2 Mechanisms of gate tunneling leakage

1.1.2 Subthreshold Current

With the continuous technology scaling, supply voltage also scaled to lower the
dynamic power consumption and preserve the device reliability. Along with supply voltage,
threshold voltage scaling becomes necessary for reasonable gate over-drive. Due to the
aggressive scaling of Vi, an exponential increment in subthreshold leakage is observed in
nanometer CMOS VLSI circuits. As we know, the current flow in the channel region is
basically due to formation of inversion layer. If gate bias voltage is not sufficient enough to
invert the channel, there are still few carriers present. These carriers do not contribute in
current flow due to potential barrier present in the channel region. This region is called weak
inversion state. In this state, current flow is basically dominated by diffusion of carriers and
results in subthreshold current [1-3].

The current which streams from the source to drain region is due to the drift and
diffusion of carriers. In strong inversion state, the current flow is dominated by drift current
whereas in the region of weak inversion, current flow occurs due to the diffusion of carriers.
In weak inversion, the minority carrier concentration is quiet low. Also, channel suffers from
small horizontal field (V<V ) but a small longitudinal field still appears due to the drain to

source voltage (V). Even if the value of the transistor’s gate terminal voltage reduces below
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V,n, small leakage current still flows due to process of diffusion of the minority carriers
between the source region and drain region of the MOS transistor as presented in Fig. 1.1.

Thus, the subthreshold leakage current can be expressed as [1],

14 S_;':th Va
L kT
Igp = Ip.e @ (I-e 7)) (1.2)

where Iy = poCox (%) (-?)2(1 — e18), L and W are consider to be length and width of a MOS

transistor, o is the mobility in case of low electric field, C,, is the capacitance between the
gate and oxide region, k and g are termed as Boltzmann’s constant and charge of electron.

Beside this, swing factor in the sub threshold region is denoted as N.
1.1.3 BTBT leakage

The MOS transistor consists of two pn junctions, i.e., drain/source region to substrate
region. The reverse voltage applied across these junctions result in flow of pn junction
leakage current. This leakage is mainly a strongly depends on area across junction and the
concentration of doping in pn regions. If the p and » regions of a MOS transistor are heavily
doped, the pn junction leakage is primarily due to tunneling from band to band region
(BTBT).

The BTBT resulting as effect of high electric which occurs between reverse biased
drain/source to substrate regions in a MOS transistor. This high electric field causes current
streams through junction due to electron tunneling from the valence band to conduction band
as shown in Fig. 1.3. Tunneling occurs when the sum of applied reverse biasing voltage
(Vapp), build-in voltage (Vs), and total potential drop in junctions is larger than the band gap
as presented in Fig. 1.3. The density of tunneling current across the pn junction is given by

[1'3]3

EV, E,
Jovon = 42522 exp (-8 (13)

g
where A = \/[2m*q3/4m*h%,B = 42m*/3hq. Here, effective mass of electron and the field

across junction are m* and E, respectively. Charge of electron and 1/2n of the Plank’s

constant are denoted as g and A.
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Fig. 1.3 BTBT leakage current in reverse biased junction

1.2 Problem statement

From the past few decades, CMOS devices continuously scaled to attain high density
and lower consumption in power. Consequently, leakage current that becomes major
contributor to the total dissipated power in CMOS VLSI circuits. The major contributor of
leakage currents in nanoscale devices are basically subthreshold, gate tunneling and BTBT
leakage current. Hence, reduction of these leakages becomes an important issue, especially,
in low power VLSI circuits. Among the existing circuit level approach, stacking effect of
transistor becomes most efficient way of reducing the subthreshold leakage. Gate
replacement approach is primarily based on stacking effect which replaces gates at worst
leakage state (WLS) in a topological order with another gates incorporating an extra sleep
signal [7]. The replacement by another gate maintains the circuit functionality in active mode
while having lower leakage in standby mode. The main issue with this approach is that if
total gates which are at WLS are higher, then number of replaced gates will increase which
increase circuit area and delay. Also this approach becomes less effective as we move down
to lower technology nodes where gate and BTBT leakages become considerable.

The conventional gate replacement approach replaces each gate at WLS in topological
order with another gate having same functionality in active mode while reduced leakage in
standby mode [7]. The negative aspect of this approach is that on replacement, output of that
gate may change. In this case if fanout of replaced gate is higher, the leakages of all fanout
gates will be affected. This can lead to increase in overall circuit leakage. On further
replacement of fan out gates, number of replacements increases. To reduce the number of

replacements, the modified gate replacement technique is proposed which skip the gates with



higher fanout. It increases the overall circuit leakage and area. These skipped gates are further
considered for replacement followed by an AND/OR gate. The use of AND/OR gate is to
ensure that on replacement output of gate do not affect fanout gates. This replacement is
made permanent only if the overall leakage of the circuit reduces. In case, if circuit delay also
considered as a critical factor, the replacement should be done on non critical paths only. This
approach proves to be effective up to 65nm technology nodes. However, at lower technology
nodes, the gate leakage also comes into consideration below 65nm. The gate replacement
which becomes less effective for lower technology nodes should be modified. For this
purpose, gate oxide variation along with the stacking effect can be utilized for gate
replacements. The gate leakage which occurs due to tunneling of electrons shows a strong
dependence on the oxide thickness (7,x) [12-16]. Therefore, even a little change in value of
T, the gate leakage increases exponentially. Utilizing this concept, transistors having higher
value of gate leakage are replaced by the transistors consist of high T,. The drawback of this
technique is that the total delay of the CMOS circuits increases with increase in Tox. Hence, to
reduce the additional delay, the width of MOS transistor is also increased. Using this method,
a modified gate replacement technique is proposed which can be applied after choosing
optimized value of T, on the basis of trade off in leakage and delay. Once this optimum 7,
chosen, replacement of gates can be done to achieve reduction in both gate and subthreshold
leakage.

Along with subthreshold and gate leakage, the reverse biased leakage across pn
junction also contributes to the total leakage current in lower technology nodes and degrades
device performance. The subthreshold leakage effectively reduces using stacking effect of
transistors. This approach results in reduced leakage current for increase in circuit area and
delay. To overcome this problem, it is preferable to use the RBB technique that increases the
V., of transistors in standby mode and reduces the subthreshold leakage [17,18]. However,
this technique aggravates the short channel effects. Beside this, the gate leakage primarily
depend on different input vectors applied to a CMOS circuit. With suitable choice of different
input vectors, gate leakage can be effectively reduced. In comparison to the subthreshold and
gate leakage, the BTBT leakage current can be ignored for the 45nm technology nodes.
However, the reverse bias voltage variation increase the amount of BTBT leakage.
Consequently, the value of reverse body bias is cautiously chosen that results in reduction of
leakage without any significant increase in BTBT leakage current. Using the gate

replacement along with the reverse body bias technique, a new approach for leakage



reduction is applied by considering the increase in area and short channel effects in CMOS

VLSI circuits.

1.3 Organization of thesis

The organization of dissertation report is presented as:

Chapter 1 introduces different leakage mechanisms dominating in nanometer CMOS
VLSI circuits. Beside this, different circuit level techniques for leakage reduction are also
discussed along with the issues related to present techniques.

A detailed description about various circuit level techniques is presented in chapter 2.
The briefs about the different techniques such as stacking, reverse body bias (RBB) variation,
pin reordering and logic reconstruction, 7, variation, etc. are illustrated in this chapter.

Chapter 3 demonstrates the basic gate replacement technique that primarily depends
on the stacking effect of transistors. Using this technique, the gates at worst leakage state are
replaced by another gate incorporating an extra SLEEP signal. This technique effectively
increases overall delay and circuit area.

The above mentioned problem is removed in chapter 4 by using a modified gate
replacement technique that utilizes the variation of T, and RBB. This modified technique is
applied to different benchmark circuits to analyze the overall leakage current and number of
replaced gates.

Finally, chapter 5 draws a brief summary. Some interesting points regarding the future

work on basis of leakage reduction mechanism are also discussed.



Chapter 2
LEAKAGE CURRENT REDUCTION TECHNIQUES

In nanometer regime, the performance of CMOS VLSI circuits is mainly limited by
three major sources of leakages such as subthreshold, gate and BTBT leakage. Among these,
subthreshold leakage current dominates the three leakages in the nanoscale technology nodes.
As we move down to lower technology nodes up to 32nm, the gate and BTBT leakage also
becomes significant which degrades device performance. This chapter presents various
circuit based techniques for leakage reduction along with their effect on different leakage

mechanisms.

2.1 Leakage reduction using stacking effect of transistors

Subthreshold leakage that flows through a larger number of stacks of ‘off’ transistors
reduces substantially. This is referred as the stacking effect in transistors [2-3]. Let us
consider a NAND gate having two inputs as presented in Fig. 2.1. When both the transistors
M; and M; are switched off, the positive potential drop across the node (Vi) results in

negligible drain current flowing through it.

VDD
U227l

A._CI I}.B
A~ Ub
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‘ ........ V:\I]

B____|

M>

Fig. 2.1 Stacking effect ofa NAND gate having two inputs

Due to positive value of potential V), at the transitional node following effects can be

observed [1]:



1) Gate to the source region voltage (Vgs;) of transistor M, appears as negative that
results in reduced subthreshold current.

2) Potential between body and source (Vps;) of transistor M; becomes more negative,
leads to increase in threshold voltage ofM;. Consequently, the subthreshold leakage
reduces due to larger body effect.

3) Potential drop between drain to the source (Vps;) of transistor M; is reduced, which
results in increasing threshold voltage of transistor M; which also reduces the sub

threshold leakage.

The leakage of a two transistor stack is lesser than the leakage of a single transistor in
order of magnitude. Thus, as number of ‘OFF’ transistors in stack increases, the overall

leakage reduces as presented in Fig, 2.2.

120
100 -
80 -+

60 -

Leakage current

20 -

b | 2 3 4 5
number of transistor stacks

Fig. 2.2 Effect of stacking on leakage current

2.2 Leakage reduction using pin reordering and logic reconstruction

The dependence of subthreshold leakage on different input states is primarily based on
stacking effect of transistors. According to stacking effect, the subthreshold leakage reduces
when more number of transistors in stack is in ‘off’ condition. For example, the state (000)
exhibits lower subthreshold leakage than state (001) [3-7]. As we move towards lower
technology nodes, the gate leakage also increases considerably. The total leakage is therefore
the sum of these two leakages. Although a state can produce lowest subthreshold leakage but

not necessarily exhibits lower gate leakage. This section determines the gate leakage current
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dependence of single transistor on different biasing conditions. Based on these conditions,
one can estimate the total leakage of the circuit. Let us consider an NMOS transistor
constituting of eight possible bias conditions (states) which can be grouped into four different

categories. The first one comprises of the states (000) and (111). Among these two, no

- tunneling in gate occurs. The (100) and (011) becomes the second kind. For (100), electrons

tunnelling from the channel region, source region and the drain region occurs directly into the
gate region. For (011), the approach is same as that of (100)besidethe direction of current
which is reversed. The next type consists of (001) and (010). As in the CMOS transistor
source/drain terminals can be interchangeably used without having any change in operation,
thus these states have no difference. In case of this state, electron tunnels directly from gate
side to source/drain region. The last category includes (101) and (110) are basically termed as
transient states which cannot occur in steady state of operation and becomes eventually equal
to (111) bias state. Finally , we observe that there remains only four types of different states,
i.e., (001), (010), (011) and (100) as shown in Fig. 2.3, which are significantly contributes to
the total gate leakage current in comparison with the remaining four types of biasing states.
Depending on these states gate leakage for all transistors is computed. On the basis of these
states and stacking effect, the best state is choosen that gives lowest total leakage including
gate and subthreshold leakage.

If delay is also considered for the leakage reduction than states must be choosen which
gives lower leakage along with lower propagation delay. In a complex CMOS circuits, some
input signals might be more critical than others. This is due to different propagation delays of
logic gates along different paths which makes some signal arrive later than others. The path
through the logic producing maximum delay, determines the ultimate speed of the structure is
called critical path. Moving the transistor in critical path more closed to the output results in
reduction of propagation delay. As demonstrated in Fig. 2.4, signal IN; is assumed to be
critical signal. Furthermore, when IN, and IN; are at high logic, then /N, undergoes a
transition from 0 to 1. Assume that the load capacitance C; is initially charged at high
potential. Incase, no path to GND exists untill transistor M; is turned ON, the delay between
arrival of IN; and the output is therefore determined by the time taken by C;, C; and C:to
discharge. In the second case, capacitors C; and C;are already discharged when IN; changes

states. In this case only C; has to be discharged which results in a smaller delay [21].
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Fig. 2.3 (a) Biasing conditions for a NMOS transistor and (b) Significant contribution states.

Logic reconstruction is a low cost technique for reducing delay. In this technique, we can
manipulate the logic equations to reduce fanin of the gate that reduces the total propagation
delay of the CMOS VLSI circuit.The gate with high fanin can be partitioned into a logic

recombination consisting of gates with lower fanin maintaining the same functionality [21].
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Fig. 2.4 Influence of ordering of transistors on delay

2.3 Leakage reduction using Dual-T,, technique

Lower value of threshold voltage can result in larger subthreshold leakage which
posses an exponential dependence on V. A major cause of the gate leakage ([gare) is a result
of the tunneling due to electrons from gate region through the gate oxide. The electron

tunneling probability shows a strong dependence on the electric field which is applied and
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thickness of the barrier (T,,). As a result, even a little change in value of 7, has remarkable
effect on gate leakage current (Igur) [12-16]. Apart from this, gate oxide thickness helps in
modification of the threshold voltage (V). Thus, dual ¥ can easily be applied in any circuit

by depositing the oxide with varying thickness in noncritical paths.

2.4 Leakage reduction using RBB voltage

Subthreshold leakage that dominates other leakages in nanometer regime primarily
depends exponentially on V;,[17-18]. With the increase in reverse bias body voltage, the Vi
also increases. This higher V; results in reduction of subthreshold current efficiently.
However, with the further increment in the value of reverse biasing, the BTBT leakage also
increases that degrade the device performance in sub nanometer regime. Hence, limitation

imposed on increasing the reverse bias voltage.



Chapter 3
BASIC GATE REPLACEMENT TECHNIQUE

Input vector control (IVC) is one of the most efficient approach for the reduction in
leakage power. It basically employs the transistor stacking effect in the CMOS gates by
application of the minimum leakage states (MLS) [6-8] to the primary inputs of a VLSI
circuits during standby mode of operation. This technique helps in reduction of both leakage
i.e. subthreshold and gate leakage. The conventional method of gate replacement replace gate
G(X) by that of another G(¥, SLEEP), where X is the primary input vector at G, such that[7]:

1) G(X, 0) = G(¥X) when circuit operates in active mode (SLEEP = 0);

2) G(x, 1) has smaller value of leakage than G(X) when the circuit operates in standby

mode (SLEEP = 1).

The above mentioned conditions guarantees for maintaining the circuit’s correct
functioning in active mode, while reducing the leakage of the gate G when operating at the
standby mode. This condition can result in changing the output of gate replaced. Therefore,
the output of this gate affects the leakage current flowing in other gates too and thus they
should be replaced carefully. Fig. 3.1 shows the basic gate replacement mechanism for
different fanout gates. In Fig. 3.1(a), the gate G is considered to be replaced by G that alters
the output 0 to 1. If the output of G goes to the input of H (fanout gate), then the following
conditions can be occurred:

1) In the case of Figs. 3.1(b) and (d), replacement has no effect on output of other gates.

2) For 3.1(c) and (f), replacement of G not only alters the output of /, but also makes H

possessing WLS. Therefore, replacement of gate H by Hcan solve the problem, This
process continues until all the logic gates are visited.

3) Finally, replacement in Fig. 3.1(e), place away both the gates G and the gate H far

from states possessing worst leakage. It change the output H which is a NOR gate that

can be conducted for similar methodology.
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(a)

(b)

(c)

(d)

(e)

4]

Fig. 3.1 Gate replacement and its effect on fanout of gates

3.1 Basic gate replacement algorithm

Considering a C17 benchmark circuit from the ‘MCNC91’ suite [24-25] as presented
in Fig. 3.2(a). An in-depth search evaluates the minimum leakage state (MLS) as (00010)
which produce lower leakage. With this minimum leakage vector, corresponding minimum
leakage current obtained which equals to 831.08 nA. Here, we find that gate Gis inworst
leakage state which result in current of 454.5 nA with input state as [1, 1].This accounts for
more than fifty percent of the total leakage. We observe here that a major contributor of the
overall leakage are the gates that posses WLS. Instead of manipulating the primary input
states, we can use approach of replacing these gates contributing more to the total leakage. In
order to replace the NAND Gj consisting of two inputs, by that of a NAND gate G5consisting
of three inputs includingthe SLEEP signal which act as control signal is added to original
gate. In active mode of operation, SLEEP = 1 and possessing the same output as that of gate
G5. However, in the standby mode SLEEP = 0 and G, draws a current of 94.87 nA. This
replacement of gate may result in changing of the output of this replaced gate in the sleep
mode which in turn affects further the leakage which flows in gates Gs and Gg. In such cases,
we replace these fanout gates in the same manner. This now result into the new observed

circuit’s leakage to be as 476.88 nA with a 43% further decrement in comparison to the
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original leakage current which is approximately equal to 831.08 nA. The proposed technique
is different in concept from the IVC techniques already existing. Exclusively, the approach of
IVC considers complete circuit and then find most suitable input vector which provides
smaller leakage. The technique of gate replacement focuses on the gates that posses worst
leakage contributing states under a particular vector and replacing them to obtain overall
reduction in the leakage [7]. The pseudo code for basic gate replacement technique is

presented in Fig 3.3.

37.84nA
0 1
G 95.17nA
0
37.84nA
D]
0 ' 454 4nA
a8, 0
1
| 100.3nA
= Gd I GG ]
0
95.17nA
(a)
37.84nA
00— 1 R
G 94.87n
P e
: k
37.84nA \
LEEF.
G, YO
P 94.87nA
m 0
| G3
SLEEP
K ] 94.87nA
0 4 —
SLEEP
95.17nA
(b)

Fig. 3.2 Example for gate replacement (a) C17 with leakage of 831.08 nA (b) C17 afier gate replacement with
total leakage 476.88 nA
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Inputs: {G}, G2, ..

13 B

..} : these gates are sorted in topological order,

: it is input state vector,

SLEEP: control sleep signal.

Output: circuit which maintains same operation as that of original when SLEEP = 0 and

reduced value of leakage in case of SLEEP =1.

Gate replacement

algorithm:

e b

© o~ O

16

(e
—

[
(&)

—
L

14.
15.

foreachgate G; €{G; G;,.........}
if (G, 15 at WLS and not marked )
include G, in the selection $:
while (there is new addition to S)
for each newly selected gate Gin S
if (there exists library gate Gmeets the conditions
temporanly replace G by G
if (output of G 1s changed due to this replacement)
mclude G's unmarked fanout gate Gjn §:
compute the total leakage change of gatesin S:
if ( there 1s leakage reduction )
mark all the gates G, 1n the selection §:
make the replacements in lines 7.9. or 10 permanent:
else mark gate G, only:
empty the selection $:
. else mark G, if 1t has not been marked vet:

Fig. 3.3 Pscudo code for basic gate replacement technique
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Chapter 4

Leakage reduction mechanisms based on stacking effect

In recent years, leakage power dominates the dynamic power in nanoscale CMOS
VLSI circuits. This chapter provides a detailed description for reduction of the total leakage
in nanoscale VLSI circuit. As the stacking effect becomes less effective at lower technology
nodes, various other techniques like reverse body bias variation, gate oxide variation can be
used along with stacking for leakage reduction. The different mechanisms for leakage
reduction have been proposed in this section which primarily based on gate replacement

technique.

4.1 Leakage Reduction using Modified Gate Replacement Technique for
CMOS VLSI Circuit

The drawback of conventional gate replacement technique is that it primarily focuses
on the higher number of replacements which affects the circuit area and delay. A novel
approach of reduction in leakage current is proposed which is primarily based on the
conventional gate replacement technique. This approach is more effective in circuits with
higher logic depth. Using this technique, one has to replace all the gates marked as WLS.
That encouragingly affects the circuit performance such as delay and area. In modified
technique, we can neglect the gates with high fanout that leads to increase in overall leakage
current. A comparative analysis is performed between the conventional and modified gate
replacement mechanisms. Using the modified technique, the overall leakage current and
number of replacements are reduced by 13.5% and 33.5% respectively as compared to the

conventional one.

4.1.1 Modified gate replacement technique

Using this technique, all the logic gates in a CMOS circuit is visited by topological
order. The gates with lower leakage are skipped and gates at WLS are replaced. After each
replacement, we will check the total leakage of the circuit that has to be reduced. Using the
replacement, if the overall leakage of the logic circuit increases, it can be assumed that the

output of replaced gate increases the leakage of other gates too. Therefore, we will skip the
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gate without any replacement. Next, we will visit other gates at WLS and replace them if
overall leakage reduces, otherwise skip those gates too. Once all the gates are visited, we will
again check all the skipped gates which were at WLS. We can replace these gates again using
gate replacement with an AND gate following that logic gate. The advantage of using AND
gate with SLEEP signal is that the output of the gate is always low in standby mode. Using
this technique, the replacement has been done only if the overall leakage reduces. By using
this approach, we achieve reduced leakage current for lower number of replacements. This
approach is more effective when logic depth of the circuit is high. Using this approach of
replacement, a new algorithm is proposed that can efficiently follow the modified technique
as shown in Fig. 4.1. It is observed that the leakage current and number of replaced gates are
significantly reduced for modified gate replacement technique. The reason behind is that the
modified technique replaces the gates that reduces the overall leakage, whereas the
conventional technique [7] replaces all the gates marked as WLS. Therefore, the modified
technique reduces the number of replacements in a logic circuit that can encouragingly

reduce the circuit delay and area.

Inputs: {G}, G, ....} : these gates in a circuit sorted in a topological order.
{S), S5, ....} : it is the subset of gates that includes all those gates which are at WLS
but not replaced.

Output: circuit which maintains same operation as that of original when SLEEP = 0 and

reduced value of leakage in case of SLEEP =1.
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Modified gate replacement algorithm:

1. foreach gate G, { G}, G2, G3, ... ...... Gy}
2. if (G, 15 at WLS and not marked )

3. replace G temporarnly

4 if (Total leakage reduces)

make the replacement permanent and mark the gate:
else move gate to S:
else mark and move to next gate:
8. go to step 1. ull all gates in G;are marked.
9. for each gate $,€ { 51, S S5,... ... S}
10. if (5, 15 not marked )
11.  replace S;temporanly followed by 2-mnput AND gate:

~ o

12 if (Total leakage reduces)
13. make the replacement permanent and mark thegate:
14 else mark and move to next gate:

15.  else move to next gate:
16.go ta step 8. ull all gates n S, are marked.

Fig. 4.1 Pseudo code for the modified gate replacement algorithm

4.1.2 Results and discussion

This section analyzes the minimum leakage finding technique by using the above
mentioned concept of modified gate replacement. Different benchmark circuits of ITC99
[24] and ISCAS [25] series are used to find the minimum leakage current. In this section, a
comparative analysis is performed in different benchmark circuits in terms of leakage current
and number of replaced gates. Figs. 4.2(a) and 4.2(b) demonstrates the comparative analysis
for leakage current and number of replaced gates respectively. It is observed that the leakage
current and number of replaced gates are significantly reduced for modified gate replacement
technique. The reason behind is that the modified technique replaces the gates that reduces
the overall circuit leakage, whereas the conventional technique [7] replaces all the gates
marked as WLS. Therefore, the modified technique reduces the number of replacements in a
logic circuit that can encouragingly reduce the circuit delay and area. The percentage
reduction in minimum leakage current and number of replaced gates are summarized in Table
4.1. It is observed that the overall reduction in leakage and replacements for modified
technique are 13.5% and 33.5% respectively as compared to the conventional gate

replacement mechanism [7].
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Table 4.1 Percentage Reduction in Leakage using Modified Gate Replacement Technique w.r.£. Conventional

one for different Benchmark Circuits

g Canveational e Modified gate % " .rcducltmn
Benchmark circuits | replacement mechanism : : in logic
[4] replacement mechanism lreductmn gates
S Number | Number of Leakage Number of | Leakage " Ieak:age replaced by
Circuit f logi by modified difi
N of logic gates current gates current technique modified
gates replaced (nA) replaced (nA) technique
C17 6 4 0.81 4 0.81 0 0
B02 26 11 16.63 7 15.94 4.12 36.36
B0l 45 17 21.18 10 19.78 6.58 41.17
B06 57 9 19.64 6 19.18 2.34 33.33
B08 170 60 245147.00 26 111529.00 54.50 56.67

4.2 Modified Gate Replacement Algorithm for Leakage Reduction using
Dual-7ox in CMOS VLSI circuits

Different leakage mechanisms occurs in nanometer regime which includes the
subthreshold and gate leakage current that degrades device performance. Based on the
conventional gate replacement technique of leakage reduction, this section presents a novel
algorithmas presented in Fig. 4.3. This technique employs the stacking effect using dual-T,,
transistors. This approach is more effective for lower technology nodes wherein the gate
leakage dominates the subthreshold leakage. The stacking effect, used with dual-T,;
transistors, efficiently reduces the gate and subthreshold leakage in both the standby and
active mode. Apart from this, leakage current can be further reduced using the pin reordering
technique. The conventional ~gate replacement technique [7] efficiently reduces the
subthreshold leakage without considerable reduction in gate leakage. Theoretically, the
probability of electron tunneling can be referred as a strong function of the oxide thickness
(Ts). Therefore, a small change in T, can have a tremendous impact on gate leakage. Using
this concept, the transistors with higher gate leakage can be replaced by the transistors with
higher T, values [12-16]. The different quantitative values of T, limits the application of this
approach, thus, it is required to find a most appropriate value of 7, that will effectively

reduce the gafe leakage with lesser delay penalty.

Input: {G}, G, .... Go; G,}: gates in a circuit arranged in topological order
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Output: a circuit that posses same operation in active mode as that of original along with
lower leakage in standby

Modified gate replacement algorithm using T, variation

1. far each gate G,€ {G,, Gy., Gp.2y...... ... G2.Gy)

2. if (G, 1s at WLS and not marked )

3 replace G, temporanly:

4. if (Total leakage reduces)

3. Apply pin reordenng:

6. if (Total leakage reduces)

7. Make the changes permanent and move to next gate G;-)
at WLs:

8. else go to next step:

9. else for each gate G;€{ G, G,.» Gz .. .. G G}

10.  if (G 15 at WLS and not marked yet )

11 replace G, temporanly:

12. if (Total leakage reduces)

13 Apply pin reordering:

14 if (Total leakage reduces)

15 Make the changes permanent and move to next gate
Gy-jat WLS.

16. else go to next step:

17. else mark and move to next gate in G, ull all gates in G, are marked:

18  else move to next gate 1 G, until all gates in G, are marked:

19. else move to next gate in G, untl all gates in G, are marked:

Fig. 4.3 Pseudocode of the modified gate replacement algorithm

The higher value of T, considerably reduces the gate leakage while the overall
propagation delay of the CMOS circuitry increases. One of the exciting solution to reduce the
delay penalty is to increase the width of the transistor. Using this approach, a modified gate
replacement technique can be applied after choosing some optimum value of 7o, on basis of
the leakage and delay trade off. For an instance, the stacking effect of NMOS transistor in off
state produces lower subthreshold leakage for a two-input NAND gate, whereas the PMOS
transistors produces higher gate leakage if all the inputs are at higher potential. For this
purpose, a 2-input NAND gate can be replaced using a 3-input NAND gate that substantially
reduces the subthreshold leakage without considerable reduction in gate leakage. Therefore, it
can be preferred to replace the PMOS transistors having lower T, by using the PMOS
transistors having higher 7,,. It reduces the gate leakage as well as the subthreshold leakage
of a two-input NAND gate.Apart from this, pin reordering is also referred as an effective

technique for leakage reduction that can be applied after each replacement of the gate.
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The conventional mechanism [7] used the technique to replace a gate at WLS in
topological order. Using this approach, the outputs of the replaced gates have been changed
that affects the leakages of fan out gates which are again considered for replacement. While
moving towards the lower technology nodes, the gate leakage substantially dominates the
subthreshold leakage that affects the leakage of fanin gates. Therefore, it is required to
consider the leakage of fan out as well as fan in gates for replacement. Thus, using the
modified algorithm as depicted in Fig. 4.3, the replacement has to be done for the gates from

output towards the input by considering the effect of leakage on fan in gates.

4.2.1 Results and discussion

Using the above mentioned gate replacement algorithm, this section analyzes the
reduction in leakage currents for different oxide thickness (7,y), transistor widths (w) and

benchmark circuits.

4.2.1.1 Analysis of leakage current for different oxide thickness

The gate oxide leakage is primarily referred as a strong function of gate oxide
thickness. Therefore, the variation of oxide thickness results in tremendous impact on the
gate leakage current. The higher oxide thickness in noncritical paths reduces the gate leakage
along with the subthreshold leakage while the lower oxide thickness in critical paths
maintains the performance of the circuit. The variation of normalized leakage and delay for
different oxide thickness is shown in Fig. 4.4(a). To reduce the complexity of the approach,
an appropriate value of T, is selected among the set of values as presented in Table 4.2.From
these values, it is observed that the leakage current reduces with a slight delay penalty. For
analysis, the value of 7,, for a PMOS transistor is sclected as 2nm. To overcome delay
penalty, width of the PMOS transistor is varied in the range of 135nm to 140nm for a fixed
value of T, = 2nm. Figure 4.4(b) exhibits the normalized leakage and delay for different
widths of PMOS transistors. Using the data presented in Table 4.3, the suitable value of the
width for a PMOS transistor can be selected as 137nm. This quantitative value significantly
reduces the delay with a negligible effect on the leakage of the circuit as presented in Fig.

4.4(b).
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Fig. 4.4 Variation of propagation delay and leakage current with (a) oxide thickness and (b) width of PMOS

Table 4.2 Variation of leakage current and propagation delay for different 7, of a PMOS transistor

transistor

T,. variation Leakage Propagation
(nm) current (nA) delay (ns)
1.85 8.582 0.0987
1.90 8.069 0.0991
1.95 7.594 0.0996
2.00 7.156 0.1001
2.05 6.748 0.1007
2.10 6.370 0.1014
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Table 4.3 Variation in leakage current and propagation delay for different widths of PMOS transistor at 7,,, =

2nm
Width of Leakage Propagation
PMOS current (nA) delay (ns)
transistor (nm)
135 7.1557 0.1001
136 7.2129 0.0994
137 7.2702 0.0987
138 7.3275 0.0980
139 7.3847 0.0978
140 7.442 0.0967

4.2.1.2 Analysis of leakage current for gate replacement using Dual-T,, transistors

Once the value of T, is chosen, the modified gate replacement algorithm is applied
wherein the gates can be replaced with another gate. This replaced gate incorporates an extra
sleep signal along with PMOS transistors with higher value of 7. As presented in Table 4.4
while the variation of T, is applied to a circuit, it will not reduce the leakage of the circuit for
all input states. Thus, the modified gate replacement approach can be applied wherein a two
input NAND gate is replaced with three input NAND gates having higher value of T for
PMOS transistors. It is observed that when the sleep signal is low, circuit is in the standby
mode. Using this mode, a drastic reduction in leakage current is observed along with the
functionality of the circuit that is maintained in active mode without significant increase in
leakage current.

Table 4.4 Leakage current for different input states for a two input NAND gate using T, variation and stacking
effect along with dual-T,,, transistors

Input Initial Leakage | Leakageusing T,, | Leakage using stacking along with
states (nA) variation (nA) dual-T,, transistors (nA)
Sleep=0 Sleep=1
00 0.786 0.772 0.929 1.104
01 13.262 13.255 0.717 12.391
10 4.850 4,843 0.690 7.432
11 17.161 14.309 6.502 17.052
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4.2.1.3 Analysis of leakage current for benchmark circuits

This sub section analyzes the minimum leakage finding technique by using the
modified gate replacement along with dual-T,, PMOS transistors. Different benchmark
circuits of ISCAS and ITC’99 [24,25] series are used to find the minimum leakage current. It
is observed that the overall leakage of the benchmark circuits is reduced by 39.9% in standby

mode as presented in Table 4.5 and Fig. 4.5.
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Fig. 4.5 Leakage current reduction for different Benchmark Circuits

Table 4.5 Leakage reduction using moditied replacement technique for benchmark circuits

B":;::':i‘;rk Initial leakage (nA) F'““('I:"'A“)"”ge % reduction
C17 61.407 31.604 48.5
BO1 606.140 107.66 32.7
B02 439.828 271.20 38.3
B0G 902.301 540.77 40.1

4.3 Modified Gate Replacement Algorithm for Leakage Reduction using
RBB variationin CMOS VLSI circuits

In current nanoscale CMOS VLSI circuits, subthreshold, gate and band-to-band
tunneling leakage currents are introduced due to the adverse effect of scaling. This section
presents a novel algorithm that utilizes the transistor stacking effect along with the variation
in reverse body bias (RBB) [17-18]. This novel algorithm primarily accounts for the
conventional gate replacement approach with reduced number of replaced gates. This

approach applies the RBB variation for the gates at worst leakage state (WLS) while having
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lower leakage than other gates at WLS. The RBB variation technique cannot be used for the
gates with higher leakage as it requires larger body bias voltage for significant reduction in
leakage current. Furthermore, increase in RBB aggravates short channel effects that degrade
the circuit performance. The stacking effect along with a lower value of RBB helps in
considerable reduction of leakage current for the gates producing higher leakage than others.
This section presents a detailed analysis of leakage reduction technique using RBB
voltage variation and gate replacement technique in CMOS VLSI circuits. The major
contributors of leakage current in deep nanometer regime are subthreshold leakage, gate
leakage and reverse biased pn junction BTBT leakage current. The subthreshold leakage
effectively reduces using stacking effect of transistors. Based on the stacking effect, the gates
at posses worst leakage contributing stateare replaced by that of another gate with same
functionality incorporating an extra sleep signal [7]. With the use of the sleep signal, the
leakage current is reduced in standby mode along with maintaining circuit functionality in the
active mode. If the number of replacements is higher than the gate replacement, this approach
results in reduced leakage current at the cost of increament in total eircuit’s area and delay.
To overcome this problem, it is preferred to use the RBB technique that increases the Vi, of
transistors in standby mode and reduces the subthreshold leakage [17, 18]. However, using
this technique aggravates short channel effects. Beside this, the gate leakage posses a
dependency on different input vectors applied to a CMOS circuit. With suitable choice of
different input vectors, gate leakage can be effectively reduced. In comparison to the
subthreshold and gate leakage, the BTBT leakage current can be ignored for the 45nm
technology nodes. However, the reverse bias voltage variation increases the BTBT leakage
current. Consequently, the value of reverse bias voltage is cautiously chosen that results in
reduction of leakage without any significant increase in BTBT leakage current. Using the
gate replacement along with the reverse body bias technique, a new approach for leakage
reduction is introduced by considering the increase in area and short channel effects in

CMOS VLSI circuits.

4.3.1 Modified gate replacement technique using RBB variation

The conventional gate replacement technique effectively reduces the leakage in
nanoscale CMOS VLSI circuits [7]. However, if the number of gates at WLS is high, more
gates are required to replace that accounts for increase in circuit area. For any logic gate,

leakage current varies depending on different input vectors. Let us suppose for any gate, ‘n’
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number of inputs states are regarded as WLS. Among these states, few states exhibits higher
leakage than others. Hence, a higher body bias is required to apply for such cases and lower
body bias for the remaining ones. With increase in reverse bias voltage, the short channel
effects come into consideration. Thus, for the states with higher leakage than others, rather
than applying higher reverse bias voltage, a gate replacement is applied that utilizes the
stacking effect of transistors along with lower reverse bias voltage. This technique results in
reduction of the number of replacements and short channel effects as compared to

conventional gate replacement and reverse body biasing technique respectively.

In this approach, it is desirable to find the leakage in case of all possible combination
of input states for the gate considered for leakage reduction in a CMOS VLSI circuit. The
states which are at worst leakage states are considered for leakage reduction. Among these
states, reverse body bias is applied to those states which have lower leakage than others. The
states consisting of higher leakage are replaced by another gate incorporating an extra sleep
signal with same functionality in active mode and reduced leakage at standby mode. For
further reduction of leakage in these states, reverse body bias is used along with stack effect.
Based on this approach, a novel algorithm is proposed in Fig. 4.6 that utilizes the gate
replacement and reverse body biasing techniques for reducing leakage. Stacking is very
effective technique for reduction of subthreshold leakage along with the gate leakages but it
increases the circuit area. With lower reverse bias voltage, BTBT leakage current does not
degrades the device performance and helps in reduction of subthreshold leakage. Hence, this
approach effectively reduces leakage using stacking effect and reverse body bias techniques
with reduction in number of replacements and thereby a lesser probability of short channel

effects.

Input: {G,;, G; ,....., Gn.;, G,,}: gates in circuit that are arranged in topological order

Output: a circuit that posses same operation in active mode as that of original along with the

lower leakage in standby mode
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Modified gate replacement algorithm using RBB variation:

1. for each gate G;€ { G, Gy, ... .......... G2, Gy, G}

2. if (Gjis at WLS and not marked )

3 apply reverse bias voltage:

4. if (total leakage reduces)

3 apply pin reordering:

6 if (total leakage reduces)

7 make the changes permanent and move to next gate G-}

at WLS:

8. else go to next step:

9. else replace the gate G;temporarily;

10. if (total leakage reduces)

11. apply pin reordering:

12. if (total leakage reduces)

13. make the changes permanent and move to next gate G-}
at WLS;

14. else go to next step:

15.  else mark and move to next gate in G;till all gates in G; are marked:
16. else move to next gate in G; until all gates in Gy are marked:

Fig. 4.6 Pseudo code of the modified gate replacement technique using reverse body bias voltage variation
4.3.2 Results and discussions

Using the above mentioned approach of leakage reduction, this section analyzes the
reduction in leakage current utilizing the transistor stacking effect and reverse body bias

technique.

4.3.2.1Effect of RBB on leakage currents

Subthreshold leakage that dominates other leakages in nanometer regime, primarily
depends exponentially on V;[1]. With the increase in reverse bias body voltage, the ¥y, also
increases. This higher Vj; results in reduction of subthreshold current efficiently. However,
with the further increment in reverse biasing voltage, the BTBT leakage increases that
degrade the device performance in sub nanometer regime. Hence, limitation imposed on
increased value of reverse bias applied [17, 18]. The effect due to applied reverse body bias
on gate, subthreshold and BTBT leakage is also presented in Fig. 4.7(a).Consequently, the
variation of total leakage for different reverse body bias (V) voltages is also presented in
Fig. 4.7(b). It is observed that the total leakage of the NMOS transistor reduces with

increasing Vi, due to reduction in V. Moreover, there is no significant reduction in
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subthreshold leakage beyond reverse bias voltage (Vi) of -0.5v as presented in Table 4.6.
Also, beyond this value, subthreshold Icakage becomes comparable to gate and BTBT
> leakage. If the body bias is further reduced, the BTBT and the gate leakage become

dominant. To avoid the short channel effects, one can choose the value of V=-0.5V.
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Fig 4.7 Variation of (a) subthreshold, gate and BTBT leakage current and (b) total leakage current for different
reverse body bias voltages using a CMOS transistor at 45nm technology node

Table 4.6 Variation of different leakage currents with reverse body bias voltage at 45nm technology node for an
NMOS transistor

Body bias Gate leakage Subthreshold BTBT Total leakage
voltage (V) (nA) leakage(nA) leakage (nA) (nA)
0 0.209 5.890 0.0010 6.100
-0.1 0.209 3.285 0.0012 3.495
-0.2 0.209 1.858 0.0014 2.068
-0.3 0.209 1.065 0.0016 1.276
-0.4 0.209 0.618 0.0018 0.829
-0.5 0.209 0.363 0.0020 0.574
-0.6 0.209 0.215 0.0022 0.426
-0.7 0.209 0.129 0.0024 0.340
X -0.8 0.209 0.078 0.0026 0.289
-0.9 0.209 0.047 0.0028 0.259
-1.0 0.209 0.029 0.0030 0.240
-1.1 0.209 0.017 0.0032 0.229
-1.2 0.209 0.010 0.0034 0.222
-1.3 0.209 0.006 0.0036 0.218
-1.4 0.209 0.003 0.0038 0.216

4.3.2.2 Effect of stacking on leakage current

The total leakage current for any gate in a CMOS transistor primarily depends on the
different input vectors [6-8]. For a 2-input NAND gate, there are four possible combination

of input states. The leakage current is significant for ‘11, ‘01" and ‘10’ states compared to

< g



‘00’ state. These three states are considered as worst leakage states, among which states ‘01°
and ‘10’ produces lower leakage than state ‘11°. On applying reverse body bias voltage Vj, (=
-0.5v) to these two states, an effective reduction in leakage current is observed. However, to
reduce the leakage of state ‘11° to a considerable level, reverse body bias voltage should be
increased. With increase in body bias voltage, the short channel effect comes into
consideration [10]. Thus, for this state stacking effect of transistor is applied in which 2-input
NAND gate is replaced by a 3-input NAND gate that incorporates an extra SLEEP signal.
While applying the Vj, = -0.5v along with stacking effect, the leakage current reduces to a
great extend. The variation of leakage with different input vectors for 2-input and 3-input
NAND gate is shown in Tables 7 and 8 respectively. The extra input is referred as SLEEP as
‘0’ and ‘1’ in standby and active modes, respectively. As shown in Tables 4.7 and 4.8leakage
current reduces in standby mode and on application of reverse bias voltage, leakage further

reduces to a maximum extend.

Table 4.7 Leakage current for 2-input NAND Gate at 45nm technology node

Input states Leakage current
(nA)
00 0.786
01 13.262
10 4.850
11 17.161

Table 4.8 Leakage current for 3-input NAND Gate in Standby and Active mode at 45nm Technology Node

Input Leakage Leakage Leakage current
states | current (nA) current (nA) in standby
in standby (nA) in mode when Vbs = -
mode active mode 0.5v
00 0.954 1.201 0.423
01 0.734 20.394 0.405
10 0.706 7.462 0.244
11 6.512 25.737 0.213

4.3.2.3 Effect of leakage on benchmark circuits

This sub section analyzes the leakage reduction technique employing stacking effect and
reverse body biasing approach for nanometer CMOS VLSI circuits. Different circuits of
ISCAS and ITC’99 series [24-25] are used to find the minimum leakage current as shown in

Fig.4.8. It is observed that the overall leakage of benchmark circuits at 45nm technology
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node is reduced by 21.5% and 53.27% by RBB variation and by stacking effect using the

RBB variation respectively as presented in Table 4.9. Moreover, in comparison to the RBB

technique, the proposed algorithm provides an overall reduction in leakage of 40.67%.
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Fig. 4.8 Leakage current for different benchmark circuits by RBB variation and stacking effect using RBB

variation

Table 4.9 Leakage Current for Different Benchmark Circuits by Reverse Body Bias (RBB) and Stacking Effect
using RBB variation

Benchmark | Initial Final leakage (nA) Overall %
circuits leakage By RBB variation By stacking effect using reduction
(nA) RBB variation using both the
Leakage % Leakage % approaches
current (nA) | reduction current (nA) reduction

C17 71.468 47.124 34.06 25.795 63.9 45.20
B01 686.139 542.03 21.01 348.06 49.3 35.78
B02 445.003 383.975 13.71 244.947 44.9 36.20
B06 907.469 748.942 17.47 408.297 55.0 45.49

This research work introduced a modified gate replacement algorithm that uses the

concept of reverse body bias variation along with the stacking effect of transistors. Using this

approach, one can reduce the number of replacements along with the lesser probability of

short channel effects as compared to the gate replacement algorithm and the RBB variation

technique. Moreover, the approach is applied to different ISCAS and ITC'99 [24, 25]

benchmark circuits that exhibit an overall reduction in leakage current by 21.5% and 53.27%

by RBB variation and by the proposed algorithm that utilizes the stacking effect along with

RBB variation at 45nm technology node respectively. In comparison to RBB variation, this

novel technique provides 40.67% of overall leakage reduction.
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Chapter 5

Conclusion and Future Scope

With continuous scaling in the device size, the leakage current can be identified as a
main contributor to the total power consumption of CMOS VLSI circuits. In current
nanometer devices, gate and sub threshold leakage dominates other leakages such as reverse-
biased pn junction leakage, band-to-band tunneling (BTBT) leakage, gate leakage due to hot
carrier injection, gate induced drain leakage, and channel punch-through leakage. The
research work primarily focuses on the reduction of the two major dominating leakages
referred as subthreshold and gate leakage. It has been observed that on increasing number of
transistors that are in ‘off” state in a stack, the leakage current reduces effectively. Based on
stacking effect of transistors the gates at worst leakage state are replaced by another gate
incorporating an extra sleep signal. The replacement of gate at WLS results in reduced
leakage in standby mode while maintaining device functionality in active mode. The
drawback of this approach is that on replacement output of that gate may change. In this case
if fan out of replaced gate is higher, the leakages of all fanout gates will be affected. This can
lead to increase in overall circuit leakage. On further replacement of fan out gates, number of
replacements increases. To reduce the number of replacements, the modified gate
replacement technique is proposed which skip the gates with high fan out which on
replacement increases overall circuit leakage and area. These skipped gates are further
considered for replacement followed by AND/OR gate. But this approach becomes
ineffective below 45nm technology node as gate leakage dominates other leakages. We have
applied stacking effect along with the dual-7,, approach which effectively reduces leakage of
circuit. Furthermore, we have applied gate replacement algorithm from inputs towards
outputs and vice versa. We have observed that there is more reduction in leakage in later case
because gate leakage depends on fanin of a gate too. Hierarchical replacements from outputs
to inputs results are a better choice of gate replacements. After this, leakage current of a
circuit can be further reduced using pin reordering technique. This approach can be modified
taking both leakage and delay as a reduction parameter and trade off can be achieved. We
have applied this approach on C17 benchmark circuit at 32nm technology node. There is
37.8% reduction in leakage with slight delay penalty.

The subthreshold leakage effectively reduces using stacking effect of transistors. This

approach results in reduced leakage current at the cost of increasing amount of area and the
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delay of circuit. To overcome this problem, it is preferable to use the RBB technique that
increases the Vy, of transistors in standby mode and reduces the subthreshold leakage. On the
other hand, with suitable choice of different input vectors, gate leakage can be effectively
reduced. In comparison to the subthreshold and gate leakage, the BTBT leakage current can
be ignored for the 45nm technology nodes. However, the reverse bias voltage variation
increases the BTBT leakage current. Consequently, the applied reverse bias voltage is
cautiously chosen that results in reduction of leakage without any significant increase in
BTBT leakage current. Using the gate replacement along with the reverse body bias
technique, a new approach for leakage reduction is applied by considering the increase in
area and short channel effects in CMOS VLSI circuits.It is observed that the overall leakage
of benchmark circuits at 45nm technology node is reduced by 21.5% and 53.27% by RBB
variation and by stacking effect using the RBB variation.
As part of the future work, we can suggest the follwing improvements:

e This modified technique can be applied for lower technology nodes below 32nm. In
this fechno]ogy node, the BTBT leakage has a major impact alongwith the
subthreshold and gate leakages.

o This approach can be applied to ISCAS benchmark circuits to analyze the leakage
mechanisms in details.

e These approach can be further modified considering delay and area as critical

parameters in VLSI design.
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